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Foreword
All life must feed. For most creatures, this exigency of survival is simple, if not always easy.
Sometimes, food is merely elusive. Sometimes, it runs away. Sometimes, it fights back.
Plants, rooted in the bedrock of biology on this planet, feed on sunlight itself. Herbivores
feed on such plants. Carnivores, in their turn, feed on those plant-fed herbivores.
Only for omnivores are the routine difficulties of acquiring adequate sustenance compounded by the complex dilemma of choice. Uniquely, omnivores have choices to make, and
we humans are constitutional omnivores. We have been omnivores since before ever our species became “sapiens,” let alone “sapiens” twice over. Our Homo erectus forebears were omnivores, too.
When we look over that expanse, the sweep of human history, the view of diet grows fairly
dim very fast. Just consider how challenging it is to remember exactly what we ate yesterday,
and we can readily forgive fairly wide error bars around breakfast in the Paleolithic. Still,
there is a quite a bit we do know with confidence about the diet to which we are natively
adapted. There was a great diversity of plant foods in it. Animals were wild and, in turn,
nourished by their native diets and lean due to their native exertions. Water was the principal
relief of thirst. Excesses of saturated fat, added sugar, or refined starch were nowhere to be
found.
Where the paleoanthropologists debate, they debate the salience of meat in our native diet.
Some now contend we were, as long labeled, hunter-gatherers; others contend we were more
correctly gatherer-hunters. Perhaps, clans of us were both in different places at different times.
Omnivores are opportunists.
The relative preponderance of plants, however, is a matter of relative consensus. Across the
range of dietary patterns debated, plants predominate by volume when not by calories, and by
both at the other extreme. The reasons were almost certainly the obvious: plants do not flee,
and they tend not to fight back (although there are exceptions, as those who have ever picked
a prickly pear know). Gathering is generally less perilous than hunting with primitive weapons,
and more reliably productive.
However, we allow for debates about the Stone Age, as modern diets emphasizing animal
products and processed foods are a marked departure from our adaptations.
All on its own, adaptation would make a case for a return to diets enriched with a variety of
minimally processed plant foods, but we have no need to rely on only that. As laid out in the
many and diverse chapters of this book, there is an enormous aggregation of modern evidence
favoring plant-predominant diets for human health. The basis for plant-based diets in arguments addressing environmental impact and ethics may be stronger still, though they are the
lesser emphasis here.
Across a vast expanse of studies, methods, populations, and outcomes, an emphasis on
vegetables and fruits is perhaps the most consistent feature of diets associated with favorable health outcomes. This book enumerates the many particulars underlying that simple
and robust assertion, addressing in turn the what, why, and how of vegetarianism and related
dietary variants. The coverage is comprehensive, the evidence is presented clearly and abundantly, and the editing is methodical. The result is a source all but encyclopedic.
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However strong and diverse the arguments for plant-based eating, they do not alter the
omnivorous nature and legacy of Homo sapiens. We are, natively, omnivorous; and omnivores
have choices.
This expansive, richly referenced, and meticulously edited text is dedicated to the proposition that those choices be well and fully informed.
-Fin,

David L. Katz, MD, MPH
Director, Yale University Prevention Research Center
Griffin Hospital, Derby, CT, United States
Founder, The True Health Initiative
Author (forthcoming): The Truth About Food (HarperOne, 2018)

Preface
The right science at the right time
“A timely initiative”: that was a comment I often heard when discussing this project with my
colleagues and potential contributors to this book. In a context of global population growth,
particular attention is now being paid to critical transitions in subsistence modes regarding
protein and energy from plant or animal sources. For a whole series of reasons grouped around
the different facets of sustainability, there has been a marked change to how Western and developing countries now judge diets that are mostly contributed by plants and characterized by
varied degrees and types of avoidance of animal products. This is now a burning issue and an
important feature of sustainability in terms of its effects on health, a pivotal aspiration of the
human condition that can help us to understand the effects of the behaviors we deploy within
our environment.
Yet, this field is still only addressed in a partial and fragmentary manner, and it remains a
subject of considerable controversy and clashing views. Science offers a way to overcome this
problem. There is now a large body of literature that contains wide-ranging and in-depth information on the relationships between vegetarian or plant-based diets and our health. The aim
of this book was therefore to assemble all these data in a single work that could offer a benchmark in the field and also provide an overview of the information available. It therefore discusses both the overall benefits of plant-based diets on health and the disease risk, and issues
concerning the status in certain nutrients of the individuals consuming them, while considering the entire spectrum of vegetarian diets.
The first part of this book was designed to unravel the complex context of this issue. It
thus reviews its different aspects so that readers can understand the whole picture. In particular, this section focuses on the links between our dietary choices in favor of animal or
plant sources and individual social and behavioral characteristics, indicating how these may
vary as a function of cultures or religions in different parts of the world and how they are
articulated in terms of nutrition transitions and other aspects of sustainability. We then seek
to provide a comprehensive view of the relationships between plant-based diets, health, and
disease prevention by presenting different viewpoints and levels of analysis. First of all, we
describe the links between health and certain important characteristics of plant-based diets,
with obvious reference to the consumption of both fruits and vegetables and meat. There follow 12 chapters that analyze the relationships between plant-based or vegetarian diets and
their numerous consequences with respect to health and disease outcomes. The next section explains how this issue may differ, or be highly specific, in populations of different age
or physiological status. The last part of the book comprises 11 chapters that look in detail at
the nutrients and substances whose intakes are related to the proportions of plant or animal
products in the diet. By focusing at the nutrient/substance level, these chapters echo the section dedicated to the links between broad dietary characteristics and health, thus reflecting
the different viewpoints offered by the book.
With its 45 chapters contributed by around a hundred eminent scientists from throughout
the world, this book offers both students and academics an opportunity to immerse themselves in a multifaceted nutritional area that is both fascinating and highly scientific. More
generally, by using science to address such a complex societal issue in an encyclopedic manner, this book could be seen as a reminiscence of our collective memory, in the same way
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that the Enlightenment movement tried to illuminate virtuous and sustainable pathways for
humankind.
I am extremely grateful to all these contributors for their efforts. Our aim is now to grow
into an international group of experts who are active in this field to sustain scientific initiatives
regarding the critical and inspiring subject of plant-based diets.

Prof. François Mariotti, PhD
Professor of Nutrition
UMR PNCA, AgroParisTech, INRA
Université Paris-Saclay, Paris, France
Editor
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Vegetarian Diets: Definitions and
Pitfalls in Interpreting Literature on
Health Effects of Vegetarianism
Pieter C. Dagnelie1, François Mariotti2
1 MAAST RI CHT

UNI VERS I TY, M AAS TRI C H T, T H E N E T H E R L A N D S ; 2 U MR P H Y S I O L O G I E D E L A
NUTRITI O N ET DU CO M PO RTEM ENT A L I ME N TA I R E , A G R O PA R I S T E C H , I N R A , U N I V E R S I T É
PA R I S - S A C L AY, PA R I S , F R A N C E

1. Introduction
Vegetarianism refers to the practice of abstaining from the consumption of one or more
types of foods from animal origin, especially flesh from animals. A brief overview of the
background and history of vegetarianism is found in Wikipedia (Anonymous, 2016). The
term “vegetarian” was first used in public around 1840, possibly as a combination of vegetable and -arian as a descriptor of a person’s characteristics. The term was popularized
in subsequent years in Western Europe by the foundation of national vegetarian societies, as well as the International Vegetarian Union. However, vegetarian tradition is much
older, especially in India, where the oldest records date back to several centuries BC. In
ancient Europe, vegetarianism was probably uncommon, and in the middle ages, several
monk orders avoided meat, but not fish, for ascetic reasons. Eating fish instead of meat on
Fridays has continued to be a very common Roman Catholic tradition in many parts of the
world. In this book, “plant-based diets” refer to diets predominantly based on plant foods,
including most vegetarian diets.

2. Underlying Motivation of Plant-Based and Vegetarian
Diets
There is extensive literature on reasons for choosing a vegetarian diet. Some reasons for
avoiding meat and/or other animal products are these:
• e
 thical reasons, related to killing animals and/or animal welfare;
• ecological reasons, especially the low efficiency of producing animal food (both in terms
of calories and protein) from edible plant foods in relation to the world food situation
and the growing world population;
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• h
 ealth reasons, related to the notion that consumption of large amounts of animal
products high in saturated fat is associated with a wide variety of diseases in affluent
societies. Another health reason may be the presence of contaminants, additives, or
other unwanted substances in animal products;
• disliking certain types of animal food. This is a very common reason for avoiding one or
more specific types of animal foods, e.g., certain types of fish, poultry, pork, beef, lamb,
etc.
  
These categories may be simplified to two main reasons for being vegetarian, as applied
by many authors: ethical reasons (ethical vegetarians) or health reason (health vegetarians). Of note, health effects of diet are caused by the actual foods eaten, regardless of the
underlying motivation. Millions of people around the globe eat diets that are predominantly or even exclusively plant-based because animal foods are either locally unavailable
or unaffordable. If we define vegetarianism as actual behavior, regardless of underlying
motivation, these people would be vegetarians. Indeed, the health effects of “enforced
plant-based diets” may, in some respects, resemble the health effects of “voluntary” vegetarian diets. However, the resemblance stops if unavailability of animal products due to
food shortage or poverty is the cause of the enforced plant-based diets, since this will go
hand in hand with otherwise suboptimal dietary composition, or even with general food
shortage or famine.
Furthermore, especially in non-Western countries, vegetarianism may relate to cultural
and religious adherence superimposed on other traditional determinants of vegetarian
diet, as the readers can read in the first section of this book.
For the sake of consistency, in this volume, we restrict the term vegetarianism to the conscious, voluntary choice to exclude meat (poultry, beef, pork, lamb, etc.), fish, seafood (shellfish, shrimp, octopus, etc.), and possibly other animal products such as dairy and eggs from
the diet.

3. Definitions
The term vegetarian will be used in this volume to include all categories of vegetarian
diets and vegetarians without distinction, i.e., all diets excluding meat and fish, regardless
of whether other animal products such as dairy and/or eggs are also excluded. Of note, in
the literature, many authors apply the term “vegetarian” as a synonym for “ovolactovegetarian” because ovolactovegetarians are the most numerous category of vegetarians. We
discourage this utilization because its meaning is ambiguous. If ovolactovegetarians are
specifically meant, we will use the term “ovolactovegetarian” and not “vegetarian.”
Ovolactovegetarian: Refers to a diet composed of (or people consuming) dairy and
eggs, but no meat, fish, or other seafood (shellfish, shrimp, octopus, etc.). Some definitions
(e.g., by the Dutch Vegetarian Society) restrict the term ovolactovegetarian to someone
who avoids not only flesh from killed animals (meat and fish) but also gelatin and cheese
curdled with rennet of animal origin. Here, we will not follow this definition.
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Lactovegetarian: As ovolactovegetarian, consuming dairy but not eggs.
Ovovegetarian: As ovolactovegetarian, consuming eggs but not dairy.
Pescetarian/pesco-vegetarian: Refers to a diet containing (or people who eat) fish
and/or seafood but no meat.
Vegan: Refers to a diet not containing (or people who do not consume) any animal
foods. Also, by-products of animal husbandry, e.g., milk and honey, are excluded from the
diet.
Many vegans also exclude other animal-derived products such as leather, but since the
focus of this volume is on diet, we will not make a distinction regarding the use of nonedible products.
Semivegetarian, also called “flexitarian”: Refers to people following a predominantly
vegetarian diet of any type, but with the occasional inclusion of animal products; usually,
the term “semi” refers to meat and fish. In scientific literature, it is essential to define what
is meant by “occasional,” since this could just as well be once per month as three times per
week. In scientific studies, different definitions may be relevant depending on the context.
For example, in a prospective cohort study on the etiological relation between meat consumption and cancer, a cutoff point of one time per week would be relevant; whereas in
studies on nutritional adequacy of low-meat diets, a cutoff point of two to three times per
week would be more relevant. Nevertheless, the fact that any cutoff point is arbitrary has
contributed to the lack of congruence in the scientific literature. For the present book, we
propose a cutoff point of no more than once per week.
“Low-meat eaters” or “occasional meat eaters” are—similar to semivegetarians—
defined as people eating meat every now and then, and again in each and every publication the definition should be given. Gilsing et al. (2013) defined low-meat eaters as people
eating meat once per week, which was logical in the context of the concerned study (meat
in the etiology of cancer); however, as mentioned earlier, this may depend on the scientific
context, similar to semivegetarians. Again, for the present book, we propose a cutoff point
of no more than once per week.
Vegetarian-like diets: Many specific movements, schools, etc., exist that apply vegetarianism to a certain extent. Examples are adherents of anthroposophy and Seventh Day
Adventists, some of whom avoid meat. In any such case, the food composition of such a
diet (including information on variability between subjects) should be defined as precisely
as possible in any study on the health effects of the concerned diet.
Macrobiotic: The macrobiotic diet does not directly fit into the aforementioned schedule, as there is no formal, strict avoidance of specific foods. In macrobiotics, the purpose is
to construct a diet that is individually shaped to find a balance between two polar forces:
yin and yang. The macrobiotic diet consists of cereals (especially unpolished rice), pulses,
and vegetables with small additions of seaweeds, fermented food, nuts, and seeds. Most
macrobiotic adherents avoid meat, dairy products, and fruits. Fish may be taken occasionally if desired, but in practice, it is eaten rarely by many adherents to the macrobiotic diet.
Strict vegetarian: Literally, this expression refers to people who strictly adhere to the
type of vegetarian diet they have chosen. Strictness is the degree of perseverance or rigidity
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in, in this case, avoiding certain foods. Thus, in this sense, a “strict vegetarian” is someone
who eats “strictly vegetarian diets,” i.e., who strictly adheres to whatever type of vegetarianism he/she applies. So, a strict lactovegetarian is someone who never uses meat, and a strict
vegan is someone who strictly avoids all animal foods.
Some authors use the term “strict vegetarian” as a synonym for people avoiding many
or all animal foods, especially vegans. Since this application of “strict” does not specify
which foods are avoided, it is ambiguous and should be avoided.
In this volume, strictness is used only as referring to the degree to which people adhere to
their vegetarian diet, regardless of the type of vegetarianism they have chosen.
True vegetarian: This term is used for people who truly adhere to a vegetarian diet, i.e.,
identical to the term “strict vegetarian.”

4. Methodological Pitfalls in Interpreting the Literature on
Health Effects of Vegetarian Diets
4.1 Heterogeneity in Dietary Composition
No two human beings are the same, nor are their diets. Even when restricting the definition of vegetarianism to a “conscious voluntary choice”, there are essential caveats
in studies on health effects of vegetarian diets. Vegetarians are in no way a homogeneous or well-defined group: the diet of two vegetarians may be as different as the diet
of two omnivores, or even more. Consequently, it is useless to speak about “health
effects of vegetarian diets” without a further definition. For example, health effects
may markedly differ between (1) someone who dislikes meat and just leaves it out
of the diet without any dietary adaptations and (2) someone who replaces meat by
another source of high-quality protein, such as dairy products or soy-based foods, and
includes a vitamin B12 supplement.
Furthermore, any combinations of types of avoidance of meats such as pork, lamb,
beef, herring, or trout are possible. People may avoid meat at home but not at a barbecue.
Also, people may make new choices all the time. A person may decide today to stop eating
all animal foods and in a month may change his/her mind to reinclude dairy products. All
this is part of human life, but for science, this means that the description of health effects
of vegetarianism—like any dietary behavior—is a true challenge.
For causal inference regarding health effects of vegetarianism, science has to seek
for consistent dietary patterns. This is also the basis of this volume on vegetarianism;
therefore we have earlier defined some types of vegetarianism. However, the reader
should always keep in mind that any definition is no more than a template, and that in
practice the limitation of any study on vegetarianism is that diets may not fall exactly
within one category, and they may differ between participants or over time. Of course,
this applies not only to the avoidance of animal products but also in other aspects of
diet and lifestyle in general.
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4.2 Self-Defined Vegetarianism Versus “Measured” Degree of
Avoidance of Specific Animal Foods
Many publications on vegetarian diets have relied on self-defined vegetarianism. For
instance, in the Continuing Survey of Food Intake (CFSII) by individuals in the United
States (Haddad and Tanzman, 2003), self-defined vegetarians and nonvegetarians were
defined as those who responded positively or negatively, respectively, to the question “Do
you consider yourself to be a vegetarian?”
But if someone calls himself a “vegetarian,” does he also fit into the “objective” definition given earlier? In a survey in Dutch families with alternative food habits, some respondents calling themselves “vegetarian” actually consumed meat several times per week
(van Staveren et al., 1985). In adolescents in Finland (Vinnari et al., 2009), only 13% of
self-reported vegetarians in fact followed an ovolactovegetarian diet or stricter according
to the food frequency questionnaire (FFQ), but the average meat consumption per day
was much lower than in their omnivorous peers (15 vs. 103 g/day).
Gilsing et al. (2013) reported that in the Netherlands Cohort Study on diet and cancer,
50% of the self-reported vegetarians consumed some meat according to the FFQ, but with
a mean consumption frequency of ∼1 time/week. Again, this was much lower than in the
“omnivorous” participants.
Finally, in the CFSII, 64% of the self-defined vegetarians reported in the FFQ to consume ≥10 g/day of meat (Haddad and Tanzman, 2003), and the remaining group consumed <10 g/day of meat. The consumption of vegetables and fruits in the self-defined
vegetarians was higher and their BMI was lower than in the self-defined nonvegetarians,
regardless of whether they were true vegetarians or consumed a small amount of meat.
Although these studies clearly show that self-defined vegetarianism is quite different
from actual complete avoidance of meat, they do not answer the question of whether misclassification based on self-defined vegetarianism could lead to bias in association studies
with health outcomes.
Gilsing et al. (2015) studied this question by comparing the associations between vegetarianism and colorectal cancer, using the self-defined vegetarians and vegetarianism
based on the FFQ. Although both methods of classification yielded statistically nonsignificant protective effects, the association was considerable stronger for confirmed vegetarians than for nonvegetarians, suggesting that some attenuation occurs when merely
relying on self-definition for classification purposes.
This remains unknown for many studies that have only data on self-defined vegetarianism, which is therefore a clear limitation when interpreting the literature. In
many studies in vegetarian diets, it remains unclear whether a reported association
with reduced risk of chronic diseases is due to the avoidance of meat or to a better
balanced diet with more vegetables, fruits, whole grain cereals, etc. Generally, the latter is more likely to be the cause of the reduction of disease than the mere avoidance
of meat.
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For future studies, a validated method of dietary assessment should be used as a basis
to divide participants in “vegetarians” versus “nonvegetarians.” Dietary studies should
assess actual consumption by using a validated dietary assessment tool such as an FFQ, a
dietary recall, or food diary.
Also in research reports and publications, basing the classification of participants with
regard to vegetarianism on a validated dietary assessment method rather than on a “selfreported vegetarianism” is preferred. The additional major advantage of this approach is
the possibility to describe the total diet (not limited to the type of animal food) in much
more detail than just “vegetarian,” and the same applies to studies of etiological or prognostic associations.

4.3 Confounding
The choice for a vegetarian diet may be associated with a wide range of other personal,
psychological, or social characteristics. So when it comes to investigating the health effects
of vegetarian diets, we have a major risk of confounding. A few examples are given here.
First, factors like gender, age, education, and income may be determinants of choosing
a vegetarian diet. In a large Dutch cohort of individuals aged 55–69 years, vegetarians were
more likely to be women, have higher education, less likely to be smokers, and have fewer
children (Gilsing et al., 2013). Associations of vegetarianism with socioeconomic status
and healthy lifestyle are a major limitation in deciphering the health effect of vegetarian
diets per se.
There may also be an association between diet and personality structure. For
instance, a report suggested an association between vegetarianism and dietary
restraint in female students and faculty members in Colorado, USA (Curtis and Comer,
2006). The authors reported higher levels of dietary restraint in weight-motivated
semivegetarians (defined as eating no red meat but occasionally chicken and/or fish)
than in semivegetarians not motivated by weight. The association was absent in nonvegetarians and in “full vegetarians” (i.e., all types of true vegetarians). Thus, there
remains the possibility that the choice for (semi) vegetarian diets could be associated
with different psychological characteristics, and that (semi) vegetarianism could be
associated with dieting and thus with generally different food choices (e.g., low-calorie
foods). Likewise, vegetarianism in adolescents and young adults has been proposed
to be actually an indicator of potentially harmful weight control behavior, as will be
discussed in detail in Chapter 4.
Finally, it is important to consider that people may shift to vegetarian-like diets
for health reasons, such as the presence of a priori disease, suboptimal health, allergic
response, food intolerance, etc. This was observed for parents of macrobiotic children in
The Netherlands, where in a population-based study in 173 Dutch macrobiotic families
42% of the mothers shifted to this diet for health reasons of at least one of the parents
(Dagnelie, 1988; unpublished data). Vegetarianism was also more frequent in subjects
with cancer than in noncancer individuals (Gilsing et al., 2013). The existence of many
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confounding factors associated with vegetarianism is one rationale for the many chapters
in the first section of this book that intend to show the context of the utilization of plantbased and vegetarian diets.

4.4 Is the Study Sample Representative for the Concerned Base
Population?
Human health research must meet basic ethical principles, including rules for recruiting
subjects and informed consent. The fact that participation is voluntary means people may
participate for specific reasons. In a cross-sectional study or in a cohort study comparing
the health of vegetarians with nonvegetarians, especially healthy conscious people may
participate. This could mean, for instance, that participating vegetarians take more vitamin B12 supplements than vegetarians in general would do, which leads to a better vitamin
B12 status than in vegetarians in general.
To date, we know of only a single study that was performed in a representative sample.
This study was performed in two stages. First, a comprehensive inventory of all macrobiotic
families with children under 8 years of age in The Netherlands was made and the families
were invited to participate in a cross-sectional study with anthropometric assessment of all
these children of age less than 8 (Dagnelie et al., 1988). Out of a total of 216 eligible families,
18 families (8%) could not be traced, e.g., due to departure, 15 families (7%) were not visited
and 10 families (5%) refused. Thus, overall participation was 80% of the families. In a second step, all children between 4 and 18 months old were followed in a mixed-longitudinal
design, with repeated assessment of diet and growth over 6 months, with blood sampling
for vitamin status and a medical examination at the end of the 6-month period. A matched
group of children on omnivorous diets was used as control in this study (Dagnelie and van
Staveren, 1994). Unfortunately, such population-based studies in a representative sample
have remained an exception; yet, such studies are imperative if one wants to obtain a true
picture of the nutritional status and health effects of vegetarian diets.
To overcome this problem, it has been suggested to simply reweight existing and future
studies to correct for the proportion of diseased and healthy vegetarians in the study population relative to the estimated prevalence of disease in the full population. Although this
option sounds attractive, it does not provide a solution, for two reasons. First, as already
discussed in the preceding paragraphs, vegetarians are clearly a select population, i.e.,
there is selection bias (which cannot be controlled for in studies with selective sampling,
nor in statistical analyses). Second, there is the risk of reverse causation; for example,
health food stores will not only attract ethical vegetarians but also vegetarians who have
stopped eating meat because of chronic disease, hypersensitivities, etc.
Therefore, as mentioned, the only true solution will be to perform population-based
studies in which either a complete vegetarian population is being studied or a representative study sample is obtained from a well-defined vegetarian population. As mentioned,
hardly any such studies exist to date, which severely hampers our current knowledge about
health effects of vegetarian diets.
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5. Conclusion
In this volume on vegetarian diets, vegetarianism is defined as the conscious, voluntary
choice to exclude one or more types of animal food from the diet. Vegetarian is used to
include all categories of vegetarian diets and vegetarians without distinction. Different
degrees of vegetarianism include ovolactovegetarian diets, which included dairy products
and eggs, and vegan diets, which exclude all animal products. A strict vegetarian is someone who strictly adheres to his/her vegetarian diet, regardless of the type of vegetarianism.
Methodological pitfalls in interpreting the literature on health effects of vegetarian
diets include heterogeneity in composition of the diet, the use of “self-defined” vegetarians instead of definition based on a dietary inventory, confounding by dietary and lifestyle
characteristics that are associated with taking a vegetarian diet, and lack of representativeness of the study population in the overwhelming majority of published studies. These
methodological flaws make it extremely difficult to draw valid conclusions regarding the
health effects of vegetarian diets.
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2
Attitudes Toward Meat and Plants
in Vegetarians
Hank Rothgerber
BEL L ARMI N E U N I V E R S I T Y, L O U I S V I L L E , K Y, U N I T E D S TAT E S

…little is known about associated attitudes, behavior, and lifestyle of the ’new’
vegetarians
Dwyer et al. (1974, p. 529)

1. Introduction
In some ways, much has changed since this quote from early work on the psychology of
vegetarianism, but as this review will emphasize, there is much more to learn. To begin,
here is a definition: an attitude is a psychological tendency that is expressed in evaluating a particular entity with some degree of favor or disfavor (Eagly and Chaiken, 1993).
Psychological tendency refers to a state that is internal to the person, and evaluating refers
to all classes of evaluative responding, whether overt or covert, cognitive, affective, or
behavioral. Attitudes have been central to the study of social psychology for decades. There
has been considerable interest in theories specifying when attitudes predict behavior (e.g.,
the theory of planned behavior, Ajzen, 1991) and in cognitive consistency theories predicting that behavior may cause attitude change (e.g., cognitive dissonance, Festinger, 1957).
This review uses attitudes as a lens to better understand the social psychology of vegetarianism. Questions asked include the following: How favorably do vegetarians evaluate
meat and plant sources of diet relative to meat eaters? Do vegetarians who are less rigorous in adhering to their diet have different attitudes than those stricter in adherence? Do
vegetarians who eschew all animal products (i.e., vegans) differ in attitudes than those
who consume dairy and eggs? Do vegetarians motivated by ethical concerns differ in their
attitudes compared to those motivated by health concerns? Before building up too much
hype, a caveat is in order: Research on the psychology of vegetarianism has come a long
way but is still in its youth. There are sample limitations and inconsistent definitions of
what constitutes a vegetarian dispersed throughout the emerging literature. Many studies
only examine attitudes toward one type of food—meat—and at that, they rarely distinguish between different types of meat. Without claiming to offer definitive answers, then,
the review should assist the reader in better understanding how attitudes may predict diet
Vegetarian and Plant-Based Diets in Health and Disease Prevention. http://dx.doi.org/10.1016/B978-0-12-803968-7.00002-2
Copyright © 2017 Elsevier Inc. All rights reserved.
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choice and diet maintenance. It also considers the possibility that diet choice influences
attitudes and draws upon evidence from cognitive dissonance, moralization, and social
identity in doing so.

2. Studies Comparing Attitudes Among “Vegetarians” to
Meat Eaters
During the last 25 years, almost a dozen studies have described attitudes that vegetarians
have toward meat or directly compared these attitudes to ones held by meat eaters. For the
most part, these studies have been extremely liberal in defining who constitutes a vegetarian and have also not attempted to analyze differences between vegetarian subgroups. In
what may be the first work to extensively examine how vegetarians evaluate the food that
they have chosen to avoid, Amato and Partridge (1989) documented a number of negative attitudes vegetarians associated with meat. The clear majority of over 300 vegetarians
studied intimated that they would never consider eating meat again. Central to the reaction of many were feelings of disgust toward meat, particularly when thinking of sensory
characteristics such as its sight or smell.
As far as we know, the first peer-reviewed study of vegetarian attitudes toward meat
was conducted by Beardsworth and Keil (1992), who conducted an in-depth qualitative
analysis of 76 vegetarians (including 5 semivegetarians, 18 pescetarians, 26 ovolactovegetarians, 9 lactovegetarians, and 18 vegans) in the United Kingdom. While noting that participants varied in their interest in food and their concern with and knowledge of health
and nutrition, the researchers identified strong antimeat attitudes among vegetarians.
Many vegetarians reported a strong sense of revulsion toward meat even if they were not
certain whether the roots of disgust were physical or psychological. Specifically, participants singled out as distressing the sensory characteristics of meat, the appearance of red
meat in particular, and blood and other factors not hiding the animal’s actual appearance.
A later detailed qualitative examination by Kenyon and Barker (1998) replicated many of
these results in an English sample of 15 vegetarian teenage girls (i.e., no meat in their diet)
relative to 15 nonvegetarian counterparts. They found, for example, that two-thirds of vegetarians made reference in some way to an animal when describing meat, indicating that
they were unable and/or unwilling to use the strategy of dissociating the animal from meat
that is employed by many meat eaters to justify meat consumption (see Hoogland et al.,
2005; Kubberød et al., 2002; Rothgerber, 2013a, 2014a).
Relying on a convenience sample in the United Kingdom, Povey et al. (2001) moved
beyond a two-group comparison and assessed attitudes toward food choices among 25
meat eaters, 26 “meat avoiders” (in fact pescetarians), 34 “vegetarians” (in fact ovolactovegetarians), and 26 vegans (to be discussed later). Meat eaters were the only respondents to report any positivity toward meat. Although unclear if degree of diet restriction
was related to strength of negative attitudes and beliefs, the vegetarian groups overall expressed strong negativity toward meat. The most common beliefs about meat for
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pescetarians included cruel and barbaric, fattening, unhealthy, environmentally problematic, and expensive. Ovolactovegetarians most often associated meat with unhealthy, cruel
and barbaric, health scares, inhumane, and murderous. It should be noted that although
pescetarians and ovolactovegetarians generally evaluated vegetarian diets positively, it is
impossible to know if this assessment resulted from positive attitudes toward plants and
vegetables, negative attitudes toward meat, or some combination of the two.
Barr and Chapman (2002) focused on perceptions of red meat among a Canadian sample of current vegetarians (n = 90; including 14 occasional meat eaters, 37 pescetarians, 22
ovolactovegetarians, 11 lactovegetarians, and 6 vegans), former vegetarians (n = 35), and
nonvegetarian women (n = 68) recruited through notices in university and community
newspapers as well as word of mouth. Vegetarians were more negative than former vegetarians and meat eaters in their evaluation of red meat on nearly every question assessed.
For items involving specific prompts about nutrients, toxins, antibiotics, and unnatural hormones and those assessing more general health, a strong majority of vegetarians
believed that red meat was unhealthy. A large majority of current vegetarians also reported
not liking the sensory quality of meat or digesting it.
While most of the aforementioned studies have sought to understand vegetarian attitudes toward meat by comparing them to those who eat meat without restriction, several
studies (Rothgerber, 2015a,b) have examined ways that vegetarians may differ from a seemingly more similar group, conscientious omnivores (COs, Singer and Mason, 2006), those
who only consume animal flesh that has met certain ethical standards. Relative to mainstream eaters, vegetarians and COs share convictions that food choices matter beyond their
impact on the individual consumer and that following one’s conscience in food choices is
appropriate. Most importantly, they both express principled opposition to factory farming, an opposition driven by a combination of health, animal, and environmental motives.
It turned out that attitudes were critical in explaining how individuals practice behavioral
resistance to factory farming. Across two studies recruiting participants using an Internet
platform (study 1: vegetarian – n = 206, CO – n = 143; study 2: vegetarian – n = 70, CO – n = 109),
numerous differences emerged in attitudes toward meat between vegetarians and COs.
Vegetarians expressed greater disgust over factory-farmed meat (e.g., “eating factory-farmed
meat is offensive, repulsive, and disgusting”) and sensory dislike of meat, rating its taste,
smell, and appearance more negatively than did COs. In one study (Rothgerber, 2015b),
these beliefs about meat helped explain differences between COs and vegetarians in the perceived acceptability of killing animals for food, arguably the underlying distinction between
the groups. In the other (Rothgerber, 2015a), attitudes toward meat helped account for the
greater guilt vegetarians felt relative to COs when they violated their diet.
Swanson et al. (2001) conducted the only study in the review to single out white meat;
they compared attitudes toward it and nonmeat protein sources (e.g., tofu, nuts, etc.)
between self-identified vegetarians (n = 34) and meat eaters (n = 66) attending university
in the northwestern United States. As expected, direct measures revealed that vegetarians
preferred nonmeat protein sources to white meat and that meat eaters preferred white
meat to nonmeat protein sources.
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This study was also the first published article to implicitly measure vegetarian attitudes
toward meat. Results of an Implicit Association Test (IAT), in which participants were presented with either pictures of white meat or nonmeat protein paired with either pleasant
or unpleasant words, indicated that vegetarians implicitly preferred nonmeat protein to
white meat and implicitly identified with nonmeat protein more than white meat. The
opposite findings occurred for meat eaters. Implicit and explicit attitude measures were
moderately correlated, and self-reported consumption of white meat and nonmeat protein were correlated in the expected direction with all measures. These results do raise
an interesting question. Because the IAT involves a relative comparison and the explicit
measure was calculated by subtracting nonmeat protein liking from white meat liking,
it is unclear whether vegetarian attitudes reflected strong disdain for white meat, strong
endorsement of nonmeat protein sources, or some combination of the two.
This issue was addressed in several subsequent studies measuring implicit and explicit
meat and vegetable attitudes between vegetarians and meat eaters. In a sample of 47 Belgian
university vegetarians (with one-half being pescetarian) and 49 meat eaters, participants
rated the tastiness of pictured meats and vegetables, separately indicated their attitudes
toward vegetables and toward meat (the latter in terms of hedonic, health, environmental, moral, and affective beliefs), and completed an IAT and Extrinsic Affective Simon
Test (EAST), the latter which allowed implicit attitudes toward vegetables and meat to be
individually assessed (De Houwer and De Bruycker, 2007). For the implicit tests, the meat
stimuli consisted of pictures of steak, hamburger, dried sausages, pate, and bacon, while
the vegetable stimuli depicted pictures of cabbages, carrots, beans, broccoli, and peas.
Overall, the implicit tests revealed that relative to meat eaters, vegetarians had a stronger
preference for vegetables over meat. Scores on the EAST showed that vegetarians marginally preferred vegetables more than meat eaters who in turn, marginally preferred meat
more than vegetarians. These effects were even greater for the explicit measures, which
strongly predicted vegetarian status without contribution from the implicit measures.
A study of 16 vegetarian (one-half were pescetarian) and 16 meat-eating Irish college
students replicated many of these findings, albeit showing weaker effects for meat eaters
(Barnes-Holmes et al., 2010). On explicit measures, vegetarians were again strongly provegetable and antimeat, while meat eaters favored meat more than vegetables (but only
slightly). On implicit measures (IAT and the Implicit Relational Assessment Procedure),
vegetarians showed provegetable and antimeat biases that differed significantly from
meat eaters’ provegetable and promeat biases (neither of which were statistically significant). Unlike De Houwer and De Bruycker (2007), implicit and explicit attitudes were only
weakly correlated. Barnes-Holmes et al. (2010) also found that explicit attitudes were a
weak (but significant) predictor of diet status and that implicit measures enhanced predictions moderately.
Thus, while these studies assessing vegetarian implicit attitudes reveal certain consistencies, they are unclear on the relative importance of more regulated and controlled attitudes associated with meat as opposed to those existing without conscious awareness.
The significant correlations between implicit and explicit measures clearly indicate some
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overlap between these processes, but which exerts a stronger influence on behavior? The
inability of explicit measures to predict vegetarian status in Barnes-Holmes et al. (2010)
may support the conclusion that what best distinguishes vegetarians from meat eaters
is not what they carefully reflect on and report but attitudes that they may be unaware
of or unwilling to share. If so, it would be unfortunate that so few studies have measured
implicit relative to explicit attitudes about meat and vegetables. However, Barnes-Holmes
et al. (2010) only examined 16 participants in each diet condition and anecdotally noted
that some of the meat eaters were ambivalent about meat because they perceived it as
fattening, potentially underestimating explicit differences between vegetarians and meat
eaters. There is also the problem that implicit measures did not predict vegetarian status
in De Houwer and De Bruycker (2007). The researchers note that implicit attitudes could
be important in influencing controlled processes responsible for diet choice or by shaping
the likelihood of maintaining a vegetarian diet. Future research is needed to resolve the
discrepancies between these two studies and to shed more light on the relative contribution of implicit and explicit attitudes to the psychological experience of vegetarianism.

2.1 Limitations to Studies Comparing Attitudes Among “Vegetarians”
to Meat Eaters
While a fair number of studies have examined the way vegetarians evaluate meat and a few
have extended it to beliefs about vegetables, research on attitudes toward other potential
contributors to a vegetarian diet—fruit, dairy, and meat substitution products—are virtually nonexistent. One study directly assessed female vegetarian attitudes toward dairy
and found these attitudes to be more negative than those held by meat eaters (Barr and
Chapman, 2002). Approximately half of vegetarians believed that dairy products contain
antibiotics and unnatural hormones, and that they are not needed by adults, while only
26% believed that a diet with dairy is healthier than without. These effects were not simply
driven by vegans, as the most common intended dietary change among vegetarians was to
use fewer dairy products. Studies on vegetarian perceptions of meat substitution products
are also rare. Hoek et al. (2011) found that 84% of Dutch vegetarians and 46% of UK vegetarians were classified as heavy users of meat substitution products (>1 time per week),
but attitudes of vegetarians were not specified. Heavy users, in general, were more likely to
prefer meat substitution products dissimilar to meat, likely as a way to avoid disgust and
reminders of sensory qualities of meat.
Because of the scarcity of studies assessing vegetarian attitudes of plant-based foods
as opposed to meat, it is difficult to know how important these attitudes are in choosing
a vegetarian diet and in maintaining it. One possibility is that vegetarians are attracted
to and sustain their diet because of affection for fruits, vegetables, and nonmeat protein
sources. Support for the position that vegetable preference is what most critically distinguishes between vegetarians and meat eaters comes from Barnes-Holmes et al. (2010),
who found that vegetarians explicitly rated vegetables much higher than did meat eaters, whereas differences between the groups in their ratings of meat only approached
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significance. However, a logical problem with this position is that admiration of vegetables
would not by itself cause an individual to abandon an omnivore diet in favor of a vegetarian diet because both allow the individual to consume as many calories from vegetables
as desired. That is, what distinguishes an omnivore from a plant-based diet is the consumption of meat, not vegetables. It thus seems more likely that negative attitudes toward
meat are what would most greatly motivate a change and adherence to a vegetarian
diet. This fits the observations of Beardsworth and Keil (1992), who in relatively unstructured interviews found that vegetarians generated many more antimeat statements than
provegetable statements. De Houwer and De Bruycker (2007) also found that attitudes
toward meat more strongly differentiated between vegetarians and meat eaters than did
attitudes about vegetables. For example, vegetarians and meat eaters differed in their EAST
scores for vegetables only when the IAT was administered before the EAST. No such qualifications occurred for meat attitudes. In addition, both explicit measures and the IAT were
correlated with the EAST for meat but not for vegetables, suggesting that the EAST score
was most influenced by attitudes toward meat. Because they are thought to exert much
more influence on behavior and because researchers have devoted considerably more
attention to them, the remainder of this chapter will focus exclusively on attitudes toward
meat. This is, of course, not to suggest that attitudes toward vegetables are unimportant
to the dietary behavior of vegetarians. Even if not the underlying cause of vegetarianism,
attitudes toward vegetables likely shape food choices as vegetarians show an inclination
and actively search for vegetables.
Future research should also more carefully consider whether vegetarian attitudes
toward meat vary depending on the particular type of meat. With few exceptions (Barr
and Chapman, 2002; Swanson et al., 2001), research on vegetarians has not separated
out attitudes toward specific types of meat and none have directly compared attitudes
toward one type with attitudes toward another. There are strong reasons to suspect that
red meat would produce more disgust and revulsion than other forms of meat. Some of
this evidence comes from studies of nonvegetarians. Fessler et al. (2003) found that meat
avoiders motivated by health ate less red meat. Santos and Booth (1996) found that among
English college students choosing to eat a vegetarian dish, beef and lamb were the meat
dishes most likely to be avoided. Similarly, an analysis of 206 Norwegian students found
that most preferred white meat to red (Kubberød et al., 2002), with decreased hedonic ratings of meat as it increased in red color intensity, especially for females.
Among vegetarians, a common progression is to first eliminate red meat, then chicken,
then fish, and then for vegans, dairy and eggs (Jabs et al., 1998), and others have observed
that red meat is avoided earlier than white meat (Beardsworth and Keil, 1991, 1992; Maurer,
2010; Twigg, 1979, 1983). Dwyer et al. (1974) reported that all of their 100 “new vegetarians” avoided red meat, with dairy and eggs being avoided by the least. Some have speculated that the apparent revulsion for red meat may stem from its mammalian origins,
but it seems more attributable to the presence of blood that is seen in red meat (Kenyon
and Barker, 1998; Santos and Booth, 1996). There are fewer disgust-eliciting cues in pork,
chicken, and fish because they appear white once the blood has been drained. Even among
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meat eaters, many are disgusted by bloody meat (Beardworth and Keil, 1992; Fiddes, 1991;
Kenyon and Barker, 1998; Kubberød et al., 2002; Twigg, 1979; Santos and Booth, 1996).
Given that red meat is avoided earlier than white meat when moving into vegetarianism, it
seems reasonable to assume that vegetarians would hold more negative attitudes toward
red meat, but this awaits more careful empirical verification.
While certainly informative, the reviewed studies leave unanswered questions. Given
that vegetarians constitute a relatively small percent of the population and are not easily
discernible from the general public, it may be difficult to identify them as research participants. This explains the small number of vegetarian participants in the cited studies
(only Rothgerber, 2015a included more than 100 vegetarians) and sampling techniques
that may not always capture the range of diversity among vegetarians. Consequently, it
is unclear whether the published attitudes associated with meat and vegetables would
hold for larger, more age and gender diverse samples taken from settings outside North
America and the United Kingdom.
On this note, it is also uncertain whether male and female vegetarians would differ
in these attitudes. Given meat’s connection to masculinity and its greater consumption
by men (e.g., Rothgerber, 2013a; Rozin et al., 2012), one possibility is that male vegetarians would be more favorable or less negative toward meat than would female vegetarians. Conversely, male and female vegetarians may exhibit less alignment with traditional
gender roles and may evaluate meat similarly. Suggestive evidence for gender being unrelated to attitudes among vegetarians comes from Kalof et al. (1999), who found that gender
differences in vegetarianism disappeared when controlling for beliefs. A similar question
may be applied to age: do older vegetarians hold similar attitudes toward meat and vegetables as younger vegetarians? There is some evidence that older vegetarians may be more
influenced by health motives (MacNair, 1998), but it is unclear whether age would influence attitudes independent of diet motivation.
There is also a certain lack of precision apparent in a number of these earlier studies. The qualitative studies (e.g., Beardsworth and Keil, 1992) provide the richest sources
of raw data, but they also tend to be vague about reporting trends, making it difficult to
estimate exactly how many vegetarians share a certain attitude. In some cases, researchers combine vegetarians and meat eaters into a single category, rendering it impossible
to know how beliefs about meat and nutrition vary between the two groups (e.g., Lea and
Worsley, 2001). More substantially, both qualitative and quantitative studies have suffered
from a lack of precision in defining what constitutes a vegetarian (see Ruby, 2012) and in
analyzing such distinctions appropriately.
One frequent problem is that studies are overinclusive in determining who constitutes
a vegetarian and include as “vegetarian” participants who indeed consume animal flesh;
for example, in Beardsworth and Keil (1992), one-third of the vegetarian sample ate meat
or fish. In Barr and Chapman (2002), 57% of so-called vegetarians reported occasionally
eating fish, and 16% occasionally eating chicken; according to a strict definition of vegetarianism, a clear majority of vegetarian participants were semivegetarian or not even
vegetarian at all! In Barnes-Holmes et al. (2010) and De Houwer and De Bruycker (2007),
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about half of vegetarian participants consumed fish. One study stated that vegetarians
ate “no meat” (Kenyon and Barker, 1998), but it is unclear if this included fish as well, and
another did not specify what defined a vegetarian (Swanson et al., 2001). The powerful
phenomenon of semivegetarianism (see Rothgerber, 2014b) suggests that care needs to be
taken to avoid labeling participants as vegetarian when they fail to adhere to strict dietary
standards. Readers can refer to Chapter 1 of the present book for further details about the
spectrum of vegetarian diets.
Perhaps the larger criticism is not that studies include such participants but that they
fail to distinguish between these different diet types in the analysis, a regrettable but
understandable omission given the small or modest sample sizes in many of the studies. Incidentally, this practice of analyzing semivegetarians and true vegetarians as one
group is common across vegetarian studies covering a variety of psychological domains
(e.g., Dietz et al., 1995; Shickle et al., 1989). Whether partial or semivegetarians differ from
true vegetarians in their attitudes toward meat and vegetables, then, cannot generally be
known from these reviewed studies.
Moving to the more restrictive side of the vegetarian diet, there is also a problem in
analyzing data related to vegans. Most studies do not indicate how many vegetarian participants were vegan, and in some cases, the dietary survey may not have been sensitive
to this difference. Several studies (e.g., Barr and Chapman, 2002; Beardsworth and Keil,
1992; Santos and Booth, 1996) identified some participants as vegan, but with the exception of Povey et al. (2001) and Rothgerber (2015a), none of them directly compared vegans
with other vegetarians, thus, making it difficult to discern if vegan attitudes toward meat
and vegetables were comparable to those held by vegetarians. To make matters even more
complicated, studies relying merely on self-identified vegetarian status may be muddying
the waters, as one study comparing self-reported vegetarian status with descriptions of
eating behavior found that many vegetarians, especially pescetarians and vegans, incorrectly identified themselves (Pribis et al., 2010).

2.2 Summary
In short, it is apparent that the vegetarians who have been studied in the review thus far
expressed strong disdain for meat. This disdain took several forms that seemed largely consensual even across samples divergent in their demographic characteristics. Vegetarians
expressed disgust at meat, finding the thought of eating it abhorrent and revolting. Sensory
characteristics such as the taste and smell of meat generated negative reactions. Blood and
other physical reminders of the dead animal were also singled out as particularly offensive. Vegetarians did not dissociate the animal from its meat form but conversely thought
of meat as a dead animal. Meat was viewed as generally unhealthy, with some concern
for its contamination potential, and that it contains toxins, hormones, and antibiotics.
Vegetarian attitudes toward vegetables seemed positive and toward dairy were negative,
but it is less clear how strong these attitudes were and how much they contributed to the
decision to adopt and maintain a vegetarian diet. Red meat seemed to be abhorred the
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most, but the relative rating of other meat varieties was unclear. These conclusions should
be viewed tentatively because most studies relied on small sample sizes and may not represent the full range of vegetarians. It is possible that attitude differences based on gender,
age, and other demographic characteristics have been overlooked. The studies have also
been exceedingly liberal in defining who constitutes a vegetarian and have not generally
analyzed differences in attitudes between varying types of vegetarians.
In the next section, I will consider (mostly newer) studies that have addressed this last
issue and have specifically examined differences between semivegetarians and true vegetarians, between vegans and other vegetarians, and between health and ethical vegetarians in their attitudes toward meat.

3. Differences in Attitudes Toward Meat Between Varying
Types of Vegetarians
3.1 Semivegetarians Versus True Vegetarians
To borrow from Beardsworth and Keil (1992), vegetarianism may best be understood as
a continuum of categories measuring the progressive degree to which animal foods are
avoided. At one end are what we would term in this chapter and in the entire book (see
Chapter 1) “semivegetarians” (most similar to Beardsworth and Keil’s type I vegetarians),
individuals defining themselves as vegetarian but still eating animals on occasion. It is
worth asking: how common is this phenomenon?
In addition to the aforementioned studies in the first section that examined attitudes
toward meat and vegetables, it turns out that a number of studies have documented that
people will claim they are vegetarian but then simultaneously acknowledge that they eat red
meat, chicken, and/or fish. These studies span geography and age, ranging from American
teenage samples (Perry et al., 2001; Robinson-O’Brien et al., 2009), to Australian teenagers (Worsley and Skrzypiec, 1998), to representative American samples (Gossard and York,
2003; Time/CNN/Harris Interactive Poll, 2002), to female physicians in the United States
(White et al., 1999), to Canadians (National Institute of Nutrition, 1997, 2001), to Canadian
women (Barr and Chapman, 2002), to women in the southwestern United States (Kwan
and Roth, 2004), to expansive and small American samples (Cooper et al., 1985; Krizmanic,
1992), to Londoners (Willetts, 1997), and to a highly educated group from the United
Kingdom (Beardsworth and Keil, 1992). A majority of self-identified vegetarians in these
studies admitted to eating red meat, chicken, or seafood regardless of the timeframe. In a
telephone survey of well-educated and wealthy respondents in the eastern United States,
7.2% indicated that they were vegetarian, but only 2.5% said that they never ate poultry,
and only 1.5% reported never eating fish or poultry (Dietz et al., 1995). Similar results were
attained across several representative studies in the United States (Maurer, 2010). A team
of researchers at Yale University School of Medicine concluded that less than one-tenth
of 1% of Americans are true vegetarians (cited in Herzog, 2011). Semivegetarians, then,
appear to greatly outnumber those strictly committed to a vegetarian diet.
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For the task of analyzing vegetarian attitudes toward meat and vegetables, it is important
to understand why individuals define themselves in one category but behave quite differently from membership criteria. It is possible that individuals are practicing self-deception
to reduce the dissonance associated with eating meat (see Rothgerber, 2014a). To the extent
that vegetarians are seen as a desirable group to some, this may bias the individual to generate definitions to fit their own practice (Bedford and Barr, 2005) and to sustain self-definition in the event of a lapse (Willetts, 1997). There is also the possibility that these individuals
do not suffer from cognitive or motivational distortions and fully intend to abandon meat
consumption but differ from true vegetarians in terms of structural (see Ruby, 2012) or psychological variables such as being unassertive or having weak impulse control. It may also
be the case that semivegetarians have different attitudes toward meat and animals than
true vegetarians, and these differences are responsible for differences in behavior.
To address this latter possibility, Rothgerber (2014b) surveyed 214 participants recruited
through the Vegetarian Resource Group, a nonprofit organization dedicated to educating the
public on vegetarianism and related issues. Based on participants’ self-reported consumption of a range of animal products, 59 were labeled by the author as semivegetarian, those
reluctantly or readily eating at least one animal product while still self-identifying as vegetarian, and 155 were coded as true vegetarians, those refusing to eat all animal products. The
groups did not differ in their perceptions of living animals, specifically in how similarly they
perceived human and animal emotional experience. This was true for all emotions studied:
primary emotions, secondary emotions, and emotional states of pigs and dogs. Past research
(Bilewicz et al., 2011) has argued that the reason meat eaters perceive greater human–
animal difference is that it justifies meat consumption, evidently not the case for semivegetarians. Rather, the chief difference between semivegetarians and true vegetarians rested
in their attitudes toward dead animals served as meat. True vegetarians reported disliking
the sensory characteristics of meat—its taste, smell, texture, and appearance—more than
did semivegetarians. Similarly, true vegetarians were more disgusted by meat than were
semivegetarians, specifically agreeing more that emotionally they could not chew and swallow meat and that they found meat more offensive, repulsive, or disgusting. This is certainly
not to suggest that semivegetarians overly enjoyed the taste or other sensory characteristics
of meat, at least relative to more frequent meat eaters. In fact, Timko et al. (2012) found that
the majority of semivegetarians cited sensory factors or taste as the number one reason for
meat avoidance, both in terms of why they initiated it and why they maintained it.
These results suggest that there is danger in combining all vegetarians into a single
category based on self-identification. They also suggest that in addition to the reasons
listed earlier to explain semivegetarianism, the phenomenon may result when individuals
have simultaneous congruent and incongruent attitudes with more loyal vegetarians. The
findings that meat disgust, to mention one attitude, differed between semivegetarians and
true vegetarians suggests that self-identification may be limited in predicting attitudes.
Studies that have included semivegetarians may be underestimating how much disdain
true vegetarians have toward meat, a bias potentially made larger by Rothgerber (2014b)
likely oversampling more committed semivegetarians.
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3.2 Vegans Versus Other Vegetarians
By the same standard, studies that have combined vegans and other vegetarians together
may overestimate vegetarian disdain of meat. That is, an emerging literature has begun
to demonstrate that vegans are not only behaviorally distinct from other vegetarians but
also attitudinally distinct. While vegans were more likely than other vegetarians to be concerned with the impact of diet choice on the environment (Ruby, 2008) and to believe that
a meatless diet was healthier (Ruby et al., 2011), most often the choice to exclude a wider
range of animal products was motivated by a concern for animal welfare (Rothgerber,
2013b); relative to other vegetarians, vegans held more positive attitudes toward animals
(Rothgerber, 2015a,b; Ruby, 2012; Ruby et al., 2011), were more concerned with the practices of the meat industry (Ruby et al., 2011) and the impact of their diet on animal welfare
(Ruby, 2008) and animal suffering (Ruby et al., 2011), and perceived greater human–animal
emotional similarity (Rothgerber, 2013c, 2015a,b). Consequently, they were more likely to
believe in the wrongness of killing animals for food (Rothgerber, 2015b), a view held so
strongly that vegans were more likely to experience guilt over feeding their pet an animalbased diet and were less likely to feed their pet dog a diet high in meat or fish (Rothgerber,
2013c, 2014c). Vegans also judged meat abstainers who violated their diet and ate meat
more negatively, especially when the violator was a vegan ingroup member (Rothgerber,
2014d). The moral opposition to the exploitation of animals was strong enough that vegans indicated that their diet represented more of a lifestyle than a diet (Fox and Ward,
2008), and for some, these convictions were so strong they refused sexual intimacy with
nonvegans (Potts and Parry, 2010).
It appears that these favorable attitudes toward living animals manifest themselves
as greater disdain for meat than even vegetarians express. Povey et al. (2001) found that
for vegans, the most frequent characterization of meat was cruel and barbaric, whereas
for other vegetarians, it was unhealthy. In samples of 17 and 207 vegans, respectively,
Rothgerber (2015a,b) found that vegans relative to other vegetarians scored higher on
meat disgust and sensory dislike of meat, and that they scored lower on a meat-eating
justification scale. Specifically, vegans were significantly less likely than other vegetarians
to justify meat consumption by endorsing religious, health, fate, and hierarchical justifications, by denying animal suffering, by endorsing promeat attitudes, by dissociating the
animal from food, and by avoiding thinking about the treatment of animals. Once again, it
appears that researchers may be obfuscating vegetarian attitudes toward meat by analyzing vegetarian participants with vegans. This time, the effect is likely to make vegetarian
attitudes toward meat seem more negative than they really may be.

3.3 Health Versus Ethical Vegetarians
The range of animal products avoided along with how religiously they are shunned is
clearly associated with attitudes toward meat. However, as important as diet itself may be,
the reasons for following one’s diet may be equally or even more important. A number of
recent studies suggest that one’s motives for abstaining from meat are associated with a
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spectrum of social psychological perceptions. By far, the two most common motives cited
in the literature involve ethics (primarily the treatment of animals and to a lesser extent
the environment) and personal health. There is actually some contention about which
of these motives is most prevalent: Ruby’s (2012) review concluded that recent studies
showed ethical vegetarianism to be the most popular type, whereas Herzog (2011) stated
that most studies have found health motives to be widespread. What is agreed on is that
despite behaving similarly when it comes to diet, these groups appear largely different in
attitudes, beliefs, values, and personal philosophies. Jabs et al. (1998) proposed that each
motivation was clearly distinct and related to a separate model for adopting a vegetarian
diet. Even meat eaters were sensitive to distinctions between these groups, with exposure
to an ethical but not health vegetarian setting in motion dissonance-reducing perceptions
(Rothgerber, 2014a).
Ethical vegetarians resist meat largely because it increases animal suffering and because
of their belief that modern-day factory farming is inhumane (Rothgerber, 2013b; Rozin
et al., 1997). Hamilton (2000) argued that for ethical vegetarians, meat symbolizes not only
violence and aggression, but also death; it stands as a horrific reminder of the pain and
suffering of the animal. Hamilton (2000) drew parallels between these beliefs and religion,
and others have noted that ethical vegetarians frame their diet within a philosophical,
ideological, or spiritual context (Fox and Ward, 2008) and are motivated by humanistic values (Lindeman and Sirelius, 2001). These values include strong feelings of affinity toward
animals. This affinity was reflected in the belief that animals have primary and secondary
emotions similar to humans (Rothgerber, 2013c), and in the practice of feeding pet dogs a
diet less derived from meat or fish, and when failing to do so, feeling greater guilt over the
animals used to make pet food (Rothgerber, 2013c, 2014c). Ethical vegetarians perceived
themselves as being more radical than health vegetarians (Fox and Ward, 2008). Indeed,
they displayed stronger opposition to foxhunting and capital punishment and stronger
support for nuclear disarmament than other vegetarians (Hamilton, 2006). Ethical vegetarians seemed aware of their unique characteristics, evaluating health vegetarians more
negatively relative to judgments toward vegans (Rothgerber, 2014e). In general, ethical
vegetarians shared more similarities with vegans than do other vegetarians and were more
likely to transition to veganism than health vegetarians (Jabs et al., 1998).
In contrast, health vegetarians adopt an internal focus, addressing desires to sustain
good health and avoid illness. Consuming dead animals was seen as a form of contamination (Hamilton, 2000). Personal health, fitness, and energy were valued rather than
other living creatures (Fox and Ward, 2008). Many health vegetarians traced their diet to
personal experiences rather than ideology. Lindeman and Sirelius (2001) suggested that
the ideology of health vegetarians is more conservative and normative value driven, concerned with personal safety and security. This may explain why health vegetarians were
less negative in their evaluation of an ingroup member who violated their diet than were
ethical vegetarians (Rothgerber, 2014d). Presumably, such a vegetarian could engage in
compensatory behavior aimed at well-being to offset the negative health effects of meat
intake. Health vegetarians tended to gradually eliminate meat from their diet and were
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less likely to eliminate all animal products from their diet (Jabs et al., 1998). As such, they
appear to be closer to the mainstream than ethical vegetarians and seem less concerned
with animal welfare.
Rozin et al. (1997) conducted the first quantitative comparison of attitudes toward
meat between ethical and health vegetarians. Recruiting an adult sample in Pennsylvania,
they identified 36 participants who listed a moral reason for first being vegetarian and
26 participants who listed a health reason as motivating their vegetarianism. Relative to
health vegetarians, ethical vegetarians offered a wider range of reasons for their vegetarianism and rejected a larger range of animal products. They were also more disgusted by
meat (assessed in terms of mental state, contamination potency, and feeling of nausea),
reported stronger emotional reaction to the consumption of meat, expressed more concern when watching others eating meat, and more strongly believed that meat causes
undesirable personality changes, such as violence and aggression.
This greater sense of disgust among ethical rather than health vegetarians was corroborated by Hamilton’s (2006) in-depth qualitative study of 47 vegetarians in the United
Kingdom. When asked to imagine how they would feel if they learned that they had inadvertently eaten meat, ethical vegetarians displayed negative reactions including anxiety, anger,
guilt, a sense of contamination, harm, unease, discomfort, queasiness, deep revulsion, and
sickness. None of the health vegetarians reported such feelings from unknowingly ingesting
meat; their focus was restricted to digestive concerns. Jabs et al. (1998) had earlier reported
that relative to the health vegetarians (n = 8) whom they studied, ethical vegetarians (n = 11)
were unable to dissociate meat from its animal origins and were more disgusted by meat.
Rothgerber (2014b, 2015a) also made comparisons between ethical (n = 115 and n = 245)
and health vegetarians (n = 33 and n = 168) in attitudes toward meat. Consistent with
Rozin et al. (1997), ethical vegetarians rated meat as more disgusting (e.g., cannot chew or
swallow it, more nauseating, etc.). Sensory evaluations were inconsistent: in Rothgerber
(2014b), ethical vegetarians reported disliking the taste and texture of meat more than
health vegetarians, but in Rothgerber (2015a), similar to Rozin et al. (1997), there were
no differences between ethical and health vegetarians in sensory ratings of meat. Clearly,
researchers examining attitudes toward meat among vegetarians would be wise to measure motives and to analyze this factor appropriately.

4. The Role of Values
The fundamental difference between ethical and health vegetarians likely resides in the different value systems held by the groups. Values are important to the present work because,
along with beliefs (the cognitive component of attitudes, understood to be linkages between
the attitude object and various attributes, Fishbein and Ajzen, 1975), they are thought to be
the building blocks of attitudes (Eagly and Chaiken, 1993). Values may be viewed as abstract
cognitions or global attitudes; they serve as standards for beliefs, attitudes, and behavior
(Rokeach, 1968). In terms of structure, values are more general and are at a higher level than
beliefs and attitudes, which are more specific manifestations of values.
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When an attitude is ambivalent or contains contrary beliefs, values help determine
which beliefs will be most influential. For example, two individuals may hold simultaneous beliefs that eating meat constitutes cruelty to animals and that meat tastes good. If
the first individual values nonviolence, the animal cruelty concerns would more likely
influence their attitudes toward meat eating than would hedonism, whereas if the second
individual values pleasure, the good taste of meat would likely exert more influence on
attitudes toward meat eating than would concerns about mistreatment. All of this suggests that to more thoroughly understand attitudes and beliefs toward meat, it may be
first necessary to understand values. For example, one study found that values influenced
vegetarian diet choice through the mediating role played by beliefs about the benefits of
vegetarianism (Kalof et al., 1999). In an examination of attitudes toward food attributes
not directly related to vegetarianism, Dreezens et al. (2005) found that those valuing universalism rated genetically modified food low and organic food high, while the opposite
pattern was observed for those valuing power; the value–attitude link was again modified
by beliefs. That values lead to attitudes and beliefs, which in turn lead to behavior, has
been supported by a number of studies outside the food domain (Bernard et al., 2003;
Homer and Kahle, 1988; Maio and Olson, 1995; Thøgersen and Ölander, 2002).
Several studies have examined value differences between vegetarian subgroups.
Vegans were lower in social dominance than were other vegetarians (Bilewicz et al.,
2011) and higher in idealism (Rothgerber, 2015b). Ethical vegetarians were more humanistic (Lindeman and Sirelius, 2001) and more greatly valued compassion, nonviolence,
and ecological preservation than health vegetarians (Jabs et al., 1998). These specific
values shape beliefs and attitudes within these groups, shape how influential specific
beliefs and attitudes are, and ultimately shape the behavioral differences observed in the
literature. For example, valuing compassion more, ethical vegetarians may feel greater
empathy toward animals and, therefore, express greater concern when witnessing others consuming meat. Vegans and other vegetarians may both believe in the difficulty
in following a vegan diet, but greater idealism may cause vegans to be less influenced
by this perceived difficulty when evaluating veganism and, subsequently, more likely to
behave in accordance with it.
Other research has identified value differences between undifferentiated vegetarians
and nonvegetarians. The most commonly identified value difference is that relative to
meat eaters, vegetarians reject social power, social dominance, inequality, and authoritarianism (Allen et al., 2008, 2000; Bilewicz et al., 2011; Dietz et al., 1995; Kalof et al.,
1999). This seems logical given that meat symbolizes these attributes and that plantderived foods represent a rejection of these values (Adams, 2015; Allen and Ng, 2003;
Allen et al., 2008; Fiddes, 1991; Lea and Worsley, 2001; Twigg, 1983). Indeed, according
to deFrance (2009), the upsurge in meat eating is a recent phenomenon to establish
social distinctions of wealth and status and to foster social unity through the symbolic
manipulation of animals. As Eder (1996) observed, “Vegetarian life is the negation of
social power.”

Chapter 2 • Meat Attitudes

25

Another important value difference is that vegetarians emphasize nonviolence and
compassion (Jabs et al., 1998; Hamilton, 2000, 2006) more than meat eaters. They are also
more likely to espouse liberal political ideology (Gale et al., 2007; White et al., 1999), to
value environmental protection (Dietz et al., 1995; Jabs et al., 1998; Kalof et al., 1999), and
to reject traditional values (Dietz et al., 1995; Kalof et al., 1999).

5. The Role of Attitudes Toward Meat in Becoming a
Vegetarian and in Maintaining a Vegetarian Diet
At this point, I would offer the idea that the decision to adopt a vegetarian diet is influenced
by a value or set of values that lead to proanimal attitudes and beliefs, and for health vegetarians, by a value leading to antimeat attitudes and beliefs (see Fig. 2.1). Those that value
social equality and reject dominance over nature or other beings would develop a host of
attitudes on a number of issues, including being favorable toward environmental protection and toward antidiscrimination policies; developing favorable attitudes toward animals and supporting their welfare would follow. This general support would be evident in
more detailed beliefs about animals in the food system, such as they should not suffer to
satisfy our consumption desires. Eventually, these attitudes and beliefs would cause some
individuals to seek behavioral change and reduce meat intake or adopt a vegetarian diet.
Valuing nonviolence and compassion would cause individuals to have positive attitudes

FIGURE 2.1 Proposed model of relationship between attitudes and vegetarian diet choice.
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toward measures designed to reduce animal suffering and cause negative attitudes toward
actions that inflicted harm on animals. These attitudes would produce a number of beliefs,
including that factory farming is unjust. Embracing liberal ideology and rejecting traditional
values may cause individuals to hold positive attitudes toward social change movements
and to have positive attitudes toward alternative diets disavowing themselves from the traditional meal structure (e.g., meat, vegetables, and a starch). These attitudes would then affect
beliefs, such as that a vegetarian diet is worth the social disruption it may cause.
The values previously identified with vegetarians are those most related to ethical vegetarians. Health vegetarians are less likely to share these values, and for them, the principal
value inspiring their attitudes, beliefs, and behavior is that of personal health. A concern
with one’s well-being would trigger a number of positive attitudes toward behavior reflecting this: to exercise, to sleep well, and of course, to eat in a healthy way. These individuals are more likely open to alternative diets that may produce health benefits. For some,
beliefs that a vegetarian diet is healthy and that meat is unhealthy would be strong enough
to motivate behavioral change.
This perspective suggests that health vegetarians are not as concerned with the living
animal but focus more on meat itself as a potential contaminant to the body. Even so,
opposition to meat would be more practical and not have the sort of moral and emotional
condemnation associated with outrage over animal welfare. Conversely, for ethical vegetarians, when it comes to the initial decision to become vegetarian, views on meat (i.e., the
dead animal on the plate) are not as centrally motivating, well-elaborated, or emotionally
developed as views on animals in general.
There is available evidence to support the notion that for many vegetarians, the strong
disdain for meat evident in this review does not necessarily predate their decision to
become vegetarian. For example, only a relatively small percent of vegetarians state that
disgust with meat or a dislike of its sensory characteristics is a primary motive for their
conversion to vegetarianism (Amato and Partridge, 1989; Beardsworth and Keil, 1992;
Hamilton, 2006; Kalof et al., 1999; Kenyon and Barker, 1998; Rozin et al., 1997; Timko et al.,
2012); rather the focus is on the living animal or one’s personal health. In studies specifying the percent changing their diet because of gustatory dislike, the figure is around 10%
(Amato and Partridge, 1989; Hamilton, 2006; Rozin et al., 1997) or much lower (Timko
et al., 2012). Amato and Partridge (1989) reported that 48% of the vegetarians they studied
experienced cravings for meat, and these cravings fade over time to the point where 82%
stated that they would never consider eating meat again. That the cravings fade over time
indirectly supports the premise that attitudes toward meat become more negative the longer one has followed a vegetarian diet and do not primarily motivate the initial decision
to convert. In addition, the majority of vegetarians in one study reported that they had
liked and enjoyed many or all types of meat before becoming vegetarian (Hamilton, 2006).
Similarly, Beardsworth and Keil (1992) noted that some vegetarians had not always been
disgusted and repulsed by meat. These authors also reported that many ethical vegetarians were not disgusted by cooked meat, missed not eating it, and some even craved it,
especially bacon: bacon nostalgia as they term it (Beardsworth and Keil, 1992).
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FIGURE 2.2 Proposed model of relationship between attitudes and vegetarian diet maintenance.

To explain diet maintenance and what transpires after following a vegetarian diet for
some time, attitudes toward meat play a more prominent role and become intensified.
That is, I believe that negative attitudes toward meat develop more strongly and become
more salient as a result of following a vegetarian diet (see Fig. 2.2). The increasing negative
attitudes toward meat occur because of at least three distinct processes: cognitive dissonance, moralization, and a desire for positive intergroup distinctiveness, each of which
will be presented.

5.1 Vegetarian Diet and Dissonance Theory
The process of not eating meat produces psychological effects on the individual, above
and beyond the individual’s values, beliefs, and attitudes that led to the behavioral change
in the first place. Although dissonance theory has more often been applied to the psychological experience of meat eaters (see Joy, 2011; Rothgerber, 2014a), it may also be relevant
to the psychological experience of new vegetarians. Vegetarians may experience some or
all of the following: social tension with family and friends over their diet (Jabs et al., 1998,
2000); a number of negative emotions from meat eaters (Adams, 2003); negative reactions
in meat eaters anticipating moral reproach (Minson and Monin, 2012); a need to abandon
familiar restaurants because of limited vegetarian options; difficulty finding appropriate
food when traveling or in unfamiliar circumstances; burdening those hosting them for
meals; and worrying about satisfying certain nutritional requirements.
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From classical dissonance theory (Festinger, 1957), dissonance may result from the
individual wanting to maintain consistency (“My diet offends others; I do not like offending people” or “My diet burdens others; I do not like being a burden”). From the “new
look” dissonance (Cooper and Fazio, 1984), dissonance may result from the individual
wanting to avoid aversive consequences (“I follow a vegetarian diet; this diet creates social
disharmony” or “I follow a vegetarian diet; this diet makes it difficult to eat out”). In either
case, the individual would experience strong motivational pressures to justify the costs of
being vegetarian. While there are several ways of doing so, one approach is to condemn
meat itself, to turn it from a liked or tolerated food to a disgusting, abhorrent, ill-smelling,
and ill-tasting reminder of a dead animal. In essence, meat disdain becomes a consonant
cognition that then reduces the dissonance brought on by being a vegetarian.

5.2 Vegetarian Diet and Moralization
Rozin and colleagues offer a separate account for how converting to vegetarianism may
cause meat to be viewed as more disgusting. In a process they term moralization, Rozin et al.
(1997) describe how for ethical vegetarians, meat eating changes from a neutral activity to a
moral one. What may have been a preference to avoid meat becomes thought of in terms of
values, which are more durable, internalized, and central to the self. Values tend to produce
strong moral emotions, such as anger, shame, contempt, guilt, and disgust, with this last
emotion serving as a focal point of their research. Rozin et al. (1997) argue that ethical vegetarians evaluate meat as more disgusting because having adopted an antimeat stance on
ethical and philosophical grounds, they then connect meat eating with powerful emotions
that provide additional motivational force for their position. Disgust occurs in vegetarians
as a way of supporting and internalizing meat avoidance. That is, the shift in meat from a
liked to a disliked or disgusting food occurs because once philosophically opposed to meat,
a dislike for its sensory and inherent qualities motivates further avoidance of it.
Rothgerber (2015b) has offered the moralization concept as one way to explain why
COs do not develop the same level of disgust for animal flesh as vegetarians. Factoryfarmed animal products are probably not dissimilar enough from ethical animal products
in taste, smell, texture, and appearance to cultivate in COs a disgust specific to factoryfarmed foods comparable to the level of disgust that vegetarians can develop for meat.
This interpretation has also received indirect support from Rothgerber (2014b), who found
that self-identified vegetarians who nonetheless consumed animal flesh reported being
less disgusted by meat. The possibility that diet could cause disgust (or a lack thereof) is
also supported by research confirming that disgust reactions to meat are a consequence,
not a cause, of meat avoidance (Fessler et al., 2003). The work of Allen et al. (2008) also
sheds light on how perceptions of taste can be affected by what food is thought to represent rather than its actual physical properties. Specifically, they found that those scorning
social power gave a more favorable taste evaluation when they believed they had tasted a
vegetarian alternative to a sausage roll than when they believed they had tasted a sausage
roll, regardless of the product they actually ate.
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5.3 Vegetarian Diet and Social Identity
A third explanation for why committing to vegetarianism would cause an increase in meat
disgust and other negative attitudes toward meat emphasizes that being a vegetarian
becomes an important aspect of one’s social identity. Like other valued social identities,
the individual is motivated to feel favorable about the ingroup and to achieve positive
intergroup differentiation (Tajfel and Turner, 1986). Because the defining behavior of
vegetarianism is in not eating meat, it stands that vegetarians would be highly motivated
to define meat abstention in a positive way. One obvious way to do so is by devaluing
meat. This suggests that over time, vegetarians would become more negative toward meat
because it helps them feel better about a valued ingroup. Few empirical studies have
approached vegetarianism from a social identity perspective, so I will elaborate a bit more.
Meat can be seen as a social construction in that its social importance seems greater
than nutritionally warranted (see Allen et al., 2000). The symbolic value associated with
meat, then, lends itself to identity building. A number of scholars have discussed vegetarianism as a form of identity (Allen et al., 2000; Jabs et al., 1998; Fox and Ward, 2008; Joy, 2011;
Fischler, 1988; Kremmel, 2006; Hamilton, 2000; Rothgerber, 2014a). For example, Fox and
Ward (2008) noted that their vegetarian respondents did not define vegetarianism simply
as a diet but a broader lifestyle tied to identity. Jabs et al. (1998) described vegetarianism
in religious terms, noting that it became an identity that produced a “spiritual transformation” occupying central importance to its followers. Vegetarianism defines the self, who
one is, the sort of being one is, what it is to be human, and the relationship with the other
(i.e., nonhuman animals) (Hamilton, 2000).
Fischler (1988) discussed how food choices are intermeshed with self-identities. To
this, I would expand: they are related to social identities. Many vegetarians are involved
in vegetarian subcultural groups, such as message boards, animal rights groups, etc.
(Kremmel, 2006). According to Back and Glasgow (1981), many vegetarians erect a strong
boundary against their identity and society. They want to associate with like-minded individuals, they reject their upbringing and socially imposed inhibitions, and they espouse
strong ideological preferences. Vegetarians feel isolated from society and have a strong
sense of ingroup belonging. Vegetarianism may be the aspect of others’ identity that is
most salient to nonvegetarians (Kremmel, 2006). While meat eaters only experience diet
as a form of social identity when they interact with vegetarians, vegetarians are reminded
of identity every time food is eaten or discussed in the presence of meat eaters (Kremmel,
2006). Vegetarians do not define themselves simply as a set of dietary behaviors, and it
seems that omnivores do not see them this way either (see Joy, 2011; Rothgerber, 2014a).
This potentially creates a good deal of tension, especially within families and holiday celebrations where meat eaters may feel threatened by the rejection of tradition (Jabs et al.,
1998; Rothgerber, 2014a). Indeed, negative encounters with outgroup members and lack
of social support are major reasons for abandoning vegetarian diets (Jabs et al., 1998).
Several writers have commented on how vegetarian outrage and disgust at unknowingly ingesting meat products far exceeds the harm to animals that such cases may bring.
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In these instances, the animal is already dead, the food is already prepared, and their refusal
to eat, likely with little awareness on the part of others, would have minimal long-term
effect on industrial farming. But in identity terms, such violations are so upsetting because
they violate the symbolic identity of vegetarians. This relates to the concept of boundary work; that is, vegetarians consider their social identity as important, and they work to
symbolically defend its boundaries. One way is to reject fake or semivegetarians, who may
harm the integrity of the collective group.
Rothgerber (2014d) specifically studied how vegans and other vegetarians reacted
to ingroup violators. While violators were typically devalued, the specific reaction
depended on the social context. Situations that made norm violations more damaging
to the ingroup intensified vulnerable groups’ negativity toward disloyalty. One such situation involves mainstream salience because norms differentiating vulnerable groups
from the mainstream become more important when the mainstream is salient. Another
situation that impacted ingroup negativity was whether the violation was concealed
because unconcealed violations may be more damaging to the group and used by outgroup members to undercut its survival. It was shown statistically that concerns that
disloyal members would undermine intergroup distinctiveness and undercut the message of the group were central to the disapproval shown to norm violators. This shows
that vegetarians are worried about others’ reactions to their group and the impact that
disloyalty has on others and the way the ingroup is perceived, rather than simply being
a personal or internal matter. There is also the notion that evaluations and perceptions
of vegetarian subgroups (e.g., vegan–vegetarian, and health vegetarian–ethical vegetarian) are subject to the horizontal hostility phenomenon demonstrated in other minority
groups and shown to be motivated by social identity concerns (Rothgerber, 2014e; White
and Langer, 1999; White et al., 2006).
In short, there is general recognition that vegetarianism is not simply a behavior but that
it represents a deeper set of values and attitudes. It seems to have all the c haracteristics of a
group typically studied in the intergroup relations literature: self-definition; differentiated
behavior; ingroup pride; disgust toward outgroup behavior; hostility from the outgroup;
group boundary work; devalued perceptions of ingroup violators; status differentiation
within the group; smaller groups organized around the larger group; and the horizontal
hostility phenomenon.
There is reason to suspect that vegetarian identity would become more important as
one adheres to the diet over a longer period. To maintain status as a good ingroup member and to maintain distance from the outgroup, I would expect vegetarians to place even
greater importance on and value the one dimension that most clearly defines the group:
not eating meat. Meat should, therefore, be devalued, denigrated, and defamed as a way
to achieve positive intergroup differentiation. In practice, this means that following a vegetarian diet for a longer time should cause an increase in meat disgust, negative sensory
ratings of meat, and in general, negative attitudes and beliefs about meat. This appears to
be an untested proposition.
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6. Conclusion
For omnivores, attitudes toward meat and animals are “nonattitudes”: they are not strongly
felt and do not predict behavior (Herzog, 2011). For vegetarians, these attitudes are fundamentally important. Dietz et al. (1995) suggest that values, beliefs, and attitudes predict the
decision to become vegetarian. This review generally concurs: certain attitudes differentiate vegetarians from nonvegetarians, and they also are critical in differentiating between
semivegetarians and true vegetarians, vegans and other vegetarians, and health and ethical vegetarians. There are still, of course, important questions to resolve. Dietz et al. (1995)
conclude that these internal social psychological processes are more important than demographic factors, but this may be a false dichotomy. Demographic factors (such as gender)
may predict values, attitudes, and beliefs, and we need more research to determine if demographic factors become nonsignificant when controlling for internal processes. A critical
question is why do attitudes matter: How much do they cause diet choice, and how much
do they result from it? Does this answer depend on the type of attitude (meat, vegetable, or
animal) or a specific type of meat at that? The answer to why attitudes matter may involve
both possibilities. Some attitudes (chiefly, toward animals) may cause diet choice, and others (toward meat) may result from diet choice. But even this seems more complicated and
likely depends on whether the specific vegetarian is primarily motivated by ethics or health.
There is also a question about the extent to which these attitudes impact other behaviors
related to health. That is, it is possible that other behaviors are as strongly attached to vegetarianism as the diet itself, but this remains unclear. Once again, motives for vegetarianism
may be relevant, as the connection may be direct for health vegetarians and indirect for
ethical vegetarians. In short, we have come a long way since the assessment of Dwyer et al.
(1974), but there are more questions than ever to answer.
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1. Introduction
1.1 Vegetarians as Unwitting Nutrition Educators
Vegetarians are defined by what they do not consume, differentiating themselves in most
societies by rejecting a widespread social norm (Back and Glasgow, 2010). As a result,
vegetarians are frequently confronted by curious nonvegetarians with nutrition-related
questions: “But where do you get your protein?,” “How do you live without meat?,” “What
about iron?” These interactions often require vegetarians to defend the adequacy of their
diet, unwittingly becoming nutrition educators. This phenomenon is epitomized by the
common inquiry “But where do you get your protein?,” which has generated innumerable
responses on the Internet in the form of humorous cartoons and a range of educational
blogs, articles, and videos. “But where do you get your protein?” has arguably become a
fixture of vegetarian culture, or the shared experience of the realities of being a vegetarian
in a society of mostly nonvegetarians.
Occasionally, nonvegetarians assume that vegetarian diets are inherently healthier
than nonvegetarian diets. In this case, vegetarians may find themselves confronted with
uninformed compliments: “You’re vegetarian? No wonder you’re so thin and healthy!” In
this case, the nutritionally savvy vegetarian might remind the nonvegetarian that “even
Oreos [a popular brand of chocolate sandwich cookies] are vegan” and that nearly all
cakes, cookies, pies, and other “junk” foods are suitable for vegetarian diets.
As dietary minorities, vegetarians unwittingly find themselves in the position of nutrition
educator. New vegetarians who intend to interact with family members, friends, or coworkers
around food may search for legitimate responses to the common misconceptions they are
confronted with by nonvegetarians. As a result of nutritional interrogations by nonvegetarians, some vegetarians may become well versed in nutrition and may even find themselves
educating their own healthcare providers (Castillo et al., 2015; Mulliner et al., 1995).
Some vegetarians are born into vegetarian families. In most societies, they too will find
themselves confronted with questions posed by nonvegetarian classmates, friends, neighbors, coworkers, and other nonvegetarians. Do children raised in vegetarian families or
cultures acquire the knowledge needed to answer these questions passively as a natural
result of their upbringing? As of mid-2016, no systematic investigation of this question has
been published.
Vegetarian and Plant-Based Diets in Health and Disease Prevention. http://dx.doi.org/10.1016/B978-0-12-803968-7.00003-4
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Vegetarians who are not born into vegetarian families must undertake an experience of
becoming vegetarian. Interestingly, “vegetarian” is not only a diet, but it is also something
that a person can become or transform themselves into. Perhaps acquiring new knowledge is a natural consequence of this transformation.

2. Defining Nutrition Knowledge
Nutrition knowledge may be procedural, declarative (Worsley, 2002), or social
(Miyazaki, 1994). Procedural nutrition knowledge specific to vegetarians may
include where to buy and how to cook tofu and how to identify vegetarian food in a
nonvegetarian restaurant. An example of declarative nutrition knowledge is an

awareness of which vegetarian foods are good sources of protein. In the case of
vegetarianism, declarative nutrition knowledge may be thought of as the “awareness of
the nutritional implications of v
 egetarianism, and of basic nutritional concepts relating to micro- and macronutrients” (Hoffman et al., 2013). Throughout this chapter, the
term “declarative-procedural nutrition knowledge” may be used to refer to declarative
and procedural nutrition knowledge collectively.
Researchers measure declarative nutrition knowledge using validated instruments
that are incorporated into questionnaires. Table 3.1 presents a global survey of 19
validated nutrition knowledge instruments from 1974 to 2015, and includes articles
published in Italian and Korean (Alsaffar, 2012; Anderson et al., 2002; da Vico et al.,
2010; Dickson-Spillmann et al., 2011; Feren et al., 2011; Freeland-Graves et al., 1982;
Gower et al., 2010; Hoffman et al., 2013; Jones et al., 2015; Kim et al., 1999; Kim, 2009;
Moynihan et al., 2007; Obayashi et al., 2003; Parmenter and Wardle, 1999; Rovner et al.,
2012; Spendlove et al., 2012; Verrall et al., 2000; Whati et al., 2005; Zinn et al., 2005). The
most widely used, previously validated nutrition knowledge instrument is the General
Nutrition Knowledge Questionnaire (GNKQ) developed for adults in the United
Kingdom by Parmenter and Wardle (1999). The GNKQ has been adapted and modified
for use in the United States (Jones et al., 2015), Turkey (Alsaffar, 2012), elite athletes
in Australia (Spendlove et al., 2012), obese adults in Norway (Feren et al., 2011), older
adults in England (Moynihan et al., 2007), sports nutrition research in New Zealand
(Zinn et al., 2005), and vegetarians living in the United States (Hoffman et al., 2013).
Thus, much of what is currently known about nutrition knowledge is limited to studies
of declarative knowledge in nonvegetarians, as measured by instruments created for
use in the West (Table 3.1).
It is easy to fall into the trap of thinking about nutrition “knowledge” as limited to scientific
explanations about food. To do so would typecast alternative knowledge systems as “beliefs”
and would be an act of ethnocentrism (Bryant et al., 2003). Declarative-procedural nutrition
knowledge need not be limited to scientific explanations, e.g., micro- and macronutrients. In
some cases, declarative or procedural nutrition knowledge may even precede a biochemical
understanding of its mechanism, e.g., nixtamalization of corn/maize in Mesoamerica.
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Table 3.1 A global Survey of 19 Validated Nutrition Knowledge Instruments from
1974 to 2015
Author (Year)

Instrument

Intended Population

Jones et al. (2015)

Parmenter and Wardle (1999), modified
for the US population, with items from
Obayashi et al. (2003)
Parmenter and Wardle (1999), abbreviated,
and modified for US vegetarians
Parmenter and Wardle (1999), modified
and translated into Turkish
Type 1 Diabetes Nutrition Knowledge
Survey (NKS)
Parmenter and Wardle (1999), modified
for the Australian population
Short, consumer-oriented nutrition
knowledge questionnaire
Synthesis of existing instruments including
Parmenter and Wardle (1999)
Italian version of Moynihan et al. (2007)
A computer nutrition knowledge survey
for elementary school students

Adults in California, United States

Hoffman et al. (2013)
Alsaffar (2012)
Rovner et al. (2012)
Spendlove et al. (2012)
Dickson-Spillmann et al.
(2011)
Feren et al. (2011)
da Vico et al. (2010)
Gower et al. (2010)

Kim (2009)
Moynihan et al. (2007)

Parmenter and
Wardle (1999)
Kim et al. (1999)

Pregnancy nutrition knowledge scale
Select items from Parmenter and Wardle
(1999)
A nutrition knowledge questionnaire
for urban South African adolescents
Sports nutrition knowledge
questionnaire with items from
Parmenter and Wardle (1999)
Knowledge of applied nutrition, food
preparation, and perceived confidence
in cooking skills
Nutrition knowledge scale(s) developed
for the 1995 Diet and Health Knowledge
Survey (DHKS)
Caregivers’ Nutrition Knowledge,
Attitudes and Beliefs
General Nutrition Knowledge
Questionnaire (GNKQ) for adults
The Food and Living Survey

Freeland-Graves et al.
(1982)

A nutrition knowledge test with
a vegetarian nutrition subtest

Whati et al. (2005)
Zinn et al. (2005)

Anderson et al. (2002)

Obayashi et al. (2003)

Verrall et al. (2000)

Adult vegetarians taking an
online survey, United States
Adults in Turkey
Youth with type 1 diabetes and their
parents in Boston, Massachusetts
Elite Australian athletes
German-speaking part of Switzerland
Obese adults; tested in patients waiting
for a gastric bypass operation in Norway
Italian hospital patients
First through fourth grade students
from Salt Lake City, Utah, United States,
area schools
Pregnant women, Korea
Older adults (60+ years) residing in
sheltered accommodation in England
South African adolescents living
in urban areas
Developed in New Zealand for use by
clinicians and researchers
UK children in afterschool care in
an area of high social disadvantage
US adults

Caregivers of children with
cerebral palsy
UK adults
Validated in the Boston, Massachusetts,
area in 1974
Developed for the purpose of
comparing nutrition knowledge of
vegetarians to that of nonvegetarians
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Declarative-procedural nutrition knowledge does not exist in a vacuum; it is
developed and applied in the context of social nutrition knowledge. Social nutrition knowledge consists of social representations, widespread beliefs, interpretative
repertoires, and internalized social contingencies related to food (Miyazaki, 1994).
Food-related social representations and interpretive repertoires live alongside declarativeprocedural nutrition knowledge and are important yet easily overlooked motivators of
dietary behavior.
Individual food items are polysemic symbols (Bryant et al., 2003). A polysemic symbol is “a symbol that carries several meanings simultaneously” (Bryant et al., 2003). These
meanings may evolve over time and differ between cultures (Bryant et al., 2003). In some
cases, meanings for an individual food item may even conflict. Meat, for example, represents physical strength and power, higher status, virility, cruelty, killing, disgust, and
poor health (Rozin et al., 2012; Ruby et al., 2013). A firmly established example of social
representation and food symbolism related to vegetarianism is the common association
between meat and masculinity (Rozin et al., 2012). In classroom testing spanning at least a
decade, North American students consistently classified steak as masculine and strawberries as feminine (Bryant et al., 2003).
Interpretive repertoires of a society guide its members toward a common understanding of which animals to eat or not eat (Norman, 2014). In a nonvegetarianpredominant culture, there exists an interpretative repertoire on the difficulty of
maintaining a vegetarian or vegan diet (Norman, 2014). Perhaps the most important
vegetarian-related interpretative repertoire of all (in the West) is that a “vegetarian” is
something a person “is” or “is not” (Norman, 2014). Widespread beliefs and interpretive repertoires about food, such as the prevalent misunderstanding around protein
in vegetarian diets, may be factually incorrect and yet retain a powerful influence on
dietary behavior and social norms.

3. Transcultural Considerations
Vegetarians living in Western countries may experience their vegetarianism differently
from vegetarians living in a context where vegetarianism is more widespread due to spiritual customs, poverty, or both. That is, vegetarians by choice may differ in significant ways
from vegetarians by context. It follows that nutrition knowledge may develop and function differently in these two groups.
While vegetarians by context are steeped in procedural and social knowledge about
vegetarianism from birth, vegetarians by choice are often not. Vegetarians by choice who
are living in nonvegetarian societies must develop a high level of declarative nutrition
knowledge to explain and defend their diet to others while developing the procedural
nutrition knowledge necessary for their own survival. Social representations, widespread beliefs, interpretative repertoires, and internalized social contingencies related to
vegetarianism may differ from society to society, and even differ dramatically between
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vegetarian-predominant cultures and nonvegetarian cultures. Furthermore, knowledge
and beliefs about vegetarianism in a Buddhist or Hindu country likely differ from knowledge and beliefs about vegetarianism in a country where meat is virtually absent due to
scarcity. More research is needed to understand how the experiences of vegetarians vary
by context in relation to nutrition knowledge.
Deeper investigation into nutrition knowledge of vegetarians in predominantly vegetarian countries is called for. Most of what is currently known about nutrition knowledge and vegetarianism is limited to studies of declarative nutrition knowledge in white,
Western vegetarians (Hoffman et al., 2013). Procedural nutrition knowledge that is embedded into the regular dietary practices of some cultures, e.g., the consumption of rice with
dal and bread in India or nixtamalization of corn/maize in Mesoamerica, is not testable by
declarative nutrition knowledge instruments. A global survey of transcultural procedural
nutrition knowledge from vegetarian-predominant cultures could be informative to vegetarians by choice, nutritionists, and researchers.

4. Measuring Nutrition Knowledge in Vegetarians
Freeland-Graves et al. (1982) developed a test to measure general and vegetarian-specific
nutrition knowledge in vegetarians and nonvegetarians. The instrument consisted of three
parts: 40 questions concerning general nutrition knowledge (e.g., functions of nutrients,
the Four Food Groups), 40 questions regarding vegetarian nutrition (e.g., limiting amino
acids, nutritional advantages and disadvantages of vegetarianism), and three questions
regarding previous nutrition training and current sources of nutrition information. The
test was validated in two university nutrition classes (Freeland-Graves et al., 1982).
The “Four Food Groups” referenced by the Freeland-Graves instrument were developed by the United States Department of Agriculture (USDA) and included (1) vegetables and fruits, (2) milk, (3) meat, and (4) cereals and breads. This model was eventually
replaced by the USDA’s 1992 Food Guide Pyramid. In this sense, the Freeland-Graves
et al. (1982) instrument is specific to a particular place and time, i.e., the United States
in the 1970s or early 1980s, when it was developed. Were the test to be administered
today, subjects would be unfamiliar with the “Four Food Groups” and therefore achieve
lower test scores. This instrument would need to be updated and revalidated to be
administered again.
It is important, when developing questions for or interpreting results from any test,
to reflect on what phenomena are being measured by the instrument. Questions about
the “Four Food Groups” do not necessarily measure knowledge of nutrition truths but
the internalization of a framework for thinking about food as promoted by the USDA
in the mid-20th century. While this type of nutrition knowledge is probably worth measuring, interpretations of test scores should incorporate the implications of the types
of questions posed to the study participants and whether such questions measure
knowledge of truths that will survive the test of time.
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Instruments developed to measure nutrition knowledge in nonvegetarians can be modified to exclude references to meat and other animal products and to include questions specific to vegetarianism. In 2013, the widely used Parmenter and Wardle (1999) questionnaire
was abbreviated and modified for use in US adult vegetarians (Hoffman et al., 2013). The
GNKQ for adults (Parmenter and Wardle, 1999) is a 50-item instrument developed in the UK.
Six items were borrowed from this questionnaire to create four items assessing awareness
of basic nutritional concepts relating to micro- and macronutrients and energy. Nonvegan
foods were eliminated and/or replaced with similar vegan options. All but one item contained several subitems, resulting in a total of 22 individual questions (Tables 3.2a and 3.2b).
An eight-item section dedicated to vegetarian nutrition was also developed. Items were
based upon educational material written by registered dietitians, publicly available on the
Vegetarian Resource Group website. Such information is widely available through other
Table 3.2a Items From the General Nutrition Knowledge Questionnaire (Parmenter
and Wardle, 1999) Modified for Use in a Sample of US Adult Vegetarians
Parmenter and Wardle (1999)

Hoffman et al. (2013)

Do you think these are high or low in fat?
(tick one box per food: high, low, not sure)

Please select the most appropriate category for
each food item: (carbohydrate, fat, protein, unsure)

Pasta (without sauce)
Low fat spread
Baked beans
Luncheon meat
Honey
Scotch egg
Nuts
Bread
Cottage cheese
Polyunsaturated margarine
Do you think experts put these in the starchy foods
group? (tick one box per food: yes, no, not sure)
Cheese
Pasta
Butter
Nuts
Rice
Porridge
Do you think these are high or low in protein? (tick
one box per food: high, low, not sure)
Chicken
Cheese
Fruit
Baked beans
Butter
Cream

Rice
Nuts
Bananas
Olive oil
Pasta
Potato
Avocado/guacamole
Tempeh, seitan, and meat analogues
Coconut
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Table 3.2b Items From the General Nutrition Knowledge Questionnaire (Parmenter
and Wardle, 1999) Modified for Use in a Sample of US Adult Vegetarians
Parmenter and Wardle (1999)

Hoffman et al. (2013)

Do you think these are high or low in fiber/roughage?
(tick one box per food: high, low, not sure)

Do you think the following are high
or low in fiber? (high, low, unsure)

Cornflakes
Bananas
Eggs
Red meat
Broccoli
Nuts
Fish
Baked potatoes with skins
Chicken
Baked beans
Which of the following has the most
calories for the same weight? (tick one)
Sugar
Starchy foods
Fiber/roughage
Fat
Not sure
Do you think these are high or low in salt?
(tick one box per food: high, low, not sure)
Sausages
Pasta
Kippers
Red meat
Frozen vegetables
Cheese

Cornflakes
Bananas
Tofu
Apple Juice
Nuts
Beans

Which of the following has the most calories
(energy) per gram (unit of weight)? Choose one.
Sugar
Starch
Fiber
Fat
Protein
Not sure
Do you think the following food items are high
or low in sodium (salt)? (high, low, unsure)
Tofurky, Boca burger, other faux meat products
Frozen vegetables
Cinnamon roll
Cheese or vegan cheese analogues
Tofu
Olive oil

popular vegetarian organization websites. The questions were administered in a “true/
false” fashion (Table 3.3). The resulting instrument consisted of 30 unique items (22 general,
8 vegetarian). Scoring was completed by calculating the percentage correct for the entire
instrument ([n/30]*100). This modified nutrition knowledge instrument showed acceptable
reliability (Cronbach’s alpha = 0.74, n = 312) in a sample of US adult vegetarians recruited
through online advertisements on heavily trafficked social media platforms.

5. Nutrition Knowledge of Vegans as Compared to
Ovolactovegetarians
In a representative sample of Shanghai vegetarians (Mao et al., 2015), vegans were more
likely than ovolactovegetarians (70% vs. 58%, n = 274) to believe that a “vegetarian diet” is
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Table 3.3 Vegetarian-Specific Nutrition Knowledge Questions Developed by
Hoffman et al. (2013)
Do You Agree or Disagree With the Following Statements? (Agree, Disagree, Unsure)
1. Iron found in plant foods is in a different form than iron found in animal foods.
2. Drinking a glass of orange juice with an iron-rich, vegetarian meal will enhance the iron absorption.
3. It is untrue that all essential amino acids must be eaten together at the same meal to form a complete protein.
4. Fortified foods or supplements are an important source of vitamin B12 for strict vegetarians and vegans.
5. The calcium in some greens (spinach, chard) is not readily absorbed, but the calcium in other greens (kale, collard) is.
6. Vegetarian sources of vitamin D include fortified foods and supplements.
7. Saturated fat occurs naturally in some plant foods.
8. It is important to eat a variety of foods, even when following a vegetarian/vegan diet.

a healthy dietary pattern that will not have any nutrient deficiencies. Hoffman et al. (2013)
found that greater dietary restriction was significantly associated with increased nutrition
knowledge scores: vegans who consume honey scored highest on the nutrition knowledge
questionnaire (mean = 0.81), followed by vegans who never consume honey (mean = 0.79),
and ovolactovegetarians (mean = 0.71) (Hoffman et al., 2013).

6. Nutrition Knowledge of Vegetarians as Compared to
Nonvegetarians
Lindamood and Gunning (1977) compared nutrition knowledge between vegetarian and
nonvegetarian college students at San Diego State University. Of 71 students who completed the nutrition knowledge questionnaire, 45% defined themselves as vegetarian. No
significant difference in nutrition knowledge was found between vegetarians and nonvegetarians, with both groups answering 41% of the questions correctly (Lindamood and
Gunning, 1977).
Freeland-Graves et al. (1982) administered a nutrition knowledge test to 106 vegetarians and 106 nonvegetarians at a large state university in the Southwest. Vegetarians were
recruited by newspaper advertisements, posters in health food stores and restaurants,
and “personal contact.” The “vegetarian” sample included 11 vegans and 15 pescetarians.
Nonvegetarians consisted of local resident and student volunteers who were matched
to vegetarians (1:1 matching) by age, gender, city of residence, and amount of nutrition
training. Vegetarians scored significantly higher than nonvegetarians on both the general
and the vegetarian nutrition subtests. Both vegetarians and nonvegetarians scored fairly
low on the test, with vegetarians earning a mean score of 59% (percentage of questions
answered correctly) and nonvegetarians earning a mean score of 50%, while universitylevel nutrition students scored 86% on average. Both vegetarians and nonvegetarians
scored significantly higher on the general nutrition subtest than on the vegetarian nutrition subtest (Freeland-Graves et al., 1982).
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Kim et al. (1999) compared nutrition knowledge between vegetarians and nonvegetarians residing in the Boston, Massachusetts area in 1974 and 1997. An 88-item survey
containing a nutrition knowledge questionnaire was developed and validated in 1974
and distributed to customers at health food stores and traditional supermarkets. The
instrument was distributed a second time in 1997 at a vegetarian food fair. In 1974, the
23 vegetarian respondents and 366 nonvegetarian respondents achieved similar nutrition
knowledge scores (0–7-point scale, mean ± SD: 4.6 ± 0.8 and 4.1 ± 1.2, respectively). In 1997,
the 103 vegetarian and 81 nonvegetarian respondents recruited at a vegetarian food fair
also achieved similar nutrition knowledge scores (0–7-point scale, mean ± SD: 4.8 ± 1.3 and
4.8 ± 1.1, respectively) (Kim et al., 1999).
Leonard et al. (2014) conducted a cross-sectional assessment of nutrition knowledge
and iron consumption among women aged 18–35 years living in Newcastle, Australia, in
2012–13. A 30-item questionnaire was developed to measure knowledge about dietary
sources of iron and iron physiology. Nine vegetarians and 22 self-described “partial vegetarians” (a term left undefined in the article) performed better on the nutrition knowledge
questionnaire than 76 nonvegetarians (mean ± SD: 12.1 ± 3.7 and 10.6 ± 3.2, respectively,
P = .04). The authors noted that “vegetarians may have a heightened interest in nutrition, resulting in their higher knowledge scores, than nonvegetarians.” There was no significant difference in mean iron intake between the two groups (10.54 ± 3.31 mg/day and
11.5 ± 4.0 mg/day) (Leonard et al., 2014).
In summary, only four studies compared nutrition knowledge between vegetarians and
nonvegetarians, and one focused on iron, which is highly pertinent to vegetarianism.

7. Nutrition Knowledge of Ethically Oriented as Compared
to Health-Oriented Vegetarians
A typical finding of qualitative studies on vegetarianism is that there are two primary
motivations for the diet: ethical concerns and health considerations. Readers can refer to
Chapters 1 and 2 for details. Hoffman et al. (2013) compared nutrition knowledge scores
of health and ethical vegetarians categorized by both initial and current motivation for
becoming vegetarian. Subjects who became vegetarian for ethical reasons scored similarly
on the nutrition knowledge instrument (mean = 0.760, standard error = 0.0087) as health
vegetarians (mean = 0.745, standard error = 0.017). Results were similar when subjects
were grouped by current reason for remaining vegetarian (Hoffman et al., 2013).
Perhaps, there is no difference in nutrition knowledge acquisition by health versus
ethical orientation among US adult vegetarians, i.e., vegetarians living in a nonvegetarian-predominant society, who regardless of health or ethical orientation may study
nutrition to defend and maintain their dietary practices. This may seem counterintuitive since it might be thought that health vegetarians would know more about health,
and consequently nutrition, than other vegetarians. It is possible that ethical vegetarians, given their higher personal conviction levels (Hoffman et al., 2013), study nutrition
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and other aspects of their lifestyle more intensely and by way of this intensity develop
just as much nutrition knowledge as their health-oriented counterparts. No correlation
was found between nutrition knowledge and personal conviction regarding one’s own
vegetarianism, however (Hoffman et al., 2013). Further research using larger samples of
vegetarians are necessary to draw any conclusion regarding whether nutrition knowledge varies by motivation, to elucidate the process of nutrition knowledge formation in
vegetarians, and to understand the relationship between nutrition knowledge and health
behavior among vegetarians.

8. Nutrition Knowledge and Dietary Behavior Among
Vegetarians
Hoffman et al. (2013) found a significant relationship between nutrition knowledge and
dietary restriction in a sample of US adult vegetarians, with dietary restriction defined as
the number of animal-derived foods from a provided list that were currently “never” consumed by the subject (r = 0.32, r2 = 0.1024). This overall association could have been driven
by the presence of many ethical vegetarians in the sample (234 ethical vegetarians and
58 health vegetarians), as nutrition knowledge was significantly associated with dietary
restriction in ethical vegetarians (r = 0.36) but not in health vegetarians. Dietary restriction was greater in ethical vegetarians than in health vegetarians when subjects were categorized by current motivation for following a vegetarian diet. While health versus ethical
orientation may not be associated with differences in nutrition knowledge (Hoffman et al.,
2013), orientation does seem to have implications for the relationship between nutrition
knowledge and dietary restriction. Furthermore, among ethical vegetarians (but not in
health vegetarians), the relationship between nutrition knowledge and number of years
as vegetarian approached significance. This finding suggests that nutrition knowledge is
accumulated over time, or it supports the longevity of a vegetarian lifestyle, or both.
More recently, Radnitz et al. (2015) examined differences in dietary behavior in a sample of 246 vegans located in the United States, Canada, and other (undisclosed) countries.
Participants completed an online survey and were grouped according to their reason for
following a vegan diet. Behaviors of health-oriented (n = 45) and ethically oriented (n = 201)
vegans were compared. While ethical vegans reportedly consumed more soy-based foods,
foods high in vitamin D, and beverages high in polyphenols than health-oriented vegans, ethical vegans also consumed greater quantities of sweets per day. Ethical vegans
were more likely than health-oriented vegans to report taking a multivitamin (30% vs.
9%), any supplement (82% vs. 60%), a vitamin D supplement (37% vs. 20%), or a vitamin B12 supplement (64% vs. 47%) (Radnitz et al., 2015). In addition, Radnitz et al. (2015)
found that ethical vegans reported a significantly longer duration on a vegan diet than did
health-oriented vegans, a finding that is consistent with Hoffman et al. (2013). If nutrition
knowledge is not substantially different between health and ethical vegetarians, then the
question of what drives these behavioral differences remains open.

Chapter 3 • Nutrition Knowledge of Vegetarians

47

9. Nutrition Knowledge and the Process of Becoming a
Vegetarian
Nonvegetarians can be former or future vegetarians, and vegetarians can be former
nonvegetarians. It is possible that some nonvegetarians become vegetarian because of
nutrition knowledge. If the “facts of life” regarding meat are considered to be nutrition
knowledge, then nutrition knowledge plays a definitive role in the process of becoming
vegetarian for ethical vegetarians.
In a paper entitled “Once You Know Something, You Can’t Not Know It: An Empirical
Look at Becoming Vegan,” McDonald (2000) reports their use of a qualitative methodology
to identify a psychological process of how people learn about and adopt veganism, asking
“how do people learn to become vegan?” McDonald used snowball sampling to identify vegans from a small core group recruited at the June 1996 nationwide March for the Animals
in Washington, DC. Only vegans who had been practicing veganism for at least 1 year were
included (n = 12). All the individuals reported having gone through a “catalytic experience”
that introduced them to animal cruelty. Upon learning these facts, some of the future vegans went into a state of repression and remained there until another catalytic experience.
Upon receiving the catalytic experience, the future vegans eventually became “oriented,”
and they entered a learning period in which they gathered knowledge about animal cruelty
and how to live as a vegetarian or specifically a vegan (e.g., acquiring nutrition knowledge).
After a period of learning that could span multiple years, the participants made the choice
to become vegan, adopting a new world view to guide their new lifestyle (McDonald, 2000).
Thus, for these 12 ethically oriented vegans identified and interviewed by McDonald
(2000), knowledge and its acquisition formed the very foundation for their veganism.
However, it was not knowledge alone that made them vegan but the decision to act upon
that knowledge in such a way that all animal-derived foods and products are avoided.
The question remains: when confronted with the same facts, what makes it so that some
humans make this decision while others do not? The same question can be asked of
health-oriented vegetarians as compared to nonvegetarians who possess the same knowledge regarding the health benefits of a vegetarian diet.

10. Discussion
10.1 Does Nutrition Knowledge Precede or Result From Vegetarianism
or Both?
McDonald (2000) demonstrated that nutrition knowledge (in this case, knowledge of
where animal-derived foods come from) both preceded and contributed to the transition to vegetarianism for 12 ethically oriented vegans. A parallel process may take place in
health-oriented vegetarians, in which knowledge of the benefits of a vegetarian diet and
potential harms of animal-derived foods precede and contribute to the transition to vegetarianism. It is clear, and perhaps intuitive, that knowledge precedes vegetarianism, but
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do vegetarians gain additional knowledge over time so that a vegetarian of 10 years knows
twice as much as a vegetarian of 5 years?
Hoffman et al. (2013) and Freeland-Graves et al. (1982) found that nutrition knowledge
was not related to the length of time a person had been vegetarian, suggesting that knowledge does not increase over time after becoming vegetarian. These studies did not set out
to compare newer and older vegetarians in terms of nutrition knowledge, and they were
not longitudinal studies able to establish a temporal, causal relationship between nutrition
knowledge and length of time on a vegetarian diet; so it is wise to interpret their findings
cautiously. An analysis of cross-sectional data might find a positive association, for instance,
if comparing nutrition knowledge among vegetarians of 3 months or less to vegetarians
of 1 year or more. A longitudinal study that follows new vegetarians might find that nutrition knowledge test scores in the first 3 months of becoming vegetarian are associated with
whether an individual is still adhering to a vegetarian diet 10 years later.
It is possible that vegetarians do acquire additional nutrition knowledge over time, but
the type of knowledge that vegetarians accumulate is not necessarily the type of knowledge
tested by available instruments. Further qualitative research with larger samples of vegetarians and more extensive instrumentation is needed to understand how new knowledge
arises or does not arise after a successful transition to a vegetarian diet. Additional questions
to be studied might include these: (1) What drives vegetarians-by-choice to seek nutrition
knowledge, after becoming vegetarian,? What types of knowledge do they seek? (2) Once
acquired, how is nutrition knowledge used by vegetarians? So far, it appears that nutrition
knowledge is most heavily relied upon to make the transition from a nonvegetarian lifestyle to a vegetarian lifestyle, but what happens after? (3) Is knowledge and corresponding
behavior related to how long an individual remains vegetarian? Finally, (4) would educational interventions prevent nutritional deficiencies and/or cessation of vegetarianism in
vegetarians?

10.2 Synthesis
Nutrition knowledge is more than an internalized system of declarative, scientific “facts.”
Beyond declarative knowledge, there exist other forms of knowing as it relates to nutrition,
including procedural and social knowledge. Vegetarians may be vegetarian by choice or by
context, with implications for the role of each type of knowledge in their lives. Numerous
instruments have been developed to measure nutrition knowledge, but only one has been
developed and validated specifically for vegetarians and is applicable across temporal and
geographic contexts (Hoffman et al., 2013). Four studies have been completed to evaluate differences in nutrition knowledge between vegetarians and nonvegetarians and only
one controlled for confounding and found a statistically significant difference in test scores
(Freeland-Graves et al., 1982). Nutrition knowledge was not substantially different between
health and ethical vegetarians in one small, uncontrolled analysis, and it appears that ethical
motivation has more profound implications for dietary behavior than nutrition knowledge
alone.
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It has long been speculated that there is a connection between eating disorders and vegetarianism. While this idea tends to permeate popular belief, research to support the
hypothesis that the two phenomena are causally linked is limited, and the existing literature on this subject is plagued by inconsistencies in both measurement strategies and findings. Researchers have employed a number of approaches to studying the hypothesized
relationship between vegetarianism and eating disorders: they have examined the rates
of vegetarianism in samples of individuals with eating disorders (Zuromski et al., 2015;
Bardone-Cone et al., 2012; Bas et al., 2005; O’Connor et al., 1987) and the prevalence of eating disorders in samples of vegetarians (Timko et al., 2012a; Trautmann et al., 2008; Klopp
et al., 2003; Lindeman et al., 2000). Researchers have also cross-sectionally compared vegetarians to nonvegetarians on a number of other eating-related variables, including dieting and dietary restraint (e.g., Forestell et al., 2012; Timko et al., 2012a; Trautmann et al.,
2008; Fisak et al., 2006).
Prior to discussing the evidence for and against a causal role of vegetarianism in the
etiology and/or maintenance of eating disorders, it is useful to briefly revisit a number of
topics that help set the context for such a discussion, namely definitions of vegetarianism
as used in the literature, the importance of motives for avoiding meat or animal products,
the assessment of eating pathology specifically in vegetarians, and common methodological difficulties in exploring the relationship between eating pathology and vegetarianism.
Even though the former two topics have been explored in depth elsewhere in this volume,
the issue of operational definitions and the reasons behind a vegetarian diet have slightly
different implications in the context of eating pathology and therefore merit inclusion in
the present discussion.

1. Defining Terminology
1.1 Defining Meat Avoidance
Understanding the relationship between eating disorders and vegetarianism is fraught
with difficulties, not the least of which is the poor operational definition of “vegetarianism.” There are significant inconsistencies in the way in which vegetarianism has been
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defined. Although the operational definition of “vegetarian” appears to be fairly clearcut, it has been rather loosely applied in the research literature. The readers can refer to
Chapter 1 for more detail. The inconsistencies in the use of the term “vegetarian” may
be at least partially responsible for the common perception that vegetarianism plays a
role in the development eating disorders and disordered eating. Overall, there appear to
be two commonly used approaches: (1) grouping together all types of “vegetarians” (i.e.,
degrees of meat avoidance ranging from vegans to ovolactovegetarians, lactovegetarian,
pescetarian, or semivegetarians) and comparing them to nonvegetarians or omnivores
who consume all animal products (e.g., Bardone-Cone et al., 2012; Bas et al., 2005) or (2)
attempting to differentiate between distinct subgroups, such as vegans, ovolactovegetarians, semivegetarians, and omnivores (e.g., Forestell et al., 2012; Timko et al., 2012a). The
latter approach, which is arguably the stronger research design, tends to be the exception,
likely due to the difficulty of recruiting sufficiently large numbers of the different types of
vegetarians to draw meaningful between-group comparisons.
When presenting research results, we will use the terminology employed by the research
referenced and, whenever possible, will provide an operational definition of the term as
used by the researcher. However, in our discussions, we will use the following terminology:
we define vegans as those who refrain from eating any animal products, including meat,
fish, eggs, and dairy. The term ovolactovegetarian refers to individuals who refrain from eating the flesh of an animal but do consume milk and eggs. We use the term semi-vegetarian
to describe individuals who refrain from consuming only some types of meat, for example,
individuals who avoid red meat or pork but will eat fish, poultry, or both, as well as those
who follow a primarily vegetarian diet but occasionally consume meat. In research on eating
pathology, the frequency of meat consumption is rarely reported, including in individuals
who consume a predominantly, but not exclusively, vegetarian diet. Thus, it is impossible to
determine with certainty the frequency with which semivegetarians surveyed in the existing literature include meat in their diet. When speaking of a combination of any of these
categories of avoidance, we will simply refer to it as vegetarianism. Finally, omnivore refers
to someone who consumes and uses all types of animal products.
It may seem unnecessary to clearly differentiate these subgroups of meat avoiders
beyond general vegetarianism. However, in the context of eating pathology (where elimination of specific food groups from the diet is likely to be pathological or problematic
and can result in significant macro- and micronutrient deficiencies), it is essential to have
a good grasp of what exactly is being excluded from the diet. A review of the literature
reveals that many studies combine vegans, ovolactovegetarians, and semivegetarians into
one group to have a large enough sample for meaningful statistical analyses. Thus, much
research on “vegetarians” is really on a wide range of different types of meat avoiders.
While combining all subgroups aids in addressing issues of statistical power, there is a
serious conceptual problem with grouping all meat avoiders together: the small body of
research that does clearly differentiate these subgroups indicates that semivegetarians
are categorically different from vegans, vegetarians, and omnivores, specifically when it
comes to symptoms of eating pathology (Timko et al., 2012a).
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Compounding this problem is the common reliance on self-report of vegetarianism.
Most research reports do not specify if operational definitions of different types of vegetarians (or even a definition of “vegetarian”) were provided to study participants. Individuals
who consume fish, for example, will frequently self-identify as “vegetarian,” as opposed
to “pescetarian” or “semivegetarian.” For example, in a study examining disordered eating in vegetarians, we asked individuals to identify whether they adhered to a vegetarian
diet and, if so, what type (Timko et al., 2012a). We provided clear operational definitions of
each type of vegetarian. Later in the same survey, we asked participants to note how frequently they ate a variety of foods, including several animal products. We then confirmed
self-identified vegetarian status by reviewing the food frequency questions. Approximately
a dozen individuals who self-identified as some type of vegetarian endorsed at least occasional consumption of food inconsistent with that diet. As small samples are typical in
research on vegetarianism and eating pathology, even a small number of individuals who
misrepresent their diet could adversely impact findings.

1.2 The Motive for Meat Avoidance
Understanding the reasons for avoiding meat and animal products is arguably as important as capturing the exact nature of the avoidance. For a general review of the research on
vegetarianism and attitude toward meat the readers can refer to Chapter 2. In the context
of eating pathology, the reasons why meat is initially eliminated from the diet can play
a key role in determining whether it is related to eating pathology and provides important information for treatment. For example, vegetarianism in someone recovering from
anorexia may not be as relevant to the treatment of the disorder if that individual’s family is vegetarian, has been vegetarian for the patient’s lifetime, and/or is vegetarian for
religious or other ideological reasons. However, if that same individual opted to adhere
to a vegan diet exclusively during the course of anorexia, their veganism may be directly
related to the illness and should be addressed in treatment.
Assessing the rationale for a vegetarian diet is not straightforward, as vegetarians
typically endorse many motives, often simultaneously. Cited reasons for meat avoidance
include moral, health, ecological concerns, religious and other personal convictions,
appeal, taste, disgust, and other sensory issues, and concerns about cost (Rozin et al.,
1997). Moral meat avoidance is typically associated with animal welfare concerns, such
that the refrainer believes that abstinence from meat and/or other animal products is an
ethical imperative: that we as humans “ought” not to exploit or allow the cruel and inhumane treatments of farmed animals. Such moral considerations are the most common
reason for vegetarianism in Americans, with 59% of a combined sample of vegetarians
citing morals as a beginning and continuing cause of vegetarianism (Timko et al., 2012a).
Health reasons are the second most common one given, with 20% of vegetarians
adhering to the diet due to the perceived health benefits associated with meat and animal
product avoidance (i.e., lowered risk of cardiovascular disease and cancer; Timko et al.,
2012a, Campbell et al., 1998, Hart, 2009). Health concerns as a reason for diet adoption
can, however, mask unhealthy motivations: specifically, adopting a vegetarian diet due to
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health and weight concerns. Individuals with eating disorders adopt a vegetarian diet for
this reason more frequently than in the population at large (Bardone-Cone et al., 2012).
Approximately 4% of the general population adopts a vegetarian diet for shape and weight
reasons (Timko et al., 2012a). Because weight is often equated with health, unless specifically queried, weight and shape motivations may be grouped in a broader category of
“health” concerns as the stated rationale for the adoption of a vegetarian diet. Without
querying for this distinction, individuals who state their dietary change was motivated by
health concerns may have actually done so to influence their weight and shape.
Though less frequent, individuals can adopt a vegetarian diet due to the belief that meat
production has negative effects on the environment (ecological reasons), for example,
increased water usage or methane gas emission from livestock. Eleven percent of the vegetarian population cites environmental concerns as a motivation for their diet. Disgust,
referring to the perception of meat as being repulsive or offensive, is another commonly
cited reason for meat avoidance, with approximately 20% of another sample of vegetarians citing disgust as a current reason for vegetarianism (Rozin et al., 1997). Personal, economic, and taste or other sensory reasons typically are the least frequently cited as initial
reasons for meat avoidance. Personal reasons include beliefs about the adverse effects of
eating meat, for example, of one’s personality (e.g., making one behave more like an animal, making one more aggressive or violent). Economic avoiders do so due to a vegetarian diet being perceived as less expensive, whereas taste avoiders simply do not enjoy the
flavor or other sensory properties of meat. It is important to note that many individuals
will cite multiple reasons for diet adoption. For those with eating disorders, any of these
reasons may provide legitimacy to their decision to eliminate meat.
Religious vegetarians avoid meat in adherence to the rules of their faith. This is a relatively uncommon motivation for the diet, with only 3.5% of a vegetarian sample reporting
religious concerns (Timko et al., 2012a). At various points in the Old Testament, pork and
shellfish are described as forbidden foods. Likewise, the Quran forbids the consumption of
pork. Hindu texts do not explicitly forbid consumption of animal products, but the faith’s
tenants of nonviolence are typically interpreted as being consistent with the adoption of
a ovolactovegetarian diet. It can be more difficult to determine whether vegetarianism is
linked to an eating disorder in the cases of religious reasons for meat avoidance. As we
noted earlier, in these cases, it is often important to look for a shift to a vegan diet.
Determining the rationale for adherence to a vegetarian diet is further complicated
by dynamic changes in motives over time. A process coined “moralization” may play a
role in these changes. Moralization is considered the “acquisition of moral qualities by
objects or activities that previously were morally neutral” (Rozin et al., 1997, p. 67). It is
possible that individuals who began their vegetarian diet due to nonmoral concerns may
later assign moral value to their behavior. It is therefore important to determine both initial and current reasons for adherence, as well as length of time of meat avoidance, since
motives appear to change and evolve dynamically over time. The process of moralization
in vegetarianism, specifically in the context of eating pathology, is not well understood.
Historically, eating disorders, particularly anorexia, have been associated with asceticism.
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While the understanding of eating disorders has moved away from the ascetic interpretation commonly articulated in early psychoanalytic writing (Mogul, 1980), anecdotally,
some individuals with anorexia will describe feelings of being empty, pure, and strong
when restricting. It is likely that the moralization of vegetarianism can parallel some of
these feelings and strengthen the desire to maintain a vegetarian diet (even if it was started
for weight control or as a way to mask eating pathology).

2. Vegetarianism and Restrained Eating
When reviewing the literature on meat avoidance and eating disorders, three main categories of eating pathology emerge: restrained eating, disordered eating, and clinical eating
disorders.

2.1 Defining Restrained Eating
“Dietary restraint” or “restrained eating” is frequently used as a marker of pathological
eating behaviors. Restrained eating is difficult to describe, as there is no standard operational definition. In general, restraint refers to “chronic dieting” or intentional restriction of intake to influence body weight, often punctuated with episodes of overeating (or
eating more than wanted) (Lowe and Thomas, 2009; Stroebe, 2008; Laessle et al., 1989).
Essentially, restrained eaters are individuals who fail at restraining or restricting their eating. In experimental studies, restrained eaters will consume more after eating “forbidden”
(i.e., diet rule–violating) foods (for a review, see Stroebe, 2008), undergoing a negative
mood induction (Cardi et al., 2015), or being exposed to threats to their self-esteem (Wallis
and Hetherington, 2004). Restraint is not associated with a reduction in overall caloric
intake, but rather with a reduction in consumption of specific macronutrients (e.g., fats or
carbohydrates) or types of foods (e.g., desserts) (Timko et al., 2012b, 2017).
Even though restraint and dieting are sometimes used interchangeably, they are not
synonymous: while most individuals who currently identify as dieters are also restrained
eaters, not all restrained eaters identify as currently dieting (Lowe and Timko, 2004).
Restraint, therefore, is often considered to be a more stable or traitlike approach to eating, whereas dieting is assumed to be more state-based (Lowe, 1993). Restrained eating
is different from disordered eating; however, measures used to assess restraint are often
used when disordered eating is the actual behavior of interest. Thus, restraint (for better or
worse) has become a marker for disordered eating and is believed to be a risk factor for the
development of an eating disorder (Stice, 2002; Polivy and Herman, 2002).
There is no standard method of measuring restraint, and a number of measures
currently exist that tap into the construct of restraint. A review of the literature on
eating disorders and meat avoidance revealed that the most common measures of
restraint used to quantify eating-related behaviors in vegetarians are the Dutch Eating
Behavior Questionnaire (DEBQ) (Van Strien et al., 1986) and the Three-Factor Eating
Questionnaire (TFEQ) (Stunkard and Messick, 1985). We were able to identify five
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articles that used the DEBQ to assess restraint in vegetarians (Fisak et al., 2006; Gilbody
et al., 1998; McLean and Barr, 2003; Timko et al., 2012a; Trautmann et al., 2008) and
nine articles that have used the TFEQ to assess restraint associated with a vegetarian
diet (Barr et al., 1994; Curtis and Comer, 2006; Fisak et al., 2006; Forestell et al., 2012;
Janelle and Barr, 1995; Martins et al., 1999; McLean and Barr, 2003; Kahleova et al.,
2013; Moore et al., 2015).

2.2 Specific Findings
Within the limited studies that specifically assess the relationship between vegetarianism and restraint, the majority tend to find that vegetarians endorse higher levels of
dietary restraint compared to nonvegetarians (Trautmann et al., 2008; Martins et al., 1999;
Gilbody et al., 1998; McLean and Barr, 2003); however, this finding has not been consistently replicated. For example, Fisak et al. (2006) found no difference in restrained eating between vegetarians and nonvegetarians. A close examination of the research reveals
that the some self-identified vegetarian participants studied are in fact semivegetarians
(Trautmann et al., 2008; Gilbody et al., 1998). The failure to accurately categorize vegetarians is the likely cause of the inconsistencies within this literature. Specifically, the association between levels of restrained eating and vegetarianism varies depending on the
operational definition of “vegetarian.” While it is often assumed that the data is clear-cut
in that vegetarians are more restrained and therefore more disordered in their eating, the
reality is that the picture is much cloudier.
Studies that drew clear distinctions between different groups of vegetarians found that
ovolactovegetarian and vegan women had significantly lower levels of dietary restraint
compared to omnivores (Janelle and Barr, 1995; Barr et al., 1994). Other research indicated
that ovolactovegetarians and pescetarians were no different than omnivores in terms of
restraint, but both semivegetarians and flexitarians (defined as “cutting back on meat,
rather than abstaining completely”) were significantly more restrained (Forestell et al.,
2012). Ultimately, individuals who restricted a variety of meats from their diet (as opposed
to only eliminating one or two type of meat) had lower scores on the restraint subscale of
the TFEQ (Forestell et al., 2012). Another study found that semivegetarians were significantly more restrained than a combined group of ovolactovegetarians and vegans, though
semivegetarians’ restraint scores were no different from nonvegetarians (Curtis and
Comer, 2006). The finding that semivegetarians are the only group of meat avoiders who
exhibit significantly elevated levels of restraint is fairly robust (Curtis and Comer, 2006;
Timko et al., 2012a; Forestell et al., 2012). Therefore, the belief that restrained eating (and,
by default, more disordered eating) is associated with vegetarianism is only true for semivegetarians. These findings seem almost paradoxical considering that full vegetarians are
more restrictive in their intake, compared to semivegetarians, but nevertheless seem to
endorse less restraint in formal assessments (Forestell et al., 2012). The current data suggest that a semivegetarian diet may be more of a risk or complicating factor for restrained/
disordered eating than a vegetarian or vegan diet.
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A caveat to this research is that most is correlational, making it difficult to draw conclusions about causality between restraint and vegetarianism. There are, however, two studies
that were designed in such a way that causality could be better asserted: if the onset of the
meat avoidance can be assessed, it can be determined with somewhat greater certainty
whether vegetarianism causes an increase in restrained eating. In these studies, researchers assessed the relationship between dietary restraint and vegetarianism by asking individuals to change their diet for health purposes (since vegetarian diets are often adopted in
response to specific medical or other health conditions) and then measured their dietary
restraint using the TFEQ. In the first study, a vegetarian diet was used to increase healthy
behaviors in a diabetic population. Ultimately, individuals who adhered to a low-calorie
vegetarian diet as opposed to a low-calorie conventional diet endorsed lower levels of
dietary restraint, suggesting that in the context of dieting, vegetarianism can lower dietary
restraint (Kahleova et al., 2013). In the second study, participants were randomized to a
vegetarian diet (e.g., vegan, ovolactovegetarian, pescetarian, semivegetarian) for weight
loss (Moore et al., 2015); there were no significant between-group differences in restraint
scores as a result of this dietary change. More research of this type needs to be conducted
to fully understand the relationship between restraint and vegetarianism.

2.3 Summary
Restraint is typically used as a marker for disordered eating; but in practice, vegetarianism
is restrictive by nature, regardless of any cooccurring eating pathology. Across the board,
semivegetarians consistently appear to exhibit more pathological eating behaviors (as
discussed later), even though in practice they are restricting fewer macronutrients than
ovolactovegetarians and vegans. What is missing from many of the studies discussed here
is the reason why someone chooses a vegetarian diet. It is possible that semivegetarians
are more likely to eliminate some meat products for weight and shape reasons than vegans or vegetarians, who may be driven primarily by concerns about morality and ethics.
Those individuals who consider the consumption of meat to be immoral or unethical may
not feel as though they have to consciously restrict, as meat is not an option in their mind;
whereas it takes consistent willpower to refrain from meat to control body shape. More
research is certainly needed to test this specific hypothesis.
Another caveat or limitation to existing research on the relationship between restrained
eating and vegetarianism is that current measures of restraint may inadequately measure
restrictive behaviors in vegetarians. Some participants may score higher on measures of
restraint because they restrict animal products on a daily basis, and not due to disordered
eating behaviors. Additionally, restraint does not exclusively result in a reduction of overall
calories consumed, but instead it is more related to the restriction of specific macronutrients, which could also translate into higher scores for vegetarians, being that “meat,”
“dairy,” and “eggs” all fall under the macronutrient umbrella. As such, restraint scales may
not be properly measuring eating pathology among vegetarians, and they could, in fact,
overestimate pathological eating behavior in this group.
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3. Vegetarianism and Disordered Eating
3.1 Defining Disordered Eating
The second type of eating-related pathology often described in the literature on vegetarianism is “disordered eating” or “subclinical eating disorders.” These categories typically
include individuals who score highly on self-report measures of disordered eating, report
engaging in extreme or unhealthy dieting behaviors, binge, and/or have significantly distorted body image, but they fall shy of the criteria for a formal diagnosis of a clinical eating
disorder. The primary difference between “disordered eating” and “eating disorders” is
that individuals who endorse disordered eating do not reach the diagnostic threshold for
a formal eating disorder diagnosis. Disordered eating behaviors are on the same spectrum
and can be as clinically significant as formally diagnosable eating disorders in regards to
mental health and personal well-being.
A review of the literature on eating disorders and meat avoidance revealed that the most
common measures used to assess disordered eating in vegetarians are the Eating Attitudes
Test (EAT) and its shortened version (EAT-26) (Garner and Garfinkel, 1979; Garner et al.,
1982). The EAT-26 ostensibly assesses eating disorders; it has a “clinical cutoff,” but it is
most frequently used to evaluate disordered eating. Individuals who indicate a score of 20
or higher on the EAT-26 are considered high risk and should be referred for a clinical interview with a mental health professional (Garner and Garfinkel, 1979; Garner et al., 1982;
Mintz, 2000). The EAT-26 is often used as a brief eating disorder screening tool. Even if an
individual’s score does not exceed the cutoff for clinical significance, a higher score on this
questionnaire is generally considered to be a marker for the likely use of unhealthy means
of weight loss. At the time of publication, seven published articles address the question of
whether vegetarians endorse higher levels of eating pathology, compared to omnivores, as
measured by the EAT or EAT-26 (Timko et al., 2012a; Forestell et al., 2012; Trautmann et al.,
2008; Fisak et al., 2006; Bas et al., 2005; Klopp et al., 2003; Lindeman et al., 2000).

3.2 Specific Findings
Four studies found vegetarians to score higher on measures of disordered eating using the
EAT-26 (Bas et al., 2005; Lindeman et al., 2000; Trautmann et al., 2008) or EAT (Klopp et al.,
2003); others found no statistically significant difference between vegetarians and nonvegetarians (Fisak et al., 2006; Forestell et al., 2012; Timko et al., 2012a). Within the studies
that found no significant difference between vegetarians and nonvegetarians, there nevertheless seems to be a consistent trend toward semivegetarians having the highest scores
of disordered eating (Timko et al., 2012a; Forestell et al., 2012). One study examined other
additional markers of disordered eating, namely skipping meals and dietary supplement
use, a measurement in itself that may be biased against vegetarians, since vegetarians are
often directed by health care professionals to take dietary supplements, but it found no
significant group differences (Klopp et al., 2003). Another study reported that vegetarians’ increased scores on the EAT-26 were not associated with an increase in self-reported
importance of weight control (Lindeman et al., 2000).
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As noted previously, the way in which vegetarianism is measured varies to such
an extent across studies that it is difficult to make meaningful between-group comparisons in EAT scores. As is the case in the literature on restrained eating, combining
subgroups of vegetarians into one group is a common trend in research on disordered
eating as well. For example, of the studies employing the EAT/EAT-26, no two studies approached the definition/grouping of vegetarian in the same way. One group of
researchers broke down participants into four distinct groups: vegan, ovolactovegetarian, semivegetarian, and omnivore (Timko et al., 2012a), whereas another split participants into seven different categories based on their diet: vegan, lactovegetarian
(refrains from meat and egg, consumes dairy), ovovegetarian (refrains from meat and
dairy, eats egg), pescetarian, semivegetarian, flexitarian (generally tries to consume
less meat), and omnivore (Forestell et al., 2012). The latter study ultimately combined
the first three groups to run statistical analyses. One study combined semivegetarians and ovolactovegetarians, with a majority of participants in that joint group actually identifying as semivegetarian (77% vs. 23% who followed a ovolactovegetarian
diet; Klopp et al., 2003). Similarly, in another study, of the 30 vegetarians in the group,
none were vegan and a “majority” were semivegetarians, though a detailed breakdown
was not included. Importantly, these authors report that even in the nonvegetarian
group, 14% reported refraining from beef, and 23% reported refraining from pork
(Trautmann et al., 2008). Yet another group stated that while they found the vegetarian group to be “relatively heterogeneous in their dietary practices,” with vegetarian
participants being vegan, ovolactovegetarian, lactovegetarian, and semivegetarian, all
meat refrainers were combined into one group for analysis (Fisak et al., 2006). One
group of researchers asked participants to respond yes or no to the question, “Are you
a vegetarian?” but specific type of vegetarianism was not assessed (Bas et al., 2005).
Finally, Lindeman et al. (2000) chose to exclude semivegetarians from their study. They
defined vegetarianism classically: as the avoidance of red meat, white meat, and fish;
this group, though, did not break vegans into a separate category.

3.3 Summary
The data on whether vegetarianism is associated with more disordered eating is equivocal. The lack of a standard operational definition for different types of vegetarians and the
lack of a standardized method of categorizing individuals as vegetarian makes it difficult
to interpret the literature on disordered eating and vegetarianism. As with the literature
on restrained eating and vegetarianism, it appears as if semivegetarians may be the most
disordered in their eating. Again, the reason for adopting a vegetarian diet may be more
important than the diet itself in assessing the relationship with disordered eating. Finally,
the existing research on disordered eating and vegetarianism is exclusively cross-sectional
in nature, so causality cannot be determined. Overall, more research is needed in this
area. Future work should include a clear differentiation of different types of meat avoiders,
should query the rationale for adopting a vegetarian diet, and should track eating behaviors in vegetarians longitudinally to determine cause and effect.
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4. Vegetarianism and Clinical Eating Disorders
4.1 Defining Clinical Eating Disorders
The final area of research focuses on vegetarian diets in individuals with clinical eating
disorders, specifically those with either anorexia nervosa or bulimia nervosa. Anorexia
nervosa is defined by a clinically significant restriction of dietary intake in comparison to
biological needs that results in a weight lower than what is expected given the person’s age
and developmental trajectory (APA, 2013). In addition, individuals with anorexia express a
significant fear of gaining weight or being fat, experience disturbances in their experience
of weight or shape, and/or engage in behaviors to avoid gaining weight despite the extent
of their illness (APA, 2013). The majority of studies assessing the relationship between vegetarianism and eating disorders focus specifically on anorexia nervosa.
Individuals with bulimia nervosa often try to restrict their dietary intake, but this
restriction is interrupted by frequent periods of overeating, known as bingeing. During a
binge, individuals with bulimia will objectively eat more in one sitting than other individuals would eat in a similar period, and they will also experience a subjective feeling of loss
of control while eating (APA, 2013). Bingeing is followed by one or more compensatory
behaviors (e.g., vomiting, use of diuretics, excessive exercise, fasting, or extreme dieting) to
prevent weight gain. Very little research on vegetarianism and eating disorders has focused
specifically on bulimia. Finally, binge eating disorder is also characterized by recurring
binges, but in the absence of compensatory behaviors (APA, 2013). To our knowledge, there
are no studies assessing a relationship between binge eating disorder and vegetarianism.
Research on clinical eating disorders and vegetarianism takes two forms: assessing for
eating pathology and vegetarianism in nonclinical samples or assessing for vegetarianism
in clinical populations. In the former, eating pathology is quantified in a variety of ways.
In terms of questionnaires, the Eating Disorder Examination-Questionnaire (EDE-Q)
(Fairburn and Beglin, 1994; Fairburn et al., 1999) is perhaps the most commonly used in
research on eating disorders. It can be used to generate clinical diagnoses and has a total
(global) score as well as four subscales capturing “restraint,” “shape concern,” “weight
concern,” and “eating concern” (Fairburn and Beglin, 1994). Surprisingly, this questionnaire has been used relatively infrequently in studying vegetarianism; at the time of publication we could only identify three articles and one conference proceeding citing the
EDE-Q as a measure (Timko et al., 2012a; Bardone-Cone et al., 2012; Zuromski et al., 2015;
Sieke et al., 2013). In a large sample of undergraduate males and females, vegetarians
scored significantly higher than nonvegetarians on the eating, shape, and weight concern
subscales of the EDE-Q (Sieke et al., 2013). Interestingly, in this study, there were no differences between groups on the restraint subscale of the EDE. It is important to note that
the restraint scale of the EDE-Q does not measure restrained eating as measured in the
preceding but rather caloric restriction. Vegetarians who adopted the diet for health or
shape/weight concerns on average had a higher EDE-Q score than those who chose to be
a vegetarian for other (such as religious or ethical) reasons (Sieke et al., 2013). This finding
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highlights the key role that the rationale for a vegetarian diet plays when trying to understand its relationship to eating pathology. Finally, in a sample of both college students and
the general population, semivegetarians scored higher than omnivores only on the Eating
Concern subscale of the EDE-Q (Timko et al., 2012a,b).
Nonstandardized assessments designed to detect disorder pathology appear to be more
common in research on vegetarians. When asking five “yes” or “no” questions aimed at
quantifying binge eating, compensatory behaviors (including use of laxatives, diuretics,
and self-induced vomiting), and following a strict diet, researchers found that vegetarians
(determined by a “yes” or “no” response to the question “are you vegetarian now”) were
no different from omnivores in their response to eating disorder–related questions (Estima
et al., 2012). Similarly, another group of researchers asked general questions of participants
about binge eating and weight control behaviors and found that vegetarian status (determined by a “yes” or “no” answer to the question “are you a vegetarian now”) was associated with significantly greater binge eating and use of unhealthy weight control measures
(Robinson-O’Brien et al., 2009). A study of young women self-identifying as vegetarians
found that they were healthier than nonvegetarians in terms of body mass index and level of
physical activity, but they were at increased risk for worse mental health (Baines et al., 2007).

4.2 Anorexia Nervosa and Vegetarianism
Vegetarianism is often believed to play a causal role in the development of eating disorders, as the restrictive nature of the diet can easily hide restriction characteristic of eating disorders. The research on clinical eating disorders and vegetarianism is primarily
cross-sectional or conducted via retrospective chart reviews, making it nearly impossible to assess causality. When comparing the level of eating pathology in clinical groups
to other groups (even those with subclinical eating pathology), those with a clinical
diagnosis were found to score highest in both self-reported vegetarianism and all subscales of the EDE-Q (Zuromski et al., 2015). In this study, vegetarianism was assessed
via self-report on a continuum from vegan to ovolactovegetarian to semivegetarian to
omnivore. The authors found that vegetarianism (defined as a combined group of selfreported vegans, ovolactovegetarians, or semivegetarians) was most common within
the clinical group. They also noted that the subclinical group reported higher lifetime
rates of vegetarianism than the nonclinical group, lending at least preliminary support
to the idea that vegetarianism may be related to either the facilitation or maintenance
of eating disorders.
Retrospective chart reviews are typically used to determine the rates of vegetarianism
in samples of individuals with an eating disorder and to compare those with an eating
disorder who are vegetarian to those with an eating disorder who do not adhere to a vegetarian diet. In three retrospective chart reviews (Hadigan et al., 2000; O’Connor et al.,
1987; Kadambari et al., 1986), approximately half of all patients who were diagnosed with
anorexia reported adhering to a vegetarian diet. In all three studies, the subtype of vegetarianism was not specified (i.e., we do not know if the individuals self-identified as vegans,
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vegetarians, or semivegetarians): the most recent study did not specify the way in which
they determined vegetarian status, aside from observing food intake and comparing to a
1-month self-report history (Hadigan et al., 2000). One study defined vegetarianism as the
avoidance of red meat (O’Connor et al., 1987), suggesting that many of the “vegetarians”
surveyed were likely semivegetarians. The third study defined vegetarianism as being either
“absent,” “occasional,” “usual,” or “severe” and failed to describe the operational definition for these categories and the way in which an individual received the label (Kadambari
et al., 1986). In retrospective chart reviews, Kadambari et al. found inpatient anorectic vegetarians to be more “weight phobic,” as indicated by a greater fear of gaining weight, and
more likely to indicate greater restriction to avoid weight gain. These patients were also
more likely to consume large portions of noncaloric foods and exhibited a greater fear of
fatness than their nonvegetarian counterparts (Kadambari et al., 1986). Interestingly, the
majority of vegetarians would not classify themselves as “occasional,” “usual,” or “severe,”
begging the question as to whether the assigned label correctly reflected actual eating
behavior or if the label accurately reflected vegetarianism.

4.3 Bulimia Nervosa and Vegetarianism
In addition to the relationship with anorexia, there may be an association between vegetarianism and bulimia nervosa (bulimia). There have been relatively fewer studies focusing specifically on bulimia and vegetarianism; therefore, it is difficult to determine the
exact nature of the relationship between these two phenomena. Within the existing literature, there have been reports that adolescent and young adult vegetarians, in general,
are more likely to report binge eating and a subjective sense of loss of control in respect to
their eating (Robinson-O’Brien et al., 2009). Adolescent vegetarians have been found to be
four times as likely as nonvegetarians to vomit for weight control and eight times as likely
to use laxatives for weight control purposes (Perry et al., 2001). These findings suggest a
need to further assess bingeing behavior in vegetarians, specifically in the context of both
bulimia and binge eating disorder.

4.4 Summary
Many of the studies described failed to draw a clear distinction between subgroups of vegetarians, not only because all types of meat avoiders were grouped together, but because
the definition of vegetarian in querying participants used was very vague. Because of this,
it is almost impossible to truly understand the relationship between vegetarianism and
eating disorders. It is also unclear if we should focus on the rates and level of eating pathology in vegetarian samples or, conversely, on rates of vegetarianism in samples of individuals with eating disorders. Regardless, the limited data we have indicates that vegetarianism
of some sort occurs at a higher rate in patients with eating disorders than in subclinical or
nonclinical groups. As with other research, literature on eating pathology lacks standardized methods of assessment. The dearth of studies that include the EDE-Q to assess type
and prevalence of vegetarianism in relation to eating disorders highlights the need to be
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very specific in both the measurement of eating pathology and the sample surveyed. A
review of the items of the EDE-Q reveals that very few are likely to be biased against vegetarians (such that they would unfairly pathologize behaviors that are normative in individuals avoiding some or all animal products). Items from the weight and shape concerns
scales specifically highlight issues related to dietary restriction. Thus, the EDE-Q, perhaps
better than any other measure, may tap into those who chose a vegetarian diet for these
reasons and may, in fact, be at greater risk for eating pathology. Furthermore, we need to
be specific in the reasons for adopting a vegetarian diet and when, in the course of the
development of an eating disorder, the adoption of a vegetarian diet occurred.

5. Is Vegetarianism a (Causal) Risk Factor for Eating
Pathology?
Of the eating disorders, anorexia is commonly considered to be most strongly related to
vegetarianism. Vegetarianism is believed to be a socially acceptable way in which one
can refrain from eating specific foods, and it may thus allow individuals with an eating
disorder to significantly restrict their intake without causing alarm or concern. In fact,
two-thirds of individuals with a history of an eating disorder believed that their vegetarianism was related to their eating disorder by giving them another way to restrict
caloric intake and increase the feeling of control over diet, but the majority (60%) also
indicated that the adherence to the vegetarian diet emerged at least one year after the
onset of their illness (Bardone-Cone et al., 2012). Thus, vegetarianism may not be causal
in the development of an eating disorder, but it may be a symptom of the illness or even
a maintaining factor.
In one attempt to assess the directionality of the association between anorexia and
adherence to a vegetarian diet, researchers described three distinct groups of red meat
refrainers: true vegetarians (who engaged in meat avoidance before the onset of illness),
pseudovegetarians (meat avoidance began after the onset of illness), and nonvegetarians
(i.e., omnivores) (O’Connor et al., 1987). It is important to note that in this study, vegetarianism
was operationally defined as refraining from red meat; thus a portion of these vegetarians
were actually what we would consider semivegetarians or (depending on the frequency of fish
and poultry consumption) not vegetarians at all. The researchers found that of the clinical
population, 54% of their participants refrained from red meat, but only 6% had refrained from
meat consumption before the onset of their illness. Interestingly, it has been suggested that
individuals with other mental disorders, including depression, anxiety, and somatoform
disorders, are also disproportionately likely to self-identify as vegetarian, and in most cases,
the mental disorder preceded the onset of the diet (Michalak et al., 2012).
There is also some evidence that a vegetarian diet may maintain the illness and/or
impede recovery from eating disorders. Women who had previously been diagnosed with
anorexia and were not in remission (defined as the absence of “normal eating, normal
weight, and regular menses for the past 12 months”) were significantly more likely to identify as vegetarian, compared to respondents in remission (Yackobovitch-Gavan et al., 2009).
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In another study examining recovery in anorexia, 6 out of 12 patients who were consuming insufficient calories identified as vegetarian or semivegetarian (Windauer
et al., 1993).
When assessing the association between vegetarianism and eating disorders, the timing
of the start of adherence to the vegetarian diet seems to be of particular importance. There
are significant differences between rates of vegetarianism in individuals with an active
eating disorder compared to those in partial recovery, or in full recovery, such that those
with an active eating disorder are most likely to be vegetarian, and those in full recovery
are the least likely to be vegetarian (Bardone-Cone et al., 2012). Additionally, there seem to
be important demographic and clinical differences between anorexic patients who started
their vegetarian diet before versus after the onset of illness. Typically, vegetarians have
similar demographic and clinical characteristics (e.g., age, mean duration of anorexia,
mean BMI), compared to nonvegetarians, whereas the semivegetarians (or “pseudovegetarians” referred to by the authors) reported longer duration of illness and a lower BMI
throughout the course of illness (O’Connor et al., 1987).
We currently do not have the data to unequivocally indicate that meat avoidance in itself
is a risk factor or causally related to eating pathology. It appears most likely that adherence
to a vegetarian diet does not cause eating disorders; rather, vegetarianism is used to “camouflage” existing eating disorders (Bas et al., 2005). It is also likely that it maintains eating
pathology and may contribute to difficulties in recovery. Although we posit that vegetarianism is more likely to play a maintenance role in the eating pathology than to be causally
linked to the development of eating disorder, research designed to definitively address this
issue is needed.

5.1 Clinical Implications
Regardless of whether vegetarianism is etiological in the development of eating disorders, or anorexia specifically, it may hinder recovery. Generally, maintaining a vegetarian or vegan diet while trying to recover from an eating disorder (particularly
anorexia) is difficult and frequently not recommended. The reintroduction of meat
to eating disordered vegetarians has been suggested for three specific reasons: (1)
to decrease rule-driven eating behavior, (2) to decrease familial conflicts, and (3) to
ensure adequate iron intake (O’Connor et al., 1987). The likelihood of successful meat
reintroduction was found to be inversely correlated with length of vegetarianism: the
shorter the time the individual had refrained from red meat, the more likely they were
to successfully reincorporate red meat into their diet when they were able to choose
their own meals toward end of treatment. True vegetarianism was associated with a
longer amount of time of meat avoidance (7.8 years as opposed to 3.3 years in semivegetarians) (O’Connor et al., 1987). This suggests that those who reported vegetarianism
before the onset of illness may be more likely to want to continue to refrain from meat
when responsibility over their own intake. It also highlights the need to understand the
rationale for the adoption of a vegetarian diet.
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Practically, the first step of eating disorder treatment is typically to work toward
increasing body weight and stabilizing eating patterns. Individuals at the start of recovery from anorexia nervosa tend to be hypermetabolic, meaning that when attempting to
gain weight, they must increase their daily intake of calories beyond that of an individual
without this diagnosis (Weltzin et al., 1991). Much research has been done on refeeding
for weight restoration in general, but there has been relatively little research conducted
on refeeding in the context of a vegetarian diet (Marzola et al., 2013). Generally, vegetarian diets are not recommended during the renourishment process for a number of
reasons. Vegetarianism can be associated with lower calorie foods, and many meat substitutes (such as tofu) are relatively lower in calories, compared to animal-derived proteins. Thus, individuals in a hypermetabolic state will have to eat a much larger volume
of vegetarian food to ingest the 3500–4500 daily calories typically needed for successful
weight restoration.
It is also easier to ensure adequate intake of several micronutrients, including iron,
calcium, and fatty acids, when a diet includes meat (Marzola et al., 2013). For example,
anorexia patients tend to consistently avoid fatty foods. As such, when entering treatment, they have often inadequate intake of some fatty acids (Holman et al., 1995).
Eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) are two omega-3 fatty acids
that are important for proper bodily functioning (Marzola et al., 2013). EPA is the precursor to eicosanoids, which are vital in a number of different bodily functions. DHA is one of
the building blocks for brain gray matter. Both EPA and DHA are most commonly found
in the highest concentrations in eggs, meat, and especially fish (Marzola et al., 2013), the
very foods that are typically rejected by vegetarian and vegan patients, so it is of particular
importance to ensure a diet used in refeeding meets the dietary needs of patients. While
vegetarians do tend to reject the foods with the highest concentration of fatty acids, it has
been suggested that supplementing EPA in pill form can have a beneficial effect on mood
and general functioning while in weight restoration treatment (Ayton et al., 2004).
In addition to, and perhaps more importantly than, concerns about nutritional
deficits, the rigidity of the vegetarian diet may interfere with successful eating disorder recovery. Typically, individuals with eating disorders, particularly anorexia, have
inflexible dietary rules. When an individual with an eating disorder adopts a vegetarian diet, feared or “unhealthy” foods can often be avoided, and a rigid meal plan can
be followed under the guise of being “vegetarian.” Not only can this facilitate reduced
macronutrient and caloric intake, but the diet itself may become negatively reinforced.
Adhering to a vegetarian diet can aid in anxiety reduction by allowing for the avoidance of feared foods; and the reintroduction of meat into the diet as part of treatment,
in turn, may cause elevated anxiety and fear, a significant contributor to nonremission
(Yackobovitch-Gavan et al., 2009). Ultimately this means that anorexia patients may
have a more difficult time with remission if they continue to adhere to a vegetarian diet.
This is of particular importance due to the finding that anorexia patients are more likely
to return to restrictive eating behaviors, including vegetarianism, as well as dieting after
treatment (Hasson et al., 2011).
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5.2 Areas of Future Study
5.2.1 Cultural Variation
Most of the studies discussed here were conducted in the United States. One study based
in Turkey, though, found that 58% of vegetarians chose diet due to taste preferences, 19%
chose the diet to be healthier, and 10% adhered for weight control (Bas et al., 2005). This is a
noticeable difference from American-based populations, who cite personal ethics or morals as their primary motivation for abstention a majority of the time (Timko et al., 2012a). A
rare cross-cultural study of eating behaviors in vegetarian Hindus in India found evidence
for elevated scores on the EAT-26 oral control subscale compared to Omani and European
participants but no significant correlation between BMI and body dissatisfaction or abnormal eating behaviors that is normally observed specifically in female respondents (Kayano
et al., 2008). Due to this difference between populations, a better understanding of motives
for vegetarianism and its association with eating behaviors across cultures is necessary.

5.2.2 Gender
As is typical in eating disorder research, much of the existing research on eating disorders
and vegetarianism has been done in female participants. Those studies that included male
participants found that nearly all vegetarian men were underweight, whereas not all of their
female vegetarian counterparts were similarly underweight (Bas et al., 2005). Additionally,
male vegetarians appear to be at a much higher risk for extreme weight loss behaviors,
such as using supplements, laxatives, or vomiting (Perry et al., 2001). Vegetarianism thus
appears to be a marker of potential eating-related pathology specifically in men (Perry
et al., 2001), though further research in this population is needed.

6. Final Summary
Vegetarianism appears to be disproportionately associated with disordered eating or eating pathology. However, the relationship is complex and requires further study before
definitive conclusions can be made. Across studies comparing subgroups of vegetarians,
consistent trends have emerged that indicate a definitive need for distinguishing between
different types of meat avoiders. Even among nonclinical samples, subgroups of vegetarians look markedly different in measures of pathological eating behaviors. When compared
to true vegetarians, vegans, and omnivores, it appears the semivegetarians are the “most
pathological.” Not only are they more likely to restrict their diet, but they also more susceptible to overeating. Semivegetarians are also more likely to restrict their food intake due
to dietary concerns (Timko et al., 2012a), whereas ovolactovegetarians and vegans adhere
to a vegetarian diet primarily due ethical and animal welfare concerns (Forestell et al.,
2012; Curtis and Comer, 2006). Adolescent vegetarians are more likely to frequently weigh
themselves, experience body dissatisfaction, practice both healthy and unhealthy weight
control measures, and to have been diagnosed with an eating disorder (Perry et al., 2001).
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In contrast, vegans and vegetarians typically endorse significantly lower levels of restraint
and external eating, and greater levels of food acceptance, in comparison to semivegetarians. These findings suggest that semivegetarians are categorically different from ovolactovegetarians and vegans, and this distinction should be considered when assessing diet
type and pathological eating (Robinson-O’Brien et al., 2009).
In clinical samples, not only is the type of vegetarianism important to assess but also
the reason and timing of vegetarian diet. The latter is particularly important in determining whether vegetarianism played a causal role in the development of the eating disorder.
While the question of causality has certainly been at the forefront of researchers’ minds,
we interpret the existing evidence to indicate less of a causal role of vegetarianism in the
development of eating disorders. Rather, we hypothesize that vegetarianism may occur
early in the disorder as a way to restrict intake in a socially acceptable fashion, and it may
maintain the illness by facilitating a restrictive or rigid diet. This hypothesis requires further study.
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1. Introduction
The term “neuroscience” was first introduced in 1962 by Francis O. Schmitt in his
Neuroscience Research Program with the goal of bringing together different disciplines to
stimulate their interaction in the study of the nervous system. Today, it is an interdisciplinary science field that is mainly centered around biology, chemistry, medicine, cognitive
science, psychology, physics, and statistics to investigate the nervous system from different perspectives (e.g., developmental, structural, and functional).
Social cognitive neuroscience (SCN) investigates the neural mechanisms of social
cognition and interactions. It is also concerned with deficits of sociocognitive processes
in humans such as depression, schizophrenia, sociopathy, and autism. This part of cognitive neuroscience is directed toward a better understanding of the complex aspects of
social behavior, such as empathy, attractiveness, self-awareness, moral reasoning, intentionality, and imitation. Traditionally, social brain science has been focused on specific
cognitive domains. Most studies emphasize emotional and motivational features rather
than other aspects of cognition such as language. Social cognition includes the study
of mental processes necessary to the understanding and storing of information about
the self and other persons, as well as interpersonal norms and procedures to navigate
efficiently in the social world (Van Overwalle, 2009). Basic abilities underlying human
social cognition include the perception and evaluation of social stimuli, the integration
of perceptions with contextual knowledge, and the representation of possible responses
to the situation. One of the hallmarks of social cognition in humans is the ability to
understand conspecifics as beings like oneself, with intentional and mental lives like
one’s own (Decety and Chaminade, 2003). Accordingly, human beings tend to identify
with conspecifics and attribute mental states to them. Such abilities rely on the activity of several brain regions located in the frontal lobes (the orbitofrontal cortex, medial
prefrontal cortex, and cingulate cortex), the temporal lobes (including the amygdala),
the fusiform gyrus, and the somatosensory cortices (Decety and Jackson, 2004; Hein and
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Singer, 2008; Singer and Lamm, 2009). The majority of these regions seem to be critically
involved in the “empathy network” as well as in the processing of emotions (Adolphs,
2002). This suggests that the merging between emotions and feelings experienced by
oneself and those perceived in other individuals may be a key ingredient of social understanding, and it may play a major role in promoting empathy, prosocial behaviors, and
moral norms (Decety and Jackson, 2004; Van Overwalle, 2009).

2. Quantitative Methods in Neuroscience
From the beginning of SCN studies, to collect a significant amount of data, researchers
have made use of instruments such as surveys, questionnaires, and interviews. All these
instruments are based on the request of pieces of information of different natures, such
as demographic variables, facts, perceptions or feelings about oneself, others, or external
events. Generally, surveys and questionnaires are self-administered and self-compiled,
using structured and predetermined questions; conversely, interviews are administered
by a trained interviewer who can ask more or less structured questions in a more dynamic
environment and exchange.
In SCN, more standardized measures are tests or scales, which are usually aimed at
assessing the individual’s performance on a task or about a variable of investigation. They
are usually composed of a series of items. Performance on these items produces a test score,
which is usually normalized with respect to a reference population. This score reflects a more
general construct, such as emotional functioning, personality, cognitive ability, or aptitude.
Differences in test or scale scores/performance should reflect individual differences in the
construct that the test or the scale is supposed to measure.
In the last decades, there has been a growing interest to understand the neural mechanisms of cognitive processes, such as thought, perception, and language, and it has been
mainly driven by significant advances in the development of technology to observe the
activity of the human brain. Techniques such as event-related potentials (ERPs), positron
emission tomography (PET), and functional magnetic resonance imaging (fMRI) have
improved our understanding of how the human brain processes sensory information and
movement control, improves language abilities, and experiences emotions.
Briefly, ERPs are thought to reflect the summed activity of postsynaptic potentials
produced when a large number of similarly oriented cortical pyramidal neurons (in the
order of thousands or millions) fire in synchrony while processing information (Peterson
et al., 1995). They are time locked to sensory, motor, or cognitive events that provide a safe
and noninvasive approach to study psychophysiological correlates of mental processes.
ERPs in humans can be divided into two categories: early waves, or components, peaking
roughly within the first 100 ms after stimulus, are termed “sensory” or “exogenous,” as
they depend largely on the physical parameters of the stimulus; in contrast, ERPs generated later reflect the manner in which the subject evaluates the stimulus and are termed
“cognitive” or “endogenous” ERPs, as they examine information processing. The waveforms are described according to latency and amplitude.
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FIGURE 5.1 Schematic representation of the time course of the blood oxygenation level dependent (BOLD)
response to an increase in neuronal activity. The dotted line indicates that the brief initial dip of the BOLD
response can be variable.

The advent of radionucleotide methods, such as PET, have seen an increasing interest
in the evaluation of cerebral blood flow in healthy volunteers. This technique has a good
reproducibility, but it is invasive since it requires the administration of radionucleotide
agents and in general has a poorer spatial and anatomical resolution compared to MRI
methodologies.
fMRI is a relatively new technique that is being widely used to study the neuronal
mechanisms of central nervous system (CNS) functioning since it is noninvasive, safe, and
provides a high spatial resolution, despite a relatively low temporal resolution (particularly
when compared to neurophysiologic techniques). The signal changes seen during fMRI
studies are determined by the blood oxygenation level dependent (BOLD) mechanism
(Ogawa et al., 1993). The activation of a cerebral tissue determines an increase in local
synaptic activity, which results in a rise of blood flow and oxygen consumption; because
the increase of blood flow is greater than that of oxygen consumption, an increase of the
ratio between oxygenated and deoxygenated hemoglobin is produced, which enhances
the MRI signal (Ogawa et al., 1993, 1998) (Fig. 5.1). As these signal changes are very modest (usually ranging from 0.5% to 1.5%), it is necessary to obtain a large amount of brain
images acquired during alternated periods of activations (motor, sensorial, and cognitive)
and rest (Vanzetta and Grinvald, 1999). By analyzing these data with appropriate statistical
methods, it is possible to obtain information about the location and extent of specific areas
involved in the performance of a given task in healthy subjects and in patients suffering
from a given condition (Bandettini et al., 1993; Worsley and Friston, 1995). Currently, fMRI
methods of analysis allow making inferences at group levels, whereas improvements are
still needed to achieve a more robust comparison of interindividual profiles. Many caveats need to be considered when planning or analyzing fMRI experiments, including standardization and repeatability of the experiments, ability of the subjects to understand and
perform the tasks, and interindividual variability in task performance. Other confounders
include hemispheric dominance, age, and gender.
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3. Vegetarianism and Social Cognitive Neuroscience
Alternative diets characterized, to a greater or lesser degree, by the avoidance of animal
products have recently gained increasing popularity in the general population (about 2%
of the UK population in 2012). Within vegetarianism, the extent to which the individual
may avoid animal products may vary, from the avoidance of red meat only to that of meat,
fish, and eggs (lactovegetarian), or to that of all products derived from animals (vegan), as
fully described in Chapter 1 of this book.
During the past decade, there has been growing interest from SCN to observe brain
profiles and behavioral characteristics of vegetarians. Cooper et al. (1985) performed
the first study in the field and described the psychological characteristics of vegetarians. The study group consisted of 20 well-educated, young adults of normal weight
who had been vegetarians for an average of 9 years. All of them filled out a questionnaire pertaining to demographic characteristics, the rationale for their dietary habits, attitudes about health beliefs, and the utilization of various nontraditional health
providers. Moreover, participants completed a battery of psychometric inventories
to assess both psychological and cognitive variables. Despite that vegetarians scored
higher than the normal population, but lower than a psychiatric population, at Hopkins
Symptom Checklist (HSCL-90) (a test that aims to assess psychological distress), globally, the psychometric findings of the study showed no significant differences between
vegetarians and normal controls, suggesting that vegetarian dietary style does not
coexist with psychological or cognitive alterations.

3.1 Vegetarianism and Motivation
The term “motivation” refers to the reasons for people’s actions, desires, and needs
(Elliot and Covington, 2001) or the reason that prompts a person to act in a certain way or
to develop an inclination for specific behaviors (Pardee, 1990). Behavior can be driven by
internal or external motivations. Internal motivations include self-desires to seek out new
things and new challenges, to analyze one’s capacity, to observe, and to gain knowledge
(Ryan and Deci, 2000a,b). External motivation comes from influences outside the individual. Common external motivations are competition or rewards for showing the desired
behavior and the threat of punishment following misbehavior.
Another important distinction is that between push and pull motivations (Uysal and
Jurowski, 1994). The first occurs when people push themselves toward their goals or to
achieve something (e.g., escape, adventure, social interaction, prestige, and health); in pull
motivations, it seems that it is the goal that is pulling us toward it. This latter motivation can
be influenced by novelty, attractiveness of the destination, benefit expectation, and marketing image (with an essential role of media and social networks) but also by moralization.
Maslow’s theory (Maslow, 1943) is one of the most widely discussed theories of motivation: individuals possess a constantly growing inner drive, organized in a hierarchy system
from basic (lowest-earliest) to most complex (highest-latest) motives (Pardee, 1990): physiological (hunger, thirst), safety (personal, financial), love/belonging (family, friendship),
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esteem (self-esteem, confidence, respect of others), self-actualization (ethics, morality),
and self-transcendence (altruism, spirituality). According to Maslow, people are motivated by unsatisfied needs that influence their behavior. Only after the lower level needs
are at least minimally satisfied can people advance to the next level of needs, arranged in
order of importance to human life. Interestingly, one of the highest level of motivation is
driven by ethical and moral needs.
There are many possible reasons why people choose to follow meat avoidance, with
different vegetarian diets (including vegan diets) over and above the traditional meatcentered diet. Cooper et al. (1985) investigated the reason for dietary preferences in 20
vegetarians and found that 65% mentioned health, 60% noted the desire to avoid cruelty
to animals, and 50% disliked the eating of animal flesh; 40% spoke of fear of a world food
shortage as a reason for their vegetarianism, while only 15% said that meat tasted bad to
them. Ten percent had adopted a vegetarian diet owing to the influence of their spouses.
None had adopted vegetarianism for religious reasons. Personal health and animal cruelty are the most reported motivations by vegetarians (Lea and Worsley, 2001; Hoek et al.,
2004), although disgust or repugnance with eating flesh (Santos and Booth, 1996; Rozin
et al., 1997; Kenyon and Barker, 1998) and food beliefs influences from peers or family
(Lea and Worsley, 2001) do also occur. While health vegetarians choose to avoid meat to
derive certain health benefits or lose weight (Kim et al., 1999; Wilson et al., 2004; Key et al.,
2006), ethical vegetarians consider meat avoidance as a moral imperative (Whorton, 1994;
Fessler et al., 2003). Health vegetarians tended to make gradual “trial adoptions” of food
choices, while “ethical vegetarians” made more sudden changes in their diet to support
beliefs, such as animal welfare/rights, and create consistency in their lives (Hamilton,
1993). Health concerns are also the major reason motivating individuals who are “partial
vegetarians,” who choose not to eat red meat, limit their consumption of flesh to fish, or
select only organic products (Hoek et al., 2004; Bedford and Barr, 2005).
Vegetarianism has been linked to concerns with the environmental and ecological
impact of meat (Lindeman and Sirelius, 2001; Gaard, 2002; Hoek et al., 2004). Kalof et al.
(1999) found that the belief that a vegetarian diet is less harmful to the environment was
the only factor significantly differentiating vegetarians and nonvegetarians. Fox (1999)
suggests that a vegetarian economy contributes to “ecosystem health” by reducing the
impact of pollution on environment and economies, affecting both developed and less
developed countries. Beyond health and ethical reasons, the incorporation into practice
and beliefs of a broader number of environmental commitments was another essential
element of the vegetarian trajectory (Jabs et al., 1998). These commitments ranged from
the use of organic food to a variety of behaviors that contribute to an “environmentally
friendly” lifestyle. While initial motivation to adopt a vegetarian diet may be divergent (Fox
and Ward, 2008a,b), there may also be convergence among those who have adopted a vegetarian diet. Fox and Ward (2008a,b) explored this convergence and specifically examined
vegetarians’ own perspectives to investigate the interactions between beliefs over health,
animal cruelty, and the environment and how these may contribute to food choice trajectory. The authors identified two distinct initial motivations for vegetarianism: personal
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health and animal welfare/rights. Health was a significant motivator, both in terms of
reducing symptoms of illness or discomfort, and as a preventive measure to avoid a range
of minor and major illnesses; while ethical reasons concerning animal welfare/rights were
based both upon affective and philosophical reasons. No respondent cited environmental concerns as a primary motivation for vegetarianism, suggesting that convictions on
the environmental benefits of vegetarianism may be subsequent to, or a consequence
of, a decision to avoid meat, rather than the cause of this dietary choice (Fox and Ward,
2008a,b). Taken together, these studies provide evidence that the motivations for vegetarianism are complex, following trajectories that developed in new lifestyles or outlooks.
Convergence between different motivations for vegetarianism may be more common
than indicated in previous investigations, and this suggests that not only do values and
beliefs affect behavior (Jabs et al., 1998; Kenyon and Barker, 1998; Lindeman and Sirelius,
2001) but that behavior may subsequently influence attitudes and beliefs, in turn leading to further behavioral changes. This aspect is described in full by Prof. Rothberger in
Chapter 2 of this book.

3.2 Vegetarianism and Empathy
Empathy refers to the ability to experience and understand the feelings of others. In other
words, it designates an attitude toward others characterized by a commitment to understand the other, excluding any personal emotional attitude (sympathy, antipathy) and any
moral judgment. Empathy is the process by which one infers the affective state of another
person and experiences a similar state, being aware that the origin of that experience is the
other and not oneself (Singer et al., 2009).
Two main forms of empathy can be distinguished:
•	affective empathy (or emotional empathy) (Shamay-Tsoory et al., 2009): the capacity to
respond with an appropriate emotion to another’s mental states (Rogers et al., 2007).
Being affected by another’s emotional or arousal state (emotional contagion) (de Waal,
2008) exerts an effect on the ability to empathize emotionally;
•	cognitive empathy: the capacity to understand another’s perspective or mental state
(Rogers et al., 2007; Gerace et al., 2013).
  
The ability to attribute internal mental states, either feeling, desires, intentions, or
emotions, to others requires high-level brain functions such as language and metacognition (Stone and Gerrans, 2006). Such abilities rely on the activity of many brain regions.
Several fMRI studies have shown that observing the emotional state of another individual activates a neuronal network involved in processing the same state in oneself, whether
it is pain, disgust, or touch (Decety and Jackson, 2004; Hein and Singer, 2008; Singer and
Lamm, 2009). Affective empathy has been related to recruitment of the somatosensory
cortices, limbic regions, anterior insula, dorsal anterior cingulate cortex (ACC), anterior
midcingulate cortex (MCC), supplementary motor area, and amygdala (Jackson et al.,
2005; Lamm et al., 2011). Cognitive empathy network includes the ventromedial prefrontal cortex (vmPFC), superior temporal sulcus, temporo-parietal junction, temporal
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poles/amygdala, and posterior cingulate cortex (PCC)/precuneus (Frith and Frith, 2006).
The ability to integrate cognition and emotion requires the enrollment of prefrontal
regions such as the vmPFC, orbitofrontal cortex (OBF), and ACC (Decety and Svetlova,
2012). The mirror neuron system (MNS) has a central role in social cognition, especially
for emotional empathy (Shamay-Tsoory et al., 2009).
The majority of studies attempting to characterize empathy-related responses did not
separate empathy toward humans from that toward animals. In some of the available studies, scenes showing animals were treated as a neutral condition. However, a study (Rae
Westbury and Neumann, 2008) that compared stimuli depicting human and nonhuman
animal targets, demonstrated an increased subjective empathy as the “stimuli” became
closer in phylogenetic relatedness to humans (mammalian vs. bird stimuli), thus indicating that empathic response toward humans may generalize to other species.
We postulated that the neural representation of conditions of abuse and suffering
might be different among subjects who made different eating choices due to ethical
reasons, resulting in the engagement of different components of the brain networks
associated with empathy and social cognition (Filippi et al., 2010). Specifically, we
hypothesized that the neural processes underlying empathy in ovolactovegetarians
and vegans may operate for representations not only about humans but also animals.
Vegetarians who decided to avoid the use of animal products for ethical reasons have
a moral philosophy of life based on a set of basic values and attitudes toward life,
nature, and society that extends well beyond food choice. The central ethical question
related to vegetarianism is whether it is right for humans to use and kill animals. We
also hypothesized that, in addition to a common shared pattern of cortical processing
of human and animal suffering, ovolactovegetarians and vegans might also experience
a different functional brain architecture reflecting their different motivational factors and believes. We recruited 20 meat eaters, 19 ovolactovegetarians, and 21 vegans,
matched for sex and age. A questionnaire was filled in by all the subjects before fMRI
acquisition to investigate eating habits, reasons/motivations of the eating choices, and
the time elapsed from such a choice. All ovolactovegetarians and vegans reported to
have made their eating choice for ethical reasons. They had a stable eating habit for
3.8 years and were recruited among vegetarian associations. Meat eaters were recruited
by advertisement and none of them had been vegetarian before the study. Eight vegans
had been ovolactovegetarians before becoming vegans. All the subjects were naïve about
the goal of the study. None of the subjects had any history of neurological, major medical, or psychiatric disorders (including depression), nor either alcohol or drug abuse.
In addition, none of the subjects were taking any medical treatment at the time of fMRI
assessment, and all of them had a normal neurological examination.
Brain activations were investigated using fMRI and an event-related design. A series of
150 pictures was presented in a random order: 40 showed negative valence scenes related
to humans, 40 showed negative valence scenes related to animals, and the remaining 70
showed “neutral” natural landscapes. Pictures were pseudorandomized so that no more
than two pictures of the same category were presented consecutively. Negative valence
scenes were taken from the International Affective Picture System (IAPS), newspapers,
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books, or magazines. Human and animal pictures were comparable in terms of valence
and arousal rating. Non-IAPS pictures were validated in a group of 50 healthy subjects
that did not participate in the fMRI experiment. Participants also completed the empathy
quotient, a self-report questionnaire (Baron-Cohen and Wheelwright, 2004) developed to
measure the cognitive and affective aspects of empathy.
Ovolactovegetarians and vegans showed a common functional architecture of emotional processing characterized by an increased engagement of empathy-related areas
while observing negative scenes, independently of the species involved, including the ACC
and inferior frontal gyrus (IFG) (Fig. 5.2). This pattern of activations in ovolactovegetarians and vegans is likely to reflect a stronger empathic response compared to meat eaters;

FIGURE 5.2 Results of the comparisons of emotional (human and animal) negative valence picture views
(showing mutilations, murdered people, human/animal threat, tortures, wounds, etc.) between meat eaters,
ovolactovegetarians and vegans. Results are superimposed on a high-resolution T1-weighted image in the
standard Montreal Neurological Institute space, at a threshold of P < .05 corrected for multiple comparisons.
Areas activated during human picture view in ovolactovegetarians and vegans versus meat eaters are shown in
yellow (white in print versions). Activations specific for ovolactovegetarians are shown in blue (dark gray in print
versions). Activations specific for vegans are shown in red (light gray in print versions). (A) Human picture view
and (B) animal picture view. Images are in neurological convention. With permission from Filippi, M., Riccitelli,
G., Falini, A., Di Salle, F., Vuilleumier, P., Comi, G., Rocca, M.A., 2010. The brain functional networks associated to
human and animal suffering differ among omnivores, vegetarians and vegans. PLoS One 5 (5), e10847.
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indeed, ACC has been associated with alert states, self-awareness, and pain processing
(Mottaghy et al., 2006). Remarkably, ovolactovegetarians and vegans also had an increased
recruitment of empathy-related areas while observing negative scenes regarding animals rather than humans, with the additional activation of the middle prefrontal cortex
(mPFC), PCC, and some visual areas (Fig. 5.2). Recruitment of mPFC and PCC is frequently
observed in conditions involving representation of the self and self-values (D’Argembeau
et al., 2010). The PCC is also thought to be involved in memory and visuospatial processing
(Maddock, 1999), particularly in relation to emotions and social behavior (D’Argembeau
et al., 2010), as well as when subjects have to judge the valence of emotionally salient
words or episodic memories, with the strongest responses seen when unpleasant stimuli
are presented (Maddock, 1999). During the animal suffering view, ovolactovegetarians and
vegans also experienced a reduced activation of the right amygdala in comparison to meat
eaters. The amygdala responds to various kinds of aversive stimuli, most strongly to fearful
and threatening scenes (Hariri et al., 2002) and, to a lesser extent, to those associated with
disgust (Phillips et al., 1997).
In addition to the previous shared pattern of functional activations, we also detected
a significantly different functional architecture between ovolactovegetarians and vegans
during observation of negative scenes. During human suffering viewing, activations specific to ovolactovegetarians were located along the inferior parietal lobule (IPL), which
is involved in bodily representations that distinguish the self from the other (Decety and
Jackson, 2004), and it was found to be more activated when pictures of mutilations were
presented than when contamination or neutral pictures were shown (Schienle et al., 2006).
More critically, for animal pictures, activations specific to ovolactovegetarians were found
in the ACC and the lingual gyrus, whereas activations specific to vegans were found in
the bilateral IFG and the left middle frontal gyrus (MFG). ACC is a region highly interconnected with limbic and prefrontal structures, and it is thought to play a key role in normal
and dysfunctional emotional self-control as well as social behavior (Devinsky et al., 1995).
A meta-analysis study (Phan et al., 2002) found that emotional tasks with explicit cognitive components (e.g., recognition or evaluation of emotional stimuli and biographic
material) engaged specifically the ACC as compared to passive emotional conditions. The
recruitment of this region in ovolactovegetarians might therefore correspond to their distinctive behavioral response to pictures of animal suffering, e.g., enhanced attention and
empathic pain (Singer et al., 2004), or increased self-control and monitoring (Botvinick,
2007). On the other hand, the activation of the IFG seen in vegans during animal suffering might be related to aspects of cognitive control during emotion processing. The IFG is
also considered to be part of the MNS. Increased activation of MNS areas has been shown
during social interaction, as well as during observation and imitation of emotional faces
(Iacoboni, 2009) (Fig. 5.3).
This study was the first to assess the neural correlates of empathy toward nonconspecifics in people with different social norms, as reflected by their eating habits. Our
results converge with theories that consider empathy as accommodating a shared representation of emotions and sensations between individuals, allowing to understand

FIGURE 5.3 Interactions between stimuli (animal/human) and groups (meat eaters/ovolactovegetarian/vegan).
An interaction was found in the right amygdala (A) indicating greater increase to animal negative valence
picture view in meat eaters and to human negative valence picture view in vegans. An interaction between
“human pictures” and “vegan group” was also found in the left amygdala (A). An interaction was found in
anterior cingulate cortex (ACC) (B) between the “meat-eater group” and “human pictures,” as well as between
“ovolactovegetarian group” and “animal pictures,” and in the right inferior frontal gyrus (IFG) between “animal
pictures” and “vegan group” (C). Foci of activations are shown on a high-resolution T1-weighted image in the
standard Montreal Neurological Institute space. Plots indicate activation changes detected in the three groups
during the two experimental conditions in each of these regions. Images are in neurological convention. With
permission from Filippi, M., Riccitelli, G., Falini, A., Di Salle, F., Vuilleumier, P., Comi, G., Rocca, M.A., 2010. The brain
functional networks associated to human and animal suffering differ among omnivores, vegetarians and vegans.
PLoS One 5 (5), e10847.
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others (Decety and Jackson, 2004). They also support the hypothesis that the neuronal
bases of empathy involve several distinct components including mirroring mechanisms
(Iacoboni, 2009), as well as emotion contagion and representations of connectedness
with the self (Singer, 2006). Brain areas similar to those showing different emotional
responses between groups in our study (such as the IFG and the mPFC) have also been
found to be modulated by religiosity (Kapogiannis et al., 2009), further supporting a key
role of affect and empathy in moral reasoning and social values.
Inference on other people’s emotional states and intentions is facilitated by processing and understanding actions performed with the mouth by other individuals.
Functional imaging studies have identified a set of brain areas, located mainly in the
parietal and frontal lobes, that are involved in processing of observation of mouth
actions performed not only by humans but also by other species (i.e., monkeys and
dogs) (Buccino et al., 2004). While actions belonging to the observer’s repertoire (e.g.,
speech reading) are mapped in areas of the motor system located in the IFG, actions
that are not part of such a repertoire (e.g., barking) are processed on the basis of their
visual properties and mapped to visual areas (Buccino et al., 2004). As previously discussed, the neuronal network that involves the IFG and IPL, which form part of the
MNS, is also at work for emotion recognition and contagion, which contribute to emotional empathy (Shamay-Tsoory et al., 2009; Shamay-Tsoory, 2011). Several factors
modulate empathic response, including the subjective attitude toward the observed
individual (Singer, 2006) and personal experience (Cheng et al., 2007).
Based on such a background, we hypothesized that brain representation of mouth
actions performed by other humans and other species might differ among individuals
with different dietary habits and ethical beliefs (Filippi et al., 2013). We assumed that,
due to their propensity to identify nonconspecifics as being like themselves and their
increased empathic response toward animal actions, when compared to meat eaters, ovolactovegetarians and vegans would exhibit a different pattern of recruitment
of regions involved in the processing of mouth actions, including those located in the
fronto-parietal lobes. We also supposed that, since different motivational factors and
beliefs characterize ovolactovegetarianism and veganism, in addition to a common
shared pattern of cortical processing of mouth actions, ovolactovegetarians and vegans
might also experience a different functional architecture. Finally, we postulated that
the recruitment of the previous regions might differ according to the species involved
and their phylogenetic proximity to humans. Using a block design fMRI, 20 meat eaters,
19 ovolactovegetarians, and 21 vegans were scanned while watching a series of silent
videos that presented a single mouth action performed by a human, a monkey, and a
pig in each block. The inclusion/exclusion criteria and subjects’ characteristics were
identical to those of the previous experiment (Filippi et al., 2010). The mouth actions
observed were (1) biting and (2) oral communicative actions (OCAs). Monkey scenes
were recorded in a free environment. Participants were instructed to look at the scenes
and focus their attention on mouth movements, without providing any specific response
during the fMRI acquisition. Each block consisted of 12 s of video, followed by a 12 s
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resting period. During each block, the same action (i.e., biting or OCA) was presented
four times. During the resting phase of a given block, the subjects had to observe a
static frame of the same action for 12 s. Each of the six blocks of the experiment was
performed four times within a run. The order of videos in the various blocks was counter-balanced across subjects. To assess whether processing of mouth actions performed
by distinct species differs between ovolactovegetarians and vegans versus meat eaters,
since speech processing is a key aspect of social interactions, we compared observation
of OCAs and biting by the human, monkey, and pig within and between the three study
groups (Fig. 5.4). In contrast to OCAs, biting was associated with an increased activation
of several regions in the temporo-occipital lobes, the parietal lobes, and the cerebellum.
Conversely, in contrast to biting, OCAs resulted in increased activity of several regions
along the middle and superior temporal cortices and the IFG, with a different expression
in the three study groups. The STS is involved in several functions, including theory of
mind, audio–visual integration, motion perception, speech processing, and perception
of faces (Hein and Knight, 2008). A review of foci of activations in this region reported
in several previous fMRI studies has led to the identification of an anterior portion,
mainly involved in speech processing, and a posterior one, mainly recruited by cognitive
demands (Hein and Knight, 2008). The left pars opercularis of the IFG contains a representation of mouth actions performed by humans (Buccino et al., 2001). Recruitment of
this region, together with regions located in the parietal and temporal lobes, contributes
to the understanding of actions performed by others by transcoding the observed action
into a corresponding motor plan (Rizzolatti et al., 2001). During “human scenes,” the
comparison of OCA versus biting showed an increased activity of the right amygdala
in ovolactovegetarians and vegans versus meat eaters. The amygdala contributes to the
analysis of body movements for perception of actions through its connections with the
STS and the frontal cortex (Allison et al., 2000), thus adding emotional salience to sensory inputs.
To verify the existence of brain functional architectural differences between ovolactovegetarians and vegans, regions of activations specific to each group were further
investigated. Compared with the other two groups, ovolactovegetarians showed a
selective increased recruitment of the right MFG and right posterior insula, whereas
vegans recruited selectively the left MFG, IFG (pars opercularis), and MTG (posterior
portion). The MFG contributes to social cognitive processes (such as making inferences of others and social perception) (Murty et al., 2010). Recent meta-analysis studies have shown that the insula can be parcellated in an anterior and a posterior portion
(Cauda et al., 2012; Chang et al., 2013): the first being mostly activated by cognition
and the latter by interoception, perception, and emotion (Cauda et al., 2012). The
insula also modulates connections between the MNS and the limbic system in social
mirroring and in the ability to empathize with others (Iacoboni, 2009). The left IFG and
posterior portion of the MTG are part of the MNS. Collectively, these results indicate
that different portions of the empathy-related networks contribute to the modulation
of social interactions with other individuals in ovolactovegetarians and vegans compared to meat eaters.
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FIGURE 5.4 Cortical activations on a rendered brain from meat-eater, ovolactovegetarian, and vegan subjects during the comparison of oral
communicative actions (OCAs) versus biting by a human, a monkey, and a pig (within-group analysis, two-sample t tests, P < .05 corrected for multiple
comparisons). Images are in neurological convention. With permission from Filippi, M., Riccitelli, G., Meani, A., Falini, A., Comi, G., Rocca, M.A., 2013. The
“vegetarian brain”: chatting with monkeys and pigs? Brain Struct. Funct. 218 (5), 1211–1227.
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The analysis of “animal scenes” provided some additional interesting results (Fig.
5.5). During “monkey scenes,” compared to meat eaters, ovolactovegetarians and vegans experienced an increased activity of the bilateral cuneus and left MTG, in a region
that roughly corresponds to the location of the Wernicke’s area. Ovolactovegetarians
selectively activated the left MTG and IFG, and vegans the right MTG and middle
occipital gyrus. All these areas are recruited consistently in healthy individuals during lipreading (Paulesu et al., 2003). The increased recruitment of Wernicke’s area
and cuneus in ovolactovegetarians and vegans might be secondary to their attempt
to decode monkey mouth gesture. Ovolactovegetarians had a preferential recruitment
of the left IFG, which suggests an additional process of matching mouth action of the
monkey with that of the viewer, whereas vegans engaged associative temporo-occipital
areas in the right hemisphere, suggesting a role of higher cognitive processes involved
in sentence comprehension (Just et al., 1996).
During the comparison of OCA versus biting in “pig scenes,” ovolactovegetarians
showed a selective increased activity of the anterior cingulum, which likely reflects a

FIGURE 5.5 Results of the between-group comparisons of oral communicative actions (OCAs) versus biting during
“human/monkey/pig scenes” superimposed on a T1-weighted image in the Montreal Neurological Institute space.
Yellow (white in print versions) indicates areas activated in ovolactovegetarians and vegans versus meat eaters.
Blue (dark gray in print versions) indicates activations specific to ovolactovegetarians. Red (light gray in print
versions) indicates activations specific to vegans. Images are presented in neurological convention. BA, Brodmann
area; IFG, inferior frontal gyrus; MFG, middle frontal gyrus; MOG, middle occipital gyrus; MTG, middle temporal
gyrus. With permission from Filippi, M., Riccitelli, G., Meani, A., Falini, A., Comi, G., Rocca, M.A., 2013. The
“vegetarian brain”: chatting with monkeys and pigs? Brain Struct. Funct. 218 (5), 1211–1227.
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FIGURE 5.6 Results of the between-species comparisons of oral communicative actions (OCAs) among meat eaters,
ovolactovegetarians, and vegans, superimposed on a T1-weighted image in the Montreal Neurological Institute
space (between-group analysis, ANOVA, p < 0.05 corrected for multiple comparisons). Green (lighter gray in print
versions) indicates areas activated in meat eaters versus ovolactovegetarians and vegans. Yellow (lightest gray in
print versions) indicates areas activated in ovolactovegetarians and vegans versus meat eaters. Blue (dark gray
in print versions) indicates activations specific to ovolactovegetarians. Red (light gray in print versions) indicates
activations specific to vegans. Images are in neurological convention. BA, Brodmann area; IFG, inferior frontal
gyrus; IOG, inferior occipital gyrus; MTG, middle temporal gyrus; SPL, superior parietal lobule; STG, superior
temporal gyrus. With permission from Filippi, M., Riccitelli, G., Meani, A., Falini, A., Comi, G., Rocca, M.A., 2013.
The “vegetarian brain”: chatting with monkeys and pigs? Brain Struct. Funct. 218 (5), 1211–1227.

strong empathic response (Devinsky et al., 1995; Phan et al., 2002) or simply an enhanced
attention (Singer et al., 2004), whereas vegans activated the bilateral parahippocampal
gyrus, which has a role in auditory-verbal memory functions (Grasby et al., 1993) and,
through its connections with the amygdala, contributes to emotion-driven learning
(Murty et al., 2010).
To address the hypothesis that processing of mouth actions differs according to the
species involved and their phylogenetic proximity to humans, we limited the analysis to OCAs, since they represent the basis of intra- and intergroup relationships in
humans (Fig. 5.6). During human versus monkey OCA, compared to ovolactovegetarians and vegans, meat eaters had an increased activity of part of the visual areas of
the observation–execution matching system. Vegans experienced a selective increased
activity of the left MTG and the frontal portion of the system, further supporting the

86 VEGETARIAN AND PLANT-BASED DIETS IN HEALTH AND DISEASE PREVENTION

notion of an increased recruitment of regions of the MNS in these subjects. Consistent
with its role in interpersonal interactions, the anterior portion of the insula was more
active, in combination with the left IFG, in meat eaters compared to ovolactovegetarians and vegans during human versus pig OCA. Additional between-group differences in processing human versus pig actions were found in areas involved in empathy
processing, including the amygdala and the anterior lobe of the cerebellum. This latter region plays a crucial role in motor learning and language processing as demonstrated by a recent meta-analysis (Jirak et al., 2010). Overall, these findings support the
notion that despite ovolactovegetarians and vegans showing a characteristic pattern
of recruitment of regions that are part of the MNS during processing mouth actions
executed by other animals, the activity of this system is higher when they are dealing
with actions performed by their conspecifics, probably as a consequence of the matching of the observed human action with their motor repertoire, as part of a common
representational format. Additionally, species proximity with humans can modulate
MNS recruitment in these subjects, as suggested by the between-group differences
observed for monkey but not pig OCAs.

3.3 Vegetarianism, Affect System, and Cognition
The affect system pervades various psychological processes and has a primary role
also in the food domain. According to nutritional needs of the organism, food stimuli
could be associated to different affective responding (e.g., sweet for preference, taste
for aversion; Rozin and Vollmecke, 1986). In humans, ideational reasoning provides further means determining affective responding, potentially overriding the pleasure based
on the flavor of selected food items (Rozin et al., 1997; Martins and Pliner, 2005). Thus,
vegetarianism is a good model to explore the effects of a hedonic shift from liking to
dislike toward specific food items based on ideational reasoning. One study focused on
the affective guidance of selective attention processes. Through EEG registration, the
late positive potential (LPP), occurring between 300 and 700 ms after stimulus onset,
has shown an enlarged amplitude when viewing pleasant or unpleasant stimuli rather
than neutral pictures (Cuthbert et al., 2000; Schupp et al., 2006). Consequently, the
authors expected a greater LLP response when meat stimuli were presented to vegetarians. Participants performed also an explicit attention task in which target stimuli were
defined by an additional food category (desserts) to verify the hypothesis that enlarged
LPP amplitudes to significant stimuli reflects an implicit process. They recruited 24 participants without eating disorders who were asked to first passively view the pictures
(passive viewing), then to see the same picture set and silently count the dessert pictures (explicit task), and finally to rate each of the depicted food on a 3-point hedonic
rating scale with “do like it a lot” [1], “neither/nor” [0], or “do not like it at all” [−1]. The
passive viewing and the explicit task were performed during an EEG recording. The LPP
measurement showed a heightened state of selective attention when viewing affective
pictures (Nieuwenhuis et al., 2005; Schupp et al., 2006). Meat pictures elicited enlarged
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LPP amplitudes in vegetarians compared to meat eaters. Brain potentials to comparable
pictures of vegetable dishes did not differ significantly between vegetarians and meat
eaters; thus the increased LPP amplitude was thought to be meat related. These findings
support the notion that the attention capture of food is not only related to biological
processes of food consumption but also shaped by the affective salience associated with
ideational reasoning and symbolic meaning (Rozin, 1996).

4. Conclusions
Several studies have investigated the relationship between vegetarianism and motivation, empathy, and cognitive features. Combined with the use of fMRI techniques, such an
effort has allowed to characterize the psycho-cognitive profile of vegetarians versus meat
eaters. Current evidences suggest that vegetarians have a different functional recruitment
of networks belonging to social mirroring, emotional contagion, and self-representation.
These data may open new fields of research, contributing to improve our understanding
of the dynamics at the basis of our social interactions, which are especially important in a
world that has growing interest for its cultural diversity.
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1. Introduction
Readers may also refer to Chapter 1 of this book for the definition of vegetarianism and
vegetarian diets. For the sake of consistency, in this volume, the term vegetarianism refers
to the conscious, voluntary choice to exclude meat, fish, seafood, and possibly other animal products such as dairy and eggs from the diet. Vegetarianism encompasses a spectrum
of eating patterns: from diets that leave out all animal meats and products (vegan) to diets
that include eggs, milk, and milk products (ovolactovegetarian). Plant-based diets refer
to diets predominantly based on plant foods, including most vegetarian diets and other
diets in the spectrum, such as those including fish (pescetarian) (Tonstad et al., 2009). In
general, vegetarian diets provide relatively large amounts of cereals, pulses, nuts, fruits,
and vegetables. In terms of nutrients, vegetarian diets are usually rich in carbohydrates,
n-6 fatty acids, dietary fiber, carotenoids, folic acid, vitamin C, vitamin E, and Mg and
relatively low in protein, saturated fat, long-chain n-3 fatty acids, retinol, vitamin B(12),
and Zn (Key et al., 2006). In recent years, the vegetarian dietary pattern has been adopted
by an increasing number of people in Western countries (Fraser, 2009), where it is usually
an adopted lifestyle by choice during adulthood (Fraser, 2009). Moreover, vegetarianism is
not common in the West (<5% of the population) (Key et al., 2006), which limits the power
of studies examining the macro- and micronutrient value of vegetarian diets (Fraser, 2009;
Key et al., 2006; Obersby et al., 2013; Baines et al., 2007).
By contrast, a substantial proportion of the Indian population (35%) are vegetarians
(Key et al., 2006) (10%–62% for different regions) (Arnold et al., 2009). The history of vegetarianism has its roots in the civilization of ancient India, and the origin of vegetarianism in India has often been linked to the cow protectionism and veneration associated
with Hindu culture (Narayan, 2008). The earliest records of vegetarianism as a concept and
practice among a significant number of people concerns ancient India (Spencer, 1993),
where the diet was closely connected with the idea of nonviolence toward animals (called
ahimsa in India) and was promoted by religious groups and philosophers (Walters and
Portmess, 2001). Vegetarianism in India has unique attributes, which make it scientifically
relevant to analyze the relation between vegetarian diet and disease risk: (1) it is generally a lifelong pattern and less susceptible to change, making it easier to measure at any
Vegetarian and Plant-Based Diets in Health and Disease Prevention. http://dx.doi.org/10.1016/B978-0-12-803968-7.00006-X
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etiologic window in the process of disease formation; (2) it is often transmitted through
multiple generations, and hence easier to measure for in utero exposure, and even for
the mother’s in utero experience; and (3) it is associated with high consumption of whole
grains, legumes, nuts and seeds, and dairy with spices and seasonings unique to the Indian
diet; the combination/pattern could yield different findings than similar studies conducted in the West. Dietary patterns in India are bound by religious, cultural, and family
values (Arnold et al., 2009) and are often maintained for generations. The vegetarian diet
in India includes a wide range of vegetables, fruits, cereals, pulses, spices, seasonings, and
cooking practices (Mudambi and Rajagopal, 2001) and hence can have different levels of
bioavailability and absorption for many nutrients. Thus, information on the geographic
aspects of vegetarianism across various regions of India is a valuable addition to the existing
body of evidence.

1.1 Vegetarianism and Nutrition Transition in India
When considering the role of a “nutrition transition” in this trend, it is important to note that
the Indian population has a long tradition of faith-based vegetarianism and remains ∼40%
vegetarian (FAOSTAT), a rate that ranks India as the nation with the largest population of vegetarians (estimated at 300–400 million) in the world. Moreover, data from the FAO indicate that
during the past 25 years, the annual per capita consumption of meats in India has only slightly
increased (by ∼1 kg) to 5 kg (FAOSTAT, FAO. World Agriculture: Towards 2015/2030), primarily attributable to poultry consumption. In India, vegetarianism is mainly guided by religion,
caste, and traditional values, which rule the roost. Most vegetarians abstain from eating meat,
fish, or eggs because, in India, vegetarianism is not a matter of choice. (However, while strongly
linked to religion and caste, some may argue that there is increasingly a choice involved. Many
younger people in northern Indian cities, for example, are choosing to consume meat.) It is a
traditional way of living, inherited by birth with caste and religious considerations (Narayan,
2008). Being born a vegetarian, when eating out, one may tend to eat meat occasionally due
to social considerations and still call himself or herself a vegetarian. However, the fast-growing
Indian middle class now consists of around 300 million people, who model their new consumer lifestyle on the West, and as a result, vegetarianism is falling out of favor (Esselborn,
2013). Over the past 10 years the amount of meat eaten in India has more than doubled: in
2009, it reached around 5.5 kg (12 pounds) per head, according to the World Food Program.
Though, this is still very little in comparison with developed countries such as Germany, where
61 kg of beef, pork, and poultry are consumed per person per year (Esselborn, 2013).
India, which is home to one-seventh of the world’s population, a rapidly growing economy, and the majority of the world’s vegetarians, offers an ideal setting to study dynamics
of the nutrition transition that may play out in a context that already has a long tradition
of plant-based eating or vegetarian diet (DeLessio-Parson, 2016). With the surge in India’s
population, India is gradually becoming one of the largest meat-eating population in the
world (Jishnu, 2014). Data compiled by the National Sample Survey Organisation (NSSO)
of the government has been showing a clear increase in meat consumption in recent years.
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Although NSSO covers just 100,000 people in its surveys, these provide the largest official data on consumption and expenditure. The latest Household Consumption survey
(Round 558) conducted during 2011–12 and released in July 2014 shows both rural and
urban India are spending more on milk, meat, and eggs as consumption of these items is
rising much faster than that of cereals (NSSO, 2012–13). Animal products have also contributed to 33% of the incremental food inflation over the past 5 years, a figure that is
expected to be higher in the future (Jishnu, 2014). Milk and other dairy products, derived
from cows and buffalo, are widely consumed across India, and India is the largest producer of milk globally (FAOSTAT, 2016). Dairy consumption per capita is greatest in the
Punjab region and is associated with socioeconomic status with greater consumption
among wealthier and urban communities (Adhya et al., 2017). Other recent trends show
meat production and consumption patterns are changing: wealthier Indians shop more in
large supermarkets, and meat is portrayed as a symbol of status, wealth, and participation
in global culture (Jishnu, 2014; Roy, 2015). These recent developments come into conflict
with the country’s vegetarian roots dating back to the premodern era, as presented in the
Vedas and as practiced by early Brahmins. As such, religious and cultural proscriptions
shape meat-eating, which varies by caste and across places (Stuart, 2008). Most practicing
vegetarians were raised exclusively on plant-based diets and, while longitudinal data to
produce population-level estimates of nutritional intake are scarce, there appears to be
high adherence across generations (Agrawal et al., 2014). In many places, institutionalized
support of vegetarianism, including state-level criminalization of cattle slaughter, remains
strong just as specific policies and practices are hotly contested (DeLessio-Parson, 2016).

1.2 Types of Vegetarian Diet Consumption in India and States
An analysis of the cross-sectional data states by Agrawal et al. (2014) on 156,317 adult
men and women aged 20–49 years who participated in India’s third National Family
Health Survey (2005–06) in India and its states shows that, overall, a majority (twothirds, 64%) of the sample population eat a nonvegetarian diet (persons consuming
fruits, vegetables, pulses or beans, animal products such as chicken or meat, fish, eggs,
milk, or curd either daily, weekly, or at least occasionally), whereas one-fourth is lactovegetarian (persons consuming fruits, vegetables, pulses or beans, milk, or curd, either
daily, weekly, or occasionally but no fish, eggs, chicken, or other meat) (see Table 6.1).
Other dietary patterns are followed by a relatively smaller percentage of Indian population: semivegetarian (persons consuming fruits, vegetables, pulses, or beans either
daily, weekly, or occasionally and animal products such as chicken or meat, eggs, milk,
or curd, only weekly or occasionally, but no fish) constitutes 5.2%; ovolactovegetarian
(persons consuming fruits, vegetables, pulses or beans, milk or curd, and or eggs either
daily, weekly, or occasionally, but no fish or chicken or meat) constitutes 3.2%; pescetarian (persons consuming fruits, vegetables, pulses or beans, milk or curd either daily,
weekly, or occasionally, and or eggs or fish only weekly or occasionally, but no chicken or
meat) constitutes 2.2%; and vegan (no consumption of animal products such as chicken

India/States

Vegan N[%]

Types of Diet
Lactovegetarian Ovolactovegetarian
N[%]
N[%]
Pescetarian N[%]

India

2,560[1.6]

37,797[24.2]

9[0.6]
17[1.8]
138[3.4]
20[1.6]
107[3.5]
43[2.1]
236[2.9]

276[18.4]
429[45.6]
2,149[52.3]
324[26.6]
2,099[68.9]
645[30.9]
5,060[62.1]

264[1.2]
69[2.1]
294[3.1]

8,458[37.7]
484[14.5]
3,975[42.2]

50[0.5]
43[0.3]
49[1.3]
50[0.8]

1,812[17.3]
183[1.4]
214[5.5]
225[3.8]

5,002[3.2]

3,446[2.2]

Semivegetarian
N[%]

Nonvegetarian
N[%]

Total N

8,140[5.2]

99,372[63.6]

156,317

Northern Region
Jammu and Kashmir
Himachal Pradesh
Punjab
Uttaranchal
Haryana
Delhi
Rajasthan

18[1.2]
76[8.1]
275[6.7]
84[6.9]
205[6.7]
222[10.6]
393[4.8]

9[0.6]
13[1.4]
13[0.3]
15[1.2]
6[0.2]
25[1.2]
62[0.8]

297[19.8]
137[14.6]
420[10.2]
108[8.9]
148[4.9]
192[9.2]
869[10.7]

891[59.4]
269[28.6]
1,112[27.1]
669[54.8]
482[15.8]
963[46.1]
1,528[18.8]

1,500
941
4,107
1,220
3,047
2,090
8,148

1,227[5.5]
101[3.0]
479[5.1]

336[1.5]
60[1.8]
223[2.4]

835[3.7]
57[1.7]
463[4.9]

11,343[50.5]
2,574[77.0]
3,980[42.3]

22,463
3,345
9,414

66[0.6]
16[0.1]
37[1.0]
19[0.3]

382[3.6]
554[4.1]
80[2.1]
432[7.2]

120[1.1]
94[0.7]
81[2.1]
66[1.1]

8,037[76.8]
12,548[93.4]
3,395[88.0]
5,168[86.7]

10,467
13,438
3,856
5,960

1[1.1]
1[0.6]
0[0.0]
0[0.0]
1[0.7]
1[0.2]
1[0.3]
13[0.3]

1[1.1]
2[1.3]
1[0.5]
31[9.0]
1[0.7]
46[7.8]
9[2.3]
132[3.0]

6[6.4]
2[1.3]
2[1.0]
3[0.9]
6[4.3]
2[0.3]
5[1.3]
12[0.3]

77[81.9]
152[95.6]
204[98.1]
307[89.5]
131[94.2]
536[90.8]
371[95.4]
4,135[94.6]

94
159
208
343
139
590
389
4,369

Central Region
Uttar Pradesh
Chhattisgarh
Madhya Pradesh
Eastern Region
Bihar
West Bengal
Jharkhand
Orissa
Northeastern Region
Sikkim
Arunachal Pradesh
Nagaland
Manipur
Mizoram
Tripura
Meghalaya
Assam

0[0.0]
0[0.0]
0[0.0]
1[0.3]
0[0.0]
1[0.2]
0[0.0]
5[0.1]

9[9.6]
2[1.3]
1[0.5]
1[0.3]
0[0.0]
4[0.7]
3[0.8]
72[1.6]
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Table 6.1 Percentage Consumption of Different Types of Diet Among Adult Population Age 20–49 Years in India
and States, National Family Health Survey-3, 2005–06

Gujarat
Maharashtra
Goa

400[4.9]
643[4.0]
3[1.2]

4,546[55.6]
3,614[22.7]
10[3.9]

342[4.2]
529[3.3]
2[0.8]

159[1.9]
1.35[0.8]
30[11.8]

399[4.9]
912[5.7]
2[0.8]

2,330[28.5]
10,068[63.3]
207[81.5]

8,176
15,901
254

45[0.4]
41[0.4]
11[0.2]
21[0.2]

579[4.7]
2,126[22.2]
81[1.8]
416[4.5]

222[1.8]
385[4.0]
37[0.8]
249[2.7]

78[0.6]
134[1.4]
234[5.2]
243[2.6]

1,129[9.1]
979[10.2]
54[1.2]
740[8.0]

10,299[83.4]
5,932[61.8]
4,045[90.7]
7,619[82.0]

12,352
9,597
4,462
9,288

Southern Region
Andhra Pradesh
Karnataka
Kerala
Tamil Nadu
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or meat, fish, eggs, milk, or curd) constitutes 1.6%. More than 80% of the population
consume a nonvegetarian diet in northeastern region, in southern region (except the
state of Karnataka), most of the states in eastern region (except Bihar), and the western
state of Goa. More than half the population in the northern states of Punjab, Haryana,
Rajasthan, and in the western state of Gujarat follow a lactovegetarian diet. One in five
people in Jammu and Kashmir follow a semivegetarian diet (without fish), whereas one
in 10 people in Goa (11.8%) and Manipur (9.0%), 7.8% in Tripura, 7.2% in Orissa, 5.2% in
Kerala, and 4.1% in West Bengal consume a pescetarian diet (dominated by fish). In the
state of Delhi, 1 out of 10 people is an ovolactovegetarian, whereas the western states of
Gujarat (4.9%) and Maharashtra (4.0%) have the highest percentages of vegans.

1.3 Nutritional Profile of Vegetarian Diets in India
The nutritional profile of vegetarian and nonvegetarian diet across various regions of India
is not well documented (Farmer et al., 2011), although studies have shown greater amounts
of antioxidants (vitamins C, A, and E) in Indian vegetarians that may make them less prone
to oxidative stress and noncommunicable diseases (Manjari et al., 2001; Somannavar and
Kodliwadmath, 2012). However, some studies on the nutritional profile of Indian vegetarian diet demonstrate micronutrient deficiencies of zinc and iron that are primarily attributable to reduced absorption (Agte et al., 1994, 2005) and vitamin B12 deficiency in rural
and urban vegetarians due to low dietary intake (Yajnik et al., 2006; Misra et al., 2002). A
recent study (Shridhar et al., 2014) assessing the nutrition profile of the vegetarians from
four different geographic regions, representing 20 states of India, with energy, socioeconomic status, and multivariate adjusted analyses of nutritional intake found that, overall,
Indian vegetarian diets were found to have a greater percentage meeting recommended
daily allowance (RDA) levels of macro- and micronutrients with less fat and lower calories
than nonvegetarian diets.

2. Health Implications of Vegetarianism in India
Extensive research has documented the protective effects of plant-based eating against
noncommunicable diseases in wealthy countries such as the United States (Fraser, 2009;
Orlich et al., 2013). In these settings, a plant-based diet is increasingly viewed as a costeffective intervention to treat medical conditions, especially chronic ones, and reduce
reliance on medicines (Tuso et al., 2013). At the aggregate level, it has been posited that
plant-based eating brings more people closer to optimal health, whereas meat eaters as a
group are more vulnerable to the extremes of disease-related noncommunicable diseases,
i.e., both malnutrition/underweight status and excess calories/overweight (Sabaté, 2003).
Yet population-level studies are often difficult to carry out given the still relatively low
adherence to vegetarianism and veganism in most places. Therefore, although the healthprotective effects of vegetarianism are well documented in the wealthy country context
(see Section 3 in this book), less is known across the Global South, even as India is home
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to most of the world’s vegetarians. A hospital-based survey in a district of Karnataka, a
state in southwest India, documented a linear relationship between BMI and vegetarian
status. BMI was lowest in vegans (23.9 kg/m2), slightly higher among ovolactovegetarians
(25.9 kg/m2), and highest in nonvegetarians (29.2 kg/m2) (Zaman et al., 2010). Another
recent study leverages population-level data and finds that Indian vegetarians are more
protected against type 2 diabetes, even after controlling for wealth; the analysis also controlled for BMI (Agrawal et al., 2014; Zaman et al., 2010). Yet unhealthy BMI itself is also
a risk factor for many diseases and chronic conditions, and estimates of BMI by vegetarian status after controlling for wealth are needed. Vegetarianism generally appears to be
protective against obesity globally, but estimates in India are confounded by socioeconomic status given the historical connections between vegetarianism and certain higher
caste groups (DeLessio-Parson, 2016) and are thus inconclusive. However, a recent study
by Jaacks et al. (2016) found that after adjustment for confounders (age, sex, education,
tobacco, alcohol, and place of residence), South Asian (including India) vegetarians were
only slightly less frequently overweight/obese compared with nonvegetarians: 49% [95%
confidence interval (CI), 45%–53%] versus 53% (95% CI, 51%–56%), respectively.
Diet is a key culprit in perpetuating noncommunicable disease, but it can also be
health promoting (DeLessio-Parson, 2016). This is particularly true when it comes to vegetarianism, which have been associated with increased longevity; reduced risk of heart
disease, diabetes, and cancer; weight maintenance; and diminished need for medications
(Farmer et al., 2011; Fraser, 2003, 2009; Orlich et al., 2013; Singh et al., 2003; Tuso et al.,
2013). Yet societal-level dietary dynamics generally push toward greater animal protein
consumption. Meat is often viewed as a high-status food globally and also in India (Twigg,
1983; York et al., 2003; Kapur, 2014). Economic development typically involves the expansion of the middle class, thereby increasing their purchasing power and generating more
demand for meat, dairy, and processed foods, with a concomitant increase in noncommunicable disease (DeLessio-Parson, 2016). On the other hand, growing awareness of the
negative health outcomes for people and for the planet associated with meat-heavy diets
can prompt others–both individuals and policy makers–to adopt more sustainable plantcentered eating practices.
In India, the shift toward greater consumption of animal proteins has been quite
limited. Nearly one in three Indians are vegetarians (36% in NFHS 2005–06) and less
than 10% of the daily food supply per capita derives from animal sources (FAOSTAT,
see Fig. 6.1). Even so, when examining the diet in historical context, dietary changes
of the past five decades are substantial. Fig. 6.1 shows trends in the share of different
foods and food groups in the diet of the average Indian (percent of food measured in
kcal of daily food supply per capita). The proportion of calories from traditional grains,
pulses, and unprocessed sugar has declined sharply, just as the contribution of oils,
wheat, and refined sugar to the average diet has increased dramatically (DeLessioParson, 2016). Calories from dairy and eggs have doubled in importance, and the pace
of increase appears to be picking up. The consumption of chicken has risen in recent
years, but together with red meat consumption, it remains a very small proportion
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FIGURE 6.1 The unfolding nutrition transition in India. Contribution of items to daily per capita food supply
(% of kcal), 1961–2013. Created by DeLessio-Parson, A., 2016. A protective effect of plant-based diets in urbanizing
India. Poster presented at the annual meeting of the Population Association of America (PAA) (Unpublished);
DeLessio-Parson, A., 2016. The Protective Effect of Plant-Based Diets in Urbanizing India using food supply
estimates (kcal/capita/day) of the Food and Agriculture Organization of the United Nations, FAOSTAT.

of the average diet. However in India, the increase in red meat consumption is proportionate to the increase in population, whereas real increase is found in chicken
consumption (NSSO, 2012–13). Taken together, these changes indicate the onset of
the fourth stage of the nutrition transition in India, which is characterized by changes
in diet and activity pattern leading to the emergence of new disease problems and
increased disability (Popkin and Gordon-Larsen, 2004; Popkin, 1994). At the same
time, these country-level trends mask substantial within-country variation. Moreover,
they offer little in terms of understanding how Indian vegetarians may be more or less
susceptible to negative health outcomes, especially obesity, in the context of changing
diets (DeLessio-Parson, 2016).
In India, studies have documented notable increases in obesity, diabetes, and coronary heart disease (Misra et al., 2011). As Fig. 6.2 reveals, the absolute increase is
particularly telling: the number of overweight (BMI >25) Indians tripled from around
25 million in 1980 to 75 million in 2013, with the numbers swelling among young and
middle-age adults with both men and women affected. The proportion of adolescents
and children with unhealthy body weights increased as well. Across much of the Global
South, the BMI–wealth gradient differs sometimes quite dramatically across countries and neighborhoods (Corsi et al., 2011, 2012). The relationship is, however, clearly
reversed in India: the wealthiest are the first to experience expanding waistlines, even
as malnutrition, stunting, and underweight status persist in poorer segments of societies (Gouda and Prusty, 2014; Griffiths and Bentley, 2001; Patel, 2012). This positive
relationship between wealth/socioeconomic status and overweight/obesity exists at
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FIGURE 6.2 Burden of overweight/obesity in India. Number of males and females aged 20 years and above with
BMI >25 kg/m2, 1980 and 2013. Courtesy Agrawal, S., Millett, C.J., Dhillon, P.K., Subramanian, S.V., Ebrahim, S.,
2014. Type of vegetarian diet, obesity and diabetes in adult Indian population. Nutr. J. 13 (1), 89.

both the individual and state level, underscoring the key role of economic development in health outcomes and the disease burden (Subramanian and Smith, 2006).
These trends, understood within the context of population growth, draw attention
to the “urgent need” for an integrated, multisector public health response (Kapil and
Sachdev, 2012).

2.1 Prevalence of Diabetes and Obesity According to Types of
Vegetarian Diet Consumption
An analysis of the cross-sectional data states by Agrawal et al. (2014) on 156,317 adult men
and women aged 20–49 years who participated in India’s third National Family Health
Survey (2005–06) in India and its states shows the unadjusted prevalence of diabetes and
obesity by types of diet consumption (Table 6.2). An increasing trend in diabetes prevalence based on types of diet was found (P for trend <.01). Prevalence of diabetes varied
from 0.9% (95% CI: 0.8–1.1) in lactovegetarian, ovolactovegetarian (0.9%; 95% CI: 0.6–1.3),
and semivegetarian (0.9%; 95% CI: 0.7–1.1) to 1.0% in vegan (95% CI: 0.6–1.7), 1.2% (95% CI:
1.1–1.3) in nonvegetarian and the highest in pescetarian diets (1.4%; 95% CI: 1.0–2.0). The
range between the lowest and highest BMIs for all groups were reasonably low (less than
1 kg/m2). Mean BMI was 20.3 kg/m2 in pescetarians and 20.5 kg/m2 in vegans, 20.6 kg/m2
in semivegetarians, 20.7 kg/m2 in nonvegetarians, 21.0 kg/m2 in ovolactovegetarians, and
21.2 kg/m2 in lactovegetarians. For BMIs ≥23 kg/m2, the prevalence of diabetes was 1.7% in
ovolactovegetarians, 2.0% in semivegetarians, 2.1% in lactovegetarians, 2.6% in pescetarians, 2.8% in vegans, and 2.9% in nonvegetarians (data not shown). For BMIs ≥30 kg/m2,
the prevalence of diabetes was 2.1% in ovolactovegetarians, 3.7% in lactovegetarians, 3.8%

Characteristics

Vegan

Lactovegetarian

Type of Diets
Ovolactovegetarian Pescetarian

Semivegetarian

Nonvegetarian

Diabetes
N[%], 95% CI
BMI ≥23 kg/m2
N[%], 95% CI
BMI ≥25 kg/m2
N[%], 95% CI
BMI ≥30 kg/m2
N[%], 95% CI
BMI, mean [±SD]

26[1.0]
0.6–1.7
534[21.5]
19.5–23.7
286[11.5]
10.0–13.2
58[2.3]
1.7–3.2
20.5[±4.2]

356[0.9]
0.8–1.1
9,722[26.9]
26.3–27.5
5,861[16.2]
15.7–16.7
1,311[3.6]
3.4–3.9
21.2[±4.5]

46[0.9]
0.6–1.3
1,163[24.9]
23.4–26.5
697[14.9]
13.7–16.3
140[3.0]
2.5–3.7
21.0[±4.1]

71[0.9]
0.7–1.1
1,690[21.8]
20.7–23.0
877[11.3]
10.5–12.2
156[1.6]
1.2–2.4
20.6[±4.0]

1,223[1.2]
1.1–1.3
21,380[22.6]
22.3–23.0
11,996[12.7]
12.4–13.0
2,269[2.4]
2.3–2.5
20.7[±4.1]

aThe

48[1.4]
1.0–2.0
650[19.5]
17.8–21.3
334[10.0]
8.0–11.3
56[1.7]
1.2–2.4
20.3[±3.8]

P for Trend
Valuesa
<.01
<.001
<.001
<.001

P for trend values has been obtained from a likelihood ratio test for showing no difference between the groups for types of vegetarian diet, ignoring the correlated data. As
the nonvegetarian group was expected to have the highest and the rural group the lowest levels of diabetes and BMI, trend tests were carried out scoring the groups 1 to 5 and
using likelihood ratio tests.
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Table 6.2 Unadjusted Prevalence (% With CI) of Diabetes and Obesity According to Types of Vegetarian Diet
Consumption in Adult Indian Population (n = 156,317) Aged 20–49 Years, NFHS 2005–06
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in semivegetarians, 5.2% in vegans, 5.3% in pescetarians, and 5.4% in nonvegetarians
(data not shown).

3. Conclusions
Vegetarian diets and vegetarianism are an important consideration for nutrition and the
environment. This chapter provided an overview of food and diets in India and discussed
the geographic aspects of vegetarianism in India. Vegetarian dietary patterns are diverse
in India and are typically characterized by low consumption of animal-source foods, in
particular red meat. However, diets are changing rapidly in India, with particularly pronounced increases in egg and dairy consumption.
Future decades will likely bring more fast food establishments, supermarkets, and
other elements of a globalized food system that promote the consumption of more
processed foods, refined sugars, and animal proteins (DeLessio-Parson, 2016). Many
still rely on agriculture-based livelihoods, but population growth in urban areas—primarily metropolitan suburbs—is projected to increase (Lozano-Gracia et al., 2013).
Given India’s size, even a small shift away from vegetarianism percentage-wise could
have a substantial impact on the resources required to feed the still-growing population. Research has found that those living in urban settings are most likely to be overweight (Gouda and Prusty, 2014), but it is not clear which neighborhood characteristics
(e.g., wealth or uniquely urban environmental traits) matter most: sedentary lifestyle
or the food habits. Supermarkets, fast food outlets, and Westernized eating patterns
are likely to expand unevenly into communities across India, growing most rapidly in
wealthier, urban neighborhoods that are most distanced from agricultural production.
Interestingly, in the past 25 years, overall per capita calorie consumption has declined
in rural places, while average consumption in urban areas stayed constant (Deaton and
Drèze, 2009). The mechanisms of such place-based divergence are poorly understood,
yet understanding these dynamics is an essential piece of the planetary health puzzle
(DeLessio-Parson, 2016).
Due to the institutionalized nature of vegetarianism across some of India, the nutrition transition could unfold without a concomitant significant increase in meat consumption (DeLessio-Parson, 2016). Yet to the extent that the consumption of dairy and
processed/refined foods replaces traditional eating habits, diet-related noncommunicable disease will likely rise nonetheless. A better understanding of how this protective effect of vegetarianism operates in towns and smaller cities and other geographic
regions of India could thus be key to preventing future growth in obesity rates and
other disease-related noncommunicable diseases. Further, Vitamin B12 bioavailability
remains a concern and should be addressed by exploring various dietary patterns associated with deficiency across various regions of India and identifying people who need
supplementation.
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Religious Variations in Vegetarian
Diets and Impact on Health Status
of Children: Perspectives From
Traditional Vegetarian Societies
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HO L DS W O RTH M EM O R I A L H O S P I TA L , MY S O R E , I N D I A ; 2 MR C L I F E C O U R S E
EPI DEM I O L O G Y U N I T, S O U T H A MP T O N , U N I T E D K I N G D O M

1. Religion and Diet
Annapurna (goddess of food), you who are eternally complete, you, the very life of Lord
Shiva;
Give me food (in alms) so I can sustain my body to achieve supreme knowledge.
From Hindu scriptures

From time immemorial, food has been an integral part of a religion’s spiritual identity.
All the world religions promote dietary norms as a means of promoting purification of
body, mind, and soul. Religion-based beliefs drive practices related to restrictions on, and
prescription of, type of food, seasonal changes in dietary norms, temporary or permanent
abstinence of certain foods, and fasting (Davidson, 2003). Many a time, these practices are
consistent with the core premise of a religion’s teaching. Vegetarianism is strongly associated with a number of religions that originated in ancient India (Hinduism, Buddhism,
Jainism) that advocate “ahimsa” (nonviolence). For example, Jainism, which abhors violence of all kinds, prescribes strict vegetarianism. Moreover, the foods that have symbolic
importance with a religion are either condemned or recommended. Cows are symbolic
of prosperity and sacredness among Hindus, and thus beef eating is prohibited. Milk and
other dairy products are preferred, perhaps for the same reason. In Islam, pigs are considered unclean, and therefore eating of pork is prohibited. Some religions instruct partaking of food prepared in a specific manner (e.g., Halal in Islam and Kosher in Judaism).
Considering the great impact that diet and nutrition has on health in humans, it is not
surprising that religion also plays an important contributory role in determining population health (Diaz, www.leads.ac.uk).
Vegetarian and Plant-Based Diets in Health and Disease Prevention. http://dx.doi.org/10.1016/B978-0-12-803968-7.00007-1
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2. The Relationship Between Religion and Diet
The diets of followers of various religions differ depending on the extent to which they
practice their religion and their socioeconomic class. The attitude toward diet and vegetarianism in Hinduism today differs from the practices of the past. In historic times, meat
eating and animal sacrifices were relatively common among many Hindu castes. However,
there were restrictions on meat eating, and slaughter of domestic animals was usually performed for ritual sacrifice. Moderation in diet was recommended; ancient Hindu texts
suggest that diets should be just sufficient to sustain the body and soul (e.g., BhagavadGita and Tirukkural). The Bhagavad-Gita recommends that food and water be taken only
when hungry and satisfy 75% of the hunger with 25% remaining unfilled (http://www.
gita-society.com). Over time, vegetarianism gradually propagated through the Brahmin
(priestly) castes. There was a belief that meat promoted an undesirable mental state, while
vegetarianism promoted a positive and healthy mental state, which was considered essential for spiritual progress (Bhagavad-Gita). A big fillip to vegetarianism in India was provided during the reign of King Ashoka (c.268 to 232 BC), who converted from Hinduism to
Buddhism and advocated nonslaughter of animals. The Krishna schools, which propagate
lactovegetarianism, ban not just meat and eggs but also onions, garlic, and mushrooms,
which they consider to be associated with baser instincts (www.iscon.org). Most vegetarian Hindus today are ovolactovegetarians or lactovegetarians. Of nonvegetarian Hindus,
chicken and fish are commonly consumed followed by lamb and goat; cows or beef are
not consumed. Also nonvegetarian Hindus have many religious days on which they do not
consume any meat; various groups do not eat meat on Mondays, Tuesdays, Thursdays,
Fridays, and Saturdays, leaving Wednesdays and Sundays as the most common days for
eating meat (anecdotal cultural beliefs). Thus, even nonvegetarian Hindus have a diet that
is predominantly plant-based and not very dissimilar from that of vegetarians. Hindus also
observe a number of “fasting” days for religious reasons; these could be marked by intake
of just water, or milk and fruits, or avoidance of certain foods such as rice, wheat, and certain vegetables and spices. The number of religious and fasting days can vary depending
on the caste and community within Hindus.
Buddhism prohibits killing humans and animals. However, this does not completely
preclude followers of Buddhism from eating meat. The original Buddhist monks were not
allowed to grow their own food and were dependent on alms for food; they were bound
to eat whatever was put in their begging bowls, including meat, provided it had not been
killed specifically for them (Davidson, 2003). The division of Buddhism into two major
sects has resulted in differences in their dietary practices. The Theravada sect, which follows the original practice of begging for food, allows meat eating as they are bound to
accept whatever is put in their bowls. The followers of Mahayana sect are allowed to grow
their own food or use money to buy food, and thus they avoid all kinds of meat. The Jains
follow a practice of total ahimsa (nonviolence) toward all living beings. Vegetarianism is
mandatory, and Jains are either lactovegetarians or vegans. The practice of ahimsa extends
to all living beings, including small animals and insects. This results in Jains even avoiding
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root plants such as onion or garlic, which are uprooted from the ground and therefore
liable to cause harm to small insects (Jain, http://www.ivu.org). There are also restrictions on eating times; for example, cooking and eating after sunset was avoided in the
past where there was a possibility of small insects being unknowingly ingested in the dark.
The Islam religion does not forbid a nonvegetarian diet (Hossain, 2014). However Islam
advocates that all meat/food consumed is prepared in “halal” manner. Halal signifies the
manner in which an animal is slaughtered or killed. Food not prepared in the halal manner is not considered fit for consumption. Similarly, Judaism also does not advocate vegetarianism, although some small groups have supported it; again all food/meat must be
“kosher,” referring to the manner of preparing the food/meat (Davidson, 2003).
Christianity does not promote vegetarianism, although some sects such as the Seventhday Adventists and Eastern Orthodox Christians follow vegetarianism (Davidson, 2003).
Vegetarianism and fasting is also followed by a number of Christians during the period
of Lent. Taoism is similar in its approach to Chinese Buddhism. While meat eating is not
banned, only the Taoist monks are probably vegetarian, but there are days of fasting and
meat restriction, similar to the Christian tradition of Lent.
Sikhism does not recommend vegetarianism, although it does prohibit the ritual
slaughter of animals for food. Some Sikhs avoid beef and pork, following the traditions of
both Hinduism and Islam. Only a few Sikhs, such as those belonging to the Namdhari sect,
are vegetarian (Singh). The Baha’i Faith does not make any preference for vegetarianism,
while Zoroastrianism and Shintoism also have some vegetarian sects.
Thus, it is not surprising that all these differing practices impact diet and, consequently,
nutrition status.

3. Vegetarian Diet and Health: Evidence From ReligionBased Studies
There is a huge difference in the definition of vegetarianism, not only among different religions, but among different sects and regions within an individual religion. In south India
among “upper-caste” Hindus, a vegetarian diet includes consumption of dairy products,
apart from plant-based food products (lactovegetarian). Although egg is not considered a
part of a vegetarian diet by the majority of traditional followers of the religion, some caste
Hindus do consume eggs. Eastern Orthodox Christians are permitted to eat fish, mollusks,
and crustaceans during meat-less fasting seasons. Similarly, some vegetarian Hindus in
coastal India also accept fish as part of an overall vegetarian diet.
Despite the various different definitions of vegetarianism, evidence from a few studies within specific religious groups shows that following a vegetarian life style has several
health benefits in terms of associated lower obesity, cardiovascular disease risk factors, and
cancers, and reduction in all cause mortality (Le and Sabaté, 2014). In particular, studies in
Seventh-day Adventist (Le and Sabaté, 2014; Sabaté and Wien, 2010) and Eastern Orthodox
Christians (Lazarou and Matalas, 2010; Sarri et al., 2003) have shown improvement in health
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indicators among those who follow vegetarian practices during specific religious periods
compared to those who do not. Though these studies are mainly conducted among adults,
some have also shown these benefits to be apparent in children and adolescents (Sabaté
and Wien, 2010). However, health benefits are less apparent among South Asian vegetarians. A study comparing vegetarian and nonvegetarian adults in the United States and in
South Asia (India and Pakistan) observed that South Asian vegetarians ate a less healthy
diet than vegetarians in the United States, and they had relatively lower health benefits
over nonvegetarians than their US counterparts (Jaacks et al., 2016). The vegetarian lifestyle was more likely to be driven by religious reasons among these individuals.
A significant issue is the quality of dietary proteins in those who are vegetarian for religious
reasons. Protein in eggs is highly bioavailable and has higher biological value (Hoffman and
Falvo, 2004). However, most Indian vegetarians do not consume eggs. The protein in their diet
is therefore mostly derived from pulses/lentils, cereals, and dairy products (Gopalan et al.,
1989). While protein in milk and milk products such as curd or cheese are of good quality,
plant-based protein sources are generally of poorer quality. Specifically, cereals such as rice
and wheat, which form a major source of protein due to the bulk of consumption in Indian
lactovegetarians, are deficient in the essential amino acid lysine (Gopalan et al., 1989). Lentils
and other pulses have lower levels of sulfur-containing amino acids, methionine, and cysteine. Thus a judicious mixture of various food groups is necessary to provide a balanced protein
intake. However, lentils and dairy products are relatively expensive and not always available.
Therefore, their consumption also depends on socioeconomic status and availability.
South Asian studies have consistently shown several nutritional deficiencies in adults
following religions that promote vegetarianism. From a Hindu perspective, even those
who eat nonvegetarian foods follow a predominantly plant-based diet. This is linked to
religious practices. Among Hindus who eat animal foods, meat, fish, and eggs are usually
consumed only a couple of times every week. The quantity and frequency are therefore
considerably lower compared with Western meat eating populations. Some households
may cook a sauce with some pieces of meat in it; the sauce is mainly consumed along with
a staple such as rice, while the quantity of meat is small. There may be also gender issues:
the women in the household tend to fast more frequently and eat last after feeding the
men and children (Barker et al., 2006), so they may not get any pieces of meat.
During fasting days, the Hindu diet ranges from fruit, to fruit and milk, to carbohydraterich food such as potato and sago. In some instances, a fasting diet with high starch content
and binge eating following the break of the fast (Kalra et al., 2015) may lead to greater carbohydrate and calorie intake than their normal diets. Therefore, there are significant differences
in those who choose to remain vegetarian for health reasons in Western countries as opposed
to those who are vegetarian for religious reasons in low- and middle-income countries.
Growing children and adolescents who have greater nutrient demands are likely to
bear the brunt of unsupplemented vegetarian lifestyles. Understanding the deleterious
effects of vegetarianism on the health of children, and the need for providing optimum
nutritional environment for their growth, right from before birth, within the ambit of religious dictums is important in these populations.
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4. Vegetarianism and Child Health: Impact of Fetal
Nutritional Environment
The Developmental Origins of Health and Disease hypothesis proposes that nutrition
during fetal development has a long-term impact on an individual’s health (Hanson and
Gluckman, 2011). Indeed, several studies from different parts of the world have shown
that both intrauterine growth restriction marked by low birthweight and accelerated
fetal growth caused by maternal gestational diabetes (GDM) are associated with adiposity, insulin resistance, increased blood pressure, and other disease risk indicators in
children and adolescents (Barker, 1998; Dabelea, 2007; Krishnaveni et al., 2010). These
findings highlight the importance of nutrition during formative years in the long-term
health of children. A well-balanced maternal diet, with adequate supply of a broad range
of nutrients, is essential for optimum fetal growth and development. Studies in low- and
middle-income countries such as India have shown that pregnant women are likely to
be undernourished, with several micronutrient deficiencies, thus compromising fetal
growth (Bhutta and Haider, 2008). At the same time, increasing prevalence of maternal obesity and GDM in these populations has also been exposing the growing fetus
to nutritional overload (Seshiah et al., 2004), thus causing a double burden of underand overnutrition, and thereby increasing the disease risk in children. Some researchers
argue that the practice of vegetarianism over generations, which is the main premise
of major Indian religions such as Hinduism, may be one of the factors giving rise to the
aforementioned associations (Yajnik et al., 2008).
In India, nutritional derangements are common in seemingly healthy pregnant women.
Our collaborative group has been engaged in prospective studies examining the influence
of maternal nutrition on the health of their offspring for ∼20 years. The Pune Maternal
Nutrition Study (PMNS) and the Mysore Parthenon study have shown that vital nutrients such as maternal vitamin B12 and vitamin D are likely to be deficient in the majority
of pregnant women in these regions (Farrant et al., 2009; Krishnaveni et al., 2009; Yajnik
et al., 2008). The PMNS mothers were also energy deficient (Rao et al., 2001). Folate, which
is supplied abundantly in plant-based diets, was in surplus among pregnant women in
both studies. The researchers of these studies proposed that vegetarianism driven by religion was one of the contributing factors for their findings. While in the PMNS rural mothers, thinness, and thus an undernourished status was common, in our study of urban
women in Mysore, offspring were exposed to a hyperglycemic intrauterine environment
(Krishnaveni et al., 2010). These studies showed that maternal nutritional imbalances as
reported were associated with altered fetal growth and childhood risk factors for noncommunicable disease in the offspring (Krishnaveni et al., 2010, 2011, 2014; Yajnik et al., 2008).
The Pune study showed for the first time that offspring of mothers with B12 deficiency
during pregnancy had higher levels of risk markers for type 2 diabetes such as higher adiposity and insulin resistance as early as 6 years of age, especially in the presence of higher
maternal folate status. Subsequently, the Parthenon study in Mysore also observed higher
insulin resistance among children of mothers with higher folate concentrations. In Mysore,

112 VEGETARIAN AND PLANT-BASED DIETS IN HEALTH AND DISEASE PREVENTION

maternal B12 deficiency and high folate status were also associated with a higher incidence
of GDM in the mothers themselves (Krishnaveni et al., 2009). Maternal GDM was a strong
predictor of increased adiposity at birth in the offspring (Hill et al., 2005). Offspring of
diabetic mothers also exhibited cardiometabolic disease risk factors such as higher adiposity, glucose intolerance, insulin resistance, higher blood pressure, and increased stress
reactivity even during childhood and adolescence (Krishnaveni et al., 2005, 2015, 2010).
Lower vitamin B12 status during pregnancy has also been shown to be associated with fetal
growth retardation in another cohort study in Bangalore, India (Muthayya et al., 2006);
children born to B12-deficient mothers had cardiac function abnormalities that may have
implications for their future cardiovascular disease risk (Sucharita et al., 2014).
The Mysore Parthenon study also explored the associations of maternal vitamin D status on children’s health indicators (Krishnaveni et al., 2011). The deficiency of this vitamin is
common among pregnant women in the Indian subcontinent despite the abundant supply
of sunlight (Sachan et al., 2005). Low dietary vitamin intake due to vegetarian lifestyle may be
one of the factors causing this. The Mysore studies observed that lower maternal 25(OH)D
status during pregnancy was associated with smaller muscle size, lower insulin secretion, and
higher insulin resistance in the offspring during early to mid-childhood. India also has a high
prevalence of anemia, especially in pregnant women (Sharma, 2003). Dietary factors could
be one of the predictors of this. Iron deficiency has been shown to be particularly high in lactovegetarian populations (Rammohan et al., 2012; Mahajani and Bhatnagar, 2015). Maternal
anemia has been shown to have significant associations with fetal growth and neonatal health
(Rahman et al., 2016). These various studies on different nutrient components associated
with vegetarianism in India give an indication of the relevance of cultural dietary practices for
the fetal growth, thereby influencing their childhood and subsequent health status.

5. Vegetarian Diet During Childhood
It is well-known that diet plays a crucial role in the growth and development of an individual during early life. Childhood malnutrition is one of the major global public health
problems currently, and it has been linked to increased morbidity and mortality among
children under 5 years of age (Victora et al., 2008; UNICEF-WHO-World Bank Group,
2015). Both childhood undernutrition and overnutrition have adverse implications not
only for the immediate health of the child, but they may also have long-term effects on the
development of noncommunicable diseases in adult life. Since children are dependent
on their guardians for food, their dietary habits reflect those of their providers. It has been
suggested that a well-balanced vegetarian or vegan diet with appropriate micronutrient
supplements may provide an optimum nutritional environment for a healthy childhood,
and it may even be beneficial in terms of reducing the prevalence of obesity and cardiovascular risk markers in the long run (Di Genova and Guyda, 2007). In Western populations, vegetarian lifestyle is usually by choice, and mostly for nonreligious reasons such as
health, environmental, and ethical considerations (Pribis et al., 2010). In these scenarios,
a child’s nutrient needs are generally met by way of supplements. However, even in these
populations, a few individual case studies have reported severe adverse manifestations of
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vegetarianism in children such as severe vitamin B12 deficiency (Di Genova and Guyda,
2007). In India, vegetarianism, in particular lactovegetarian lifestyle, during childhood
is universally driven by religious beliefs of the parents. Although the majority of modern
families do not expect children to observe extreme dietary practices related to fasting and
abstinence, it is likely that a shared cultural environment encourages children to observe
some of these practices. This may further exacerbate dietary deficits.
Children in the Indian subcontinent are some of the most stunted and undernourished
in the world (UNICEF-WHO-World Bank Group, 2015). In addition to energy and protein
deficiency, these children have also been shown to be deficient in several essential nutrients
such as vitamin D, iron, and zinc that are not available in plant-based diets (Kawade, 2012;
Trilok Kumar et al., 2015; Sachdev and Gera, 2013). These deficiencies are likely manifest in
those following lactovegetarian diets. While the intake of some of these nutrients is low in
vegetarian diets, the bioavailability of some nutrients such as zinc and iron will be reduced
in plant-based diets (Sharma, 2003). India has a high prevalence of iron deficiency anemia,
especially among children below 5 years of age (Sachdev and Gera, 2013). Zinc deficiency is
also high among Indian children and adolescents, and it has been shown to be associated
with developmental and cognitive impairments (Kawade, 2012). Deficiency of vitamin B12
has also been shown to be associated with developmental delays in young children in India
(Jain et al., 2015). In our study of 9- to 10-year-old children in Mysore India, we have previously observed that a lactovegetarian diet pattern was predominantly found in Hindus,
and it was negatively associated with plasma vitamin B12 concentrations but positively with
folate concentrations (Kehoe et al., 2014). These dietary imbalances may have long-term
implications; a combination of low vitamin B12 and high folate status has been associated
with neuropsychiatric and cardiometabolic risks even in adults (Morris et al., 2007).
Paradoxical to these situations, the prevalence of obesity is also on the rise among
Indian children (Ranjani et al., 2016), despite widespread vegetarianism. Researchers propose that growing urbanization and the accompanying nutritional transition in India has
led to increased consumption of energy-dense foods and a reduction in diet quality among
vegetarians (Singh et al., 2014). In particular, whole plant-based foods such as fruits, vegetables, and nuts are being replaced by refined carbohydrates and fried foods. Thus, Indian
vegetarian children are being increasingly exposed to high-calorie junk foods, especially
in urban, higher socioeconomic populations. This factor, combined with prevalent micronutrient deficiencies, may be leading to the development of early risk factors for noncommunicable diseases in Indian children.
Some studies have shown general associations of vegetarian-based religions with
childhood health adversities, without reference to specific nutritional parameters. A study
among adolescent girls showed that the development of secondary sexual characteristics
was delayed in Jain girls, who are likely to be vegans or lactovegetarians, compared to a
general sample of girls (Chatterjee et al., 2009). In another study comparing childhood
mortality rates between Muslims and Hindus in India using the nationally representative NFHS data, it was shown that the rates were higher among Hindus, though they were
better off in terms of socioeconomic status and maternal education (Bhalotra, 2010). The
mortality rates were particularly high if the mothers were vegetarian.
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6. Conclusion
In conclusion, though it is generally believed that a vegetarian lifestyle has several health
benefits for cardiometabolic health in adults, religion-induced vegetarianism may confer long-term adverse effects on children’s health through several mechanisms. Though
the studies described in this chapter do not suggest a definitive role of a vegetarian diet
in development of adverse outcomes, the consistency of these associations provide circumstantial evidence for its role. However, confounding effects of other sociocultural and
biological characteristics specific to these different religions cannot be ruled out. Future
studies should focus on novel methods for identifying these associations more conclusively. More importantly, the focus should be on devising religion- and culture-appropriate
intervention methods to prevent the adverse effects of vegetarian diets on health, at the
same time as promoting the beneficial properties.
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1. Introduction
At present, a dietary transition is taking place, in which people shift from plant energy
intake toward a larger share of dietary energy from animal sources (Grigg, 1995a; Popkin,
2002; FAO, 2003; Kearney, 2010; Vranken et al., 2014). Globalization of diets includes shifts
from local markets toward global trade in commodities, such as animal feed, and processes in which people and ideas spread throughout the world (Lang, 2002) and thereby
change consumption. In Europe and the United States, since the 18th century, the dietary
transition that accompanied economic development has caused changes in food consumption patterns (Fogel and Helmchen, 2002). In the European Union, for example, consumption patterns tend to converge toward a common diet (Gil et al., 1995). The recent
economic growth in developing countries, for example in China (International Monetary
Fund (IMF), 2010), has caused dietary changes, especially an increase in the consumption of meat and other foods of animal origin. It has been shown that economic factors,
such as income and prices of protein, are important factors for the spatial variation in the
consumption of total protein, animal protein, and animal protein as a percentage of all
protein (Grigg, 1995b). At present, the increasing demand for protein from animal sources
gives additional pressure on limited natural resources needed to produce the food.
Today, there are great challenges to produce food for an increasing global population
(FAO, IFAD and WFP, 2015), which puts pressure on natural resources like arable land,
freshwater, and biodiversity (FAO, 2003; WWF, 2007; Hoekstra and Chapagain, 2008).
Climate change might worsen this situation (Fischer et al., 2002). Globally, food production has a large impact on land use (Penning de Vries et al., 1995; FAO, 2003), freshwater
use (Falkenmark, 1989; Rosegrant and Ringler, 1998; Rockstrom, 1999; FAO, 2003; Hoekstra
and Chapagain, 2008), and is related to greenhouse gas emissions (Kramer, 2000; CarlssonKanyama et al., 2005; Hedenus et al., 2014). Population growth requires the production of
more food, while economic development first causes a demand for more food (Latham,
2000) and later also for different food, e.g., more foods of animal origin.
Vegetarian and Plant-Based Diets in Health and Disease Prevention. http://dx.doi.org/10.1016/B978-0-12-803968-7.00008-3
Copyright © 2017 Elsevier Inc. All rights reserved.
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The use of natural resources for food is the combined effect of a specific consumption
pattern and production system. There are links between sustainable consumption and the
limited availability of natural resources (e.g., Hertwich, 2005). For example, Duchin (2005)
shows that a shift from affluent consumption patterns, with large meat consumption,
toward a Mediterranean-type pattern, characteristic of Greece in the 1960s, has favorable
impacts on the environment.
Today, food consumption patterns show large differences, especially between developed and developing countries. In the world’s poorest countries, average food consumption is often small, causing malnutrition and hunger (Azoulay, 1998). Studies on food
security show that agriculture can secure physiological requirements, but an affluent diet
including meat might not be possible for the whole world population (Penning de Vries
et al., 1995; Schonfeldt and Hall, 2012). In the coming decades, social and cultural food
aspects might become crucial for satisfying global food demand.
With respect to food, there is a difference between physical consumption and consumption in the form of expenditure because there is a physiological limit to consumption. To provide energy for the human body, requirements are the same as they were
in the Stone Age, about 10 MJ per capita per day (Voedingscentrum, 1998). Economic
consumption, expenditure on food, however, can rise almost infinitely. Many studies
have shown that the overall composition of people’s diets corresponds to their income
(e.g., Braun von, 1988; Vringer and Blok, 1995; Rivers Cole and McCoskey, 2013; Vranken
et al., 2014). In general, when standards of living are low, increasing incomes favor more
food and especially more foods of animal origin, while the consumption of staple foods
drops (Grigg, 1995a). Beyond basic constraints, larger incomes do not favor more food
anymore, but more expensive foods, for example, more meat. Increasing affluence in
the Netherlands, for example, resulted in a substantial rise in meat consumption over
the last decades, with per capita consumption rising from 36 kg in 1950 to 76 kg in 2014
(Verhoog et al., 2015).
Meat consumption does not rise infinitely, however. In the OECD countries, already in
the 1980s, the share of animal products in the diet had stabilized, so the historical trend
of rapid and regular increases of meat consumption did not continue (Blandford, 1984).
Vranken et al. (2014) have shown that at a certain level of income, average meat consumption will stagnate or even decline. Agricultural studies on food security (Penning de
Vries et al., 1995; Bouma et al., 1998) have estimated that a shift from a vegetarian diet to
an affluent diet with meat leads to a threefold increase in the land use. Gerbens-Leenes
and Nonhebel (2002) have shown that the difference between an affluent consumption
pattern and a vegetarian one is even larger than a factor of three. However, this is not
only caused by larger consumption of meat, but shifts occur in all food categories. The
so-called nonmeat changes in the diet, partly also of animal origin (more oils, beverages, fruits, cheese, ice cream, cakes, and so on), seem to have a large impact on land
requirements because, in general, more affluent foods require more land. For example,
the land requirement (m2/kg) for beef, which is relatively expensive, is more than twice
the requirement for pork (Gerbens-Leenes and Nonhebel, 2002).
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Ehrlich and Holdren (1971) have shown that there are three factors that determine
natural resource use: (1) the size of the population; (2) the level of affluence; and (3) the
level of technology. Today, especially the Western countries, the United States, Canada,
and most countries of the European Union, have reached a high living standard. In these
affluent countries, the high living standard goes along with low population growth, high
technology levels, large claims on natural resources, and huge carbon dioxide emissions.
Developing countries, on the other hand, show a low standard of living that goes along
with high population growth, low technology levels, and insecure food availability of inadequate quality.
The specific aims of this chapter are to show trends of the dietary transition, with a
focus on animal foods, that go along with economic development and to give an impression of the consequences of this transition for sustainability issues like natural resource
use. The research questions are these: (1) What is the relationship between per capita food
supply and economic changes? (2) In which regions will large changes in food supply and
consumption occur in the next 10 years? (3) What is the impact of dietary changes on natural resource use?
The chapter is based on earlier studies by the same author, especially on a study into
“Food consumption and economic growth. Increasing affluence and the use of natural
resources” (Gerbens-Leenes et al., 2010) and a study into “The water footprint of poultry, pork and beef: a comparative study in different countries and production systems”
(Gerbens-Leenes et al., 2013).

2. Food Systems
Agriculture provides crops, e.g., rice, sugar cane, or wheat, and produces animal commodities, e.g., meat and raw milk. The number of agricultural commodities important for
global food supply is limited to about 21 (FAO, 2010). The agricultural commodities provide ingredients for food items, such as bread, pasta, or pizza. Basically, foods consist of
only four components: water, carbohydrates, fats, and proteins (Voedingscentrum, 1998;
Whitney and Rolfes, 1999; FAO, 2010).

2.1 Production
The 15 main categories of crop commodities, expressed as global production (tons per
year), are sugar cane, root crops, vegetables, maize, paddy rice, wheat, fruits, potato, sugar
beet, cassava, soybean, barley, pulses, oil seed rape, and sorghum; the 6 main animal commodities are raw milk, pork, poultry, beef, mutton, and goat’s meat (FAO, 2010). Starting
in the 1960s, FAO food balance sheets (FAO, 2010) give information for almost all countries in the world on annual commodity market supply. The food industry uses agricultural commodities to manufacture foods, e.g., pizzas (Catsberg and Kempen-Dommelen
van, 1997). Industry often splits commodities into fractions based on composition characteristics. The fractions form the ingredients for further production, when industry joins
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in and processes ingredients into food items. Soybeans, for example, are split into an oil
and an oil cake fraction (Kramer and Moll, 1995). Oil is used to produce margarines and
oil cake for feed. At the end of the 19th century, technological developments in agriculture, transportation, and food conservation stimulated an expansion of the food industry,
shifting food preparation away from households to the food industry (Jobse-Putten van,
1995). This has been one of the causes of the dietary transition. Agricultural production
determines the availability of commodities for consumer supply. Sometimes wastes are
produced that are reused, for example, manure from cows or pigs are used as fertilizer, or
food industry wastes are applied as ingredients for livestock feed (Nonhebel, 2004).
The production of meat and milk requires the preceding agricultural production of animal feed. With larger demand for foods of animal origin, especially in developing countries, more feed is needed. In 2020, the share of developing countries in total world meat
consumption will expand from 52% in 2003 to 63% (Delgado, 2003). By 2020, developing
countries will consume 107 million metric tons (mmt) more meat and 177 mmt more milk
than they did in 1996/1998, dwarfing developed country increases of 19 mmt for meat and
32 mmt for milk. The projected increase in livestock production will require annual feed
consumption of cereals to rise by nearly 300 mmt by 2020 (Delgado, 2003). This development will put large pressure on agricultural production systems.

2.2 Consumption
Consumer supply provides foods for consumption in a country. Foods are sold in shops
or produced in home gardens (Fernandes and Nair, 1986; Pallot and Nefedova, 2003). The
repeated arrangements of consumption, characterized by types and quantities of food
items and their combination in dishes and meals, are termed food consumption patterns
(Gerbens-Leenes and Nonhebel, 2002). Factors such as preferences (Herrmann and Röder,
1995), habits, availability, tradition, culture, and income influence these patterns (Wijn de
and Weits, 1971; Ivens et al., 1992; Whitney and Rolfes, 1999; Boom-Binkhorst van der et al.,
1997; Vringer and Blok, 1995; Braun von and Paulino, 1990; Musaiger, 1989; Wandel, 1988;
Braun von, 1988). For instance, when income increases, people spend more money on
food (Vringer and Blok, 1995; Pindyck and Rubinfeld, 2005). Food consumption patterns
change over time, although sometimes this is difficult (Ivens et al., 1992). Consumption
patterns can differ enormously between communities (Jobse-Putten van, 1995). In the
Western societies during the 20th century, food consumption patterns have shifted away
from traditional food, mainly harvested from the local environment, toward a diet of
market food. Gradually a more varied consumption pattern has developed (LandbouwEconomisch Instituut/Centraal Bureau voor de Statistiek, 2002).
Throughout the world, major shifts in consumption patterns are occurring, even in the
consumption of basic staple foods, toward more diversified patterns (Kearney, 2010). The
transition is diverse as a result of differences in sociodemographic factors and consumer
characteristics, urbanization, food industry marketing, and policies of trade liberalization. Along with the “nutrition transition,” there is a process with rising rates of obesity
and chronic diseases such as cardiovascular disease and cancer that might be caused by
changes in food consumption. Future food policies must consider both agricultural and
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health sectors, thereby enabling the development of coherent and sustainable policies that
will ultimately benefit agriculture, human health, and the environment (Kearney, 2010).
Hundreds of detailed studies from the dietary, social, and agricultural sciences, as well
as food security studies, are available. Dietary and social studies express consumption
in terms of specific food items (e.g., Mennell et al., 1992; Receveur et al., 1997; Whitney
and Rolfes, 1999); agricultural studies on global food security simplify consumption to
basic and affluent diets and show them in grain equivalents (GE) (e.g., Penning de Vries
et al., 1995), while other studies address food security as the average per capita availability
of commodities (FAO, 2003). The agricultural and food security studies often show time
trends, emphasizing the need to increase agricultural production. The effect of income on
food consumption patterns is recognized as one of the factors that determine food choice
(e.g., De Wijn and Weits, 1971; Braun von, 1988; Wandel, 1988; Musaiger, 1989; Braun von
and Paulino, 1990; Ivens et al., 1992; Vringer and Blok, 1995; Whitney and Rolfes, 1999;
Boom-Binkhorst van der et al., 1997; Regmi et al., 2008; Kearney, 2010). Among the poorest people, be they individuals or nations, diets tend to be composed principally of cheap,
starchy, staple foods: wheat, rice, potatoes, cassava, and the like (Jobse-Putten van, 1995;
Poleman and Thomas, 1995). Regmi et al. (2008) have shown that food purchasing patterns
in middle-income countries shift to the patterns in high-income countries. Convergence
in consumption patterns occurs for total food, cereals, meats, seafood, dairy, sugar and
confectionery, caffeinated beverages, and soft drinks. Convergence reflects consumption
growth in middle-income countries due to rapid modernization of their food delivery systems, as well as to global income growth (Regmi et al., 2008). With respect to meat, the
convergence can go in two directions. In developing countries in 2003, people consumed
on average one-third the meat and one-quarter of the milk products per capita compared
to the richer developed countries, but this is changing rapidly. The per capita amount of
meat consumed in developing countries over the past has grown three times as much as it
did in the developed countries (Delgado, 2003). Poor people everywhere are eating more
animal products as their incomes rise above poverty level and as they become urbanized.
Meat consumption does not increase infinitely though. At a certain level of income, average meat consumption will stagnate or even decline (Vranken et al., 2014). An example of
declining meat consumption comes from the western Canadian Arctic. Increasing affluence in the Dene/Metis communities of indigenous peoples caused a shift in traditional
diets based on animal foods harvested from the local environment, to market foods containing more items of vegetable origin, such as flour and sugar (Receveur et al., 1997).
Existing research often focuses on health issues and changes in time. General relationships between economic change and the rate of change in food consumption patterns are also important to be explored. The dietary transition began in developed
countries 300 years ago. It coincided with great economic growth (Maddison, 2003). If
developing countries follow the same route, it would mean a major shift in the balance
between global food demand and supply, with considerable consequences for natural
resources. Especially in countries with large and fast changes in food consumption
patterns in combination with a large population, such as China, the impact on global
natural resources would be large. In China between 1991 and 2011, food consumption
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patterns and eating and cooking behaviors changed dramatically (Zhai et al., 2014).
The dietary shifts were affected greatly by the country’s urbanization. The composition of consumption shifted toward more fats and animal protein. First there was a
rapid decline of coarse grains consumption, followed by a decline of refined grains
consumption and increases of edible oils and meat consumption. These changes
were accompanied by major eating and cooking behavior shifts resulting in unhealthy
Western types of food consumption patterns. These patterns are often based on traditional recipes with major additions and changes. The most popular meat type is pork,
and consumption of poultry and eggs is increasing. The changes in food consumption
patterns include an increase in snacking and eating away from home. Prior to the last
decade, there was essentially no snacking in China except for hot water or green tea.
Most recently, the intake of foods high in added sugar has also increased. The study
of Zhai et al. (2014) has also shown that in the near future, as exemplified by the food
consumption of the three largest Chinese cities, major growth in consumption of processed foods and beverages can be expected.
The trend toward larger meat consumption does not change by itself, and interventions
are needed. Rivers Cole and McCoskey (2013) have shown that effectively decelerating
global meat consumption requires aggressive policy interventions, which, while leaving
individuals with less choice, would address the otherwise detrimental environmental
impacts of increasing meat consumption. In many developing countries, such as China,
the agricultural development policy focuses on livestock promotion, neglecting the potential adverse consequences for human health, which should be taken into account (Popkin
and Du, 2003).

2.3 The Composition of Food Commodities
Based on the composition, food commodities form four categories: (1) starchy staples,
crops that mainly provide carbohydrates with few proteins; (2) protein-rich crops, which
provide proteins as well as carbohydrates; (3) oil crops, providing plant-based fats for the
production of oil and carbohydrates and proteins for feed (Penning de Vries et al., 1989);
and (4) animal commodities, which provide high-quality proteins and fats (Whitney and
Rolfes, 1999). The composition of a specific commodity determines the suitability for
food and the function in human diets (Whitney and Rolfes, 1999). For example, starchy
staple crops, such as maize and potatoes, provide carbohydrates, pulses provide proteins
and carbohydrates, and oil crops, such as soybean, provide plant-based oil. Shifts in the
macronutrient composition of food consumption patterns also cause a demand for different commodities. With respect to protein, there are slight differences between the protein quality from animal versus plant sources and the reader can refer to Chapter 35 for a
detailed review. Briefly, it is important to consider the amount of protein and the amino
acid composition of the protein source that make up the diet, together with the energy
intake in the developing world. Although many diets in developing countries are deficient
in protein quantity compared to recommendations, the protein quality can also be important (Schonfeldt and Hall, 2012).
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2.4 The Food System and Natural Resources
The requirements for natural resources for a specific food item, such as meat, are determined by the production system. In general, food items show large differences in the
requirement for land (Gerbens-Leenes and Nonhebel, 2005), energy (Kramer, 2000), and
freshwater (Hoekstra and Chapagain, 2007), and they differ in carbon dioxide emissions
(Hedenus et al., 2014). This results in substantial variations in natural resource requirements and carbon dioxide emissions among food consumption patterns. Several studies
have shown that natural resource use varies among food items and food consumption patterns (e.g., Engelenburg van et al., 1994; Kok et al., 1993; Kramer and Moll, 1995; GerbensLeenes and Nonhebel, 2002; Tukker and Jansen, 2006; Hoekstra and Chapagain, 2008;
Gerbens-Leenes et al., 2013). As a rule, affluent Western-style food consumption patterns
need more natural resources than those of poor developing countries (e.g., Gerbens-Leenes
and Nonhebel, 2002; Duchin, 2005; Hoekstra and Chapagain, 2007). Hedenus et al. (2014)
have shown the importance of reduced meat consumption, especially ruminant meat like
beef, and dairy consumption for meeting stringent climate change targets. Tukker et al.
(2011) have shown that moderate dietary shifts that include reduced meat consumption
give impact reductions of up to 8%. The slightly changed food costs did not lead to significant first-order rebound effects. However, Tukker et al. (2011) have also shown that the
European meat production sector will most likely compensate for losses on the domestic
meat market and increase its exports. Higher impact reductions probably would need more
drastic dietary changes. Westhoek et al. (2014) performed a study into the consequences in
the European Union of replacing 25%–50% of animal foods with foods of vegetal origin on
a dietary energy basis, assuming corresponding changes in production. Halving the consumption of meat, dairy, and eggs in the European Union would achieve a 40% reduction in
nitrogen emissions, 25%–40% reduction in greenhouse gas emissions, and 23% per capita
less use of cropland. The readers can refer to Chapter 9 for an analysis of plant-based diet
and the mitigation of climate changes. In general, not only foods of animal origin, such as
meat and milk, but also fats and beverages have relatively large energy, land, and freshwater requirements (MJ/kg, m2/kg, m3/kg). Therefore, all food consumption changes toward
more affluent patterns have impacts on natural resource use. For example, there are large
differences among water footprints (WFs) of different types of meat that also depend on
how the meat was produced. This is shown in the following example.

2.5 Efficiency of Meat Production: the Example of Water Footprints of
Meat
The WF is an indicator of freshwater appropriation that includes the water consumption and
pollution along product supply chains (Hoekstra et al., 2011). The green WF refers to rainwater
consumed (evaporated). The blue WF refers to surface water and groundwater volumes consumed (evaporated). The gray WF refers to the volume of freshwater required to assimilate a
load of pollutants based on ambient water quality standards. The WF of meat, for example,
poultry, pork, or beef, is mainly determined by the animal feed (Gerbens-Leenes et al., 2013).
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Fig. 8.1 shows that, basically, three factors explain the WFs of meat. An important underlying
factor is the type of production system, i.e., grazing, mixed, or industrial, since the type of
production system influences the feed conversion efficiency, the feed composition, and the
origin of the feed. Sometimes feed is produced in an organic way; sometimes it is produced
in a conventional way. A factor that is included in Fig. 8.1, but which is quantitatively small,
is the drinking water of the animals and other on-farm activities, such as cleaning.
The first factor is the feed conversion efficiency (how much feed dry mass is required to
produce meat, irrespective of whether it is grazing forage or concentrates). Fig. 8.2 shows that
there is an efficiency increase from grazing to mixed to industrial systems because less feed is
needed to produce a unit of meat as the animals in industrial systems are fed more concentrated feed stuffs, move less, are bred to grow faster, and are slaughtered at a younger age. The
feed conversion efficiency causes a general decrease of the WF of meat from grazing to mixed
to industrial systems. The second factor is the feed composition (what the animals eat), more
particularly the ratio of concentrates to roughages. There is an increase in the fraction of concentrates in animal feed from grazing to mixed to industrial systems. In general, concentrates
Feed conversion
efficiency

Type of
production system
(grazing, mixed or
industrial; organic
or conventional)

Feed composition (e.g.
concentrates vs.
roughages)

Water footprint of the
feed

Feed origin (country,
organic or conventional,
rainfed or irrigated

Water footprint related to
drinking and other on-farm
activities

Water footprint of an
animal product

FIGURE 8.1 Factors determining the water footprint of an animal product, such as meat and milk. Three important
factors are feed conversion efficiency, feed composition, and feed origin, which are all partly influenced by the
type of production system. Source: From Gerbens-Leenes, P.W., Mekonnen, M.M., Hoekstra, A.Y., 2013. The water
footprint of poultry, pork and beef: a comparative study in different countries and production systems. Water
Resour. Ind. 1–2, 25–36.

Feed conversion
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grazing

mixed

industrial

grazing

mixed

industrial

grazing

0

mixed

20

industrial

kg feed (dry mass)/kg output

80

beef

FIGURE 8.2 Average feed conversion for three types of meat for three types of production systems. Source:
Adapted from Gerbens-Leenes, P.W., Mekonnen, M.M., Hoekstra, A.Y., 2013. The water footprint of poultry, pork
and beef: a comparative study in different countries and production systems. Water Resour. Ind. 1–2, 25–36.

Chapter 8 • Dietary Transition: Longterm Trends, Animal Versus Plant Energy 125

have a larger WF than roughage. The second factor contributes to an increase of the WF, especially the blue and gray WF, from grazing and mixed to industrial systems. The third factor
is the origin of the feed. There are differences in WFs for feed among countries. The overall
effect of the three factors depends on the relative importance of the separate factors, which
varies case by case. A specific focus on the blue WF is needed because in the case of blue water
use, groundwater, and surface water, agricultural water demand competes with other human
demands for water, such as water demands for households and industries.
In general, feed conversion efficiencies are largest for broilers and pigs and smallest for
cattle. This explains the general finding that beef has a much larger WF than poultry and
pork. However, the large use of concentrates in the broilers feed in all systems and of pigs
in industrial systems causes a relatively large blue and gray WF for poultry and pork, in
several cases larger than for beef.
In general, the WFs of meat are dominated by the green portion of the WFs. The blue
and gray WFs are proportionately much smaller (Table 8.1).

2.6 Food Supply and Income
Per capita food supply depends on a countries’ annual per capita income (GDP). Fig. 8.3
shows that supply varies between 1600 kcal per capita per day for low GDPs and 3800 kcal
for high GDPs, a difference of a factor of almost two and a half (Gerbens-Leenes et al.,
2010). The figure shows that especially for low GDPs, differences per unit of GDP are large,
while for high GDPs, differences are negligible, and saturation occurs.
Fig. 8.4 shows the relationship between the macronutrient composition of human diets
and annual, per capita GDP.
Table 8.1 Green, Blue, and Gray Water Footprint (L/kg) of Poultry, Pork,
and Beef for the World on Average, Specified by Production System
Graz.

Global Average
Mix.

Ind.

Poultry
Green WF
Blue WF
Gray WF

7,919
734
718

4,065
348
574

2,337
210
325

7,660
431
632

5,210
435
582

4,050
487
687

21,121
465
243

14,803
508
401

8,849
683
712

Pork
Green WF
Blue WF
Gray WF
Beef
Green WF
Blue WF
Gray WF

Graz., grazing; Mix., mixed; Ind., industrial.
Source: Adapted from Gerbens-Leenes, P.W., Mekonnen, M.M., Hoekstra, A.Y., 2013. The water footprint of poultry,
pork and beef: a comparative study in different countries and production systems. Water Resour. Ind. 1–2, 25–36.
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FIGURE 8.3 Relationship between annual per capita GDP (dollars) and dietary energy supply (kilocalories per
capita per day). The relationship is based on data from 57 countries in different stages of development in 2001.
The solid line shows the power-law regression (income elasticity 0.14, R2 = 0.71); the shaded zone is the 90%
confidence band. Source: From Gerbens-Leenes, P.W., Nonhebel, S., Krol, M.S., 2010. Food consumption patterns
and economic growth. Increasing affluence and the use of natural resources. Appetite 55, 597–608.
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FIGURE 8.4 Relationship between annual per capita GDP and the composition of human diets in terms of the
fraction of dietary energy derived from fat (fat E%), protein (protein E%), and carbohydrate (carbohydrate E%).
The relationship was based on data from 57 countries in different stages of development in 2001. Source: From
Gerbens-Leenes, P.W., Nonhebel, S., Krol, M.S., 2010. Food consumption patterns and economic growth. Increasing
affluence and the use of natural resources. Appetite 55, 597–608.
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FIGURE 8.5 Relationship between annual per capita GDP and the composition of human diets in terms of the
fraction of dietary energy from animal sources; the solid line denotes the power-law function with income
elasticity 0.52, R2 = 0.73. The relationship was based on data from 57 countries in different stages of development
in 2001. Source: From Gerbens-Leenes, P.W., Nonhebel, S., Krol, M.S., 2010. Food consumption patterns and
economic growth. Increasing affluence and the use of natural resources. Appetite 55, 597–608.

The figure shows that the fraction of dietary energy (E%) provided by proteins is stable, between 9 and 13 E%. The carbohydrate and fat E% show a relationship with GDP. In
countries with small GDPs, people derived dietary energy mainly from carbohydrates and
a small fraction from fats. In countries with large GDPs, more energy is provided by fats.
Fig. 8.5 shows the relationship between the fraction of dietary energy derived from animal
sources and annual per capita GDP.
When GDPs are small, the fraction of dietary energy derived from animal sources is
almost negligible; when GDPs are relatively large, the fraction is about 25%–40%. The figure also shows that for small GDPs, differences per unit of GDP are large; for large GDPs,
differences per unit GDP are smaller. It is important to notice that the fraction of energy
from animal sources in the human diet does not increase infinitely. This is in line with the
findings of Jobse-Putten van (1995), who has shown that in Western societies, high-income
groups consume less meat than low-income groups. However, rich people often buy more
expensive meat, e.g., more beef rather than pork.
In general, animal protein has a better quality than vegetal protein (Whitney and Rolfes,
1999). For all countries, the protein E% of per capita consumption was about the same. An
increase of the fraction of dietary energy derived from animal foods, therefore, does not
imply an increase of the fraction of protein but rather an improvement of protein quality. Especially for developing countries, this improves the quality of consumption. Fig. 8.5
gives the fraction of energy derived from animal foods, not the consumed amount.

2.7 Trends
Below income levels of $5000 per capita per year, large changes in food supply and dietary
composition occur for relatively small annual per capita GDP changes. For a GDP between
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$5000 and $12,500, changes are relatively small. When annual per capita incomes are above
$12,500, food supply and the dietary composition stabilize. This is in line with studies of
specific consumer groups that show that increasing affluence causes shifts of specific food
consumption, e.g., the study from Rivers Cole and McCoskey (2013). Low-income countries have an increase of supply first, next a change in dietary composition. This is relevant
for environmental studies. An increase of a low income initially means that people buy
more of the same foods. In this situation, natural resource use is linear to supply. Next,
people shift toward larger fat and animal food consumption, and this change continues
for longer. This situation requires the production of food commodities with larger natural
resource use, such as land and water.
Table 8.2 gives an example of differences in the per capita supply of food items (kilograms per capita per year) for three different countries with different income levels: Nigeria,
Portugal, and Denmark. In 2001, the annual per capita income in Nigeria was $1200, in

Table 8.2 Per Capita Supply of Food Items in Kilograms per Capita per Year for Three
Different Countries With Different Income Levels: Nigeria, Portugal, and Denmark
Food Item

Nigeriaa

Supply (Kilograms per Capita per Year)
Portugalb
Denmarkb

Beverages
Beer
Wine
Coffee
Tea

8.0
0
0
0.2

67.4
58.4
3.3
0.0

121.5
25.0
8.6
0.4

14.2

30.0

43.6

2.7
1.4
1.7
2.8

17.6
34.7
23.0
3.6

17.6
64.2
15.3
1.2

13.5
0.1
0
3.5

100.5
1.5
7.2
8.6

141.7
9.6
15.9
15.9

82.4
29.2
138.7
123.7
103.4

74.6
40.5
57.1
80.0
64.0

Fats
Vegetable oil and fats
Meat
Beef
Pork
Poultry
Other meat
Dairy and Eggs
Milk products
Butter
Cheese
Eggs

Cereals, Sugar, Potatoes, Vegetables, and Fruits
Cereals
150.8
Sugar
8.8
Starchy roots and tubers (e.g., potatoes) 227
Vegetables
52.8
Fruits
70.3
aFAO,

2010.

bGerbens-Leenes,

2006.
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Portugal $14,000, and in Denmark $23,000 (Maddison, 2003). In Nigeria, the annual meat
consumption is small, in Portugal, annual consumption is 79 kg, and in Denmark, it is
98 kg. In Nigeria, the consumption of cereals and starchy roots is relatively large. The table
also shows that cultural differences are important. For example, there is a large difference
between Portugal and Denmark regarding the consumption of wine, coffee, tea, and beer.

2.8 Future Changes
The main changes in dietary patterns occur in the category of per capita annual incomes
below $12,500 (Gerbens-Leenes et al., 2010). If this trend continues, there are important consequences in the coming decade, not only for food security but also for the use of natural
resources, such as arable land and freshwater. Currently, about 85% of the world population
lives in six regions: (1) the OECD countries, (2) Latin America, (3) Africa, (4) China, (5) India,
and (6) the rest of Asia. Especially China, India, and the rest of Asia combine relatively small
GDPs with large economic growth rates. In the next 10 years, changes are likely to occur in
Asia with per capita food supply increasing and dietary composition becoming more affluent, like the patterns of Western countries, with increasing consumption of animal foods
and limited consumption of starchy staples. The case study of Zhai et al. (2014) of changing
food consumption patterns in China confirms this trend. Although still based on traditional
recipes, China’s food consumption patterns and eating and cooking behaviors changed dramatically between 1991 and 2011. Macronutrient composition shifted toward more fats and
protein, first caused by a decline in coarse grain consumption and, later, of refined grains
in combination with increased oil consumption and larger consumption of foods of animal
origin, e.g., pork, poultry, and eggs. Most recently, the intake of foods high in added sugar,
such as beverages, has also increased. Zhai et al. (2014) show that the dietary shifts in China
are affected greatly by the country’s urbanization. The future, as exemplified by the diet of the
three mega cities, promises major growth in consumption of processed foods and beverages.

2.9 The Impact on Natural Resources
Increased supply in combination with a dietary shift toward foods with greater requirements
for natural resources, such as meat, results in a larger pressure on these natural resources.
The European transition toward affluent dietary patterns was a gradual process, taking place
over centuries. The economies developed step by step, and agriculture could keep pace with
demand growth. Today, economic growth occurs relatively fast (Maddison, 2003).
At present, 38% of the global land area is used for food production (FAO, 2003), and
sustainable options to increase land areas are few. Moreover, a global deceleration of yield
growth has occurred (FAO, 2003). The pressure on freshwater is also large. Humans already
use 86% of the available freshwater, mainly for agriculture. This water can for a large part
be attributed to the consumption of animal foods, such as meat (Hoekstra and Chapagain,
2007). The expected global increase in consumption of meat, therefore, will put additional
pressure on the availability of freshwater. While land and freshwater are mainly needed
in agriculture, energy requirements occur in all links of a food chain. In the past decades,
energy requirements for food increased not only due to consumption of different foods
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but also due to the use of other production and transportation methods (Gerbens-Leenes,
2006). It can therefore be expected that the general trends of consumption also have impact
on energy use. Knowledge on the impact of different foods and food categories on resource
use provides a tool to indicate pathways toward more sustainable diets, for example, by
increased efficiency, prevention, or substitution. Dagevos and Voordouw (2013), for example, have shown that in The Netherlands, a country with an affluent Western consumption
pattern, many people are meat reducers that eat no meat at least 1 day per week. Dagevos
and Voordouw (2013) especially emphasize the role of politicians and policy makers who
have little interest in strategies to reduce meat consumption and to encourage more sustainable food consumption patterns. Given the important environmental impact of animal food
consumption and consumer awareness to reduce the consumption of meat, more interest
in sustainable food consumption patterns could reduce the environmental impact. Boer de
et al. (2006) have indicated that the East Mediterranean diet of the early 1960s, characterized
by a relatively small consumption of animal energy intake in combination with large consumption of foods of vegetal origin, has interesting qualities for the development of options
to create more sustainable, healthy food consumption patterns. Boer de et al. (2014) promote four options to improve the sustainability of food consumption patterns: (1) smaller
portions of meat (“less”), (2) smaller portions using meat raised in a more sustainable manner (“less but better”), (3) smaller portions and eating more vegetable protein (“less and
more varied”), and (4) meatless meals with or without meat substitutes (“veggie-days”).

3. Conclusions
This chapter shows that throughout the world a dietary transition is taking place, in which
people shift toward more affluent dietary consumption patterns with more meat. For small
income groups, an increase in per capita GDP goes along with changes toward the Western
lifestyle food consumption patterns. A second characteristic of changes in consumption is
the switch in the fraction of dietary energy from carbohydrates to fats and to animal foods,
while the protein fraction remains stable. People with low incomes derive dietary energy
mainly from carbohydrates; the contribution of fats to dietary energy is small, that of protein the same as for high incomes, and that of animal sources negligible. People with high
incomes derive dietary energy mainly from carbohydrates and fats, and the contribution
of animal sources is substantial.
The importance for environmental studies is that results show that the largest changes
in food consumption patterns, and thus the largest increase in the use of natural resources,
occurs in the range of incomes below $5000 per year, i.e., in developing countries. With an
income of above $12,500, saturation has occurred, and per capita use of natural resources
for food does not necessarily increase any further.
The chapter has also shown that it is important how food, and especially meat, is produced. There are large differences in natural resource use per unit of meat, as has been
shown for water. The most expensive meat type, beef, has a much larger WF than poultry
or pork. However, the cheaper poultry and pork have relatively large blue and gray WFs,
which are less favorable from a sustainability perspective.
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In the coming 10 years, large changes in dietary patterns are likely to occur in Asia, especially in China and India. These two countries combine economic growth, low income levels,
and poor nutritional patterns. Applying traditional recipes, China’s food consumption patterns shift toward the affluent Western patterns characterized by large fat and animal energy
intake and relatively small plant energy consumption. The European transition occurred gradually, enabling agriculture and trade to keep pace with demand growth. Changes in economic
circumstances change the demand for food. A continuation of present economic trends might
cause a considerable pressure on the food system because changes are occurring much faster
than they did in Europe, causing additional pressure on finite natural resources. Although meat
consumption decreases in some countries, the average trend toward larger meat consumption
is a process that occurs globally in the world. To decrease the environmental impacts of animal
energy intake, important interventions need to be made through policy.
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FAO
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Energy percentage
Food and Agriculture Organization of the United Nations
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1. What Is the Diet–Climate Connection?
The large human impact on the biophysical environment has been acknowledged by the
proposal for defining a new geological epoch, the Anthropocene, and the term is already
widely used informally (Ruddiman et al., 2015). This impact is unsustainable (Hoekstra
and Wiedmann, 2014; Steffen et al., 2015), and a large part of it is from the food system
(Foley et al., 2011; Garnett, 2011). This means that the supply-side solutions to increasing
demand due to growing population and increasing consumption that have defined the
history of agriculture are no longer an option, and the focus needs to be on demand-side
solutions (Cleveland, 2014).
Many environmental impacts of diets via resource consumption and waste emissions
have been documented, including on water quality, water supply, air quality, soil quality,
land use, and biodiversity. Along with animal welfare and human health, environmental
benefits have long been one of the major advantages of plant-based diets (PBDs, comprising vegan and ovolactovegetarian) promoted by proponents, such as Thomas Tryon in
17th-century England (Stuart, 2008, pp. 72–73). For example, water is a critical resource,
and agriculture production alone (not including the rest of the food system) uses the great
majority of fresh water globally: 92% of our water footprint (Hoekstra and Mekonnen,
2012), but with large variations within and between crops (Mekonnen and Hoekstra,
2014). Animal production consumes 12% of groundwater and surface water for irrigation,
and the total water footprint of animal production is 29% of the total for agricultural production (Mekonnen and Hoekstra, 2012, p. 408). Changing diets by reducing animal foods
in countries worldwide could reduce global water consumption, with vegan diets having
the greatest reduction: 14.4% of blue (irrigation) and 20.8% of green (precipitation held in
soil) water (Jalava et al., 2014).
In this chapter, we focus on the diet–climate connection, that is, on the relative contribution of PBDs to anthropogenic climate change (hereafter simply “climate change”)
and its mitigation, since climate change is the major environmental threat to our species and our planet. Increasing concentration of greenhouse gases (GHG) in the atmosphere, which drives global climate change, is a prominent part of human impact in
the Anthropocene, and current growth in concentration must be stabilized or even
Vegetarian and Plant-Based Diets in Health and Disease Prevention. http://dx.doi.org/10.1016/B978-0-12-803968-7.00009-5
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reversed to avoid a greater than 2°C or less increase in average global temperature,
which would be catastrophic (Hansen and Sato, 2016; Pfister and Stocker, 2016). While
estimates vary depending on methods, data, and assumptions, it is clear that the food
system is responsible for a major portion of all anthropogenic GHG emissions (GHGE)
into the atmosphere. Vermeulen et al. (2012, p. 198) estimated that global food systems
contribute 19%–29% of total GHGE, including land use change and food waste, with
production accounting for 80%–86% of this. However, Bellarby et al. (2008, p. 5) estimated that agricultural production alone accounted for 17%–32% of the global total.
For the United Kingdom, Garnett (2011, p. 524) estimated that agricultural production
was only 40% of the total food system GHGE, while Gerber et al. (2013, p. 15) estimated
that livestock alone accounted for 14.5% of the global total, including land use change.
Taken together, these and other estimates suggest that the food system contributes at least
one-third or more of global GHGE.
Fortunately, there is a high correlation between foods that are good for our health and
foods that are good for the climate and the environment in general, as popularized by the
Barilla double pyramid (BCFN, 2015). This correlation is slowly beginning to find its way into
official dietary recommendations, with one (Sweden) of four nations that have included
environmental sustainability in their guidelines mentioning climate change mitigation as a
reason (Gonzalez Fischer and Garnett, 2016). However, such recommendations can be very
controversial, as in the United States, where the recommendation of the Dietary Guidelines
Advisory Committee (DGAC) (USDA and HHS, 2015b) to make this link in the new edition
of the Dietary Guidelines for Americans (DGA) (USDA and HHS, 2015a) was not taken by
the government, most likely because of the pressure from the food industry, especially the
meat industry (Goldman, 2015; Gonzalez Fischer and Garnett, 2016, pp. 37–38).
Research on the diet–climate connection is growing rapidly (Heller et al., 2013), and
since 2005, the Food Climate Research Network at the University of Oxford has become a
major source of information and discussion (http://www.fcrn.org.uk). Because the scientific study of the diet–climate relationship is in its infancy and methods and data sources
are actively being developed and debated, our goal in this chapter is to provide a guide to
the key issues that need to be addressed for an informed discussion of the climate impact
of PBDs, and to the general conclusions that are supported, and not to comprehensively
review the existing data. To do this we address three main questions: How can diets be measured to assess their climate impact? How can climate impact be measured and attributed to
diet? What do we know about the relative climate impact of different PBDs?

2. How Can Diets Be Measured to Assess Their Climate
Impact?
Climate impact is commonly measured by using the metric global warming potential (GWP)
of GHGs, in units of the equivalent mass of carbon dioxide (CO2e), with the GWP of CO2 = 1
(Section 3). There are two basic methods of estimating this impact. A bottom-up,
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process-based life cycle assessment (LCA) assembles GHGE data from the processes
comprising the life cycle of foods in a diet. A top-down, economic input–output LCA
(EIO-LCA) begins with data at an aggregate system level, like a national food system, and
partitions impacts to the components of the system (e.g., http://www.eiolca.net/). Hybrid
approaches attempt to combine the best of these two (Matthews et al., 2016, pp. 257–264),
and have been proposed and tested for assessing the GHGE of foods comprising diets. A
study of the French diet found general agreement between process-based LCA and hybrid
LCA results, but it found hybrid data to be more reliable (Bertoluci et al., 2016).
LCAs of foods and diets in terms of their climate impact require many decisions, which
are inevitably influenced by values (Goldstein et al., 2016), much of the data required is
subject to varying levels of uncertainty, and methods are not fully standardized (Hallström
et al., 2015; Heller et al., 2013; Röös et al., 2014). For example, defining system boundaries, structurally, temporally, and spatially, is a key aspect of LCA, requires some subjective judgments, and is subject to debate. Another important choice in LCA is the unit of
the food to be measured and allocated an environmental impact, referred to in LCA as
the functional unit. Functional units based on mass (e.g., kg), energy (e.g., kcal), serving,
single nutrient, or nutritional index can have very different results (Section 4.1). Therefore,
we need to keep asking questions about how all of these decisions are made, what an LCA
does and does not include, how impacts are defined and measured, and quality of the
data used, but also about their effect on moving toward greater human and environmental
health (Cleveland et al., 2015).
The impact of a diet on climate is the product of individual foods’ impacts, their quantities in the diet, and the number of people following the diet. The actual diets of different segments of a population, or different populations, can be compared (Section 4.2),
model diets can be constructed to highlight different impacts, or interactions and tradeoffs between them, and compared with each other or with actual diets (Section 4.3). A
third way is to focus on the individual foods that differentiate diets (Section 4.4). As Katz
and Meller (2014, p. 94) note, because “food selection is a discrete choice that can be made
at a given time,” there is also a practical advantage in making information on the climate
impact of foods available as a guide to food choice. However, foods and diets can also be
conflated in ways that lead to misleading results (Section 4.1).
The climate effects of foods can be evaluated in two basic ways. First, we can compare the emissions of different life cycles of the same food, e.g., broccoli that is grown at a
nearby farm that you purchase, cook, and eat within 24 h, and is never refrigerated, versus
broccoli grown at a distant farm, frozen, packaged, transported in a refrigerated truck,
stored in a retail store’s freezer, then in your home freezer, before cooking 6 months after it
is harvested. Second, we can compare the emissions of different foods that serve the same
or similar roles in the diet, e.g., in terms of the nutrients they supply. An example of this
is the comparison of two types of milk, cow versus plant-based, which can serve the role
of “milk” in diets in the Global North both in terms of their place in foods and meals and
in terms of the nutrients supplied (Röös et al., 2016). Major challenges for both of these
approaches are idiosyncratic differences, the need to balance the huge resource demands
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of determining the impact of each specific food choice, and the resulting necessity of making decisions based on incomplete information.
Finally, there are two different pathways by which foods and diets affect the environment, the food system on which most research to date has been done, and the healthcare
system, which is receiving increasing attention. The first is the process of getting food to
the eater, from the production and transport of inputs (e.g., irrigation water, fertilizers),
through in-field production (e.g., fertilizer application, machinery, labor use), transportation, processing, storage, and retailing, to preparation of food in the household or institution (Sections 4.2–4.4). To this is added the impact of waste throughout the life cycle,
including postconsumer plate waste and human and animal waste. The second is the
impact of food on the environment after it is eaten, which includes its effect on the health
of eaters, which drives the GHGE of the healthcare system, and the productivity of eaters,
which affects the efficiency of resource use (Section 4.5).
Having considered how the diet component of the diet–climate relationship can be
measured, in the next section, we discuss how the climate component can be measured.

3. How Can Climate Impact Be Measured and
Attributed to Diet?
We focus in this section on GHGs because they are the most important drivers of climate
change and the most commonly measured climate impact of diet. GHGs in the Earth’s
atmosphere absorb infrared radiation that would otherwise radiate directly into space,
resulting in the greenhouse effect. While the greenhouse effect has been recognized for
centuries as a beneficial factor for making the Earth much warmer on average than it
would otherwise be (Weart, 2008), the additional GHG in the atmosphere due to human
activity during the Anthropocene has changed the radiation balance of the Earth’s climate
system and increased the amount of heat retained, increasing global average temperatures and precipitation extremes (Stocker et al., 2013). The heat-retention effect of a GHG
is commonly measured in terms of its net radiative forcing (RF), with a positive RF leading
to an increase in heat energy gain in the Earth system, which contributes to global warming. Current rates of increasing RF are predicted to have major and even devastating consequences for humans and the Earth’s climate system (Hansen and Sato, 2016; IPCC, 2014;
Pfister and Stocker, 2016; Stocker, 2013; Pfister and Stocker 2016; Stocker 2013). Different
GHGs have different values of RF based on their heat radiation absorption properties,
their concentration in the atmosphere, and their lifetime in the atmosphere. We begin this
section with the question of how the climate impact of dietary GHG can be measured.

3.1 How Can We Measure the Climate Impact of GHGs from Diets?
The GWP, the most commonly used metric for measuring the climate impact of GHG,
is “An index, based on radiative properties of greenhouse gases, measuring the radiative forcing following a pulse emission of a unit mass of a given greenhouse gas in the
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present-day atmosphere integrated over a chosen time horizon, relative to that of carbon
dioxide” (IPCC, 2013a). For example, releasing 1 kg of methane, which has a 100-year GWP
of 34, has the same RF effect of 34 kg of CO2 on the climate system over 100 years.
Because of the various properties of different GHGs, it can be quite challenging to estimate the climate impact of individual foods or diets, including PBDs. For example, methane is a powerful greenhouse gas, but it has a relatively short lifetime in the atmosphere of
only 12.4 years, producing water, CO2, and ozone (O3) as feedbacks (Section 3.2). CO2 is a
weaker greenhouse gas, but it lasts much longer in the atmosphere. So, choosing the time
periods to use as the basis for the GWP of the different GHGs is arbitrary (Section 3.2). The
major world climate science and policy body has stated that there is “no scientific argument” for the 100-year versus other time periods and that it is therefore “a value judgment”
(IPCC, 2013b, pp. 711–712).
There are other metrics for comparing GHGs, but they each have problems. For
instance, global temperature potential (GTP) is a metric that considers the net change in
temperature at a given time in the future, from a pulse of a GHG, and compares it to the
temperature change from CO2. As with the GWP, the assigned time in the future is a highly
subjective decision. In the very near term, GTP can be very high for gases such as methane, but less so for times far into the future (Persson et al., 2015), so that using the very
low 100-year GTP may lead to claims that do not accurately capture the climate impact
of continual release of methane, or the important potential of rapid emissions reduction.

3.2 Why is Methane So Important for Understanding the Climate
Impact of Diets?
Methane from the food system comes primarily from enteric fermentation of ruminant
animals and anaerobic decomposition of organic waste including manure and food waste.
Production of most plant foods has relatively low CH4 emissions, with the exception of
rice, which has relatively high emissions compared with other crops due to anaerobic conditions in flooded paddies. About 31% of methane in the United States comes from enteric
fermentation (primarily cows) and manure management (EPA, 2016), with the largest
source from ruminant production, dominated by beef, and globally, about 44% of total
methane emissions are from livestock (Gerber et al., 2013, p. 15). For example, incorporating beef carcass GHGE (Pelletier et al., 2010), carcass-to-bone-free weight (Hallström and
Börjesson, 2013), and a 100-year GWP of 34 for methane, yields a total GHGE impact of
43 kg CO2e per kg of beef, with methane comprising at least half (22 kg CO2e).
However, even though the data currently show a large contribution of methane from
animal foods, top-down methods often used in national assessments may underestimate
this. For example, EPA estimates of the contribution of beef and dairy production to US
emissions may underestimate methane emissions by almost 50% (Turner et al., 2015), yet
livestock is the only major economic sector not required to report GHGE (Halverson, 2015).
Because methane’s lifetime in the atmosphere is only 12.4 years, using a shorter time
frame leads to a higher GWP: the 20-year GWP for methane is 86 (including climate-carbon
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feedbacks), while it is 34 for a 100-year time frame (Myhre et al., 2013, p. 714, Table 8.7). The
effects are less pronounced for other food system GHGs with longer lifetimes, such as N2O
with a 121-year lifetime. Most LCAs that include the climate impact of methane from the
diet use the 100-year GWP, and many used outdated estimates as low as 21. The 100-year
GWP detracts attention from the potential of reductions in short-lived GHGs like methane
to mitigate climate change in the short-term (Scovronick et al., 2015), and because of the
large proportion of methane emissions are from animal foods, a realistic estimate of the
potential of PBDs to mitigate climate change may require using the 20-year GWP.
While experts may debate the relative merits of GWP versus GTP, the overall implication of either metric is clear: reducing methane, including a move to more PBDs, has the
potential to contribute to rapid climate change mitigation. Immediate or rapid reductions
in methane release will have a substantial impact in the critical short-term, although sustaining these reductions would mean that the benefits would bottom out in the long run as
methane concentrations in the atmosphere drop. Thus, methane reductions cannot eliminate the need for CO2 emission reductions, but they can make important contributions in
the near term for rapid reductions in RF.

3.3 Is CO2 from Respiration a Greenhouse Gas?
Biogenic CO2 from animal respiration is usually considered climate neutral, i.e., not a GHG
(Herrero et al., 2011), because the CO2 that animals exhale is from the oxidation of the carbon compounds in the plants they eat, which were only recently created by photosynthesis by incorporating carbon in CO2 removed from the atmosphere. However, Goodland and
Anhang’s (2009, 2012) much cited research asserted that 51% of the global anthropogenic
GHGE is attributable to animal agriculture, including a large proportion due to respiration.
Their estimate of 51% has also been widely cited and featured in the recent popular documentary Cowspiracy (http://www.cowspiracy.com/). As a result of criticisms of their work
(Herrero et al., 2011), Goodland and Anhang (2012) proposed respiration as a “proxy” for past
land use change that has resulted in less carbon uptake via photosynthesis than would have
otherwise happened. But their methods are not clear, and the result could be double counting CO2 from respiration and land use change. The impact of land use change for animal
food production may be better analyzed on its own, without respiration CO2 being included.
However, it is important to recognize that there can be longer term imbalances in the
amount of CO2 going into the atmosphere via oxidation from respiration (or burning) of
organic matter and the amount of CO2 leaving the atmosphere via photosynthesis. For
example, release of CO2 via oxidation of carbon compounds in aboveground biomass and
soil organic matter as a result of changes in land use, such as clearing native vegetation
for pasture or crop production, may exceed the CO2 removed by photosynthesis during
reforestation or crop growth. Omnivorous diets contribute a large proportion of these CO2
emissions since animal agriculture occupies 80% of land used for food production globally,
mostly as pasture, but including 35% of all cropland (Foley et al., 2011). Castanheira and
Freire (2013) have pointed out that the large differences in net CO2 emissions from soybean
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production (often used as animal feed) are correlated with differences in the amount of
preexisting vegetation and soil organic matter removed and the type of tillage practiced
(Section 4.4). An imbalance can also have major impacts over the long-term. There is evidence that deforestation and cultivation beginning as long as 7000 years ago, due to the
increase in crop and animal agriculture, led to an imbalance that caused net release of CO2
into the atmosphere, contributing to global warming (Kaplan et al., 2011; Ruddiman, 2013).

3.4 How Does Diet Contribute to Nitrous Oxide Emissions?
Nitrogen plays a significant role in climate change, in large part due to nitrous oxide (N2O)
emissions from the use of organic and synthetic nitrogen fertilizers in crop production
(Galloway et al., 2008). N2O has a very high GWP both short-term and long-term: 298 for
a 100-year time frame and 268 for a 20-year time frame (including climate-carbon feedbacks) (Myhre et al., 2013, p. 714, Table 8.7). While it is released at a rate much lower than
methane, its higher GWP makes it a significant contributor to climate change. Since ∼35%
of crop land is used to grow animal feed (Foley et al., 2011), it is not surprising that N2O
from feed production comprises about one-quarter of livestock total emissions of 53% of
global N2O emissions, while manure is the source of the remaining three quarters (Gerber
et al., 2013, p. 15). In countries with highly industrialized agricultural systems, such as the
United States, agriculture can represent 80% or more of the domestic N2O sources (EPA,
2014), where animal feed accounts for about 45% of corn and 47% of soy production in
the United States (http://www.ers.usda.gov/topics/crops/corn/background.aspx) (Olson,
2006). Even small reductions in animal foods in the diet can have important climate bene
fits from N2O emission reductions. For example, reducing poultry meat consumption in
most industrial countries by about 50% by 2020, the current level in Japan, would result in
a reduction in global N2O emissions from poultry of about 19% (Reay et al., 2012).

4. What Do We Know About the Relative Climate Impact of
Different PBDs?
A number of studies have examined the diet–climate relationship for diets with a range
of proportion of plant foods, and they are in general agreement that increasing the proportion of plant foods and decreasing the proportion of animal foods in diets results in
reductions in GHGE per capita. Many of these studies have also documented reductions
in mortality and morbidity with increasing proportion of plant foods as well. In one of
the first systematic reviews of the environmental impact of dietary scenarios, Hallström
et al. (2015) analyzed 12 studies published since 2009, and they found that vegan diets provided the largest reduction in GHGE of up to >50%, followed by ovolactovegetarian diets,
although there was variation as a result of the type and amount of meat in the diet and the
food substituting for meat in the scenarios. Those studies with results that have not supported this general conclusion are likely to have made questionable methodological or
empirical assumptions (e.g., Tom et al., 2015) (Section 4.1).

142 VEGETARIAN AND PLANT-BASED DIETS IN HEALTH AND DISEASE PREVENTION

However, while healthy PBDs generally have a much lower environmental impact than
omnivorous diets, their impact will vary depending on the proportion of plant foods with
different impacts (Section 4.4). Our understanding of the details of the impact of different diets is also limited due to uncertainty, lack of data, and methodological differences.
Another complication is that, although climate impact is often positively correlated with
other forms of dietary environmental impact, e.g., on water, soil, and biodiversity, in some
cases, it may be negatively correlated. This means that PBDs could result in environmental
burden shifting; e.g., PBDs or plant foods that have less GHGE than other diets and animal
foods may be more water intensive (Goldstein et al., 2016). There is also the risk of burden
shifting within climate impact; e.g., increasing carbon sequestration by adding reactive
nitrogen (N) from fertilizers to grazing land could result in higher GHGE due to increased
N2O emissions (Henderson et al., 2015).
As discussed in Section 2, diet–climate studies have used two basic approaches: analyzing data for actual diets and estimating their current or projected climate impacts, and
modeling changes in current diets following official national or international recommendations to create counterfactual diets, and then estimating the effects of these diets on
health and GHGE. Other studies evaluate the climate impact of specific foods as components of diets. To estimate the total impact of diets, the kg CO2e per kg of food can be
multiplied by the food intake per person and the number of people following a diet. Many
of the references cited in this section, and throughout this chapter, provide examples of
kg CO2e per kg estimates for different foods and diets and kg CO2e per person for different
populations.

4.1 What Functional Unit Can Be Used to Compare GHGE of
Different Diets?
The most frequent metric used for measuring GHGE related to diets is kg CO2e per some
functional unit, for example, kg CO2e per kg mass, per kcal, or per gram of protein. Using
LCA, researchers can determine the GHGE per functional unit associated with different
foods. The most comprehensive review of LCAs of climate impact of food and diets found
that plant foods such as grains, soy, and other legumes, refined sugars, oils, and fruits,
and vegetables generally had relatively low GHGE per kcal, per gram of protein, and per
serving, while animal foods such as red meat, fish, and dairy had much higher GHGE per
each of these units (Tilman and Clark, 2014). One exception was that due to their relatively low caloric content, vegetables had slightly higher emissions than dairy and eggs per
kilocalorie.
A main reason for the higher GHGE intensity of animal foods is their lower efficiency
in terms of resources required, and therefore more emissions, per unit of food output
compared with plant foods. In other words, eating plants, which convert solar energy to
food energy, is more efficient than eating animals that eat the plants since the animals
consume primary production before humans consume the animals. While the degree of
relatively greater efficiency varies according to the data and methods used, all studies
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support this conclusion. For example, one estimate for the United States is that per kcal
consumed by humans, beef requires 163 times more land, 18 times more water, and 19
times more nitrogen, and produces 11 times more CO2e than the average for three staple
plant foods (wheat, potatoes, rice); and per gram of protein consumed, beef requires 42, 2,
and 4 times these resources, and it produces 3 times the CO2e than the three plant foods
(calculations based on Eshel et al., 2014:SI). A study of the Swedish food system compared
high-protein plant foods such as soybean, with beef, and found that per gram of protein,
beef required 18 times the amount of energy, and it emitted 71 times the CO2e as soybean
(calculations based on Gonzalez et al., 2011). At the global level, an analysis of 120 LCA
publications found that ruminant meat had the highest GHGE per serving, per gram of
protein, and per kcal, mostly due to methane emissions; for example, per gram of protein,
ruminant meat produces over 250 times as much GHGE as legumes (Tilman and Clark,
2014).
GHGE per functional unit is useful to get a sense of the impact of a given food. However,
problems can arise when comparing diets based on a single functional unit, for example,
energy (kcal), because the types of foods used to satisfy the energy requirement of alternative dietary scenarios can vary significantly in other ways. For instance, two studies (Tom
et al., 2015; Vieux et al., 2012) analyzed dietary scenarios that included reduction in meat
intake replaced by an increase in fruit and vegetable intake on a calorie for calorie basis
and found that this resulted in equal or increased GHGE compared with current diets. The
promotional material for Tom et al. (Rea, 2016), and subsequent popular media reports,
emphasized the claim that lettuce has higher GHGE than bacon per kcal. However, replacing animal foods with plant foods on a caloric basis is a category error because these foods
provide different nutrients; plant foods with high vitamin and mineral densities can have
low energy density, leading to high CO2e per kg.
One alternative to using individual functional units is to estimate the GHGE using a
nutritional profile of a diet or food, but this can also be misleading. For example, Smedman
et al. (2010) developed a Nutrient Density to Climate Impact (NDCI) index to evaluate
different beverages in the Swedish diet, and they found cow milk more GHGE efficient
than soy or oat milks, even though its CO2e emissions per kg were over three times higher.
However, Röös et al. observed that though it is important to include nutritional aspects
of a beverage in the functional unit for populations with protein and micronutrient deficiency, for populations like that of Sweden that over consume most nutrients, the function
of milk as a beverage may be to “wash down food and provide water.” So, a more appropriate functional unit than the NDCI would be 1 kg or 1 L of beverage (Röös et al., 2014, p. 89).
Three of the four authors of the Smedman paper were also employed by the Swedish Dairy
Association.
Therefore, while functional units are the necessary basis for comparing the GHGE of
foods, and thus of diets, for meaningful results they need to be used in ways that reflect the
overall goal of improving nutrition and health, while reducing GHGE, and be relevant to
the context in which they are applied. This implies that, as Hamm pointed out in reference
to the misinterpretation of their results by the authors of the Tom et al. paper, diet–climate
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studies require a broad interdisciplinary perspective (Hamm, 2016). In the following sections, we look at how this has been accomplished in some important studies relevant to
PBDs.

4.2 How Do the GHGE of Existing Diets Compare?
Studies of existing diets show that those that are more plant based have lower GHGE.
Scarborough et al.’s analysis of the self-reported dietary patterns of 65,000 participants in
the United Kingdom found that high meat eaters had 1.9 times and medium meat eaters
about 1.5 times the GHGE as a ovolactovegetarian, and an average meat eater had about 2
times and a high meat eater 2.5 times the GHGE as a vegan eater (Scarborough et al., 2014).
The future impact of existing diets can also be compared. In one of the most exhaustive
analyses of the diet–climate connection globally, Tilman and Clark (2014) defined global
regions and examined the environmental effects projected to 2050 of current dietary patterns: Mediterranean, pescetarian, ovolactovegetarian, and income-dependent projection
of current conventional omnivorous diets. To forecast 2050 diets assuming continuation of
past trends, they used about 50 years of data for 100 of the world’s more populous nations,
and to estimate the GHGE of foods from cradle to farm gate, they used data from 120 LCA
publications. They found that an omnivorous diet had about 4 times the GHGE per kcal as
a ovolactovegetarian diet, and animal foods had much higher GHGE per kcal, per protein,
and per serving than plant foods. Although they did not examine vegan diets separately,
dairy accounted for about 40% of GHGE in the ovolactovegetarian diet. In terms of land
required to supply the diets, the income-dependent diet required more than two times the
additional cropland as the alternative diets. They also estimated the effects of the three
alternative diets on mortality, type II diabetes, cancer, and chronic coronary heart disease,
based on 10 million person-years of observations on diet and health, which showed reductions in relative risk for these diseases of ∼5%–40% for the more PBDs compared their
regional conventional omnivorous diets.
Because of the difficulty of having participants follow assigned diets, intervention studies are less common. One intervention study assigned 63 adults randomly to one of five
diets— vegan, ovolactovegetarian, pescetarian, semivegetarian (reduced meat omnivorous), and omnivorous—and evaluated their N-footprint (reactive nitrogen released into
the environment) at 2 and 6 months (Turner-McGrievy et al., 2016). It found that the vegan
diet had significantly lower N-footprint than the other diets, which would mean lower N2O
emissions.

4.3 What Can Model Diets Tell Us?
Most studies of the diet–climate connection look at the relative effects of different model
diets, including comparisons with existing diets. Heller et al. looked at the effect of changing the US diet qualitatively, based on the USDA recommended food pattern diet (USDA
and HHS, 2010), and quantitatively, by reducing energy intake from the current average of
2534 kcal per day to the recommended 2000 (Heller and Keoleian, 2015). They found that
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the qualitative change alone actually increased CO2e per capita per day by 12% from 3.6
to 4.0, while also adding the reduction in energy intake resulted in an overall emissions
reduction of only 1%. The main reason for these results is that GHGE reduction due to a
reduction in meat consumption was balanced by an increase in GHGE from an increase in
dairy consumption, and to a lesser extent by an increase in seafood, fruit, oils, and vegetables. However, 2000 kcal per day USDA recommended ovolactovegetarian and vegan diets
reduced emissions from the current diet by 33% and 53%, respectively, which suggests that
reducing or eliminating dairy may be critical for reducing the climate impact of PBDs, and
that increases in beans/peas, nuts, and soy are also highly beneficial.
Bajželj et al. (2014) created a model relating global land use and agricultural biomass
flow, and six scenarios of future impacts based on predictions of future food consumption
and required production to 2050. Three of the scenarios were based on current yield trends,
and three on the difference between actual and potential yield via sustainable intensification to the point of yield-gap closure, which included improved irrigation efficiency and
elimination of overfertilization. Food waste reduction of 50% and dietary change (reduction in sugars, saturated fats, livestock products) were the two demand-side measures that
further defined two each of the yield scenarios. For each scenario they estimated forest
losses, carbon emissions (from land use change and agricultural production), fertilizer
use, and irrigation.
They then compared the annual GHGE of the six scenarios in relation to the estimated
GHGE target for 2050 required to stay under a 2°C increase in average global temperature, and they found that the business as usual (BAU) scenario (current yield trends with
no food waste reduction or diet change) would almost reach this target, meaning that all
sources of GHGE other than food would have to reduce emissions to almost zero to avoid
>2°C increase. Even the scenario with yield-gap closure and 50% reduction in food waste
reached half of the target GHGE by 2050, but adding diet change reduced this to onequarter. This implied to the authors that avoiding catastrophic climate change requires
changing diets by reducing animal foods. They concluded that when mitigation strategies
include significant demand-side measures (food waste reductions and diet change), it is
possible to prevent increased agricultural expansion and to decrease GHGE, and that the
implementation of healthy diets would greatly benefit both the environment and the general health of the population in regions where excessive consumption of energy-rich food
occurs, or may develop.
Springmann et al. (2016) modeled the regional and global effects on GHGE, morbidity,
and the economy by 2050 of three model diets—a healthy global diet, ovolactovegetarian
diet (VGT), and a vegan diet (VGN)—in comparison with a BAU reference diet (REF) based
on FAO projections. They used a risk assessment model to assess the effects on mortality of
exposure to dietary changes in red meat and fruits and vegetables, and they linked model
diets for different regions to GHGE using a previously published analysis of LCAs (Tilman
and Clark, 2014).
They found that with the REF diet, CO2e would increase >50% by 2050 to >11 Gt per
year, whereas the VGT and VGN diets resulted in CO2e emissions in 2050 that were
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45%–55% lower than in 2005–07, and 63%–70% less than REF emissions in 2050
(Springmann et al., 2016). Their estimates for reduced GHGE were conservative because
they did not include GHGE from land use change or better health outcomes. They found
that the largest absolute reduction in emissions occurred in the Global South, while the
largest per capita reduction in emissions occurred in the Global North (which would
contribute to food and climate justice). Their most important result was that for a GHGE
reduction pathway that would limit global temperature increase to 2°C, the ratio of foodrelated CO2e emissions to all emissions increased from 16% in 2005–07 to 52% by 2050
for the REF diet, but it decreased by 1% for the VGN diet. In other words, supporting the
conclusion of Bajželj et al. (2014), for the food system to make a pro rata contribution to
GHGE reductions to keep global warming <2°C, the vegan (VGN) diet would be necessary.
While most estimates of GHGE from foods or diets do not include LUC because of difficulty in measuring it, it likely accounts for a large portion of diet GHGEs, especially if
historical LUC is included (Ruddiman, 2013; Ruddiman et al., 2015) (Section 3.3). Erb et al.
(2016) created scenarios based on assumptions about future yields, agricultural areas,
livestock feed, and human diets, and they evaluated them in terms of their potential to
avoid deforestation. They found that diets were the strongest determinants, and that
vegan diets had the largest number of feasible scenarios. “A vegan or [lacto-ovo-]vegetarian
diet is associated with only half the cropland demand, grazing intensity and overall biomass harvest of comparable meat-based human diets,” and it would also have health benefits. They concluded that this reinforced the importance of demand-side measures for
sustainability.

4.4 What Are the GHGE of Different Foods?
As we have seen, PBDs in general are clearly more climate friendly than omnivorous diets;
however, the specific food choices can have a large effect on the magnitude of this difference. A number of studies have compared the climate impact of plant and animal foods
in terms of different functional units, and we summarized some of these in Section 4.1.
Also important for understanding the relative climate impact of PBDs are differences in
GHGE among animal foods and among plant foods, and differences for the same foods
depending on their life cycles, e.g., how they were grown, transported, processed, stored,
or cooked. Extensive data bases of GHGE of different foods in Excel format are available
online for the Barilla double pyramid (BCFN, 2015) and Tilman and Clark’s analysis of
global diets (Tilman and Clark, 2014), and one company makes their database on food
carbon footprint available to researchers (http://www.cleanmetrics.com/).
As PBDs increase in popularity, so have plant-based substitutes for animal foods and
studies of their comparative climate impacts. For example, a study comparing oat and
dairy milk on two model Swedish farms compared the environmental impact of producing
oat drink with cow milk in terms of biodiversity conservation, requirements for beef and
protein, the opportunity cost of land, and the different protein content of oat and cow milk
(Röös et al., 2016). They found “great potential for reduced climate impact” with oat milk,
even while keeping some cow milk production.
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The relative climate impact of PBDs will depend on the animal foods in the omnivorous
diets they are compared with, and there is variability in GHGE between animal foods. Eshel
et al.’s 2014 top-down EIO-LCA found that for the United States, beef had much higher
GHGE than other animal foods. However, there can also be high variability within categories of animal foods, depending primarily on different production methods, as found
in a study of meat consumed in Sweden, where the CO2e per kg of beef varied from 20 to
41 kg (Hallström et al., 2014). Land use change can make large contributions to animal
food emissions, and thus it is important to include if possible when comparing PBDs with
standard omnivorous diets. For example, Nijdam et al. (2012) found an upper bound of
129 kg CO2e per kg beef for extensive systems in Brazil, which involve a significant amount
of land use change.
There can also be high variability within plant food categories due to differences in
land use change. Soy is a common component of PBDs, valued for its high protein content
(∼8 g protein per cup, similar to cow milk), and it is often assumed to have a smaller climate impact than animal foods. Castanheira and Freire (2013) compared the GHGE of
soybean grown in different ecozones, on different types of land, and using different tillage
methods, and they found a very high degree of variability due to LUC, with the highest
for conversion of tropical rainforest (17.8 kg CO2e per kg of soybean) and the lowest for
degraded grassland (0.1 kg CO2e per kg of soybean). When land use change is not considered, the GHGE intensity only varied between 0.3 and 0.6 kg CO2e per kg of soybean. In
addition, all tillage systems had higher GHGE than the corresponding no-till system.
Fruits and vegetables are a major component of PBDs, and increasing their consumption in most diets for their nutritional benefits is commonly recommended (Katz and Meller,
2014), yet there can be a great deal of variation in their GHGE. For example, a study in
Switzerland found large differences in CO2e per kg for different fruits and vegetables, and for
individual fruits and vegetables, depending on origin and mode of transport, and on whether
they were produced in heated greenhouses (Stoessel et al., 2012). Another study found the kg
CO2e per kg for Swedish tomatoes was approximately 3–4 times that of Swedish carrots, due
to the emissions from building and heating greenhouses (Röös and Karlsson, 2013).
Local foods, especially fruits and vegetables, are often assumed to be more climate
friendly than imported foods, primarily because of less GHGE from transport (Cleveland
et al., 2015). However, regardless of the many other benefits of local food systems, local
fruits and vegetables may not have significantly lower GHGE than imported ones. A
study of one county in California found that completely localizing fruit and vegetable
consumption from the current level of 94% of fruits and vegetables imported from outside of the county to zero imported would reduce GHGE by less than 1% of a household’s
total emissions for food (Cleveland et al., 2011), in part because direct transport (farm
gate to retail, or food miles) only accounts for 11% of GHGE for fruits and vegetables in
the United States (Weber and Matthews, 2008). Similarly, a study in the United Kingdom
found that if consumers drove more than 7.4 km to purchase organic produce at a farm
stand, the GHGE would be more than from a large-scale delivery system that included
imported produce, cold storage, packing, and transport to the consumer (Coley et al.,
2009).
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Food waste is a major contributor to climate impact because a large proportion of food
produced is never eaten, and every kilogram of food wasted adds to GHGE and increases
the amount of food that needs to be produced to replace it. However, the level of waste
differs between foods and combined with different emissions rates, results in different
total effects, and here again, PBDs appear more climate friendly than omnivorous ones.
One study that modeled the effect of reducing food waste in the United States found that
animal foods contributed to GHGE from waste disproportionately, accounting for 74% of
CO2e emissions, but only 33% of waste by mass, with ruminant meat (beef, veal, lamb)
having the largest disparity, accounting for 31% of emissions from waste but only 3% by
mass (Heller and Keoleian, 2015). Fruits and vegetables by contrast accounted for 33% of
waste by mass but only 8% of CO2e emissions.

4.5 What Are the Climate Impacts of the Effect of PBDs via the
Healthcare System?
The food we eat also affects the climate after we eat it, through its influence on health
and the healthcare system, and standard diets today have a high burden of disease. For
example, the current US health system contributes upward of 16% or more of the US gross
domestic product, healthcare GHGE is 8% of the domestic GHGE (Chung and Meltzer,
2009), and diet is a major contributor to the healthcare costs of noncommunicable diseases (Frazão, 1999). As we have seen, PBD’s not only have lower GHGE than omnivorous
diets, but they are generally healthier.
Hallström et al. (2017) modeled healthier alternative diets (HADs) and analyzed the
associated reductions in relative risk of three noncommunicable diseases (type 2 diabetes,
coronary heart diseases, and colorectal cancer) strongly linked to diet. They calculated
the healthcare costs of each disease and the GHGE of those costs. They found that diets
with reduced red and processed meat and refined grains, and increased fruits, vegetables,
whole grains, beans, and peas, had 20%–45% lower relative risk for the three diseases and,
therefore, lower healthcare costs and associated GHGE. Differences in healthcare costs
contributed to differences in GHGE. For example, hospital services and pharmaceutical
manufacturing have higher GHGE per dollar of economic activity than physician office
services, and different diseases, such as coronary heart disease and type II diabetes, utilize
such medical services in different proportions and magnitudes. More specifically, pharmaceuticals make up about 30% of economic activity for diabetes but only about 9.7% for
coronary heart disease.
While the study did not consider a complete PBD, the HAD that eliminated red and
processed meat resulted in 84 kg CO2e savings per capita per year from reduced health
care costs. Although this is a small portion of a typical American’s total carbon footprint
(about 0.5%), it likely greatly underestimates the potential because many diseases (e.g.,
hypertension, stroke, and forms of cancer other than colorectal cancer) associated with
the foods changed in the HADs were not included due to lack of adequate documentation
of relative risk. In addition, there are also potential diet–disease links for animal foods not
changed in the HADs, e.g., dairy.
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A less direct diet–climate link is via the effect of diet on body weight. Overweight and
obesity have been increasing dramatically worldwide (Ng et al., 2014); they accounted for
6.2% of total human biomass in 2005 (Walpole et al., 2012), and they are associated with
dietary change including higher intake of animal foods (Tilman and Clark, 2014), as well as
with lower levels of physical activity. Overweight and obesity can increase GHGE via several
pathways: increased healthcare system emissions due to association with increased incidence and prevalence of diseases such as diabetes and cancer (Hua et al., 2016) discussed
earlier; increased consumption leading to increased food production, which increases emissions throughout the food chain, including from increased human waste; and increased
body weight leading to increased transportation burden (Michaelowa and Dransfeld, 2008).
Because healthy PBDs compared with standard diets are associated with weight loss (Barnard
et al., 2015), and overweight and obesity lead to higher GHGE, a move to more PBDs has the
potential to contribute to climate change mitigation, as well as improved health.
A survey of 3463 people in Australia found that both overweight and obesity were
independently associated with higher CO2 emissions from transport, which was mostly
explained by greater use of motorized travel, while active transport (walking or cycling)
was associated with lower CO2 emissions (Goodman et al., 2012). The increase in food
system GHGE is also evident as increased metabolic rate and respiration CO2 emissions:
based on changes in resting metabolic rate in a 6-month weight loss study, Gryka et al.
(2012) estimated that if all obese and overweight adults over 20 years worldwide reduced
their weight by 10 kg and maintained it over one year, it would result in a reduction in
CO2 emissions equal to 0.2% of CO2 from fossil fuel burning and cement manufacture.
However, it is important not to double count respiration CO2 due to obesity and overweight and the life cycle CO2 emissions from the extra food consumed (Section 3.3).
In addition, the reduction in GHGE and resulting climate change mitigation from a
change to more PBDs would also reduce the negative health impacts of climate change
itself, which are both direct due to increased temperatures, air and water pollution, extreme
weather events, and vector borne diseases (e.g., in the United States USGCRP 2016), and
indirectly as the result of disruptions to food production and distribution (Porter et al.,
2014). This would, in turn, contribute to reduced GHGE from the healthcare system.

5. Conclusion
While there are many uncertainties, data gaps, and methodological issues that make discerning the detailed effects of PBDs on the climate in comparison with omnivorous diets
difficult, the broad picture is clear: most PBDs have much lower GHGE than omnivorous
diets, and they can make an important contribution to the urgent task of avoiding catastrophic climate change. Thus, the potential of PBDs to mitigate climate change, as well to
increase human health and benefit the environment in general, strongly suggests the need
for increasing adoption of PBDs. One of the biggest challenges may be the food industry,
which, as mentioned in the introduction, has challenged the inclusion of environmental
criteria in dietary guidelines and has actively opposed plant-based food alternatives to
animal foods, like mayonnaise, in the market place (Charles, 2015). Meeting this challenge
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will likely require strong government positions to counter animal food industry resistance
(Gonzalez Fischer and Garnett, 2016, p. 63). Another related major challenge is motivating
diet change. To support change to more PBDs to mitigate climate change, we will need
more action-oriented research on the determinants of diet change by individuals and communities, on the policies that can best support them in that change, and how to motivate
the policy makers (Garnett et al., 2015).
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1. Introduction
Products based on red meat and dairy are the main sources of protein in the Western countries. However, there has been a growing concern about the negative impact of the herding, slaughtering, and eating of animals on the environment, animal welfare, and human
health. A high level of consumption of red meat and processed meat has been associated
with increased cancer risk (Cross et al., 2007). In comparison, pulses as a source of vegetable protein are known to have several positive health effects, such as reducing the risk of
diabetes and cardiovascular diseases (Rizkalla et al., 2002), as well as cancers (Finley et al.,
2007; World Cancer Research Fund, 2013). In addition, it has been shown that beans, nuts,
and seeds contain higher nutrient value and lower cost per 100 kcal than meat and meat
products, making them more affordable in a nutritional sense (Drewnowski, 2010). From
the environmental point of view, the production and consumption of red meat and dairy
contribute significantly to the global greenhouse gas emissions, which accelerate anthropogenic climate change. Compared to meat-based meals, vegetable-based meals generate
lower amounts of greenhouse gas emissions (Virtanen et al., 2011). It has been calculated
that only a global transition to a low-meat diet, such as is commonly recommended also
for health reasons, would significantly reduce mitigation costs of climate change (Stehfest
et al., 2009). The cultivation of legumes also contributes to a more efficient use of nitrogen
(N) that would significantly improve the environmental impacts of food production and
consumption (Steffen et al., 2015).
The consumption of meat has steadily increased among the Western populations during the past decades, whereas the consumption of plant protein has been stable (de Boer
et al., 2016; Vinnari and Tapio, 2009; Natural Resources Institute Finland, 2013). To better
understand the conditions for increasing plant protein consumption globally and in particular in those food cultures in which plant proteins are a less culturally embedded part
of the cuisine, attention needs to be paid to those factors that act as barriers to transition
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to more plant-based diets. By barriers we mean both individual and structural issues that
make it difficult to or prevent people from increasing their use of pulses and decreasing
that of meat and dairy products. In the following sections, we first review the current consumption trends of pulses in the Western countries and the intentions that people already
have for changing their diets to include less meat. After that, we examine different kinds
of barriers to increasing the use of plant proteins. In the final section, we discuss potential
solutions and outline some future directions for food research and policies that aim at
enhancing plant protein consumption in the Western food cultures.

2. The Consumption and Cultural Place of Plant Proteins
in Western Food Cultures
Despite growing public discussion of the environmental, health, and ethical problems
related to meat production and consumption, in Europe the consumption of pulses as an
alternative protein source is relatively low compared to many African, Asian, Middle Eastern,
and South American countries, where pulses are a central part of the diet (Schneider, 2002;
FAOstat, 2013). Akibode and Maredia (2011) note that whereas statistics on the production
and trade volumes of legumes are readily available, consumption statistics are more difficult
to find. Their approximate calculations based on FAO’s food security statistics suggest that
in the developing countries, the legume consumption per capita is almost twice as high as in
the developed countries, and that in the early 2000s, the growth rate in consumption (0.8%)
in the former countries was double the growth rate in the latter countries (0.4%) (Akibode
and Maredia, 2011, p. 39). In sub-Saharan Africa and Latin America and the Caribbean the
total consumption of major pulse crops (dry bean, chickpea, cowpea, fava bean, pigeon pea,
and lentils) exceeds 10 kg/capita/year, whereas in the developed countries, it is below 3 kg/
capita/year, and in some Asian regions, even less (Akibode and Maredia, 2011, p. 43). It is
noteworthy, however, that Akibode’s and Maredia’s statistics do not include soybean, which
tofu—a highly significant part of the food culture in many East Asian countries—is made of.
Although the current consumption volumes of beans are relatively low in Western countries, beans have by no means been unheard of by Europeans either. In fact, pulses have
been a more or less visible part of European diets for centuries (Cubero, 2011). Particularly
in Southern Europe, many kinds of beans are cultivated and form an established part of the
food culture. In Northern Europe, the variety of cultivated beans is more limited, but broad
beans and peas have been grown for a long time. In contrast, processed forms of beans
such as tofu had been largely unfamiliar in Western diets until the mid-1970s (Shurtleff
and Aoyagi, 2013). To take an example, in a survey conducted in 2013, only 3%–6% of Finns
reported eating lentils, beans, or tofu on a weekly basis (Jallinoja et al., 2016), reflecting the
vegetarian population of 2%–4% among Finns since the mid-1980s (Vinnari, 2008; Paturi
et al., 2008). In the same study, especially tofu and soy products were unfamiliar: half of the
population never ate tofu, and more than half never ate soy products such as soy chunks,
textured soy protein, or soy sausages (Jallinoja et al., 2016).
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Recently, public and media interest in cuisines and dishes from other parts of the world
(Johnston and Baumann, 2015) have started to play a role in the cultural meanings of plant
proteins in Western countries. More than before, European and North American meals
both at home and in restaurants may now include beans in various forms, either as the
main protein source or as a trimming. There are several indicators of an increased interest and acceptance of plant proteins. For example, although plant-based diets can hardly
be seen as an established part of gourmet or foodie cultures, many popular and awardwinning food blogs are specialized in meat-free recipes (Johnston and Baumann, 2015,
p. 136), and mainstream food magazines and cookbooks increasingly include recipes for
vegetarian and vegan dishes.

3. Are Consumers Trying to Change Their Use
of Meat and Pulses?
During recent years an increasing amount of social scientific research has analyzed consumers’ perspectives on the societal demands to diminish the consumption of animal
protein, particularly that of red meat. This research has contributed to providing a better
understanding of the personal, cultural, and social conditions for eating less meat and
suggests that there are signs of increasing awareness of the need to reduce meat consumption and also willingness to do so among consumers (e.g., Latvala et al., 2012; Leitzmann,
2014; Niva et al., 2014). A study on the reasons for reducing meat consumption suggested
that they were mostly based on health and weight concerns and taste preferences, but
particularly the most active meat limiters were also motivated by animal welfare and environmental issues (Latvala et al., 2012).
The reasons for reducing meat consumption resonate with those associated with vegetarianism: health concerns and compassion toward animals and their ethical treatment
have been found to be strong motivations for engaging in vegetarianism (Hoek et al., 2004;
Potts and White, 2008), as fully described in other chapters of this book. In a study by Smith
et al. (2000), adopting a meat-free diet was associated with these factors but also a sense
of disgust related to meat. Pollard et al. (1998) found that individuals who reported a low
level of red meat consumption attributed their food choices to health, natural content,
weight control, and ethical concerns more likely than those who described their diets as
conventional; however, vegetarians differed significantly from those describing their diets
as conventional only with regard to ethical concerns. Fox and Ward (2008) suggest that
vegetarians often follow a trajectory in which the initial reasons for becoming a vegetarian,
such as health concerns, are over time supplemented with other considerations, such as
ecological or ethical ones. It has also been noted that health-oriented and ethically oriented (self-identified) vegetarians differ from each other in their attitudes and practices.
The former seem to be more flexible and may occasionally eat meat, whereas the latter
are more committed to their diet and try to refrain from eating animal products (Hoffman
et al., 2013). Similarly, it has been found that “semivegetarians,” who identify themselves

160 VEGETARIAN AND PLANT-BASED DIETS IN HEALTH AND DISEASE PREVENTION

as vegetarians but who sometimes consume meat, are more motivated by health concerns
than those people who more strictly adhere to the definition of vegetarianism (Rothberger,
2014). These results suggest that when people reduce their meat eating, irrespective of
whether they remain omnivores or become vegetarians, the reasons for doing so are related
to a variety of concerns ranging from personal health to the wider ecological impacts and
ethical aspects of meat.
Interestingly, despite increasing research interest in consumers’ awareness of the
environmental effects of meat and in their willingness to reduce their meat eating, less
research has been conducted on whether and to what extent consumers are ready to
replace meat with plant proteins. Studies conducted on the acceptability of meat substitutes, such as Quorn, tofu, and other products based on soy protein, indicate that
acceptance is quite low and partly influenced by consumers’ evaluations of how well
the substitute fits in with the whole meal (Elzerman et al., 2011). It is also evident that
meat substitutes are consumed not only by vegetarians but also meat-eaters, and that
consumers’ categorizations of meat substitutes are strongly influenced by their categorizations of meat products and the perceived dissimilarity between substitutes and meat
(Hoek et al., 2011). There is some evidence, however, that the consumption of vegetablebased proteins is most likely to first increase among those groups who already consume
them. In the study by Jallinoja et al. (2016), a fifth of all respondents estimated that they
would increase their consumption of beans during the following few years. Half of those
who consumed beans on a weekly basis planned to further increase their bean consumption, whereas only 5% of those who never ate beans intended to do the same. It is
thus evident that some familiarity with pulses is needed before people can imagine to
start using them on a more frequent basis, but once such familiarity is established, an
additional increase is easy to conceive.

4. Barriers to Increasing Plant-Based Protein Consumption
Barriers to increasing plant-based protein consumption in Western countries are complex and operate at multiple levels, ranging from psychological attributes and everyday
life routines to wider-scale barriers associated with identity, culture, supply, environment,
and economy. Moreover, sensory characteristics of food are among the most important
factors affecting acceptability for consumers. This is why the taste, texture, appearance,
and odor of pulses and pulse-based foods—which differ from the sensory characteristics
of meat—may function as barriers to enhancing their consumption.
First of all, it is evident that consumers are still not very well aware of the links between
livestock production and climate change (de Boer et al., 2016; MacDiarmid et al., 2016).
A study indicated that only 12% of the Dutch and 6% of the US sample recognized the
effectiveness of eating less meat in mitigating climate change; and limiting one’s meat
consumption was considered to be less effective than buying local and seasonal food in
both countries (de Boer et al., 2016). In a similar vein, de Boer et al. (2013) found that
consumers who were skeptical about climate change were more unwilling than others to
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reduce their meat eating, and Vainio et al. (2013) discovered that a disbelief in the effects
of food consumption on climate was associated with nonclimate-friendly food choices. In
a qualitative study by McDiarmid et al. (2016), consumers cited transportation, industrial
pollution, and energy production as more damaging for the environment than food production and meat eating.
Second, people’s food choices are associated with habit, motivation, goals, and beliefs
about one’s own capabilities (Guillaumie et al., 2010), as well as attitudes, social norms,
self-efficacy, and intention (Rothman et al., 2009). A wide range of personal motives have
been associated with food choices. For example, studies applying The Eating Motivation
Survey have identified 15 motivations for food choices: liking the food, visual appeal, pleasure, affect regulation, need/hunger, sociability, social norms, social image, weight control, health, price, convenience, habits, traditional eating, and concern for nature/ethical
aspects (Renner et al., 2012). Valuing price, taste, and convenience may act as barriers to
consuming healthy food, particularly fruit and vegetables (Lappalainen et al., 1997), and
the importance of these factors may vary in different socioeconomic groups. Konttinen
et al. (2012) found that the less healthy dietary habits among people in disadvantaged
socioeconomic groups were in part explained by the higher priority they gave to price and
familiarity compared to health motives. In another study (Mäkiniemi and Vainio, 2014),
price was perceived as the most important barrier to climate-friendly food choices, including the replacement of red meat and dairy with plant proteins. However, according to the
results of a Finnish study reported in Table 10.1, barriers related to high prices and limited
supply were rated as the least relevant, indicating that economic reasons may not be very
prominent in hindering consumers from increasing their use of pulses (see also Jallinoja
et al., 2016; Vainio et al., 2016).
Table 10.1 Perceived Barriers to Increasing the Consumption of Beans
and Soya-Based Products Among the Adult Population Between 18 and
63 years of Age Living in Finland (N = 1048)a
Barrier

Meanb

Not used to eating pulses
Does not know pulse recipes
Not interested in pulses
Pulses do not replace meat and fish
Pulses do not fit into meals that I prepare
Pulses cause digestive problems
Pulses have an unpleasant taste
Pulses are difficult to prepare
A poor supply of pulses in cafeterias/restaurants
Pulses are expensive
A poor supply of pulses in supermarkets

3.54
3.39
3.22
3.02
2.79
2.53
2.50
2.34
2.29
2.29
2.16

aPreviously
bRange

Beans
SD
1.23
1.27
1.32
1.35
1.19
1.29
1.32
1.11
1.15
1.03
1.00

Soya-Based Products
Meanb
SD
3.82
3.59
3.58
3.10
2.93
2.03
2.89
2.62
2.32
2.77
2.31

unpublished results from the “Beans on Finnish dinner tables” study, data collected in 2013.
between 1 and 4, high values indicate a high perceived relevance of a barrier.

1.25
1.33
1.33
1.38
1.29
1.08
1.37
1.16
1.15
1.25
1.12
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It appears that certain personal motives may function as barriers to increasing plant
protein consumption. In a Finnish study, the respondents whose diets included beans
and soy products endorsed a higher level of natural concerns, health, and weight control
motives and a lower level of convenience and price motives than the respondents who
did not consume beans and soy products (Vainio et al., 2016). Moreover, participants who
at the time of the survey were increasing their consumption of plant proteins endorsed
a higher level of natural concerns, as well as health, sociability, social image, and price
motives than those with an established diet that already included beans and soy products.
At the same time, convenience and price motives were higher among devoted beef-eaters
who did not consume any plant proteins as compared to those with an established diet
including beans and soy products. In other words, it appears that health and natural concerns may function as motivational forces during the adoption of plant proteins, whereas
convenience and price motives function as barriers.
The adoption of a diet rich in plant proteins requires replacing old behaviors with new
ones, which has been found to be more demanding than initiating new behaviors. This is
because motives associated with old behaviors may function as barriers (Holland et al.,
2006). The adoption of new food habits can be divided into multiple stages and these stages
include different automatic and reflective components. Reflective processes are important
in initiating new behaviors, and the formation of a new habit involves automatic processes
that operate beyond individuals’ full awareness (Rothman et al., 2009). Therefore habits
are likely to persist even after conscious motivation decreases (Gardner et al., 2011). The
transtheoretical model of behavioral change suggests that a desired change is associated
with an increased awareness and concern about an issue and an increased perceived
importance of the motives associated with the desired change, as well as a decreased
importance of the motives associated with the old behavior (Freestone and McGoldrick,
2007; Prochaska and DiClemente, 1983; Rossi et al., 2001).
According to the transtheoretical model, when individuals consider replacing meat
with plant-based proteins in their diets, their awareness of the benefits of replacing meat
with beans and soya-based products increases. At the same time, they probably start questioning meat as the main component of the meal, as well as its good taste and nutritional
value. They begin to make concrete behavioral changes: they start searching for plantbased alternatives to meat in supermarkets and cafeterias, and for recipes and ways to
integrate the new food items to their existing diets. Initially, all these efforts are relatively
conscious and reflective. The repetition of these new behaviors is important for the formation of new habits, and it gradually leads to automaticity characterized by efficiency,
lack of awareness, unintentionality, and uncontrollability (Bargh, 1994). When individuals
have successfully found ways to integrate the new food elements into their existing eating patterns, they slowly develop routines that start operating largely beyond conscious
efforts. Looking for plant-based alternatives in restaurants and supermarkets becomes a
routinized activity, and ideally, social surroundings start supporting the new habits as well.
It appears that consumers perceive barriers related to their own everyday life as
more relevant than barriers related to supply. A Finnish survey ( Jallinoja et al., 2016;
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Vainio et al., 2016) examining consumer views on beans and soya-based products
showed that the barriers perceived as the most relevant were related to habit (i.e., the
participants were not used to eating pulses), perceived lack of skills, and a low level of
personal interest (Table 10.1). Similarly, studies conducted in Australia revealed that
lack of knowledge about preparing vegetarian meals and the difficulties experienced in
changing one’s eating habits were perceived as the most important barriers to replacing meat with vegetarian foods (Lea et al., 2005, 2006b) together with the good taste of
meat (Lea et al., 2006a).
Table 10.1 seems to indicate that for consumers, institutional and structural factors,
such as price or a poor supply of pulses in various shopping and eating venues, are less
significant barriers to using more pulses than more personal factors related to unfamiliarity, lack of knowledge, and lack of interest in pulses. This does not mean, however, that
food supply, culture, and economy were insignificant in enabling and establishing the use
of plant proteins, quite the contrary. Eating does take place in material, social, and cultural contexts, in which food choices are made possible and encouraged, while others are
excluded and discouraged. This perspective is central in those accounts of social life suggesting that what may seem like individual behaviors are in fact performances of social
practices and that individuals are “carriers” of those practices (Shove et al., 2012; Spurling
et al., 2013). Shove et al. (2012) suggest that social practices are made up of three types of
elements: materials (objects, tools, infrastructures), competence (knowledge, skills), and
meanings (cultural conventions, expectations, shared meanings). Eating is a particularly
complex practice as it is a “compound practice,” which draws on other practices, such as
those based on nutrition, cookery, etiquette, and taste; involves both social, bodily, and
culinary dimensions; and is characterized by embodied habits, routines, and conventions (Warde, 2016; see also Warde, 2005). The transition to more plant-based diets is thus
dependent on a variety of developments in many practices that are involved in or adjacent
to eating, and these “adjacent” practices may either advance or hamper the embedding of
pulses into Western food cultures.
For instance, when thinking of barriers to increasing the use of plant proteins, practice theories draw attention to sociocultural characteristics, such as cultural meanings
associated with meat and vegetarian foods. Pohjolainen et al. (2015) note that because
these change slowly, in meat-eating cultures, it is not easy to actualize an increase in plantbased food consumption. In Western countries, meat maintains a central position in culture and social relationships (Bohm et al., 2015), meals, and food purchases (Vinnari et al.,
2010; Fiddes, 2004), and it is regarded as a healthy and necessary part of the diet (Verbeke
et al., 2010; de Bakker and Dagevos, 2012). In contrast, pulses may be arduous to prepare,
their taste may be regarded as strange, and they are known to cause digestive problems
(Jallinoja et al., 2016). Furthermore, meat consumption has for long been culturally associated with power and masculinity (Fiddes, 2004), making it more difficult to reduce meat
consumption among men, who on average consume larger amounts of meat than women.
There are signs, however, that the masculinity image of meat may be weakening (de Bakker
and Dagevos, 2012).
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The food chain influences people’s food choices by determining what foods are available and how they are marketed, positioned in shops, and priced. Context and availability
have a large impact on food-related behaviors (Wansink and Sobal, 2007). For example,
in the United States, access to supermarkets has been found to affect individuals’ diets
(Morland et al., 2002; Rose and Richards, 2004). At the same time, changes in agroindustry are slow to take place and difficult for several reasons. Many Western countries have
well-established meat and dairy industries, whereas the vegetable protein industry is less
developed. Schneider (2002) lists a low level of innovation and marketing of pulse products, lack of attractive food products, and the old-fashioned image of pulses as barriers of
plant protein consumption in Europe. These kinds of barriers will be even more central
with novel products such as algae and insects (Boland et al., 2013) that are not currently
part of European diets. A transformation from animal protein production to plant protein
production is difficult and costly both to farmers and the food processing industry, not
least because of the heavily subsidized nature of meat and dairy production.

5. Solutions: How Could Plant Protein Consumption
Increase?
Barriers to changing food consumption operate at multiple levels, and therefore, successful solutions are likely to be complex. A combination of multiple means is likely to be most
effective, and it should take into account both individual-level motivations and practices
as well as the structural characteristics of the food chain. Public information campaigns
that stress the health and environmental benefits of replacing meat protein with plant
proteins may increase public awareness of health issues related to a too high intake of
meat and the role of livestock production in anthropogenic climate change, but because
of the complexity of eating patterns, such campaigns are not likely to lead to substantial
changes in meat consumption (de Boer et al., 2016; Jallinoja et al., 2016).
Also practice-theoretical perspectives into sustainable food consumption suggest that
policy makers’ efforts to inform and persuade individuals to make sacrifices for more
sustainable diets will probably fail unless a wider culturally based transition takes place
(Shove, 2010). In Table 10.2, we summarize, based on a practice-theoretical lens, possible ways of advancing plant protein consumption by looking at various actors’ roles and
potential activities in transforming meanings and enabling competences and infrastructures related to advancing plant protein consumption.
First, for bean, tofu and novel plant-based protein eating to become routinized as a
practice, the products need to gain positive meanings as pleasurable and fulfilling food,
suitable for both everyday and festive occasions; instead of being seen as a forced choice
of vegetarians or other groups following special diets (Schyver and Smith, 2005). If such
a change of meanings took place, the traditional and established meanings of meat and
fish as the core of festive and fulfilling meals would be deconstructed, and vegetable proteins would become legitimate options for all kinds of eating occasions. When looking for
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Table 10.2 Various Actors’ Roles in Promoting Plant Protein Consumption and
Potential Resulting Changes in Meanings, Competences, and Materials/Infrastructure
Related to Plant Proteins
Activities and Actors
Meanings and images

Competence

Materials and
infrastructure

The harms, such as climate change effects, caused by
meat production and consumption are increasingly
discussed in society, and people become more
knowledgeable about them
Vegetable proteins are promoted in the media
as a palatable alternative
Home economics education at schools promote
a positive image of plant
protein meals
Celebrity chefs, food journalists, and bloggers develop
and promote recipes based on plant proteins both for
everyday and festive meals
Workplace and school canteens and restaurants advance
the use of plant proteins as the “default” option
Home economics education increasingly takes
plant proteins to be the center of the meal and
includes recipes from plant proteins both for
everyday and festive meals
Celebrity chefs, culinary magazines, bloggers,
and food intermediaries promote easy dishes based
on plant proteins
Novel plant protein products are developed and
marketed, and the supply of plant protein products
is rich
Public and private catering replace
animal proteins with plant proteins
Ready-made meals from plant proteins
are palatable, affordable, and widely available
Restaurants increase the variety of
meals based on plant proteins on
their menus
Plant proteins are promoted in political strategies and
action programs
Price of meat increases either via taxation
or increased costs of production

Resulting Change
The cultural image of plant
proteins improves: plant
proteins are considered
ethical, sustainable, and
healthy

Consumers and food
professionals are better skilled
and enthusiastic in using plant
proteins

Food environments are
increasingly based on plant
proteins and decreasingly on
animal proteins

Adapted from Jallinoja, P., Niva, M., Latvala, T., 2016. Towards more sustainable eating? Practices, competence, meanings and
materialities of bean eating in a meat-eating culture. Futures 83, 4–14.
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means to increase the demand for plant-based proteins, the social aspects of eating, the
social image of eating particular foods, and various culturally shared ideas of “good” food
need particular attention. From this perspective, social media campaigns initiated by,
e.g., food bloggers, giving publicity to celebrities who adhere to vegan or vegetarian diets,
might serve as part of normalizing meals without meat, particularly among adolescents
and young adults.
Second, on an everyday level, new cooking skills for making tasty vegetarian food need
to be taught and learned. This competence in a practice-theoretical sense might also mean
consciously developing a taste for beans and products based on beans, i.e., learning to like
them by tasting and experimenting, and bearing in mind that accommodating new flavors
may take some time (Jallinoja et al., 2016). The competence aspect is equally pertinent in
private and public settings, as it is not only the eaters and home cooks but also chefs and
other staff in the catering business who would learn new skills, tastes, and routines. Home
economics education at schools as well as the media have an important role to play in promoting both knowledge and skills, i.e., to improve what has been termed “food literacy”
(Vaitkeviciute et al., 2014; Vidgen and Gallegos, 2014) related to vegetarian cooking.
Third, various institutional actors in the food system are significant in enabling a transition toward increasing the use of plant proteins. Food policy strategies and action programs
need to take plant proteins onto the agenda, and policy measures need to be developed.
For instance, it has been suggested that meat should be included in emissions trading and
carbon tax schemes and that the general sales tax should be higher for meat and meat
products than for nonmeat options (Raphaely and Marinova, 2014). Also public catering
institutions in schools and workplaces have an important role in promoting plant proteins
in both vegetarian dishes and dishes that combine meat and pulses. Keeping bean, tofu,
and other pulse-based dishes systematically on the menus at school and workplace canteens, lunch cafeterias, and bistros serves as an active familiarization and positive image
development (Vinnari, 2008). The accumulation of these kinds of incremental changes
could serve to advance plant protein use in public catering and to gradually establish plant
proteins also among those who are currently reluctant to eat vegetarian dishes.
Also actors in the food industry may facilitate a transition toward increased consumption of plant-based proteins by developing vegetable-based products in which meat is
either totally or partly replaced by vegetable ingredients, such as new pulse-based foods
the texture of which resembles meat, or so called “functional meat.” The food industry
and primary production have to both enable and accommodate to increased consumption of plant-based proteins. In many Western countries, meat and dairy industries are
strong economic actors, and they are supported by agricultural subsidies more than plant
protein production (Lehtonen and Irz, 2013). Agricultural policies taking environmental
considerations better into account would enable a further development of plant protein
production and product development.
As stressed earlier, policy measures are essential in fostering the consumption of plant
proteins. Among those consumers who do not eat beans or soy products at all, effecting
a transformation from animal to plant proteins may prove difficult because policy measures appealing to health, natural concerns, and weight control are not likely to be very
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effective (Vainio et al., 2016). This group could benefit from new food products in which
meat has been only partly replaced with plant proteins, and that are relatively economical
and easy to prepare. However, the results by Vainio et al. (2016) also show that, in fact, most
beef-eaters do not object to eating plant proteins. Among these consumers, improving the
availability of plant-based proteins that are easy to integrate into existing eating patterns
would enable an increase in plant-based protein consumption.
A key question in the discussion on sustainable food consumption is whether, to what
extent, and how it is possible to accelerate the replacement of meat with plant-based proteins and to turn plant proteins into a normalized, ordinary, and habitual component of
Western diets. Some researchers have been rather skeptical about a voluntary substitution of plant proteins for meat (Smil, 2002). For instance, in Finland, vegetarian days at
schools have met with noncompliance (Lombardini and Lankoski, 2013) and have been
widely criticized in the media and by local politicians who have been opposing “green
force-feeding.” Consequently, interventions tailored differently for different target groups
have been called for (Vinnari, 2008). For instance, Vinnari and Tapio (2009) suggest that
those consumers who have very negative attitudes toward a reduction in meat consumption could benefit from campaigns about animal rights issues and about the possibilities
of vegetarianism, whereas those who do not think that such a change would be necessary
would probably need economic incentives to change their meat use.
Because the large majority of Western populations currently include animal proteins
in their diets, it may well be that rather than promoting vegetarianism or veganism, political efforts to increase the use of vegetable proteins would be better placed if directed
toward the promotion of replacing a part of meat with plant-based proteins and adding
vegetables in the diet as is already suggested in many national nutrition recommendations
(e.g., Nordic Nutrition Recommendations, 2012; Dietary guidelines for Americans, 2015–
2020). Breaking down the dichotomy between meat consumption and vegetarianism and
making visible multiple forms of combining moderate meat consumption and vegetable
consumption could help this transition. This change might take place in the form of flexitarianism, referring to eating styles that reduce meat eating to healthy levels (Raphaely
and Marinova, 2014) and that flexibly combine meat and vegetable-based proteins. It has
been argued that flexitarianism “offers an immediate, accessible and effective opportunity to mitigate climate change and its negative impacts” (Raphaely and Marinova, 2014,
p. 94). Others refer to reducetarianism, i.e., the reduction of the consumption of meat or
“Eat vegan before 6 p.m.” (VB6) (Bittman, 2013), indicating an increased interest in plantbased diets that do not totally abandon meat. However, for a more comprehensive understanding of the social and cultural conditions for meat-reducing strategies to succeed on
an everyday level, more social scientific research is needed.
The adoption of new eating patterns with more plant proteins could be facilitated by offering instructions on how to make small and manageable changes in daily life, which have been
found to be the key to successful adoption of new food habits (Gardner et al., 2011). In the
long run, this may also facilitate the cultural acceptability of meat reduction and encourage
people to reflect on the sustainability of their eating patterns. However, as has been emphasized in this chapter, sustainable culinary cultures (Mäkelä and Niva, 2016) for mitigating the
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environmental load of food production and consumption require more than a reliance in
consumers making the change in their daily lives. Political, economic, structural, and cultural
changes are needed for the transition to less animal-based diets to take place and for them to
be a habitual and routinized part of everyday life.
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1. Introduction
Characterizing the quality of diets in such a way as to be able to predict long-term health
outcomes is the core challenge for nutritional epidemiology. The vast majority of work
on dietary quality models has been based on evidence from omnivorous diets. Typical
examples include the Mediterranean Diet Score (MDS) (Trichopoulou et al., 2003), the
Healthy Eating Index (Guenther et al., 2013), and the Global Burden of Disease diet model
(Forouzanfar et al., 2015). The former two seek to score diet quality, while the latter seeks
to predict explicitly the impact of dietary choices on healthy life expectancy.
The impact of vegetarian diets (which exclude animal flesh; for definition, see Chapter 1),
vegan diets (which exclude all animal products), and other predominantly plant-based
diets on health has been actively investigated for many years. Information on the effect of
vegetarian dietary choices on death rates comes mainly from studies in the United States
on Seventh-day Adventists, particularly Adventist Health Study 2 (AHS2) (Orlich et al.,
2013), and from studies in the United Kingdom on vegetarians and “comparable”/“healthconscious” nonvegetarians, particularly the EPIC-Oxford study and the Oxford Vegetarian
study (Appleby et al., 2016).
This chapter explores the interactions between these two research endeavors and seeks
to answer the questions:
What are the defining and typical differences between plant-based, vegetarian, and
omnivorous diets?
Can dietary quality models developed for measuring the quality of omnivorous diets
be usefully applied to plant-based and vegetarian diets?
Do existing dietary quality models illuminate observed differences in health between
plant-based, vegetarian, and omnivorous diets?
Are extensions needed to existing dietary quality models to more completely
encompass plant-based and vegetarian diets?
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2. Defining and Typical Differences Between Plant-Based,
Vegetarian, and Omnivorous Diets
Vegan diets are defined by the complete absence of foods derived from animals, including meat, fish, eggs, milk, and honey. Vegetarian diets are defined by the absence of flesh
foods: meat and fish. Vegan diets are therefore a special case of vegetarian diet along
with lactovegetarian (includes milk and milk products), ovovegetarian (includes eggs
and egg products), and ovolactovegetarian. The term semivegetarian is sometimes used
to describe people who only occasionally eat flesh foods, while pescetarian is sometimes
used for people who do not eat flesh foods other than fish and seafood. Both these terms
are misnomers as by definition someone who eats flesh is not a vegetarian, and the terms
occasional meat eater or fish eater/pescetarian would be preferable to avoid this inherent confusion. Chapter 1 sets out definitions of the terms generally used in this book. The
threshold used to define regular meat eaters as opposed to occasional/low meat eaters is
usually at least once a week, but a UK study (Appleby et al., 2016) used a threshold of at
least five times a week, giving a reference group that had meat consumption closer to the
general population.
The exclusions of certain foods that define the different diet groups are consistent with
a wide range of possible substitutions and adaptations. These could include the following:
• s caling up of the use of all other foods;
• direct replacement of animal foods by plant milks and meat substitutes, leaving the rest
of the diet unchanged;
• specific culturally supported changes, such as following recommendations from
vegetarian and vegan associations and authors;
• adaptations based on personal tastes and preferences.
  
Such changes will vary according to the cultural setting. For example, among Seventhday Adventists, vegetarianism is culturally linked to the promotion of health, and it was
reported that as well as excluding animal products, Adventist vegans ate fewer fried potatoes and refined grains than any other diet group (Orlich et al., 2014).

2.1 Selection of a Representative Set of Vegetarians
A challenge in all dietary evaluations is finding a representative sample, and studies of
vegetarians face special challenges. Almost all diet studies are subject to a healthy volunteer effect, though nationally representative surveys try to minimize this. The Adventist
studies should be fairly representative of the Adventist community (of whom vegetarians make up a high proportion), but the Adventists differ in other respects from the
general population, e.g., very low use of alcohol. Vegetarians are still rare enough in most
countries that they must be sought out by some special route, e.g., via contacting members of vegetarian associations, who cannot be assumed to be representative of the overall vegetarian population.
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Juan et al. (2015) looked at dietary intakes (assessed using a single-day record of diet
intake) of self-identified vegetarians within the US NHANES study between 2007 and 2010.
The self-identification was unreliable: about half the dietary records for self-identified
vegetarians included flesh foods. Nevertheless, there were clear differences between the
self-identified vegetarians and nonvegetarians. After expressing the results per 1000 kcal,
the self-identified vegetarians ate more fruit, vegetables, legumes, soy products, grains,
and whole grains and less solid fats (includes fat from meat and dairy) and added sugars. The self-identified vegetarians were thus consuming a more plant-based diet than the
general population.
Kennedy et al. (2001), Farmer et al. (2011), and Farmer (2014) used earlier results from
NHANES but classified vegetarians based on the absence of flesh foods from a one-day
dietary record. Farmer et al. (2011) also found increased consumption by vegetarians of
fruit and vegetables and higher fiber intakes: 23 g/day versus 16 g/day in individuals with
normal calorie intake.

2.2 Reference Groups
While the NHANES studies had a nationally representative sample but struggled to identify true vegetarians among them, other studies may struggle to find an appropriate reference group for comparisons with a specially selected group of vegetarians. Studies may
make comparisons between the selected vegetarians and either nationally representative
samples or nonvegetarians matched in some way to the vegetarians.
Compared with the general population, the “comparable” nonvegetarians in many
studies appear to be typically more health conscious, as shown by higher fruit and vegetable intake even in the regular meat eater category. Table 11.1 compares regular meat
eaters in EPIC-Oxford (Appleby et al., 2016) with participants in the UK National Diet and
Nutrition Survey (Bates et al., 2014). Note that in the UK studies, nonstarch polysaccharide
(NSP) fiber was reported, while in other studies total fiber was reported.
The regular meat eaters in AHS-2 (consuming meat at least once a week) also consumed larger amounts of fruit and vegetables (Orlich et al., 2014) and fiber (Rizzo et al.,
2013) than typical US diets (Daniel et al., 2011; Farmer, 2014). Furthermore, in contrast
Table 11.1 Food Consumption of EPIC-Oxford Regular Meat Eaters Versus National
Diet and Nutrition Survey (g/day). Total fiber Has Been Estimated as 1.5 Times NSP
Fiber (Aldwairji et al., 2012)

Fruit
Vegetables
Meat
Red meat
NSP fiber
Total fiber

EPIC-Oxford Men

NDNS Men

EPIC-Oxford Women

NDNS Women

200
220
115
84
18
27

97
182
130
86
15
23

257
256
106
70
18
27

103
183
89
56
13
20
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with the EPIC-Oxford regular meat eaters (consuming meat at least five times a week),
the AHS-2 regular meat eaters consumed much less meat than a nationally representative sample in the United States (40.5 g/day vs. 128 g/day total meat and 17.5 g/day vs.
70 g/day red meat).
Reported fiber consumption for the regular meat eaters in AHS-2 and EPIC-Oxford is
between 25 and 30 g/day (Rizzo et al., 2013; Appleby et al., 2016) and is consistently higher
than national norms (15–20 g/day). It is also higher than the value of 23 g/day reported for
nondieting vegetarians within the NHANES study (Farmer et al., 2011).
It is clear that the nonvegetarian comparison groups in the AHS-2 and EPIC-Oxford
studies of vegetarians follow a diet richer in whole plant foods and sometimes also lower
in meat than the general populations in their countries.

2.3 Composition of the Restricted Diets
With these caveats, we can characterize the typical differences as we move from regular
meat eaters to low/occasional meat eaters, pescetarians, ovolactovegetarians, and vegans.
Vegan diets consistently show a much lower intake of saturated fats often accompanied
by an increase in polyunsaturated fats (Davey et al., 2003; Rizzo et al., 2013). However,
because some studies accept very infrequent consumption of animal products within
“vegan” diets and because diet composition databases often assume animal products as
a minor ingredient of prepared foods, nutritional analyses will often show vegans as consuming moderate amounts of animal-derived nutrients such as cholesterol. In fact, consumption of cholesterol in vegans should be zero.
Studies vary as to whether nonvegan vegetarians consume more or fewer dairy products than nonvegetarians. In AHS-2, lactovegetarians consumed about half the amount
of animal milk products consumed by nonvegetarians (Orlich et al., 2014). Vegetarians in
EPIC-Oxford also consumed about half as much milk as nonvegetarians but consumed
slightly more cheese (Key et al., 2009). In Belgium (Clarys et al., 2013), vegetarians consumed more dairy foods than meat eaters. There does not seem to be a consistent pattern
for animal milk consumption among vegetarians.
A broad substitution of plant foods for animal foods is consistently seen. For example,
in AHS-2 (Orlich et al., 2014):
In the case of almost all the major plant food groups – legumes, soya foods and meat
analogues, nuts and seeds, grains, potatoes, avocados, fruits and vegetables – vegans
were found to consume the highest amounts of daily energy from these food groups,
nonvegetarians the lowest amounts and the other vegetarian groups intermediate
amounts.
This is supported by other studies. For example, vegans generally consume about 40%–
50% more fiber than nonvegetarians with other vegetarians showing intermediate values
(Davey et al., 2003; Clarys et al., 2014; Rizzo et al., 2013). The absolute fiber intakes reported
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in different studies vary, but this variation is much reduced if NSP fiber values reported
for the UK studies are multiplied by 1.5 to estimate the total fiber values (Aldwairji et al.,
2012). With this adjustment, typical nonvegetarian fiber intake in these studies is around
25–30 g/day, while typical vegan intakes are about 40–45 g/day. Fiber values reported in
AHS-2 may be exaggerated somewhat due to the rescaling of all nutrients to a calorie
intake of 2000 kcal: for example, median unscaled fruit intake for the whole population
was 260 g/day, while median scaled fruit intakes for each diet group ranged from 300 g/day
for nonvegetarians to 480 g/day for vegans (Orlich et al., 2014), which will correspondingly
increase estimates of fiber intakes.
There is less consistency in the observed changes between diet groups in intakes of
plant foods considered to be unhealthy. In AHS-2 (Orlich et al., 2014), vegetarians consumed less of these.
Vegetarians also consumed lower amounts of added fats, sweets, snack foods and
nonwater beverages: in each case, vegans consumed the lowest amounts, nonvegetarians
the highest amounts and the other vegetarian groups intermediate amounts.
Adventist vegans also consumed the lowest amounts of fried potatoes (Orlich et al.,
2014). The reduced intake of less healthy plant foods may be distinctive to the Adventist
studies. In contrast, Clarys et al. (2013, 2014) found that vegetarians and vegans in Belgium
consumed more refined grains than omnivores. Clearly the detail of substitution from animal foods to particular plant foods is modified by other factors such as the extent to which
vegetarian choices are linked to the pursuit of health.
Satija et al. (2016) present a healthy plant-based diet index (hPDI) and show that diabetes incidence was reduced more strongly and consistently when intakes of healthy plant
foods increased and intakes of unhealthy plant foods decreased than when intakes of all
plant foods increased: the quality of the plant part of the diet is important.
Estimates of sodium intake on different diets also vary, with some studies suggesting a
substantial decrease in sodium intake in vegan diets compared with nonvegetarian diets
(Clarys et al., 2014), some suggesting an increase (Lau et al., 1998), and others suggesting
little difference (Appleby et al., 2002; Rizzo et al., 2013; Sobiecki et al., 2016).
The variety in the differences observed between omnivorous and vegetarian diets raises
the question as to how consistently vegetarian diets are associated with an improved diet
quality. To address this, we need to look first at how diet quality can be measured.

3. Dietary Quality Models
USDA (2014) provides a useful overview of dietary quality models. This report found that
dietary quality models including MDS, Dietary Approaches to Stop Hypertension, and
Dietary Guidelines-related patterns (such as the HEI-2010) were convincingly successful
in predicting risk of cardiovascular disease.
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Dietary patterns associated with decreased risk of cardiovascular disease were
characterized by regular consumption of fruits, vegetables, whole grains, low-fat dairy,
and fish and were low in red and processed meat and sugar-sweetened foods and drinks.
Regular consumption of nuts and legumes and moderate consumption of alcohol were
also shown to be beneficial in most studies. Additionally, research that included specific
nutrients in their description of dietary patterns indicated that patterns that were
low in saturated fat, cholesterol, and sodium and rich in fiber and potassium may be
beneficial for reducing cardiovascular disease risk.

3.1 Mediterranean Diet Score
The MDS set out by Trichopoulou et al. (2003) attempts to characterize Mediterranean diets,
which have been associated with good health. The MDS targets high intake of vegetables,
fruits and nuts, legumes, fish and seafood, and cereals; low intake of meat and dairy products; high ratio of monounsaturated to saturated fats; and moderate intake of alcohol. High
and low are defined relative to the median intake in the population studied. Moderate alcohol intake is defined as 10–50 g/day of alcohol for men or 5–25 g/day for women. One point is
given for falling in each desirable category, giving an overall score between 0 and 9. Against a
background of typical Western diets, the choice of a vegan diet would get a score of 1 for low
meat, a score of 0 for low fish, and a score of 1 for low dairy. A lactovegetarian diet could lose
a point for high dairy, depending on the amounts consumed. If comparisons are limited to
vegetarian diets, components such as meat and fish which have a consistently zero intake,
could be assigned a score of 0.5.
In a recent meta-analysis, an increase of two points on the MDS was associated with an
8% reduction in overall death rate (Sofi et al., 2010), equivalent to living about 10 months
longer. An analysis of death rates and MDS was carried out in participants over 60 in EPIC
(Trichopoulou et al., 2005), and the analysis of the UK EPIC cohorts (Oxford and Norfolk)
showed the same 8% reduction in death rates for a 2-unit increase in score.

3.2 The Healthy Eating Index
The HEI-2010 score (Guenther et al., 2013) is also widely used and has been confirmed
to predict a reduction in all-cause mortality of about 15%–25% in the upper versus lower
quintile of the HEI-2010 score (Liese et al., 2015). This score attempts to measure compliance with US Dietary Guidelines and explicitly tries to accommodate vegetarian and vegan
diets. HEI-2010 assigns a score based on absolute levels of food/nutrient intake rather
than based on population medians and includes a fixed intake beyond which the score
will no longer improve. For fruit and vegetables, the thresholds are set in cups per day per
1000 kcal and for a 2000 kcal diet equate to about 240 g/day of fruit and 320 g/day of vegetables. It should be noted that the average intakes of regular meat eaters in EPIC-Oxford were
close to these targets, while the average intakes of regular meat eaters in AHS-2 exceeded
these targets. This again emphasizes that the reference meat-eating group in both these
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studies was eating larger amounts of healthy plant foods than the general populations in
their countries. This may partly explain why the reference groups showed low death rates
compared with the general population and may also limit differences in health outcomes
and diet quality scores between the different diet groups within the studies.
The HEI-2010 score penalizes high sodium intake. It separates refined grains (less is
better) and whole grains (more is better). The fatty acid score considers all unsaturated
fats rather than just monounsaturated fats (with maximum points given for a ratio of 2.5 or
more of unsaturated fat to saturated fat and minimum points for a ratio of 1.2 or less). The
fat content of meat and dairy is added to solid fats and hence to empty calories. Unlike the
MDS, HEI-2010 treats dairy products as a beneficial component, though their fat content
will have an adverse impact on the fatty acid score and the empty calorie score. Fortified
soya milk counts as equivalent to dairy. Beans and peas contribute both to total protein
and to “seafood and plant proteins” unless the maximum score for total protein has already
been reached, in which case they contribute to the “greens and beans” vegetable category.
This means that the absence of fish does not incur an inevitable penalty for vegetarians as
it does with the MDS. Alcohol is treated as neutral up to 13 g per 1000 kcal, above which it
contributes to empty calories and is therefore penalized. Solid fats and added sugars also
contribute to empty calories.
Processed meat substitutes can be high in saturated fat and salt, which would contribute toward empty calories and sodium under HEI-2000 as well as contributing to total
protein. In the older HEI scores, which focus on meat as a source of protein, one cup of
cooked legumes counts as the same as four-ounce equivalents of meat

3.3 Diet in Relation to Disability Adjusted Lost Years (DALYs):
Adjustment of the Weight of the Components
An alternative approach to assessing diet quality is that of the Global Burden of Disease
(GBD) study (Forouzanfar et al., 2015), which goes beyond the relatively uniform weighting
of dietary characteristics used in the MDS and HEI scores by selecting dietary characteristics
for which there is good evidence of an association with death or with DALYs due to specific
causes. For each risk factor considered, a theoretical minimum risk exposure level (TMREL)
is defined and relative risks for specific diseases due to deviations from the TMREL are used
to estimate the impact of diet on DALYs and hence on the burden of disease. If the TMREL
is considered to be uncertain, then it is given as a range, and the GBD model calculates the
attributable DALYs assuming the TMREL varies uniformly over the given range.
The GBD model considers long chain omega-3 fatty acids (EPA and DHA) rather than
fish (as in the MDS) or “seafood and plant proteins” (as in the HEI-2010 score). It treats
alcohol as a drug rather than a component of diet and assigns it a high adverse impact,
with zero intake as the TMREL.
The GBD model could, in principle, be applied to any measured diet in a given country
to assign it a score in terms of DALYs lost. More broadly, it provides a guide to the appropriate weight to be attached to different dietary components.
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Table 11.2 Age-Standardized DALYs Lost per 100,000 People per Year by Risk Factor
Risk Factor

Belgium

United Kingdom

United States

Global

Tobacco smoke
Alcohol use
Diet low in fruits
Diet high in processed meat
Diet high in sodium
Diet low in vegetables
Diet low in whole grains
Diet low in nuts and seeds
Diet low in fiber
Diet low in polyunsaturated fatty acids
Diet low in seafood omega-3 fatty acids
Diet high in sugar-sweetened beverages
Diet high in red meat
Diet suboptimal in calcium
Diet high in trans-fatty acids
Diet low in milk
Diet sum (excluding tobacco and alcohol)

2154
1320
427
391
300
296
293
227
153
96
79
59
58
53
52
36
2520

1880
908
484
358
309
327
298
297
251
116
95
51
66
52
55
35
2794

2363
1140
588
488
489
427
429
373
286
121
242
350
77
48
210
37
4165

2209
1421
1151
262
1176
601
784
416
339
195
343
90
62
45
149
34
5647

Table 11.2 shows DALYs (age-standardized rate per 100,000) attributed to each dietary
cause in the GBD model for a selection of regions and countries. The table also includes
DALYs attributed to smoking and alcohol to give a broader picture. In interpreting Table
11.2, it should be noted that an increase of about 1250 in the DALY rate equates to about
1 year less in Health Adjusted Life Expectancy (HALE), based on a regression analysis of
DALYs versus HALE for those countries with a HALE above 68. Moving typical Western
diets to the TMRELs in the GBD model could therefore potentially give 2–3 years’
improvement in HALE. This projected impact is similar to the observed difference in
death rates between top and bottom quintiles of the HEI-2010 and MDS dietary quality
scores.

3.4 Comparison of Importance of the Components Over the Three
Models
All three models (MDS, HEI-2010, and GBD) place a strong emphasis on increased consumption of fruit and vegetables. The GBD TMREL values for fruit and vegetables (200–
400 g/day for fruit and 350–450 g/day for vegetables) are somewhat higher than the intakes
required for maximum scores on HEI-2010 (240 g/day of fruit and 320 g/day of vegetables). Within Western countries, the GBD model assigns a particularly high impact to fruit
intakes and slightly lower but significant impacts to vegetables, sodium, whole grains, and
nuts/seeds. The only impact of animal foods of similar importance to these plant factors
within Western diets is an adverse impact of processed meat consumption, but at a global
level, lack of “seafood” omega-3s (EPA and DHA) also has a similar impact. The projected
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impact of red meat is relatively low as the only effects considered are an increase in colorectal cancer and diabetes. Fiber intake is not really an independent effect but depends on the
other dietary factors listed, so it does not need to be considered as a separate component.
All three dietary quality measures include some component for fat quality that favors
unsaturated fats, but the detail varies: MDS favors a high ratio of monounsaturated to
saturated fats, HEI-2010 favors a high ratio of unsaturated fats to saturated fats, and GBD
treats polyunsaturated fats as favorable, ignoring saturated fats. The HEI-2010 fat score
would be expected to favor vegan diets most strongly, as they show a much lower saturated
fat intake but similar or increased unsaturated fat. The GBD model singles out trans-fatty
acids as a harmful component, though this appears to be a minor issue within Western
Europe.
Fish is treated favorably in all three models, though HEI-2010 treats seafood and plant
proteins as equivalent contributors to a “seafood and plant proteins” component, and
the GBD study singles out the EPA and DHA fatty acids rather than protein as the relevant
component with a TMREL of 200–300 mg/day. Zhao et al. (2016) present a meta-analysis of
prospective cohort studies and fish intake that indicates a 6% reduction in all-cause mortality for the highest category of fish consumption.
The GBD model singles out red meat and processed meat as harmful components, but
processed meat is estimated to have a much higher impact on DALYs than red meat. The
MDS combines all meat as a harmful component, while the HEI-2010 score gives meat
no special treatment beyond its contribution to protein and fat scores (fat from meat and
dairy will have an adverse effect on the ratio of unsaturated to saturated fats and will also
contribute to the solid fat category, which is a component of empty calories).
HEI-2010 and GBD favor whole grains, while MDS does not differentiate between whole
and refined grains. This seems to be a clear weakness of the MDS, and some later variants
of MDS use only whole grains as the favorable component. For example, Fung et al. (2005)
present an alternate MDS (aMED):
We modified the original scale for this study by excluding potato products from the
vegetable group, separating fruit and nuts into 2 groups, eliminating the dairy group,
including whole-grain products only, including only red and processed meats for the
meat group, and assigning alcohol intake between 5 and 15 g/day for 1 point.
HEI-2010 and GBD treat high sodium intake as a strongly negative component, while
the MDS is silent on this.
The MDS singles out legumes as a specific component, while HEI-2010 has three categories to which legumes can contribute (greens and beans, total protein, seafood and
plant proteins), but the GBD model does not include legumes.
The GBD model treats nuts and seeds as a distinct and strongly beneficial component,
while in HEI-2000 they are not separated out but contribute favorably to “seafood and
plant proteins” and fatty acid scores. In the MDS, nuts are combined with fruit based on
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total weight, and therefore will have little impact. Fung et al. (2005) created a separate category for nuts and seeds as part of the aMED score.
The treatment of dairy varies considerably between these diet quality measures: MDS
treats it as having an adverse effect, HEI-2010 treats it beneficial (especially if low-fat),
while the GBD model attributes a beneficial but negligible impact. An analysis of the MDS
by component in Greece also found negligible impact of the dairy component. The aMED
score drops dairy as a component.
The divergence in the treatment of alcohol between the MDS, HEI-2010, and GBD models is particularly dramatic, ranging from strongly beneficial, in moderation, to strongly
harmful. The harm reflects increased risks of injuries, cirrhosis, and cancer. The benefit
comes mainly from apparent reductions in ischemic heart disease and stroke. The apparent reductions in risk for drinkers versus lifetime abstainers are found even in people consuming so little alcohol (<2 g/day) that a real effect seems physiologically implausible. The
EPIC study (Bergmann et al., 2003) found further reduction (about 9%) in risk of death
from all causes associated with higher but still moderate alcohol consumption. Whether
this remaining reduction, after careful attempts to control for confounding, is causal or
reflects residual confounding remains debatable.
The GBD model attributes a small reduction of risk of ischemic stroke and heart disease
to alcohol, but overall this is far outweighed by increased injuries, cirrhosis, and cancer. The
impact of injuries on DALYs is higher than their impact on deaths. HEI-2010 treats alcohol
as neutral up to a certain intake and then slightly harmful (as a component of empty calories). The MDS takes an intermediate range of alcohol consumption as desirable with both
minimal and high intakes penalized, and an analysis of the MDS by component in Greece
(Trichopoulou et al., 2009) found moderate alcohol intake to be the score component with
the most beneficial element within the MDS. The apparent effect of moderate alcohol consumption within the MDS score is probably exaggerated to some extent by reverse causation, with ill-health leading to abstention from alcohol. The aMED score retains a moderate
alcohol category but shifts the desirable range of intakes to between 5 and 15 g/day, encompassing occasional drinkers and setting a tighter threshold for moderation.

3.5 Diet Quality and Relative Risks
There is very good evidence that a range of different diet quality indices predict all-cause
mortality and cardiovascular mortality. A two-point increase in the MDS score was associated with an 8% reduction in all-cause mortality (Sofi et al., 2010).
Liese et al. (2015) compared four different diet quality measures, including HEI-2010
and aMED, in several different US cohorts using a prespecified standardized approach.
Top versus bottom quintiles on HEI-2010 showed a relative risk (RR) for all-cause mortality
of between 0.74 and 0.78 in men and between 0.76 and 0.89 for women. Results using the
alternate Mediterranean score, aMED, were similar in men (0.76–0.77) but more consistent in predicting reduced mortality in women (0.74–0.78). The similarity in the results on
the various scores is more striking than the relatively small differences.
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4. Diet Quality Measures and Vegetarian Diets
Farmer et al. (2011) and Kennedy et al. (2001) compared HEI scores between vegetarians
and nonvegetarians within the US NHANES participants, with conflicting results. In both
cases, vegetarians were defined as those who reported eating no flesh foods during a single-day dietary record. This selection would be expected to include quite a few nonvegetarians and therefore to reflect less systematic adaptation of diets to replace meat and
fish than in true vegetarians.
Kennedy et al. (2001) reported that vegetarian diets had a lower HEI score (60.8) than
nonvegetarian diets (63.2). Very little detail was provided for the component scores, though
it was apparent that vegetarians gained 0.7 points on the fruits score and lost 2.3 points on
the variety score.
Farmer et al. (2011) used the HEI-2005 score and considered individuals with low
reported calorie intake (“dieters”) separately from nondieters. Farmer et al. (2011) provided full detail on the components of the score. Considering dieters and nondieters
combined, essentially no differences were found: vegetarians had a score of 50.5 and nonvegetarians 50.1. Unlike the original HEI score, there was no component score for variety.
As in Kennedy et al. (2001), the vegetarians gained 0.6 points on fruits. The largest difference in component score was on “meat and beans” where the vegetarians lost 4.8 points.
Vegetarian consumption of beans was just a tenth of a cup more than that of nonvegetarians, which left them trailing far behind on the “meat and beans” component. Although
Kennedy et al. (2001) did not report this individual component, a similar difference very
probably applied.
Among nondieters, the vegetarians had a higher score than nonvegetarians (53 vs.
49.7), while among dieters the vegetarians had a lower score (47.3 vs. 51). The difference
in the relative score of vegetarians and nonvegetarians as between dieters and nondieters
centered on two individual categories—“solid fat, alcohol, and added sugar” (2.3 swing)
and “meat and beans” (1.3 swing)—plus a swing of 2 on the combination of all the fruit
and vegetable categories.
Overall the analyses based on NHANES indicate little difference in diet quality between
daily diets with and without flesh, as measured by the older versions of the HEI. To consider
the diets of people who have consciously chosen a vegetarian diet, we need to look elsewhere.
Clarys et al. (2013) investigated how the MDS and HEI-2010 diet quality measures
worked in practice for matched vegetarians and omnivores. There were 69 vegetarians
and 69 omnivores, and diets were assessed using a three-day food diary, including one
weekend day.
The vegetarian diets scored more highly on both measures (see Table 11.3).
On the MDS score, the vegetarians all had a 0 score for fish but a compensating score
of 1 for meat. As some omnivores also had zero intake of fish but none had a zero intake of
meat, the net effect was an advantage of 0.4 to the vegetarians. The vegetarians had higher
intakes of dairy and hence a lower score, but this was counterbalanced by higher scores
from the plant components.

186 VEGETARIAN AND PLANT-BASED DIETS IN HEALTH AND DISEASE PREVENTION

Table 11.3 Quality Scores for Vegetarians and
Omnivores as Measured by the Mediterranean
Diet Score (MDS) and Healthy Eating Index
(HEI-2010) (Clarys et al., 2013)

Vegetarians
Omnivores

MDS

HEI-2010

4.3
3.8

53.8
46.4

Table 11.4 Quality Scores by Diet Group as
Measured by the Mediterranean Diet Score (MDS)
and Health Eating Score (HEI-2010) (Clarys et al.,
2014)

Vegans
Other vegetarians
Occasional meat eaters
Pescetarians
Omnivores

MDS

HEI-2010

5.8
4.6
5.2
5.5
4.1

65.4
58.7
59.4
58.7
54.2

On the HEI-2010 score, the higher dairy intake of the vegetarians became a slight
advantage. Higher intake of fruit and lower intake of empty calories were key to the overall
difference in score. The vegetarians scored lower on total protein, but this was mitigated
by a higher score on “seafood and plant proteins.” A higher score on whole grains was
countered by a lower score on refined grains.
Both the MDS and HEI-2010 favored the vegetarian diets, though the magnitude of the
differences in MDS equate to just a few months’ predicted difference in life expectancy:
each 2-unit increase in MDS score is associated with an 8% reduction in death rate, which
approximates to living 10 months longer, and going from a score of 3.8 to 4.3 would give a
quarter of this gain.
A further study (see Table 11.4) by the same group (Clarys et al., 2014) included a larger
number of people and considered vegans (n = 104), occasional meat eaters (498), and
pescetarians (145), as well as vegetarians (573) and omnivores (155). This study used a
Food Frequency Questionnaire (FFQ) to assess the diets.
Unlike Clarys et al. (2013), Clarys et al. (2014) treated processed meat substitutes as
equivalent to meat within the MDS on the basis that unlike nuts and legumes, which contributed to favorable score components, meat replacements were often high in saturated
fat and sodium.
In this study, both the MDS and HEI-2010 measures favored the vegan diet and placed
the vegetarians, occasional meat eaters, and fish eaters at intermediate scores between the
omnivores and the vegans.
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The differences between vegetarians and meat eaters (4.6 vs. 4.1) for the MDS score
were similar to the previous study (4.3 vs. 3.8), but higher scores were found for occasional
meat eaters (5.2), pescetarians (5.5), and vegans (5.8). The MDS penalized all vegetarians
for the absence of fish and rewarded vegans for the absence of dairy. The inclusion of meat
replacements along with animal meat meant that vegans had a mean score of about 0.5 on
the meat category.
On the HEI-2010 score, all the restricted-meat groups gained relative to omnivores
on the sodium, “seafood and plant proteins,” “greens and beans,” empty calories, total
fruit, whole fruit, whole grains, and vegetables categories but lost on refined grains and
total protein. The directional consistency was striking and suggests that restrictedmeat diets could benefit from swapping refined grains for whole grains or, even better,
legumes.
The HEI-2010 score strongly favored the vegans, who scored five to six points higher
than other groups on the fatty acid score (ratio of unsaturated to saturated fat) and also
scored highly on empty calories, which includes solid fat. Vegans in this study may have
lost out on the HEI-2010 score due to a zero score for dairy (fortified soya milks could contribute to this element but were not separated out in the FFQ used). The HEI-2010 is, as
intended, more inclusive of vegetarian and vegan diets.
No evaluation of vegetarian diets has been done using the GBD model. AHS-2 data and
EPIC-Oxford dietary data for different diet groups have also not been formally evaluated
using diet quality measures. Nonetheless, it appears that diet quality measures support a
shift to increasingly plant-based diets as a healthy one that would be expected to modestly
reduce death rates. It is of interest to consider how this aligns with death rates from the
larger studies of vegetarians.

5. Death Rates and Vegetarian Diets
All-cause death rates including vegans as a separate category are available from three
distinct sources: AHS-2 (Orlich et al., 2013), UK vegetarians (Appleby et al., 2016), and a
pooled analysis of earlier studies (Key et al., 1999) including the earlier two Adventist studies (Adventist Mortality Study and Adventist Health Study), a German study, the Health
Food Shoppers Study, and the Oxford Vegetarian Study. Note that partial follow-up of the
Oxford Vegetarian Study is included in Key et al. (1999), and full follow-up is included in
Appleby et al. (2016), so these two studies are not completely independent. The results
from Key et al. (1999) were adjusted for age, sex, and smoking, while the results from the
more recent studies were also adjusted for marital status, activity level, alcohol consumption, and hormone replacement therapy plus other factors that differed by study. None of
the results in Table 11.5 were adjusted for BMI.
In all cases, regular meat eaters are the reference group, but Appleby et al. (2016) count
regular meat eaters as those eating meat at least five times a week rather than just once
a week or more as in the other studies. Note that a RR of 0.9 for all-cause mortality corresponds to about a 1-year increase in life expectancy.
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Table 11.5 All-Cause Death Rates by Diet Group Compared With Regular Meat
Eatersa

Pooled analysis (Key et al., 1999)
UK: EPIC-Oxford/ Oxford Vegetarian
study (Appleby et al., 2016)
AHS-2 all (Orlich et al., 2013)
AHS-2 men
AHS-2 women

Vegan

Other Vegetarian

Pescetarian

Occasional/Low
Meat Eaters

1.00
1.00

0.84
0.93

0.82
0.91

0.84
0.93

0.85
0.72
0.97

0.91
0.86
0.94

0.81
0.73
0.88

0.92
0.93
0.92

Results in bold were significant at P < .05.
aThe UK results for vegetarians and vegans are based on participants who did not change diet group in the course of the studies (the
relative risk of 0.93 for other vegetarians was not included in the published paper and was provided by the authors in a personal
communication).

Results that included all participants, based on their last recorded diet group,
showed less evidence of a benefit from vegetarian and vegan diets. This is to be
expected, as participants changing diets would dilute any long-term effect of diet
and could also reflect confounding by indication, changes in diet as a consequence of
health changes.
Mean reported adherence to each diet group at baseline was high in AHS-2: 21 years for
vegans, 39 years for other vegetarians, 24 years for pescetarians, 19 years for semivegetarians, and 48 years for meat eaters. In the Oxford studies, median adherence for vegans was
5 years and for other nonmeat-eating groups about 10 years. At baseline, the meat eaters in
the AHS-2 cohort were about 6 years older than in EPIC-Oxford (56 vs. 50), and the vegans
in AHS-2 were 20 years older than in EPIC-Oxford (58 vs. 38). Follow-up was much longer
in the Oxford studies, narrowing the gap in age range.
Considering both sexes combined in AHS-2, ovolactovegetarians showed a statistically significant reduction in death rates (0.91), equivalent to living about 1 year longer,
and pescetarians showed a significant reduction (0.81) equivalent to living 2 years longer.
Occasional meat eaters (0.92) and vegans (0.85) showed numerically similar improvements, but these were not statistically significant. Appleby et al. (2016) showed similar
improvements to AHS-2 for most diet groups. For vegans, there was a notable difference
between the two studies (RR of 1.00 in the Oxford studies vs. 0.85 in AHS-2). The pooled
analysis showed slightly larger (0.82–0.84) benefits for all diet groups compared with regular meat eaters, except for the vegans who again had a RR of 1.00.
The results match the conclusion from the MDS/HEI-2010 quality measures that vegetarian diets have an improved quality compared with omnivorous diets. The size of effect
is modest but is broadly comparable with that expected based on dietary quality scores in
other studies of vegetarians and vegans.
In AHS-2, both vegan men and pescetarian men showed a statistically significant reduction in death rates equivalent to living about 3 years longer. No other diet–sex combination
showed statistically significant benefit in all-cause mortality.
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Table 11.6 Death Rates From Cardiovascular Disease and Ischemic Heart Disease by
Diet Group Compared With Regular Meat Eaters
Cardiovascular Disease

Ischemic Heart Disease

Adventist Health Study 2

All

Men

Women

All

Men

Women

Vegan
Other vegetarian
Pescetarian
Occasional meat eaters

0.91
0.90
0.80
0.85

0.58
0.77
0.66
0.75

1.18
0.99
0.90
0.93

0.90
0.82
0.65
0.92

0.45
0.76
0.77
0.73

1.39
0.85
0.51
1.09

Results in bold were significant at P < .05.

There was clear evidence from AHS-2 of a difference in the effect of diet type between
men and women. This centered on cardiovascular disease and was particularly pronounced in vegans (Table 11.6).
This did not appear to be due to differences in diet between men and women. Orlich
et al. (2013) note:
It is possible that within dietary groups the diets of men and women differ in important
ways; however, a recent evaluation of the nutrient profile of the dietary patterns in this
cohort did not reveal striking differences. Alternatively, the biological effect of dietary
factors on mortality may be different in men and women.
As previously noted, the reference group for the Oxford studies had higher levels of
both meat and red meat consumption than the reference group for AHS-2, but this does
not seem to have increased the differentials in mortality observed (Table 11.5).
It is notable that in all three studies, the pescetarians came out slightly (but nonsignificantly) ahead of the nearest vegetarian group, but the difference was small: a 2%–4% reduction
in RR of death from all causes. This does not support a large overall effect of fish on death rates
in these populations but is consistent with the reduction of 6% reported by Zhao et al. (2016).
The most striking specific advantage for pescetarians was for ischemic heart disease
deaths in women, while the worst result for vegans was also for ischemic heart
disease deaths in women. The poor result for vegan women in terms of ischemic heart
disease echoes an earlier Adventist study in which vegan men showed 14% of the expected
death rate from heart disease compared with the general population, but vegan women
showed 94% of the expected death rate (Phillips et al., 1978).
There are few differences in dietary intakes between pescetarians and vegans in AHS-2
(Orlich et al., 2014). Indeed, in many respects the pescetarians were the closest of the other
diet groups to the vegans and they were also very close in overall death rates. The vegans
consumed slightly more fiber and fruit and slightly less saturated fat, but the differences
were not dramatic.
The only clear difference was the defining one: consumption of fish. Median DHA
intake in pescetarians (men and women combined) was about 100 mg/day. EPA intake is
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not reported, but EPA + DHA was probably comparable to the TMREL in the GBD model
(200–300 mg/day of EPA + DHA). The MDS fish score would also favor the pescetarians.
EPA and DHA can be consumed by vegetarians in the form of supplements derived from
algae, but no such intake was recorded in AHS-2.
Although vegetarians showed similar overall RRs in the two recent studies, there are
slight differences in specific causes of death. In the Oxford studies the main advantage was
seen in cancer (Table 11.7).
In AHS-2 the advantage was more evenly spread (Table 11.8).
The AHS-2 vegans showed an advantage over regular meat eaters, while their counterparts in both the Oxford studies and the pooled analysis did not. A previous report based
on earlier Adventist studies gave a very similar result to AHS-2 on all-cause mortality: vegans 0.84 and other vegetarians 0.87 compared with omnivores (Fraser, 2003).
While there is a risk of overinterpreting the limited data available, the consistency with
earlier reports makes the observed difference between Adventist vegans and UK vegans
credible and deserving of further consideration.
At baseline the vegans in EPIC-Oxford were much younger than in AHS-2 (mean of 38
vs. 58) and had followed their diet for less time (5 years vs. 21 years). The younger age may
have reduced differentials in death rates, and the shorter duration of diet may reduce the
impact of dietary differences and make future changes in diet more likely. However, the
longer follow-up in the Oxford studies and the elimination of individuals known to have
changed diet group should reduce the impact of these factors.
Table 11.7 Death Rates From Specific Causes by Diet Group Compared With Regular
Meat Eaters in the Oxford Studies
EPIC and Oxford
Vegetarian
Vegan
Other vegetarian
Pescetarian
Occasional meat
eaters

All Causes

Cancer

Ischemic Heart Cerebrovascular Cardiovascular
Disease
Disease
Disease

Respiratory
Disease

1.00
0.93
0.91
0.93

0.97
0.83
0.76
0.93

0.79
0.92
0.89
1.00

1.00
0.94
0.79
0.69

1.50
1.12
1.23
0.91

1.09
1.01
1.10
1.02

Results in bold were significant at P < .05.

Table 11.8 Death Rates From Specific Causes by Diet Group Compared With Regular
Meat Eaters in AHS-2
Adventist Health Study 2

All Causes

Cancer

Ischemic Heart
Disease

Cardiovascular
Disease

Other

Vegan
Other vegetarian
Pescetarian
Occasional meat eaters

0.85
0.91
0.81
0.92

0.92
0.90
0.94
0.94

0.90
0.82
0.65
0.92

0.91
0.90
0.80
0.95

0.74
0.91
0.71
0.99

Results in bold were significant at P < .05.
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UK vegans consumed more alcohol than those in AHS-2 (4% of calories—about 1.5
units—vs. virtually none), but alcohol intakes were fairly uniform across dietary groups
within each cohort so are unlikely to make much contribution to differences between diet
groups within each cohort.
The baseline BMIs in AHS-2 ranged from 24 in vegans to 28 in meat eaters compared
with 23 in vegans and 25 in regular meat eaters for EPIC-Oxford (Davey et al., 2003). Thirtythree percent of meat eaters in AHS-2 were obese compared with 9% of vegans (Rizzo
et al., 2013). With an estimated RR of 1.45 for death due to grade 1 obesity (Global BMI
Mortality Collaboration, 2016) and an additional 24% of the reference group being obese,
obesity seems a plausible contributor to the vegan advantage in AHS-2. However, adjustment for BMI was reported to make little difference to overall death rates in either AHS-2
or the Oxford studies. Indeed, in AHS-2 adjustment for BMI strengthened the RR for vegans compared with meat eaters from 0.85 to 0.84, nudging it into statistical significance.
Differences in BMI therefore seem unlikely to explain the differences in RR.
The analysis by Clarys et al. (2014) using the HEI-2010 score highlighted increased
refined grain consumption and decreased total protein as potential weak points in diets
excluding meat. Neither of these weaknesses is observed in AHS-2. Refined grain use
decreased with increasing exclusion of animal products (Orlich et al., 2014), and total protein was 14%–15% of calories in all diet groups (Rizzo et al., 2013). Refined grain use has not
been reported for different diet groups within EPIC-Oxford, but protein intakes appear to
decline from 16 to 17% of calories in meat eaters down to 13% of calories in vegans (Davey
et al., 2003; Sobiecki et al., 2016). A potentially relevant effect of lower protein intake in this
cohort was confirmed by Allen et al. (2002), who reported reduced IGF-1 levels in vegans,
particularly those consuming little soya milk, and by Schmidt et al. (2016) who reported
lower plasma concentrations of some amino acids, particularly lysine, in vegans.
There is a very striking difference between Adventist and UK vegans in reported vitamin B12 intakes. Recommended vitamin B12 intakes are 1.5 μg in the UK and 2.4 μg in the
United States. The median intake (including supplements) of AHS-2 vegans was about
6 μg/day. Much of this probably came from fortified foods: many fortified plant milks in
the United States contain more than 1 μg of vitamin B12 per 100 mL, compared with about
0.4 μg in Europe. The mean vitamin B12 intake of EPIC-Oxford vegans from foods was less
than 1 μg (Davey et al., 2003; Sobiecki et al., 2016), though this did not take full account of
vitamin B12 fortification.
Blood measurements confirm a major difference between the Adventist and EPICOxford vegans in vitamin B12 status. A previous study of B12 in Adventist vegans (Haddad
et al., 1999) found normal average levels of vitamin B12 and homocysteine in blood. In
contrast, a study based on the EPIC-Oxford cohort (Gilsing et al., 2010) found 52% of vegans to have blood B12 levels below 118 pmol/L, and homocysteine levels were elevated.
Elevated homocysteine is strongly associated with increased death rates, though a lack of
effect from homocysteine reduction trials calls into question how much of this association
is causal. For a review, the readers may refer to Chapter 41. There is a particular association
between elevated homocysteine and cerebrovascular disease. Although both estimates
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were not significantly different from 1, the RR for cerebrovascular disease was somewhat
elevated (1.5; 0.84–2.68) in vegans in the Oxford studies but not in vegans in the pooled
analysis (0.7; 0.25–1.98). The much better vitamin B12 status in the AHS-2 vegans relative
to the UK vegans plausibly contributed to their more favorable results.
Calcium intakes in AHS-2 vegans with a median of 933 mg/day (Rizzo et al., 2013) were
also higher than the reported baseline values in EPIC-Oxford vegans with a mean value
of 600 mg/day (Davey et al., 2003). Vegans in EPIC-Oxford have been reported to show
increased fracture rates, though this was not observed when the analysis was restricted to
people with calcium intakes above 525 mg/day (Appleby et al., 2007). However, Sobiecki
et al. (2016) reported a mean value of 850 mg/day based on a later follow-up of the EPICOxford cohort that assumed standard levels of calcium fortification of various soya
products.
Overall, vitamin B12 seems the most credible hypothesis to explain the difference in the
RR for vegans in the Oxford and AHS-2 studies. Existing dietary indices are based on omnivores, among whom vitamin B12 deficiency is rare, and not surprisingly are insensitive to
this consideration. As calcium-fortified plant milks usually also contain vitamin B12 and
contribute to the dairy dimension in HEI-2010, this would partly reflect this important
dimension of vegan diets, but the other models would not. Any model that truly encompasses vegan diets needs to capture this directly.

6. Recommendations for Dietary Quality Indices for Vegan
and Other Vegetarian Diets
The first recommendation is to add a measure to capture the effective intake of vitamin
B12, as this may be a key contributor to the quality of vegetarian and vegan diets.
In capturing vitamin B12 intakes, supplements need to be included in the analysis,
and a correction then needs to be applied for the nonlinear absorption characteristic of
vitamin B12. Without applying some correction, the impact of occasional use of high dose
supplements will be greatly overestimated. An equation for vitamin B12 absorption was
developed by Heinrich et al. (1965) to cover a wide range of intakes:
A = 1.5D/ (1.5 + D) + 0.009 * (D − 1.5D/ (1.5 + D))

where D is the intake in μg, and A is the absorbed amount in μg.
Applying this equation to FFQ data could slightly overestimate the absorbed amount
from diet if multiple vitamin B12 sources are usually consumed at the same meal, as this
will reduce the absorption from each individual source. Absorption of vitamin B12 from
eggs is exceptionally poor and should be multiplied by a correction factor of about 0.2.
In terms of a diet quality score, an average absorbed amount of 1.5 μg would meet all
official national and international guidelines, so it should get maximum points. The potential overestimation of absorption is unlikely to matter in practice for such a diet score, as
whenever vitamin B12 intake is frequent enough to lead to overestimation of absorption
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due to multiple sources appearing in the same meal then a maximum score would be
expected even if an analysis were carried out on a meal by meal basis.
Nuts and seeds should be included as a separate category, as in the GBD model and the
aMED score, as they play a significant role in plant-based diets, and they have strong and
consistent associations with health. Combining nuts with fruits by weight, as in the MDS,
obscures any effect of nuts, as nuts are consumed in much smaller quantities.
If dairy/milk is included as a separate beneficial category in a diet quality model, then
calcium-fortified plant milks should be treated as equivalents of dairy milk and calciumset tofu should be treated as an equivalent of cheese since the main potential benefits
relate to calcium content. If dairy/milk is included as a separate adverse category, then
plant milks/tofu should not be treated as an equivalent as the harm anticipated relates to
either saturated fat or sugar (lactose/galactose) content. Alternatively, dairy could simply
be omitted from the scoring altogether, as in the aMED score.
If there is a general meat category in the quality score, then we need to consider how
to treat meat substitutes, other than legumes and nuts that are generally treated as special
cases. In relation to the MDS, which treats meat as a separate adverse component, the
less healthy end of the meat substitutes should arguably be counted as meat equivalents.
Clarys et al. (2014) treated processed meat substitutes as equivalent to meat for this reason.
Based on the GBD model, processed meat is considered to be the main harmful meat
category through an effect on cancer risk. In this case, there is no obvious reason to expect
meat substitutes to have an equivalent effect. Similarly, the red meat component of the
GBD and other scores may act at least in part through the heme iron content, so meat
substitutes would not be equivalent.
The treatment of fish is the most problematic area for two reasons. First, the mechanism
and magnitude of its effect remains uncertain, though the EPA and DHA content of fish
is the most plausible basis of any effect. Secondly, the equivalence of the plant omega-3
alpha-linolenic acid (ALA) to EPA/DHA is not clear, so it is difficult to create a score that
encompasses all sources of omega-3. Dietary ALA predictably increases EPA levels in the
blood, but conversion to DHA in the blood is very limited, at least in adults (Brenna et al.,
2009). ALA also has its own direct effects. Based on the contribution of ALA intake versus
EPA intake to EPA levels in blood (Finnegan et al., 2003; Walsh, 2003), about 7% of ALA
intake should be counted as an EPA equivalent. In AHS-2, median vegan ALA intakes were
1.8 g/day (Rizzo et al., 2013), which would be equivalent to 126 mg/day of EPA.

7. Conclusions
Generally, existing diet quality indices seem to encompass vegan and other vegetarian
diets, and they seem to favor increasingly plant-based diet choices. The trends in dietary
quality scores are broadly consistent with observed death rates in plant-based and vegetarian diet groups.
Some small adjustments to particular scores could improve the application of diet
quality scores to diets with restricted use of foods derived from animals.
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A key gap in existing dietary quality indices is the lack of sensitivity to insufficient supply of vitamin B12. Vitamin B12 intakes are often (but not always) low in vegan diets. They
may also be low in other vegetarian diets, which are often accompanied by reduced intake
of dairy products. Low vitamin B12 certainly has effects on health and may make a significant contribution to death rates among vegans.
Observations of diet groups that differ in their intakes of meat and fish do not support a
major effect of fish/EPA + DHA, but the difference between vegan and pescetarian women
in terms of ischemic heart disease in AHS-2 deserves further exploration, particularly if
confirmed with longer follow-up or in other studies.
Further research on dietary patterns in plant-based and vegetarian diets could enhance
our knowledge both of how best to measure dietary quality and of the implications of
plant-based and vegetarian diet choices.
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1. Introduction
Associations between meat consumption and mortality or chronic disease incidence have
been evaluated in a very large number of observational epidemiologic studies since the
1970s. Meats are usually broadly categorized into red (i.e., beef, veal, pork, lamb, mutton,
horse, or goat meat) or white (i.e., chicken, turkey, rabbit) meats, based on their heme iron
content. Processed meat includes any meat transformed through salting, curing, fermentation, smoking, or other processes to enhance flavor or improve preservation (e.g., ham,
bacon, sausages, hamburgers, salami, corned beef, and tinned meat, but also poultry).
Unprocessed meat is consumed without such preservatives (Wyness et al., 2011).
The intake of meat, especially red, and processed, has increased in industrialized countries, resulting in it becoming a basic component of meals, especially in men (Wyness
et al., 2011; Abete et al., 2014). After the Second World War deprivations, high meat intake
has been considered a healthy dietary habit, until epidemiological evidence started to
accumulate for adverse health effects of high meat intake. Epidemiologic evidence suggests an association between red, and processed meat consumptions, and increased
incidence of cardiovascular diseases (CVD), type 2 diabetes, and some types of cancers,
especially colorectal cancer (Fardet and Boirie, 2014). In 2015, the WHO International
Agency for Research on Cancer classified unprocessed red meat as probably carcinogenic
to humans (Class 2A), while processed red meat was classified as a level 1 carcinogen,
i.e., carcinogenic to humans, mostly on the basis of evidence regarding colorectal cancer.
Uncertainties remain on the level of intake associated with higher risk and whether the
risk is related to meat per se, especially the heme iron content, additives used, components through cooking procedures, or associated dietary and lifestyle patterns (Wyness
et al., 2011; Lee et al., 2013).
Indeed, there are many challenges when comparing data from different studies because of
the lack of a standardized definition of type of meat. Some studies examined total meat consumption, which includes processed and unprocessed red and white meats, while other studies analyzed them separately (Wyness et al., 2011). Furthermore, attributing the occurrence
Vegetarian and Plant-Based Diets in Health and Disease Prevention. http://dx.doi.org/10.1016/B978-0-12-803968-7.00012-5
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of diseases to meat is challenging, owing to the fact that meat is typically consumed as part of
a composite meal, often containing nonmeat components such as vegetables, starchy foods
(rice, pasta, or potatoes), or legumes (Wyness et al., 2011). Therefore, an increasing number
of studies investigated overall dietary behaviors using dietary patterns rather than considering only meat products.
Meat provides little if any carbohydrate, and it is mostly composed of protein and fat.
Red meat contains a range of important nutrients including high-quality protein, fatty
acids, iron, zinc, selenium, potassium, and a range of B-vitamins especially vitamin B12
(Wyness et al., 2011). Red meat (and in some cases, meat products), as well as other animal
foods, is an important source of the nine indispensable amino acids for humans (Wyness
et al., 2011). Meat contains fat in varying amounts. Besides a small amount of long-chain
n-3 polyunsaturated fatty acids (PUFAs), red meat contains monounsaturated fatty acids
(MUFAs) (30%–40% of total fatty acids) and saturated fatty acids, one-third of them being
stearic acid, neutral on total cholesterol, and low-density lipoprotein plasmatic levels
(Wyness et al., 2011; McNeill, 2014).
As meat- and animal-derived foods (such as dairy products) and fish are the only foods
that naturally provide vitamin B12, individuals who totally exclude such foods from their diet
are at risk of inadequate intakes (Wyness et al., 2011). The readers can refer to Chapter 43
for a detailed review. Dietary iron is found in two forms: heme and nonheme iron. Red
meat (beef, lamb, and pork) has a 10-fold higher heme content than white meat (e.g.,
chicken) (Hooda et al., 2014). Ferric iron, which is present in hemoglobin and myoglobin
within the heme molecule, has strong oxidative properties but is better absorbed than
nonheme iron, present in foods of plant origin. In Western countries, heme iron derived
from myoglobin and hemoglobin makes up two-thirds of the average person’s total iron
stores, although it constitutes only one-third of the ingested iron (Hooda et al., 2014). The
readers can refer to Chapter 39 for a detailed review on iron status in a plant-based diet.

2. Meat Consumption and Obesity
Rouhani et al. (2014) performed a meta-analysis of transversal studies on the relationship
between red meat intake (21 studies) and processed meat intake (18 studies) and obesity.
When comparing extreme quantiles of red or processed meat intake, those in the highest
quantile had an approximately 37% increased risk of obesity (Rouhani et al., 2014), and
they had higher body mass index (BMI) and higher waist circumference. Associations were
similar for nonprocessed and processed meat.
Red meat and by-products are categorized as energy-dense foods, and energy density of
the diet has been directly associated with obesity (Rouhani et al., 2014). Read meat is also
an important component of the Western diet, which has been consistently associated with
obesity, but it is difficult to assess what is due to meat consumption and what is related to
other components of the Western diet, such as low dietary fiber intake and high-sugar and
high-fat processed foods. Vegetarians have been found to have somewhat lower energy
intakes that are associated with higher fiber and lower fat intakes (Wyness et al., 2011).
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The energy content of meat widely varies according to the fat content. Although there is
no international consensus, lean meat is usually defined as meat containing 5%–10% fat
(Wyness et al., 2011). Thus, lean red meat has been considered a useful component of
weight loss diets because of the satiating effect (Wyness et al., 2011). High-protein, low-fat
diets compared with standard-protein, low-fat diets produced more favorable changes in
weight loss and fat mass over the short-term, and the suggested reasons include increased
satiating properties of protein and protein effects on thermogenesis, body composition,
and decreased energy efficiency (Wyness et al., 2011).
The importance of the microbiota in the development of obesity receives growing interest and evidence. As discussed in a review (Ramakrishna, 2013), “alteration of the microbiota composition may stimulate development of obesity and other metabolic diseases via
several mechanisms: increasing gut permeability with subsequent metabolic inflammation; increasing energy harvest from the diet; impairing short-chain fatty acids synthesis;
and altering bile acids metabolism and FXR/TGR5 signaling.” The relationship between
the red meat-associated microbiota and obesity-associated microbiota is complex and
requests further investigation. A diet high in animal protein and fat has been associated
with a development of the Bacteroides enterotype, but the latter has been diversely associated with weight changes in different parts of the world (Ramakrishna, 2013).
Altogether, high consumption of red and/or processed meat is likely to be associated
with higher risk of obesity, either directly or via other components of the Western diet.

3. Red and Processed Meat Consumptions and Cancer Risk
3.1 Epidemiological Evidence
In October 2015, the International Agency for Research on Cancer (IARC) evaluated the
carcinogenicity of red meat and processed meat consumptions (Bouvard et al., 2015). The
working group classified consumption of red meat as “probably carcinogenic to humans”
(Group 2A) and consumption of processed meat as “carcinogenic to humans” (Group 1).
IARC has based this classification on substantial epidemiological evidence for a positive
association between consumption of processed and red meat and risk of several cancers,
especially colorectal cancer.
Associations between consumption of red and processed meat (including processed red meat, but also processed poultry) and the risk of various cancers have been
jointly summarized by the World Cancer Research Fund (WCRF) and the American
Institute for Cancer Research (AICR) in the 2007 report and the 2010–14 Continuous
Update Program (CUP).
Concerning the association with red and/or processed meat consumption, the largest
body of epidemiological data concerned colorectal cancer. Results of the meta-analysis on
the association between consumption of red and processed meat and colorectal cancer
risk, reported in the 2011 WCRF/AICR CUP report (World Cancer Research Fund American
Institute for Cancer Research, 2016), confirmed those presented in the 2007 report and
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considered the increased colorectal cancer risk as convincing for both red and processed
meats. The meta-analysis (Chan et al., 2011), on which the report was based, included 11
cohort studies. The dose–response meta-analysis concluded an increase in risk of colorectal cancer with the consumption of red and processed meats: per 100 g total red meat/day,
increases in risks of proximal colon, distal colon, and rectum were 11%, 22%, and 23%, respectively. For processed meat, the increased risk of colorectal cancer was 18% per 50 g/day, while
for unprocessed red meat the increased risk of colorectal cancer was 17% per 100 g/day. A
further meta-analysis of 25 cohort studies (Alexander et al., 2011) reported associations that
were not as strong and some heterogeneity between studies.
Other cancer sites have been associated with red and/or processed meat intakes as
summarized by the WCRF/AICR reports. The meta-analysis of available data on the relationship between consumption of red and/or processed meats and pancreatic cancer
risk presented in the 2012 WCRF report (World Cancer Research Fund American Institute
for Cancer Research, 2016) is in favor of an increased risk with a level of evidence qualified as “limited-suggestive.” The dose–response meta-analysis per 100 g/day of red meat
consumption (8 cohort studies) and 50 g/day of processed meat consumption (7 cohort
studies) reported increased risks by 43% and 21%, respectively, in men. No statistically
significant association was observed in women, but this may be due to a lack of statistical power since the disease is less common in women. In a meta-analysis (Larsson and
Wolk, 2012), pancreatic cancer risk increased by 29% per 120 g/day increment of red meat
consumption (11 cohort studies) and by 19% per 50 g/day increment of processed meat
consumption (7 cohort studies).
For esophageal cancer, a positive association has been observed in Western countries
(the United States and Europe) with red and processed meat. Three meta-analyses have
investigated the association between esophageal cancer and red or processed meat intake.
A meta-analysis of three cohort and six case–control studies on esophageal adenocarcinoma
reported a 31% increase between extreme quantiles (Huang et al., 2013). A meta-analysis of
4 cohorts and 31 case–control studies reported a 40% increased risk of esophageal cancer
between extreme quantiles of red meat and a 41% increase for processed meat. Squamous
cell carcinoma was associated with high red meat intake, while adenocarcinoma was
associated with processed meat intake (Salehi et al., 2013). In a meta-analysis separately
investigating the included 4 cohort and 23 case–control studies, the highest versus lowest quantiles of intake were associated with a 26% and 25% increased risk of esophageal
cancer in the cohort studies, while the corresponding figures were higher, 44% and 36%,
respectively, for the case–control studies (Choi et al., 2013). In another meta-analysis of
three cohort and seven case–control studies on esophageal adenocarcinoma, the dose–
response analysis reported a 45% increased risk per 100 g/day of red meat intake and 37%
per 50 g/day of processed meat intake (Huang et al., 2013). In a study focused on squamous cell carcinoma, summary estimates provided 42% and 41% increased risks with red
and processed meats, respectively (Qu et al., 2013; Zhu et al., 2014). In a study including 7
cohort and 23 case–control studies, total meat, poultry, or fish intakes were not associated
with esophageal cancer risk, and white meat intake was associated with a decreased risk,

Chapter 12 • Meat Consumption and Health Outcomes

201

while a 55% increased risk comparing extreme categories was reported with red meat and
a 33% increase for processed meat. When considering histological types, esophageal squamous cell carcinoma was positively associated with red meat, and inversely with white
meat and poultry, while esophageal adenocarcinoma was associated with total meat and
processed meat (Zhu et al., 2014).
The results from the meta-analyses on the link between consumption of processed meats
and stomach cancer risk presented in the 2007 WCRF report are in favor of an increased risk
with a level of evidence considered as “limited-suggestive” (World Cancer Research Fund
American Institute for Cancer Research, 2007). The dose–response meta-analysis per 20 g/
day of processed meat (nine case–control studies) showed a 13% increased risk (World
Cancer Research Fund American Institute for Cancer Research, 2007). These results were
confirmed in more recent meta-analyses with increases of 24% (7 cohort studies) (D’Elia
et al., 2012), 45% (12 cohort studies, 30 case–control studies) (Zhu et al., 2013), and 15%
(13 cohort studies) (Fang et al., 2015) of stomach cancer risk associated with higher consumption of processed meat. In the 2016 CUP report, the finding on processed meat has
been upgraded to strong evidence, and it is now specific to stomach noncardia cancer. The
report stated that “there is strong evidence that consuming processed meat increases the
risk of stomach non-cardia cancer.”
The level of evidence was judged “limited-suggestive” for an increased risk of lung
cancer (World Cancer Research Fund American Institute for Cancer Research, 2007) associated with both red and processed meats; this was confirmed by a meta-analysis of 13
case–control studies and 5 cohort studies, with a 34% increase in lung cancer risk associated with the highest quantile of red meat consumption (Yang et al., 2012). A 20% increase
was observed for the five cohort studies (including two not adjusted for BMI and fruit and
vegetable intake). High red meat consumption was associated with a 30% increased risk in
men, while the 23% increase in women was only borderline statistically significant. Pork
consumption was not associated with lung cancer risk.
Levels of evidence for breast, oral cavity, and oropharynx cancers were evaluated as
“not conclusive” in 2007 (World Cancer Research Fund American Institute for Cancer
Research, 2007). Further meta-analyses (World Cancer Research Fund American Institute
for Cancer Research, 2007; Alexander et al., 2010; Guo et al., 2015; Taylor et al., 2009) suggest an association between the consumption of red meat and increased breast cancer
risk with a level of evidence judged as “suggestive,” however with significant heterogeneity
between studies that precludes final conclusions. Regarding oral cavity and oropharynx
cancers, a meta-analysis updated in 2014 (1 cohort and 12 case–control studies) reported a
91% increased risk with high consumption of processed meat but no association with total
or red meat intakes (Xu et al., 2014).
Recent publications have investigated the associations between red and processed
meats and bladder, kidney, thyroid, and liver cancers. For bladder cancer (Wang and
Jiang, 2012) the evidence regarding an association was judged “suggestive.” Considering
the heterogeneity of results between meta-analyses or the limited number of studies, the
level of evidence is considered “not conclusive” for kidney, liver (World Cancer Research

202 VEGETARIAN AND PLANT-BASED DIETS IN HEALTH AND DISEASE PREVENTION

Fund American Institute for Cancer Research, 2016; Luo et al., 2014), and thyroid (Liu and
Lin, 2014) cancers, and red and processed meat intakes (World Cancer Research Fund
American Institute for Cancer Research, 2016; Alexander and Cushing, 2009; Faramawi
et al., 2007; Lee et al., 2008), and for bladder cancer (Wang and Jiang, 2012) and processed
meat.
In addition, the evidence for endometrial cancer in 2013 (World Cancer Research Fund
American Institute for Cancer Research, 2016) and ovarian and prostate cancer in 2014
(World Cancer Research Fund American Institute for Cancer Research, 2016), for which no
new studies were identified, remains “not conclusive.”
Altogether, there is strong evidence that high consumption of red meat or processed
meat is associated with increased incidence of several frequent cancer sites, therefore justifying the WCRF/AICR recommendations at the individual level as “People who eat red
meat should consume less than 500 g a week (18 oz), and very little if any of processed
meat,” and at the population level “consumption of red meat should be no more than
300 g (11 oz) a week, and very little if any of processed meat” (World Cancer Research Fund
American Institute for Cancer Research, 2007). The panel of experts in charge of elaborating the European Code Against Cancer in 2015 endorsed these recommendations (Norat
et al., 2015).

3.2 Meat and Cancer-Specific Mortality
The only meta-analysis on the association between meat consumption and risk of cancer
death reports an increased cancer mortality associated with higher total and processed
meat intakes. High consumptions of total meat (four cohort studies) and processed meat
(three cohort studies) were associated with 14% and 13% higher risks of cancer death,
respectively (O’Sullivan et al., 2013). In the dose–response meta-analysis, there was a
2% increase risk per 120 g/day of total meat and a borderline statistically significant 4%
increased risk per 50 g/day of processed meat.

3.3 Red and Processed Meat Consumptions and Cancer Risk:
Mechanistic Hypotheses
For colon cancer, mechanisms proposed to explain the association with red and processed meat consumptions largely involve the effect of heme iron, lipid peroxidation,
and the formation of aldehydes. Unsaturated aldehydes are able to make covalent
adducts with DNA bases (Chung et al., 1996) and to provoke DNA lesions at low dosages, and micronuclei and chromosomal aberrations at higher dosages (Eckl et al., 1993;
Eckl, 2003). Beside DNA, unsaturated aldehydes can make covalent binding with proteins and modify their function. Furthermore, in vitro studies showed that the single
Apc mutation, an initiating event in many human colorectal cancers, rendered the cells
strongly resistant to aldehyde-induced cytotoxicity (Pierre et al., 2007). This would give
the Apc-mutated cells a clear survival advantage over nonmutated cells when subjected
to aldehydes after meat consumption. Those conditions may act as a selective factor for
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precancerous Apc-mutated cells and induce colon cancer promotion. Moreover, cancer
cells require increased intracellular heme biosynthesis and uptake to meet the increased
demand for oxygen-utilizing hemoproteins. Increased levels of hemoproteins in turn
lead to intensified oxygen consumption and cellular energy generation, thereby fueling
cancer cell progression (Hooda et al., 2014). For processed meats, nitrates and nitrites
used during meat processing may represent an additional important part of the carcinogenic effect via N-nitroso compounds (NOCs) formation facilitated by the presence
of heme iron (Bastide et al., 2011). NOCs, which are alkylating agents that can react with
DNA, are produced by the reaction of nitrite and nitrogen oxides with secondary amines
and N-alkylamides. Many NOCs, including nitrosamines and nitrosamides, are carcinogenic in experimental animals. And for all cancer sites, mechanisms proposed can be
multiple. In addition to the heme-iron hypothesis, the effect on cancers may be related
to neoformed mutagenic compounds such as heterocyclic amines (HCA) and polycyclic aromatic hydrocarbons (PAHs) (Bouvard et al., 2015). HCAs and PAHs are formed
during the cooking of meat. HCAs are formed by pyrolysis of creati(ni)ne with specific
amino acids. Since a high temperature is needed, only fried, broiled, or barbecued meat
contains significant amounts of HCAs. In contrast with HCAs, PAHs are produced from
the incomplete combustion of organic compounds. Many tested PAHs and HCAs are
mutagens and animal carcinogens (World Cancer Research Fund American Institute for
Cancer Research, 2016, 2007). However, similar compounds are found in chicken or fish
cooked in similar ways, thus these compounds are by no means specific of red meat. In
addition, it has been suggested that only subjects with a fast acetylator status could be
at high risk of colorectal cancer when consuming overdone meat, but recent evidence is
less strong (Liu et al., 2012). A recent publication reviews the various hypotheses related
to red meat–associated disease risk. It reports a novel hypothesis that involves a humanspecific mechanism associated with the presence in red meat of a nonhuman glycan, a
particular variant of sialic acid called N-glycolylneuraminic acid (Neu5Gc) (Alisson-Silva
et al., 2016).

4. Meat Consumption and Risk of Type 2 Diabetes
4.1 Epidemiological Evidence
Several meta-analyses have investigated the association between risk of type 2 diabetes
(T2D) and meat intake; they suggest that a high consumption of processed meat, rather
than that of unprocessed red meat, may increase the risk of developing T2D (Aune et al.,
2009; Feskens et al., 2013; Micha et al., 2010, 2012; Pan et al., 2011).
In each of the included cohorts, higher meat consumption was associated with less
favorable lifestyle and dietary behaviors, including, for example, less physical activity,
higher smoking, higher total energy intake, and lower fruit, vegetable, dietary fiber, whole
grains, and fish intakes, and higher alcohol and trans fat intakes. Most of the included
studies took into account these lifestyle habits or dietary patterns (Micha et al., 2012).
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The consumption of total red meat was associated with a 20% increase of T2D risk per
120 g/day in Aune et al.’s (2009) meta-analysis of 9 cohort studies and 13% per 100 g/day
in Feskens et al.’s (2013) meta-analysis of 14 cohort studies, while Micha et al.’s (2010)
meta-analysis of 5 studies reported a nonstatistically significant 16% increase per 100 g/
day. For poultry, a meta-analysis of 10 cohort studies (Feskens et al., 2013) reported a nonstatistically significant 4% excess risk per 100 g/day. The association between consumption
of red meat and diabetes risk was stronger with processed meat than with nonprocessed
meat, with 57% (Aune et al., 2009), 32% (Feskens et al., 2013), and 19% (Micha et al., 2010)
increased risks per 50 g/day. In another meta-analysis of 10 prospective studies, diabetes
risk increased by 19% per 100 g/day of unprocessed red meat and 51% per 50 g/day of processed red meat (Pan et al., 2011). Elevated risks of diabetes were specifically reported for
hamburgers (9% increase per serving/week), bacon (14% increase per serving/week), and
hot dogs and other processed meats (9% increase per serving/week for both) (Aune et al.,
2009). Concordant estimates were reported for bacon (twofold increased risk per 2 slices/
day), hot dogs (close to a twofold increase per hot dog unit/day), and “other processed
meat” consumption (66% increase per 1 piece/day) (Micha et al., 2010).
However, between-studies heterogeneity was high in most meta-analyses for red meat
(Aune et al., 2009), white meat (Feskens et al., 2013), processed meat (Aune et al., 2009;
Feskens et al., 2013; Micha et al., 2010), processed red meat (Pan et al., 2011), or unprocessed red meat (Pan et al., 2011). In some meta-analyses, heterogeneity was reduced (Aune
et al., 2009) or associations were stronger (Micha et al., 2010) after the exclusion of Asian
studies.

4.2 Meat and Type 2 Diabetes Risk: Mechanistic Hypotheses
Several hypotheses have been considered regarding the positive association of meat consumption with incidence of T2D.
Saturated and trans-fatty acids present in meat could play a role in the onset of T2D.
Several studies suggested a detrimental effect of saturated fat (main sources are animal
foods) or trans-fatty acids (industrial products as well as some red meats) in the development of T2D due to adverse metabolic effects on insulin sensitivity (The InterAct
Consortium, 2012). A diet rich in meat and meat products could lead to an increase in
the body’s iron stores, which can promote oxidative stress and cause damage to tissues,
in particular the pancreatic beta cells. Excessive heme intake leads to deposits of iron in
tissues, which damage the DNA and cell integrity and interfere with glucose uptake by
various tissues, and thus may impair insulin sensitivity (Hooda et al., 2014). The higher fat
and iron contents of red compared to white meat could explain the stronger association of
diabetes risk with the former.
However, differences in fat and iron cannot account for different associations of unprocessed and processed meat with diabetes risk since processed red meats contain, on average, similar saturated fat and iron as unprocessed red meats, at least in the United States,
where most of the studies were performed (Micha et al., 2010).
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On average, processed meats contain about 400% more sodium and 50% more
nitrates per gram, which could plausibly account, at least in part, for these differences
(Micha et al., 2010; Männistö et al., 2010). Nitrites may have a toxic effect on pancreatic
beta cells, mediated by the formation of nitrosamines in the stomach or in the meat
product itself. Nitrosamines could also be produced in well-cooked meat from HCA or
PAHs. Some nitrosamines were found to be associated with type 1 diabetes in humans,
while streptozotocin, a nitrosamine-related compound, was found to be associated with
T2D in animal models (Aune et al., 2009; Micha et al., 2010; The InterAct Consortium,
2012). Advanced glycation end-products, present in meat and meat products as a result
of cooking or processing, have been associated with insulin resistance or T2D both
in animal models and in humans (Aune et al., 2009; The InterAct Consortium, 2012).
However, a review found conflicting evidence of an effect of a diet low in advanced glycation end-products on markers of insulin resistance in healthy individuals (Kellow and
Savige, 2013). Other possible mechanisms could involve increased levels of inflammatory mediators and γ glutamyl-transferase and lower levels of adiponectin with high
meat intake (Aune et al., 2009).

5. Meat Consumption and Cardiovascular Risk and Mortality
5.1 Meat Consumption and the Risk of Coronary Heart Disease (CHD)
Mente et al. (2009) concluded at insufficient evidence of an association between meat
intake and CHD risk, with a nonstatistically significant 23% increase in risk associated
with higher compared with lower meat intakes (12 cohort studies, c. 230,000 subjects).
In another meta-analysis including case–control and cohort studies (Micha et al., 2012),
unprocessed red meat intake was not associated with CHD risk, while processed meat
intake was associated with a 42% higher risk of CHD per 50 g/day. Restricting the analysis
to cohort studies resulted in similar findings. With the exclusion of one large US study that
evaluated only total CVD mortality and not CHD alone, each serving per day of processed
meat consumption was associated with a nearly twofold higher risk of CHD. There was no
evidence for between-studies heterogeneity (Micha et al., 2010).

5.2 Meat Consumption and the Risk of Stroke
Consumption of unprocessed or processed red meat was not associated with stroke in
Micha et al.’s (2010) meta-analysis, including ∼2300 stroke events in 3 cohorts. A larger
study including 6 cohorts and ∼10,600 cases of stroke (Kaluza et al., 2012) reported an
11% increase in the risk of total stroke per each daily serving (100–120 g) of unprocessed
red meat and 13% for processed meat per each 50-g daily serving. When stratifying by
geographic region, there were positive associations between risk of stroke and unprocessed red meat and processed meat consumptions in studies conducted in Europe and
in the United States, but not in Japan. In the studies that investigated stroke subtypes, the
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consumption of unprocessed red meat and processed meat was associated with the risk
of ischemic stroke (respectively, 13% and 15% increase per serving/day) but not with the
risk of hemorrhagic stroke (respectively, 8% and 16% nonstatistically significant increases
per serving/day). These results were confirmed in a meta-analysis of five cohort studies
including c. 9500 stroke events (Chen et al., 2013). In the dose–response analysis, the risk
of stroke increased by 13% per 100-g increment in daily red meat consumption and by
11% per 50-g increment in daily processed meat consumption. Consumption of red and/
or processed meat was not associated with hemorrhagic stroke.

5.3 Meat Consumption and Cardiovascular Mortality
Processed meat intake, but not total meat intake, has been associated with CVD mortality
in two meta-analyses (Abete et al., 2014; O’Sullivan et al., 2013).
In O’Sullivan et al.’s (2013) analysis of four cohort studies, the highest versus lowest category of processed meat consumption was associated with a 17% increased CVD mortality.
For total meat consumption, although the increased CVD mortality was nonstatistically
significant (9% increase, nine cohort studies), the association was stronger and statistically significant in a pooled analysis of non-Asian cohorts (29% increase, three cohorts).
In the opposite, there was an 18% decrease in CVD mortality with higher total meat consumption in the Asian studies. In the dose–response analysis, the authors reported a 1%
nonstatistically significant increased CVD mortality per 120 g/day of total meat (nine
cohort studies) and a statistically significant 2% increase per 50 g/day of processed meat
(two cohort studies).
In a further meta-analysis (Abete et al., 2014), the highest levels of processed and unprocessed red meat consumptions were associated with 18% and 16% increased risks of
CVD mortality, respectively, while there was no association with total or white meat consumption. For unprocessed red meat, the heterogeneity substantially decreased and the
association was strengthened (33% increase) when Asian studies were excluded. In the
dose–response meta-analysis, a 50-g/day increase in processed meat intake and a 100-g/
day increase in unprocessed red meat intake were, respectively, associated with 24% and
15% significant increases in CVD mortality, while no associations were observed for total
and white meat consumption. Associations were similar in men and women. CHD mortality was not associated with consumption of any type of meat.
Several hypotheses have been proposed to explain differences in the associations between
meat intake and diabetes risk or CVD risk/mortality in Asian and Western studies. First, meat
consumption in Asian countries is considerably lower than in Western countries, which would
result in differences in intake of some nutrients such as heme iron, saturated fatty acids, and
cholesterol (Kaluza et al., 2012). Furthermore, in Western countries, red meat consumption
is correlated with consumption of refined cereal products, full-fat dairy products, and soft
drinks, while meat consumption is correlated with consumption of fish and deep-fried foods
or tempura in Japan (Kaluza et al., 2012). Otherwise, the dietary and lifestyle transition is still
under way in many parts of Asia, and meat consumption may not be at this stage as large
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a contributor to risk of CVD risk or death as the socioeconomic status, a sedentary lifestyle,
smoking, or adiposity (Lee et al., 2013). A higher intake of meat may also be a marker for protective factors, such as normal-level energy intake or access to medical care (Lee et al., 2013).
The food preparation technique could also play a role (Abete et al., 2014).

5.4 Meat and CVD Risk/Mortality: Mechanistic Hypotheses
Associations between meat intake and CVD risk and mortality are partly driven by the
impact of meat intake, especially processed meat, on obesity or diabetes risk, as previously
described. Meat intake has also been associated with risk of hypertension, with some discrepancies according to type of meat: the association was restricted to processed red meat
in a French prospective study (Lajous et al., 2012), while it was observed for consumptions
of processed meat, unprocessed red meat, and even poultry in three US prospective studies (Borgi et al., 2015). Conversely, changes in the fasting lipid profile were not significantly
different with beef than with poultry and/or fish consumptions in randomized controlled
trials (Maki et al., 2012). Likewise, a meta-analysis of 21 studies including more than 11,000
CV events found that dietary intake of saturated fat was not associated with any increased
risk of CHD, stroke, or CVD (Siri-Tarino et al., 2010).
Beside the aforementioned mechanisms involved in the associations between meat
intake and diabetes risk, some mechanisms could be more specifically involved in the
associations between processed meat intake and hypertension and CVD risks.
Dietary sodium increases blood pressure, and it may also increase peripheral vascular
resistance and impair arterial compliance. Based on the relationship between blood pressure and CVD risk, the sodium content has been hypothesized to account for a substantial portion of the observed CHD or stroke risk with processed meat consumption (Micha
et al., 2012). Advanced glycation end-products produced at high cooking temperatures
increase oxidative stress and inflammation, both potential factors in the development of
hypertension and atherosclerosis (Borgi et al., 2015). PAHs from smoked meat have atherogenic effects (Kaluza et al., 2012). Phosphate-containing food additives can impair the
calcium-phosphate metabolism. Among CHD patients, higher levels of serum phosphate
have been associated with increased risk of new CHD events compared with participants
with lower levels (Kaluza et al., 2012). l-carnitine, principally found in red meat, is converted by the gut microflora to trimethylamine, then absorbed and converted in the liver
to trimethylamine-N-oxide. This product, which is also present in large quantities in saltwater fish, is proatherogenic in animals and humans by increasing two proatherogenic
scavenger receptors, specifically CD36 and scavenger receptor A (Borgi et al., 2015).

6. Meat Consumption and All-Cause Mortality
In line with the increased risks of cancer and cardiovascular mortality associated with high
meat intake, high meat consumption has been positively associated with all-cause mortality
in three meta-analyses (Abete et al., 2014; O’Sullivan et al., 2013; Larsson and Orsini, 2014).
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High consumptions of both total meat (seven cohort studies) and processed meat
(three cohort studies) were associated with 17% and 21% increases in all-cause mortality, respectively (O’Sullivan et al., 2013). The dose–response meta-analysis concluded
that 120 g/day of total meat, and 50 g/day of processed meat were associated with a 2%,
and 4% (the latter with borderline statistical significance) increased all-cause mortality,
respectively.
With a different assessment of the included types of meat, two other meta-analyses of
prospective studies (Abete et al., 2014; Larsson and Orsini, 2014) reported 22% and 23%
increases of all-cause mortality for the highest quantiles of processed red meat consumption in both men and women. Associations were similar with total red meat. Unprocessed
red meat was not associated with mortality overall, or in women, but it was associated
with all-cause mortality in men in the two meta-analyses. Results from the dose–response
meta-analysis suggested that processed red meat consumption is associated with all-cause
mortality in a nonlinear fashion with a 22% increased risk for two servings per day (60 g/
day) compared with less than two servings per week (10 g/day) (Larsson and Orsini, 2014).
When considering the study locations, associations between mortality and processed red
meat consumption were restricted to US and European studies, and associations with
unprocessed red meat to US studies.
Abete et al. (2014) also investigated the relationship between white meat intake and
all-cause mortality; in women only, there was a 5% lower risk of all-cause mortality in the
highest quantile of white meat consumption. However, this weak inverse association is to
be considered with caution since subjects consuming more white meat were also lower
red meat consumers (Abete et al., 2014).

7. Meat Consumption and Bone Health
There is little evidence for a direct effect of meat consumption on bone health. Evidence
mostly relates dietary protein intake to bone metabolism, but meat is far from being the
main source of protein involved. However, while insufficient dietary protein intake is
deleterious for bone health, an excess of dietary protein has also been associated with
osteoporosis. Because most studies did not directly investigate the association between
meat consumption and bone health, we will only briefly summarize the available evidence
relating dietary protein intake to bone health.

7.1 Protein Intake and Risk of Bone Mineral Density (BMD) or Bone
Mineral Content (BMC)
A systematic review in 2009 quantitatively analyzed 18 cross-sectional surveys (Darling
et al., 2009). Total protein intake was associated with higher BMD or BMC at the main
clinically relevant sites; protein intake explained 1%–2% of BMD. A meta-analysis of six
randomized placebo-controlled trials indicated a positive influence of protein supplementation on lumbar spine BMD (Darling et al., 2009).
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7.2 Protein Intake, Including Meat, and Risk of Fracture
In 2009, a meta-analysis of four cohort studies did not find any association between total protein, animal protein, or vegetable protein intake and the risk of hip fracture (Darling et al.,
2009). In a further meta-analysis in 2015, higher total protein intake was associated with a
statistically significant 11% decrease of hip fracture risk (Wu et al., 2015), with no difference
between animal and vegetable protein. A case–control study suggested a higher fracture risk
in elderly Chinese with higher red meat intake, but not with poultry or eggs (Zeng et al., 2013).

7.3 Protein Intake and Bone Health: Mechanistic Hypotheses
The observed beneficial effects of long-term high protein intake, including that provided
by meat, on bone mass (Darling et al., 2009) and fracture risk (Wu et al., 2015) may be
partially the result of increased circulating concentration of IGFI and lower serum parathyroid hormone (Cao and Nielsen, 2010). Higher protein intake has been suggested to
protect against sarcopenia, although several cross-sectional studies failed to show any
association between protein intake and sarcopenia (Millward and Garnett, 2010).
High-meat diets have been suggested to increase renal acid load and urinary calcium
excretion (Wyness et al., 2011; Nicoll and McLaren Howard, 2014). This could be modulated by calcium intake: high protein consumption could reduce fracture risk when calcium intake is high, while it may contribute to bone erosion when calcium intake is low
(Cao and Nielsen, 2010; Nicoll and McLaren Howard, 2014). In a large cohort of French
menopausal women, in the lowest quartile of calcium (<400 mg/1000 kcal), high protein
intake, especially high animal protein intake, was associated with an increased fracture risk
(Dargent-Molina et al., 2008). Buffering the dietary acid load by high intakes of alkalinizing
and potassium-rich foods such as fruits and vegetables may ensure that a high protein
or meat intake is beneficial rather than detrimental to bone health (Nicoll and McLaren
Howard, 2014). A recent report summarized advice for optimal bone and cardiovascular
health (Wyness et al., 2011): “calcium is best obtained from dietary sources rather than
supplements (Abete et al., 2014); ensure that adequate animal protein intake is coupled
with calcium intake of 1000 mg/day (Fardet and Boirie, 2014); maintain vitamin D levels
in the normal range (Lee et al., 2013); increase intake of fruits and vegetables to alkalinize
the system and promote bone health (McNeill, 2014); concomitantly increase potassium
consumption while reducing sodium intake (Hooda et al., 2014); consider increasing the
intake of foods rich in vitamins K1 and K2 (Rouhani et al., 2014); consider including bones
in the diet; they are a rich source of calcium-hydroxyapatite and many other nutrients
needed for building bone”(O’Keefe et al., 2016). The readers may also consult Chapter 17.

8. Conclusion and Future Trends
Recommendations to limit red meat intake were originally intended to reduce saturated fat
intake (Battaglia Richi et al., 2015) and further based on the association of animal production with greenhouse gas emissions (Millward and Garnett, 2010) and on the association
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of the consumption of red and processed meat with colorectal cancer (World Cancer
Research Fund American Institute for Cancer Research, 2007). Most dietary guidelines recommended limiting saturated fat but did not specify the replacement nutrient (O’Sullivan
et al., 2013). As unintentional negative consequences, a decline in energy from nutrientrich foods such as beef, milk, and eggs has been accompanied by an excessive increase in
energy from fats (including trans fats) and refined carbohydrates found in many processed
foods (Battaglia Richi et al., 2015).
However, the findings of this review suggest that strong reductions of processed meat
consumption, including processed chicken or turkey, resulting in reduction of sodium and
other preservatives of processed meats, is likely to produce the largest net benefits for both
individual and population health (Micha et al., 2012). There is also quite a lot of evidence
for an impact of unprocessed red meat consumption on risk of colorectal cancer, diabetes, and stroke, although not as strong as for processed meat. Based on these findings, the
WCRF/AICR recommendation for red meat intake at the individual level is: “less than 500 g
a week (18 oz), and very little if any of processed meat.” However, men often have higher
red meat intake in Western countries (Wyness et al., 2011). There is insufficient evidence
for associations of unprocessed white meat with chronic diseases.
Meat, especially red and processed meat intake, is an important component of the
Western diet, which includes several unhealthy behaviors such as high alcohol intake,
high processed food intake (often high in sugar and fat and with low nutritional density),
and low fruit and vegetable intake, and it is often associated with sedentary lifestyle and
smoking (Micha et al., 2012). It is therefore difficult to disentangle the exact responsibility
of a specific behavior such as high meat intake. On the other hand, it also suggests that
inducing changes in dietary habits may also encourage modifying other unhealthy lifestyle components and/or adopting healthy ones. Public health authorities should therefore consider high red meat intake as part of an overall behavior that has to be tackled
comprehensively for inducing optimal reductions in chronic diseases.
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1. Introduction
By the end of the 1980s, the evidence from laboratory, clinical, and epidemiological studies indicated that the consumption of fruits and vegetables prevented several major diseases (such as cancer and heart disease) and thus prompted the health authorities to
promote this health behavior. However, the optimal level of consumption (above which
there is no further benefit of increased consumption) is unknown. Until recently, the available data suggested that the association between fruit and vegetable consumption and
decreased risk was proportional (i.e., with no identified threshold); this conclusion has
led to different recommendations. For example, the Dietary Guidelines for Americans
recommend that most people should eat at least nine servings of fruits and vegetables a
day (US Department of Agriculture and US Department of Health and Human Services,
2010), whereas the American Heart Association recommends the consumption of at least
eight fruits and vegetables a day (Carnethon et al., 2009), and many countries recommend
five servings of fruits and vegetables per day (WHO, 2013). In the absence of evidence
of a threshold effect for fruit and vegetable consumption, the message “five a day” has
switched to “more is better” in the United States (Ungar et al., 2013).
The putative health benefits of fruits and vegetables are underpinned by a number of
physiologic hypotheses. Fruits and vegetables have a low energy density and a low glycemic index. Conversely, they are rich in vitamins, minerals, and micronutrients. Therefore,
fruits and vegetables contribute to micronutrient intake, provide a satiating volume of
food, and have a low impact on energy intake. Moreover, many components of fruits and
vegetables may act (through a variety of mechanisms) to prevent chronic disease. For
example, dietary fiber may delay the postprandial absorption of carbohydrates after a
meal, decrease the insulinemic response, and increase satiety (Bazzano et al., 2003a,b).
Dietary fiber may also protect against colon cancer by promoting the fermentative formation of short-chain fatty acids by colonic bacteria, increasing fecal bulk, and reducing
Vegetarian and Plant-Based Diets in Health and Disease Prevention. http://dx.doi.org/10.1016/B978-0-12-803968-7.00013-7
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secondary bile acid production, intestinal transit time, and insulin resistance (Murphy
et al., 2012). Potassium in fruits and vegetables may lower blood pressure (Whelton and
He, 2014). Folate may reduce the cardiovascular risk through the lowering of plasma
homocysteine and the improvement of endothelial dysfunction (Bazzano et al., 2003a,b),
and it may prevent cancer by acting on DNA synthesis (WCRF/AICR, 2007).
Furthermore, fruits and vegetables contain numerous micronutrients with antioxidant properties, including beta-carotene, vitamin A, vitamin C, vitamin E, and selenium.
Oxidative damage to cells and tissues is thought to be involved in the aging process and in
the development of chronic disease. The imbalance between oxidants and antioxidants in
our body is defined as oxidative stress (Bjelakovic et al., 2004). The antioxidant effect is one
of the major physiologic hypotheses supporting the beneficial health effects of fruits and
vegetables. Last, fruits and vegetables contain a wide range of biologically active, structurally
varied phytochemicals (e.g., polyphenols, phytosterols, lectins) whose functional characteristics may contribute to the aforementioned health benefits (WCRF/AICR, 2007).
The effects of these nutrients on biologic processes have been tested in animal models
and in vitro cell culture systems (Van Duyn and Pivonka, 2000). Randomized controlled trials
are required for robust demonstrations of health effects in humans. Furthermore, evaluating
the effects of these nutrients on disease incidence in randomized controlled clinical trials
requires large sample sizes and long follow-up times. This demonstration is only possible
when pharmacological supplementation is available. Unexpectedly, the results of the first
large trials suggested that beta-carotene supplementation was associated with an increase
in the incidence of cancer (Omenn et al., 1996). Further to these two important studies, antioxidant supplementation has been extensively evaluated in randomized controlled clinical
trials (Bjelakovic et al., 2014). Meta-analyses of these trials’ results have failed to demonstrate
an effect of antioxidant supplementation on cancer (Myung et al., 2010) [and specifically
gastrointestinal cancer (Bjelakovic et al., 2004) and lung cancer (Cortés-Jofré et al., 2012)],
cardiovascular disease (Myung et al., 2013; Ye et al., 2013), cataracts (Mathew et al., 2012),
and macular degeneration (Evans and Lawrenson, 2012). Moreover, meta-analyses have
evidenced an increase in the risk of mortality associated with supplementation with betacarotene, vitamin E, and the highest doses of vitamin A (Bjelakovic et al., 2012). Even though
meta-analyses have identified significant associations in specific subgroups (Jiang et al.,
2014; Loffredo et al., 2015) or for intermediate markers (such as arterial stiffness) (Ashor
et al., 2014), the results of randomized clinical trials have mostly failed to demonstrate an
effect of antioxidant supplementation; positive results remain scarce. The safety of supplementation has also been questioned. On the basis of these findings, antioxidant supplementation cannot be recommended for additional disease prevention (Bjelakovic et al., 2014).
However, the lack of positive results for antioxidant supplementation does not rule out a
positive effect of the antioxidants provided by fruits and vegetables. Clinical trials often use
doses that are higher than those provided by fruits and vegetables; simulating the cocktail of
antioxidants delivered by fruits and vegetables is difficult, and the wrong supplements may
have been chosen (Liu, 2013; Steinhubl, 2008). However, the effect of antioxidants on health
has not yet been demonstrated.
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Last, clinical trials provide little evidence of an effect of a single fruit or vegetable component on the chronic disease risk. The interactions between the variety of nutrients
found in fruits and vegetables need to be explored and are rarely evaluated when modeling
physiopathologic process in the laboratory. Given that pathophysiologic factors arise and
act at different time points (often years before the clinical manifestations), determining
the respective contributions of various pathways to the final event is complex. Thus, identifying the mechanisms through which fruits and vegetables exert a putative protective
impact on multifactorial disease processes is also complex. Moreover, differences in fruit
and vegetable varieties, growing techniques, industrial processing techniques, and storage and cooking conditions can strongly affect the nutrients’ composition and properties
(Dauchet et al., 2009). In view of these variables, determining the biological plausibility
of the observed association between fruit and vegetable intake and health is particularly
challenging and lies beyond the scope of this review.
Clinical trial evidence is required to support the effect of fruits and vegetables on
health. The gold standard in evidence-based medicine is the randomized clinical trial.
Only randomized, disease-prevention trials can be used to draw firm conclusions about
causal relationships. Fruits and vegetables per se can be evaluated in short-term randomized trials of controlled diets. With longer-term follow-up, only the effect of nutritional
counseling (aimed at increasing fruit and vegetable consumption) can be evaluated.
However, randomized nutritional prevention trials are difficult to perform and not always
feasible. The success of these studies relies on the participants’ compliance throughout
the duration of the study, which can be several years. Even with appropriate interventions,
changes in fruit and vegetable intake are generally modest, barely one additional portion
per day on average, according to published trials (Brunner et al., 2007). Not surprisingly
(given these difficulties), few randomized prevention trials have evaluated the effect of
high fruit and vegetable intake in primary prevention. For example, in the Women’s Health
Initiative randomized controlled dietary modification trial (Liu et al., 2000), dietary advice
was provided to 40% of 48,835 postmenopausal women aged 50–70 years, with the goal of
reducing their fat intake and increasing their consumption of fruit, vegetables, and grains.
After 6 years, the fruit and vegetable intake in the group that received nutritional advice
had increased only slightly (by 1.2 servings per day), compared with the control group
(Howard et al., 2006). The two groups did not differ significantly in terms of the frequency
of major coronary heart disease relative risk (RR) [95% confidence interval (CI)] = 0.94
(0.86; 1.02), stroke [1.02 (0.90; 1.17)] (Howard et al., 2006), breast cancer [0.91 (0.83–1.01)]
(Prentice et al., 2006), colorectal cancer [1.08(0.90; 1.29)], or total cancer [0.95 (0.89; 1.01)]
(Prentice et al., 2007). Despite the large number of study participants, the statistical power
of this type of study is limited by how difficult it is to change long-term fruit and vegetable
intake. Hence, long-term prevention trials may not be able to show an effect of fruit and
vegetable intake. Greater increases in fruit and vegetable consumption could be achieved
in short-term randomized trials, although the outcome might only be a biomarker of risk
factors. These trials have mainly studied cardiovascular risk factors or weight, and they will
be described when discussing the biological plausibility of these outcomes.
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Given the complexity of biological hypotheses and the limited feasibility of clinical
trials, the main evidence for an effect of fruits and vegetables on health comes from
epidemiological, observational studies. The latter can have ecological, case–control,
or prospective cohort designs. Ecological studies are designed to explore relationships
between environmental factors and diseases in human populations. They do not provide
precise information about individuals within a population and are subject to many noncontrolled sources of bias. In contrast, case–control studies compare diagnosed patients
with disease-free individuals. Case–control nutrition studies rely on the retrospective
assessment of an individual’s diet and are therefore particularly subject to selection and
recall bias, especially in nutrition studies (Willett, 2005). In prospective cohort studies,
diets of people who are assumed to be healthy are assessed, and the group is monitored
over time. During the follow-up period, some individuals will develop diseases. Given
that measurements are made before any disease is diagnosed, cohort studies are not
subject to recall bias. Hence, most of the epidemiological evidence has been generated
in cohort studies (Dauchet et al., 2009). The results of many cohort studies have been
published over the last decade and have been summarized by recent meta-analyses. In
parallel, the methodology of meta-analyses has improved, notably with better analysis of
the dose–response relationship.
In the present work, we therefore focused on recent meta-analyses of cohort studies dealing with the putative associations between fruits and vegetables and health
outcomes. For each meta-analysis, we evaluated the strength of the association and the
dose–response relationship. Given the importance (in terms of potential causality) of
obtaining reproducible results across heterogeneous populations, we focused on geographic variations (see Fig. 13.1).

FIGURE 13.1 Flow chart of selected meta-analysis.
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2. Search Strategy
We searched the PubMed database between January 2006 and December 2015, using the
following keywords [including both medical subject heading (MeSH) terms and free text
keywords]: [“Fruit”(MeSH) OR “Vegetables”(MeSH) OR vegetable OR fruit] AND [“MetaAnalysis”(Publication Type) OR “meta-analysis” OR “systematic review”]. The reference lists
of retrieved articles were also hand-searched to identify further relevant reports.
Meta-analyses of prospective cohort studies investigating the relationship between fruit
and/or vegetables and any outcome related to health status (e.g., risk factors, disease, health
events, etc.) were eligible for inclusion. Fruit and/or vegetable intake constituted the exposure. We excluded reports of exposure to subtypes, specific types, or by-products of fruits
and vegetables. We also excluded studies focusing on macro- or microconstituents (e.g.,
fibers or antioxidants) and publications not considering fruits and vegetables as an independent exposure (e.g., dietary patterns). Last, we excluded (1) systematic reviews lacking
a meta-analysis, (2) meta-analyses of clinical trials only, and (3) meta-analyses of observational studies that did not report separate results for cohort studies and case–control studies. To be included in this review, the eligible meta-analyses had to report RRs summarized
for at least two cohorts of fruit and/or vegetables.
The following data were collected for each eligible meta-analysis: authors; year of publication; design; number, names and location of the included cohorts; inclusion dates;
total number of cases and subjects (if extractable); reported use of a quality assessment
tool for the cohorts; outcome; exposure (fruits, vegetables, or fruits and vegetables); and
confounding factors.
The following data were also collected, when available:
•	the RR (95% CI) for the highest versus lowest fruit and vegetable intakes
•	the RR for each incremental unit of fruits and vegetables, together with the details of the
quantitation method used, the standard portion and the intake units
•	any dose–response relationships, associated plots and nonlinearity tests
•	the results by continent or geographic area
•	heterogeneity assessments, specific investigations of publication bias, and the results of
metaregressions and sensitivity analyses
  
The review’s results were classified by outcome. Several meta-analyses may investigate
the same outcome since they are based on the systematic review of the same studies and
thus produce redundant results. Hence, when several meta-analyses were available for a
single outcome, we focused on the analysis that met the most of the following criteria: (1)
the most recent year of publication, (2) the greatest number of cohorts/subjects included,
(3) the greatest number of exposure categories (from “fruit intake,” “vegetable intake,” and
“fruit and vegetable intake”), (4) the inclusion of dose–response analyses, and (5) assessment of the influence of geographic location. In studies of cancer, we always selected
meta-analyses that were part of the WCRF/AICR International Continuous Update Project.
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Since different units could be used in reports of the RR for one supplementary unit
of fruits and vegetables, we standardized these results for a 100 g/day increment (using
Microsoft Excel software) according to the standard serving size quoted by the authors or
by assuming that the standard portion was 100 g.

3. Results
Our PubMed search retrieved 868 articles: 142 were excluded because of their publication
date, and 641 were excluded after the title and abstract had been screened. Eighty-five
were eligible and thus were read fully; 40 of the latter were then included. Last, to keep just
one meta-analysis per outcome, 20 studies were selected for final analysis.

3.1 Mortality
Fruit and vegetable consumption was significantly associated with lower overall mortality
in a meta-analysis (Wang et al., 2014b), with a significant decrease of 6% for 100 g/day of
fruits and vegetables, 7% for fruits, and 6% for vegetables (Table 13.1). The associations did
not differ substantially as a function of study location, gender, the number of participants,
the duration of follow-up, or the study quality. However, significant interstudy heterogeneity was observed (mostly due to the EPIC cohort, which contributed more than half of
subjects in the meta-analysis). In the latter study, a weak association and a low decrease
in risk were observed (ranging from 1% for fruits and vegetables to 3% for vegetables).
Thanks to the very high power of this study, the association remains significant; this discrepancy might be due to a healthier diet in the EPIC population (Leenders et al., 2013) or
by publication bias. Nevertheless, the strength of the association remains uncertain. For
fruits and vegetables, similar associations have been observed in Europe and in the United
States. Data from Asia are scarcer. The dose–response analysis suggested that there was no
supplementary decrease in risk beyond four or five portions a day. In this meta-analysis, a
significant association was observed for fruits and vegetables and cardiovascular mortality. Conversely, no association with cancer mortality was seen. The association between
fruits and vegetables and mortality could be biased by the treatment of incident disease.
Furthermore, consumption of fruits and vegetables may be associated with better access
to care through higher socioeconomic status. However, many studies adjusted for socioeconomic status, and the results of the meta-analysis did not differ markedly when only
status-adjusted studies were included.

3.2 Cardiovascular Disease
3.2.1 Coronary Heart Disease
Consumption of fruits and/or vegetables was significantly associated with a decrease in
the risk of coronary heart disease (Gan et al., 2015). The RR (95% CI) per 100 g/day increment in fruit, vegetable, and fruit and vegetable intake were respectively 0.94 (0.91–0.98),
0.95 (0.91–0.99), and 0.97 (0.97–0.98) (Table 13.1). These associations were found to be

Table 13.1 Associations Between Fruit and/or Vegetable Intake and Mortality, Cardiovascular Disease, Cardiovascular Risk Factors
and Other Diseases: Data From the Selected Meta-analyses
OUTCOME

Authors

Year

RR for “Highest Versus Egger
Cohorts Lowest”
Test

Mortality

Cancer
mortality

Wang X,
2014b
Ouyang Y, et al.

Cardiovascular
mortality

Coronary
Gan Y, Tong X, 2015
heart disease et al.

FV: 16
F:26
V: 22

Stroke

Hu D, Huang J, 2014
et al.

FV: 24
F: 19
V: 16

RR: 0.84 [0.79–0.90] − P
heter: 0.35 − I2: 9%
RR: 0.86 [0.82–0.91] − P
heter: 0.76 − I2: 0%
RR: 0.87 [0.81–0.93] − P
heter: 0.28 − I2: 13%
RR: 0.79 [0.75–0.84] − P
heter: 0.23 − I2: 17%
RR: 0.77 [0.71–0.84] − P
heter<0.01 − I2: 52%
RR: 0.86 [0.79–0.93] − P
heter: 0.05 − I2: 40%

RR per 100 g/day
Cohorts Increment

Linearity Threshold

P = .18

FV: 7

Nonlinear <400 g/day

P = .15

F: 7

P = .10

V: 7

P < .01

FV: 24

P = .02

F: 7

P = .36

V: 8

P = .08

FV: 4

P = .28

F: 6

P = .74

V: 6

P = .53

FV: 14

P = .95

F: 22

P = .89

V: 18

P = .05

-

P = .02

F: 8

RR: 0.82 [0.75–0.91]

Linear

P = .78

V: 6

RR: 0.94 [0.90–0.99]

Linear

RR: 0.94 [0.90–0.98] − P
heter< 0.01 − I2: 82%
RR: 0.93 [0.86–0.98] − P
heter< 0.01 − I2: 77%
RR: 0.94 [0.89–0.99] − P
heter< 0.01 − I2: 86%
RR: 0.96 [0.88–1.04] − P
heter: 0.08 − I2: 68%
RR: 0.99 [0.96–1.00] − P
heter: 0.33 − I2: 14%
RR: 0.99 [0.96–1.01] − P
heter: 0.13 − I2: 37%
RR: 0.95 [0.90–0.99] − P
heter: 0.16 − I2: 42%
RR: 0.94 [0.89–1.00] − P
heter< 0.01 − I2: 71%
RR: 0.95 [0.91–0.99] − P
heter: 0.02 − I2: 63%
RR: 0.97 [0.97–0.98] − P
heter: 0.64 − I2: 0%
RR: 0.94 [0.91–0.98] − P
heter: 0.08 − I2: 32%
RR: 0.95 [0.92–0.98] − P
heter: 0.07 − I2: 36%

Geographic Geographic
Location(s) Heterogeneity

Europe/USA No
heterogeneity
Nonlinear <150 g/day
Europe/USA/ No
Asia
heterogeneity
Nonlinear <200–250 g/day Europe/USA/ No
Asia
heterogeneity
N/A
N/A
N/A
N/A
N/A
N/A
Linear
Nonlinear <200 g/day
Nonlinear <250 g/day

Western/
Eastern
Western/
Eastern
Western/
Eastern
Europe/USA/
Asia

P > .05
P > .05
P > .05
P > .05

Continued

Table 13.1 Associations Between Fruit and/or Vegetable Intake and Mortality, Cardiovascular Disease, Cardiovascular Risk Factors
and Other Diseases: Data From the Selected Meta-analyses—cont’d
Year

RR for “Highest Versus Egger
Cohorts Lowest”
Test

OUTCOME

Authors

Diabetes
[type 2]

Wu Y, Zhang D, 2015b FV: 7
et al.
F: 9
V: 7

Obesity

Schwingshackl 2015
L, Hoffmann G,
et al.

FV: 5
F: 5
V: 7

Asthma

Dementia
Depression

Seyedrezazadeh 2014
E, Moghaddam
MP, et al.
Cao L, Tan L,
2015
et al.
Liu X, Yan Y,
2015
et al.

F: 3

FV: 2
F:4

V: 4

RR: 0.91 [0.84–0.99] − P
heter: 0.08 − I2: 53%
RR: 0.83 [0.71–0.99] − P
heter: 0.24 − I2: 28%
RR: 0.83 [0.70–0.99] − P
heter< 0.01 − I2: 75%
RR: 0.71 [0.61–0.82] − P
heter: 0.27 − I2: 23%

RR per 100 g/day
Cohorts Increment

Linearity Threshold

P = .33

FV: 7

Linear

P = .68

F: 9

P = .15

V: 7

U Curve

200 g/day

U Curve

200–300 g/day

Europe/USA/
Asia
Europe/USA/
Asia
Europe/USA/
Asia

No
heterogeneity
No
heterogeneity
Not comparable

N/A
N/A
N/A
N/A

RR: 0.46 [0.16–1.32] − P N/A
heter: 0.03 − I2: 78%
RR: 0.83 [0.77–0.91] − P P = .02a
heter: 0.16 − I2: 41%
RR: 0.88 [0.79–0.96] − P P = .05a
heter: 0.92 − I2: 0%

F, fruits; V, vegetables; FV, fruits and vegetables combined; RR, relative risk.
aPooled results for case–control studies and cohort studies.

RR: 0.99 [0.98–1.00] − P
heter: 0.03 − I2: 56%
N/A − P heter: 0.28 − I2:
19%
N/A − P heter< 0.01 − I2:
78%

Geographic Geographic
Location(s) heterogeneity

Europe/
P > .05a
America/Asia/
Oceania
Europe/
P > .05a
America/Asia/
Oceania
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nonlinear for fruit consumption and for vegetable consumption but not for total fruit
and vegetable consumption. Threshold effects were seen; the risk reduction was mainly
observed for intakes up to around 200 g/day of fruits and 250 g/day of vegetables, with
a smaller decrease thereafter. Levels of heterogeneity were moderate in both cases.
Metaregression identified the year of publication as a significant source of heterogeneity
for studies of vegetable intake; the inverse association with coronary heart disease risk was
stronger in studies published after 2006. There were no significant differences between
Western countries and Asian countries, and there was no evidence for publication bias.
These results confirmed the previously reported significant, inverse associations between
fruit and/or vegetable consumption and the risk of coronary heart disease (Dauchet et al.,
2006; He et al., 2007).

3.2.2 Stroke
Linear inverse associations have been observed for the stroke risk on one hand and fruit
intake and vegetable intake on the other (Hu et al., 2014), with risk reductions of 18% and
6% per 100 g/day, respectively (Table 13.1). The level of heterogeneity was not evaluated
for these dose–response analyses. However, a “highest versus lowest” analysis revealed a
significant association between a decreased stroke risk and intakes of fruits, vegetables,
and fruits and vegetables. There were moderate to high levels of heterogeneity (mainly
attributable to publication bias). In an earlier meta-analysis, fruit and/or vegetable consumption had been associated with a significant risk reduction (He et al., 2006).
In contrast to the modest association observed in meta-analyses of studies performed
in Western countries, a strong association with fresh fruit was observed in a very large
Chinese cohort study [RR (95% CI) = 0.60 (0.54–0.67) for cardiovascular death, in daily
consumers versus nonconsumers] (Du et al., 2016). The strength of this association might
be due to the very low mean consumption in this population. Most of the benefit could
be achieved by moderate consumption, and nonconsumers may have been too rare to
observe this effect. Another possible explanation relates to the very great difference in the
social and behavioral characteristics when comparing consumers with nonconsumers,
suggesting the presence of residual confounding factors.
Interventional studies have evidenced that increased consumption of fruits and vegetables is associated with significantly lower hypertension (a well-known cardiovascular
risk factor). In the Dietary Approaches to Stop Hypertension Study in 1997 (Appel et al.,
1997), both systolic and diastolic blood pressures were lower in the intervention group
(assigned to a fruit- and vegetable-rich diet) than in the control group. In 2002, a randomized controlled trial also found evidence of a protective effect of fruits and vegetables on
blood pressure in the general population (John et al., 2002). In 2013, a Cochrane review of
interventional, randomized, controlled trials of primary prevention of cardiovascular disease (based on recommending greater consumption of fruits and vegetables or on actual
provision of fruits and vegetables to facilitate greater intake) concluded that dietary advice
may have beneficial effects on blood pressure and low-density lipoprotein cholesterol levels (Hartley et al., 2013). However, these data came from only two trials and thus did not
provide strong evidence of a protective effect.
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Last, a moderately significant decrease in the risk of coronary heart disease and stroke
is associated with fruit and vegetable consumption. A causal relationship is supported by
the observed effect of fruits and vegetables on blood pressure in intervention trials, and it
has been discussed in detail elsewhere (Dauchet et al., 2009).

3.3 Obesity
Fruit and/or vegetable consumption was significantly associated with a decrease in the risk
of weight gain, obesity, or overweight when comparing highest versus lowest intake categories (Schwingshackl et al., 2015) (Table 13.1). Significant associations were also found
between increased fruit intakes and decreased weight and waist circumference. However,
the outcome parameters and exposures (e.g., consumption at baseline or changes in consumption) differed from one study to another and prevented the reliable calculation of an
effect size. Furthermore, a causal relationship is questionable.
The impact of fruits and vegetables on weight is controversial. On one hand, increased
consumption of fruits and vegetables in the absence of a compensatory reduction in the
intake of other foods will lead to weight gain. On the other, fruits and vegetables have low
energy density and satiating properties; this might lead to lower consumption of other
foods and thus a decrease in total energy intake (Kaiser et al., 2014). In contrast to the
results of observational studies, clinical trials have failed to demonstrate an effect of fruit
and vegetable intake on weight loss. Kaiser et al.’s meta-analysis evaluated randomized
clinical trials of the effect of fruits and vegetables on either weight or fat loss or the prevention of weight or fat gain. None of the seven included studies yielded significant results for
fruits and vegetables, and the meta-analysis was also negative. Another meta-analysis from
2014 studied randomized clinical trials that sought to increase fruit and vegetable consumption in the absence of advice or specific encouragement to remove other foods from
diet (and regardless of whether or not the intervention’s primary objective was weight
loss) (Mytton et al., 2014). In this latter meta-analysis, our interpretation is that fruits and
vegetables had no effect on weight gain or loss. In the original paper by Mytton et al., fruits
and vegetables were associated with a small but significant decrease in weight. However,
the effect size variance of some of the included studies in that paper appears to be incorrectly derived, and the decrease was no longer significant after application of a correction suggested by Kaiser et al. Despite the small number of clinical trials, the data suggest
that supplemental energy intake from fruits and vegetables is balanced by an equivalent
reduction in the intake of other food, leading to neither weight gain nor loss. Hence, fruits
and vegetables per se seem to have a small or negligible effect on weight.
Public health recommendations aimed at increasing fruit and vegetable intake do not
seem to have prompted weight gain, whereas greater fruit and vegetable intake is not
expected to lead to a reduction in obesity. The associations between fruits and vegetables
and weight found in observational studies are probably not causal. Fruit and vegetable
consumption is probably a marker of a healthy diet and healthy behavior. Although fruit
and vegetable consumption is not sufficient for weight loss, fruits and vegetables might
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be an important component of a dietary strategy that helps individuals to control hunger
by eating satisfying amounts of food and therefore to improve their adherence to a weight
loss program (Ello-Martin et al., 2007). In a randomized, controlled trial (Ello-Martin et al.,
2007), two groups were encouraged to lower their fat intake. In one of the groups, the participants also received advice on increasing water-rich foods in general and fruits and
vegetables in particular; greater weight loss and lower hunger levels were reported in this
latter group.
Therefore, fruits and vegetables probably contribute to weight loss more by improving acceptability and adherence to weight loss programs than through a direct impact on
body weight.

3.4 Diabetes
Fruit intake and vegetable intake were shown to be associated (in a nonlinear manner)
with a decreased risk of type 2 diabetes (Wu et al., 2015b) (Table 13.1). A decreased diabetes risk was associated with increasing fruit intakes up to around 200 g/day of fruit [with an
RR (95% CI) of 0.88 (0.85–0.92) for two 106 g servings] and increasing vegetable intakes up
to 250–300 g/day [with an RR (95% CI) of 0.94 (0.90–0.98) and 0.94 (0.89–0.98) for two and
three 106 g servings, respectively]. Above these cut-offs, the risk increased with the level of
intake and thus suggested the presence of a U-shaped curve. Similar curvilinear relationships and thresholds were described in two other meta-analyses for fruit consumption and
risk of type 2 diabetes (Li et al., 2014b; Li et al., 2015). There was no significant association
with the total fruit and vegetable intake.
The inverse association between the risk of type 2 diabetes and fruits and vegetables is
thought to be mediated by weight loss, antioxidants, and dietary fiber. The lack of a further
decrease in risk after a certain cut-off might be due to changes in the availability of nutrients and the digestibility of fruits and vegetables. Furthermore, one can hypothesize that
fruits increase the total intake of fructose (which is also provided by sugar-sweetened beverages and sweets). Fructose might decrease insulin sensitivity and increase risk factors
for metabolic syndrome (Moreno and Hong, 2013; Stanhope, 2012; Stanhope et al., 2013).
However, the contribution of fruits and vegetables to fructose intake is small, −17.1% in
the NHANES study, for example (Marriott et al., 2009). Therefore, the impact of fruits and
vegetables on a supplemental increase in fructose intake may be weak. Another hypothesis relates to the adverse impact of fruit juice. Some studies include fruit juice in their
definition of fruit. However, fruit juice and whole fruit may differ in their impact on diabetes. Due to the juicing process, fruit juices have a relatively high glycemic load and lower
levels of some potentially beneficial nutrients (Muraki et al., 2013). Indeed, in three pooled
cohorts in the United States, whole fruit intake was significantly associated with a lower
diabetes risk, whereas the consumption of fruit juice was associated with a higher risk.
Furthermore, the U-shaped association was absent in studies that explicitly excluded fruit
juice from their definition (Bazzano et al., 2008; Cooper et al., 2012; Muraki et al., 2013;
Mursu et al., 2014) and present in studies that did include fruit juice (Kurotani et al., 2013)
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or did not specify whether juices were included (Villegas et al., 2008). Therefore, many
high fruit juice consumers may be included in the group of high fruit or fruit and vegetable
consumers. An adverse effect of fruit juice may therefore explain the observed U-shaped
relationship. To rule out this hypothesis, results concerning fruit juice and whole fruits
should always be reported separately.
There was a high level of heterogeneity in the analysis of vegetable intake, with significant geographic heterogeneity. The intake ranges differed highly when comparing
Europe, the Unites States, and Asia. For fruit intake, a U-shaped curve was observed
in the United States and Asia but not in Europe (where no data on high levels of consumption were available). Inclusion (or not) of fruit juice may explain this discrepancy
between continents. Geographic location was not found to be a significant source of
heterogeneity.
Earlier meta-analyses (of fewer studies) did not report any significant associations
between fruit and/or vegetable consumption and the risk of type 2 diabetes, regardless
of the serving size (Carter et al., 2010; Cooper et al., 2012; Hamer and Chida, 2007). A
decreased risk of diabetes is observed for the moderate consumption of fruits and vegetables but not for higher intakes. To clarify this issue, the association with juice should be
separated more clearly from that with fruit.

3.5 Other Diseases
3.5.1 Asthma
Asthma is considered to be a multifactorial disease with genetic and environmental factors,
whose physiopathology involves hypersensitivity and inflammatory reactions. Nutrition
has been cited as one of the environmental factors responsible for an increase in the
prevalence of asthma over recent decades (McKeever and Britton, 2004). In this context, a
meta-analysis of adult cohort studies (Seyedrezazadeh et al., 2014) (Table 13.1) found a significant (29%) reduction in the risk of asthma when comparing highest versus lowest levels
of fruit intake. This association might be due to fruit components with antiinflammatory
properties, such as flavonoids (Middleton and Kandaswami, 1992). This association could
also be explained by a confounding effect of obesity. Of the three cohorts included in this
analysis, two had adjusted for BMI but only one (Uddenfeldt et al., 2010) took account
of the nonlinear, U-shaped relationship between BMI and asthma. For a detailed review
of the relationship between the intake of vegetables (and especially raw vegetables) and
asthma, the reader may refer to Chapter 27.

3.5.2 Dementia
Fruit and vegetable consumption might conceivably be related to risk of dementia via an
effect on oxidative stress and thus on age-related cognitive decline; however, a clear, protective role for dietary antioxidants has yet to be established (Crichton et al., 2013).
A 2015 meta-analysis did not find an association between fruits and vegetables and
the risk of dementia (Cao et al., 2015) (Table 13.1). However, there was a high level of
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heterogeneity and only two cohorts were included. In 2012, a systematic review identified
nine cohort studies of fruit and vegetable consumption and Alzheimer’s disease; unfortunately, heterogeneity in the outcome assessments prevented meta-analysis of these data
(Loef and Walach, 2012). According to the systematic review, five out of six studies of vegetable intake reported a significant inverse association with the risk of dementia or cognitive decline. Hence, these findings appear to be weak and inconsistent.
Although dementia is a very common disease and places a very high burden on healthcare systems, the quantity of data is limited by the heterogeneity of outcome measurements in cohort studies.

3.5.3 Depression
Chronic inflammation and oxidative stress are thought to be involved in the pathogenesis of depression (Khanzode et al., 2003; Maes et al., 2000; Schiepers et al., 2005). Hence,
the antioxidant and antiinflammatory properties of fruits and vegetables might protect
against depression.
A meta-analysis of highest versus lowest intake groups revealed significant inverse associations between fruit intake, vegetable intake, and the risk of depression [RR (95% CI):
0.83 (0.77–0.91) and 0.88 (0.79–0.96), respectively] (Liu et al., 2016) (Table 13.1). There was
a moderate level of heterogeneity in the data on fruit intake. As was the case for other
potential sources of heterogeneity, geographic heterogeneity within a subgroup of cohorts
was not analyzed. However, metaregressions in case–control and cohort studies failed to
detect significant differences between Europe, America, Asia, and Oceania for both fruits
and vegetables.

3.6 Cancer
3.6.1 Bladder Cancer
In a linear dose–response analysis, the bladder cancer risk decreased significantly (by 4%
per 100 g/day increment in fruit and vegetable intake) (Vieira et al., 2015b) (Table 13.2).
No significant reductions were reported for increased intakes of fruits alone or vegetables alone. The results of “highest versus lowest intake” analyses were not significant.
In a nonlinear dose–response analysis, the decrease in risk for fruits and vegetables was
observed for intakes of more than 400 g/day and was probably driven by two studies with
higher reported intakes (the Multiethnic Cohort Study and the Netherlands Cohort Study).
Furthermore, the nonlinearity test was not significant (P = .06).
Even though the associations indicated by this meta-analysis were attenuated after
adjustment for smoking status, there was no evidence that the pooled results differed by smoking status in stratified analyses. Neither was there evidence of geographic
heterogeneity.
This meta-analysis was part of the WCRF/AICR Continuous Update Project (CUP). The
two main risk factors for bladder cancer are smoking and professional exposure to carcinogens. All but one of the studies included in the meta-analysis adjusted for smoking.

Table 13.2 Associations Between Fruit and/or Vegetable Intake and Various Types of Cancer: Data From the Selected Meta-analyses
Year

RR for “Highest
Cohorts Versus Lowest”

Outcome

Authors

Bladder cancer

Vieira AR,
2015b FV: 9
Vingeliene S,
et al.
F: 12
V: 10

Breast cancer

Aune D,
Chan DSM,
et al.

2012

FV: 7
F: 10
V: 10

Lung cancer

Vieira AR,
2015a FV: 18
Abar L, et al.
F: 29
V: 25

Colorectal
cancer

FV: 10
F: 14
V: 15

Colon cancer

Aune D,
Lau R, et al.

2011

FV: 11
F: 11
V: 11

Rectal cancer

FV: 9
F: 7
V: 8

RR: 0.89 [0.75–1.05] − P
heter: 0.16 − I2: 34%
RR: 0.91 [0.82–1.00] − P
heter: 0.34 − I2: 11%
RR: 0.92 [0.84–1.01] − P
heter: 0.39 − I2: 5%
RR: 0.89 [0.80–0.99] − P
heter: 0.67 − I2: 0%
RR: 0.92 [0.86–0.98] − P
heter: 0.36 − I2: 9%
RR: 0.99 [0.92–1.06] − P
heter: 0.26 − I2: 20%
RR: 0.86 [0.78–0.94] − P
heter: 0.08 − I2: 37%
RR: 0.82 [0.76–0.89] − P
heter: 0.07 − I2: 32%
RR: 0.92 [0.87–0.97] − P
heter: 0.54 − I2: 0%
RR: 0.92 [0.86–0.99] − P
heter: 0.24 − I2: 22%
RR: 0.90 [0.83–0.98] − P
heter: 0.05 − I2: 42%
RR: 0.91 [0.86–0.96] − P
heter: 0.54 − I2: 0%
RR: 0.91 [0.84–0.99] − P
heter: 0.32 − I2: 13%
RR: 0.89 [0.81–0.97] − P
heter: 0.16 − I2: 30%
RR: 0.87 [0.81–0.94] − P
heter: 0.70 − I2: 0%
RR: 0.97 [0.86–1.09] − P
heter: 0.65 − I2: 0%
RR: 0.91 [0.76–1.09] − P
heter: 0.09 − I2: 45%
RR: 0.94 [0.85–1.04] − P
heter: 0.59 − I2: 0%

Egger
RR per 100 g/day
Test
Cohorts Increment

Linearity Threshold

Geographic Geographic
Location[s] Heterogeneity

P = .09 FV: 8

Linear

Europe/USA

Linear

Europe/USA

P = .48 F: 12
P = .02 V: 10
P = .44 FV: 6
P = .41 F: 10
P = .23 V: 9
P < .01 FV: 14
P < .01 F: 23
P < .01 V: 20
P = .52 FV: 11
P = .79 F:13
P = .14 V: 12
FV: 11
F: 11
V: 11
FV: 10
F: 8
V: 8

RR: 0.96 [0.94–0.99] − P
heter: 0.76 − I2: 0%
RR: 0.98 [0.95–1.00] − P
heter: 0.51 − I2: 0%
RR: 0.96 [0.93–1.00] − P
heter: 0.35 − I2: 10%
RR: 0.98 [0.96–1.00] − P
heter: 0.41 − I2: 2%
RR: 0.97 [0.94–1.00] − P
heter: 0.10 − I2: 39%
RR: 1.00 [0.97–1.03] − P
heter: 0.29 − I2: 17%
RR: 0.96 [0.94–0.98] − P
heter< 0.01 − I2: 67%
RR: 0.92 [0.88–0.95] − P
heter< 0.01 − I2: 57%
RR: 0.94 [0.89–0.98] − P
heter< 0.01 − I2: 48%
RR: 0.99 [0.98–1.00] − P
heter: 0.10 − I2: 38%
RR: 0.98 [0.94–1.01] − P
heter< 0.01 − I2: 64%
RR: 0.98 [0.97–0.99] − P
heter: 0.69 − I2: 0%
RR: 0.99 [0.97–1.00] − P
heter: 0.21 − I2: 25%
RR: 0.98 [0.96–1.01] − P
heter: 0.10 − I2: 38%
RR: 0.96 [0.94–0.98] − P
heter: 0.65 − I2: 0%
RR: 0.99 [0.97–1.01] − P
heter: 0.48 − I2: 0%
RR: 0.99 [0.95–1.03] − P
heter: 0.04 − I2: 54%
RR: 1.00 [0.96–1.03] − P
heter: 0.88 − I2: 0%

Nonlinear >350 g/day
Linear
Linear
Linear
Nonlinear
Nonlinear
Nonlinear
N/A
Nonlinear
Nonlinear
N/A
N/A
N/A
N/A
N/A
N/A

Europe/USA/
Asia
Europe/
America
Europe/
America/Asia
Europe/
America/Asia
<400 g/day
Europe/North
America/Asia
<300 g/day
Europe/North
America/Asia
<300 g/day
Europe/North
America/Asia
Europe/
America/Asia
<100 g/day
Europe/
America/Asia
<100–200 g/day Europe/
America/Asia

no
heterogeneity
no
heterogeneity
no
heterogeneity
P > .05
P > .05
P > .05
no
heterogeneity
no
heterogeneity
no
heterogeneity
P < .05
P > .05
P > .05

Colorectal
adenoma

Ben Q,
2015
Zhong J, et al.

FV: 3
F: 4
V: 6

Prostate cancer

Meng H,
Hu W, et al.

2014

F: 14

V: 12

Gastric cancer

Wang Q,
2014a F: 22
Chen Y, et al.
V: 19

Esophageal
Li B, Jiang G, 2014a F: 3
adenocarcinoma et al.
V: 3
Esophageal
squamous cell
carcinoma

Hepatocellular
carcinoma

Non-Hodgkin’s
lymphoma

Liu J, Wang J, 2013
et al.

Yang Y,
Zhang D,
et al.

2014

F: 5

P = .28a V: 4

P = .63a

Europe/USA

P > .05a

Europe/
USA/South
America/Asia
Europe/
USA/South
America/Asia
Asian/
Non-Asian
Asian/
Non-Asian

P > .05a

P = .19 F: 16
P = .15 V: 16

RR: 0.95 [0.91–0.99] − P Nonlinear <100 g/day
heter: 0.06 − I2: 38%
RR: 0.96 [0.91–1.01] − P Linear
heter< 0.01 − I2: 50%

RR: 0.80 [0.60–1.06] − P P = .83a V: 4
heter: 0.18 − I2: 36%

RR: 0.92 [0.84–1.01] − P N/A
heter: 0.05 − I2: 61%

F: 6

RR: 1.04 [0.91–1.20] − P
heter: 0.10 − I2: 0%
RR: 0.66 [0.51–0.86] − P
heter< 0.01 − I2: 75%
RR: 0.79 [0.65–0.96] − P
heter: 0.32 − I2: 11%
RR: 1.01 [0.88–1.16] − P
heter: 0.18 − I2: 36%
RR: 0.90 [0.81–1.00] − P
heter: 0.57 − I2: 0%
RR: 0.90 [0.77–1.05]
RR: 0.93 [0.83–1.03] − P
heter: 0.13 − I2: 35%
RR: 0.89 [0.80–1.00] − P
heter: 0.60 − I2: 0%

FV: 3

2015a FV: 3
F: 8
V: 7

F, fruits; V, vegetables; FV, fruits and vegetables combined; RR, relative risk.
aPooled results for case–control studies and cohort studies.

Western/JapanP < .10a

P = .06a

RR: 0.97 [0.93–1.01] − P P = .55
heter: 0.51 − I2: 0%
RR: 0.90 [0.83–0.98] − P
heter: 0.45 − I2: 1%
RR: 0.96 [0.88–1.06] − P
heter: 0.20 − I2: 21%
RR: 0.99 [0.72–1.36] − P
heter: 0.97 − I2: 0%
RR: 0.76 [0.54–1.05] − P
heter: 0.51 − I2: 0%
RR: 0.68 [0.55–0.86] − P
heter: 0.25 − I2: 25%

Western/JapanP < .10a

Europe/North no
America/
heterogeneity
Japan/Oceania
Europe/North no
America/
heterogeneity
Japan/Oceania
Europe/USA/ P > .05
Asia
Europe/USA/ P > .05
Asia
Europe/USA P > .05a

P = .09

V: 5

V: 5
Wu Q-J,
Wu L, et al.

P < .01a F: 4

RR: 0.99 [0.98–0.99] − P Lineara
heter: 0.53 − I2: 0%
RR: 0.95 [0.93–0.96] − P Lineara
heter: 0.68 − I2: 0%
RR: 0.99 [0.96–1.02] − P Nonlineara > 350 g/daya
heter: 0.02 − I2: 68%

RR: 0.87 [0.82–0.91] − P N/A
heter: 0.82 − I2: 0%

F: 5

Pancreatic
cancer

P = .04a FV: 3

P = .13a F: 4

V: 9

Chen G-C,
2013
Lv D-B, et al.

RR: 0.82 [0.74–0.90] − P
heter: 0.99 − I2: 0%
RR: 0.79 [0.68–0.92] − P
heter: 0.15 − I2: 38%
RR: 0.95 [0.81–1.10] − P
heter: 0.08 − I2: 49%
RR: 1.02 [0.98–1.07] − P
heter: 0.93 − I2: 0%

P = .70a
P = .06a
P = .28a FV: 3
P = .02a F: 5
P = .24a V: 5
P = .40a
P = .66a
P = .66a

RR: 0.94 [0.85–1.03] − P N/A
heter: 0.14 − I2: 49%
RR: 1.01 [0.96–1.06] − P N/A
heter: 0.12 − I2: 46%
RR: 0.95 [0.90–1.00] − P N/A
heter: 0.14 − I2: 43%

P > .05a

P < .05a
P > .05a

Europe/North P > .05a
America
Europe/North P > .05a
America
Europe/North P > .05a
America/Asia
Europe/North P > .05a
America/Asia
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Conversely, only one study (Nagano et al., 2000) adjusted for exposure to radiation, and
only the Multiethnic Cohort Study (Park et al., 2013) adjusted for “employment in high-risk
industry.” Interestingly, the Multiethnic Cohort Study is the only study to have reported a
significantly lower risk associated with fruit and vegetable consumption. However, this
association was observed only in women with a very low prevalence of exposure (1%).
Furthermore, the hypothesis whereby professional exposure to carcinogens (as a confounding factor) might explain the overall lack of statistical significance supposes that this
exposure reduces fruit and vegetable consumption and counters the latter’s effect, which
seems unlikely.
Other meta-analyses of observational studies were published around the same time (Liu
et al., 2015; Xu et al., 2015; Yao et al., 2014). Yao et al. (2014) reported significant decreases
in the bladder cancer risk for increasing intakes of fruits, vegetables, and fruits and vegetables but included both case–control and cohort studies. When analyzing only cohort studies, no significant associations were found for a 100 g/day increment in fruit, vegetable
(Liu et al., 2015), or fruit and vegetable intake (Xu et al., 2015).
Overall, there is limited evidence of a protective association between fruit and vegetable intake and bladder cancer.

3.6.2 Breast Cancer
The CUP meta-analysis on breast cancer detected borderline-significant, linear dose–
response associations for fruits and vegetables [RR (95% CI) per 100 g/day increment: 0.98
(0.96–1.00)] and for fruit alone [0.97 (0.94–1.00)] (Aune et al., 2012) (Table 13.2). In “highest
versus lowest” analyses, fruit and vegetable consumption and fruit consumption (but not
vegetable consumption) were significantly associated with a lower risk of breast cancer.
There was little to no heterogeneity and no evidence of publication bias in any of these
analyses. Furthermore, there were no significant differences between the results stratified
by geographic location.
More recently, a pooled meta-analysis (Jung et al., 2013) found that fruit and vegetable consumption was associated with a significant lower risk of estrogen-negative breast
cancer (ER–) [RR (95% CI) = 0.90 (0.81–1.01) for the fifth quintile versus the first quintile;
P-trend = 0.03], as was vegetable consumption [RR (95% CI) = 0.82 (0.74–0.90); P-trend <
0.001]. In contrast, neither was associated with estrogen-positive breast cancer (ER+).
Although fiber intake can lower sex hormone levels (Maskarinec et al., 2006), fruits and
vegetables are less associated with the hormone-dependent ER+ cancers. The difference
in the associations with ER+ and ER– cancers may be due to the difficulty in detecting a
modest effect of fruit and vegetable intake (relative to hormonal factors) or to the differing
mechanistic effects of phytochemicals in vegetables (Jung et al., 2013).
This suggests that there is weak association (may be only for subtypes of cancer)
between fruit and vegetable consumption and breast cancer.

3.6.3 Lung Cancer
Increased intakes of fruits, vegetables, and fruits and vegetables were significantly associated with a lower risk of lung cancer in a WCRF/AICR-CUP meta-analysis (Vieira et al., 2015):
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decreases of 4%, 8%, and 6% in the lung cancer risk were respectively reported of 100 g/day
fruits and vegetables, fruits, and vegetables, respectively (Table 13.2). The dose–response
relationships were found to be nonlinear, with no supplemental benefits for intakes of more
than 400 g/day for fruits and vegetables, 300 g/day for fruits, and 300 g/day for vegetables. All
the results were marked by high levels of heterogeneity. There was also significant evidence
of publication bias, together with possible geographic heterogeneity (with stronger relationships in Europe). When stratified by smoking status, the power of the study decreased
because studies not presenting stratified results were excluded. However, associations with
fruits or vegetables remained significant in smokers but were not significant in former and
never smokers (excepted for fruit in current smokers, in a “highest versus lowest” consumption). This association (observed only in smokers) could be explained by the fact that the
effect of fruits and vegetables may partially counteract that of tobacco. For example, oxidative DNA damage is one of the tobacco-related pathways that leads to a carcinogenic effect
(Hecht, 1999); this effect may be reduced by the antioxidant compounds that are found in
fruits and vegetables. Another possible explanation is that smoking exposure is not measured precisely enough in smokers. Hence, smoking status may have been a residual confounding factor. Interactions between fruits and vegetables are discussed more extensively
later in this review.
Two other meta-analyses were published in 2015 but included fewer cohorts (Wang
et al., 2015a, 2015b). The “highest versus lowest” analyses were all consistent. One of
these meta-analyses did not find a significant decrease in risk for a 100 g increment of
fruits and vegetables or of vegetables (Wang et al., 2015b). This discrepancy may be due
to differences in statistical power. Only one meta-analysis featured a dose–response
analysis (Wang et al., 2015b) but did not find a significant association for vegetables or
for fruits and vegetables. However, it did not report heterogeneity data either.
Hence, the fruit and vegetable consumption seems to be associated with a lower lung
cancer risk. However, the effect of residual confounding factors (smoking status) cannot
be completely ruled out.

3.6.4 Colorectal Cancer
As part of the WCRF/AICR-CUP, a meta-analysis assessing the association between fruit
and/or vegetable intake and colorectal cancer risk was conducted in 2011 (Aune et al.,
2011) (Table 13.2). In the linear dose–response analysis, only vegetable consumption
was significantly associated with a lower risk (with a 2% decrease per 100 g/day increment in vegetable intake). For fruits alone and for fruits and vegetables, the linear
associations were borderline-significant [with RRs (95% CI) per 100 g/day increment of
0.98 (0.94–1.01) and 0.99 (0.98–1.00), respectively], whereas fruit, vegetable, and fruit
and vegetable intakes were all significantly associated with a decrease in the colorectal
cancer risk in “highest versus lowest” analyses. Nonlinearity tests evidenced nonlinear relationships for fruit consumption and vegetable consumption. For fruits, most
of the risk reduction occurred for intakes up to 100 g/day; above this threshold, the
decrease was more modest. For vegetables, a similar threshold around 100–200 g/day
was observed.
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In terms of the tumor’s location in the body, the aforementioned associations were found
for colon cancer; there was a significant relationship between an increasing vegetable intake
and lower risk, a borderline-significant relationship for fruit and for fruit and vegetable
intakes, and significant associations for fruits and/or vegetables in “highest versus lowest”
analyses. In contrast, there was no evidence of any association for rectal cancer. In addition
to having an effect on folate and antioxidants, the fiber present in fruits and vegetables may
prevent colorectal cancer by increasing stool bulk, decreasing transit time in the colon, and
diluting potential carcinogens (Aune et al., 2011; WCRF/AICR, 2007). Fiber may decrease the
transit time in the colon without altering the storage time in the rectum, and it may account
for the absence of a decreased risk of rectal cancer (Aune et al., 2011).
All the results for fruit consumption were moderately heterogeneous, but no predictors
were identified by metaregression.
There was evidence of geographic heterogeneity for fruits and vegetables, with a strong
association in Europe and no effect in Asia (metaregression: P < .05). This difference might
be due to several factors. First, only two Asian cohorts were considered. Second, there were
undoubtedly differences in cultural factors, production, storage, cooking methods, and
possibly in genetic make-up. Furthermore, the types of fruits and vegetables differed from
one study site to another. Last, given the nonlinear associations with thresholds for fruits
and for vegetables, differences in the ranges of intake or between reference categories may
have caused some effects to be missed.
Two other meta-analyses were found but did not report dose–response analyses and
did not find any significant associations in “highest versus lowest” analyses (Huxley et al.,
2009; Kashino et al., 2015).
Last, epidemiological evidence suggests a weak but significant decrease in the colorectal cancer risk associated with moderate fruit and vegetable consumption.

3.6.5 Colorectal Adenoma
The colorectal adenoma risk fell significantly by 1% per 100 g/day increment of fruit
and vegetable intake and by 5% per 100 g/day increment in fruit intake (Ben et al., 2015)
(Table 13.2). There was no significant association with vegetable intake. The meta-analysis
included both case–control and cohort studies. Therefore, nonlinearity tests and metaregressions were not performed on a subgroup of cohorts separately from case–control
studies, and so the results had to be interpreted accordingly. However, they suggested the
presence of linear associations for fruit and for fruits and vegetables, geographic heterogeneity, and smoking and total energy intake as residual confounding factors. Publication
bias was also detected. Hence, there is some evidence that fruit consumption (but not
vegetable consumption) is associated with a lower risk of colorectal adenoma.

3.6.6 Prostate Cancer
When comparing highest versus lowest intakes, fruit and vegetable consumption were
not associated with prostate cancer risk in a meta-analysis. There was no heterogeneity, no
publication bias, and no geographic heterogeneity (Meng et al., 2014) (Table 13.2).
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3.6.7 Gastric Cancer
In a linear dose–response analysis, a 100 g/day increment in fruit intake was significantly
associated with a 5% decrease in the gastric cancer risk (Wang et al., 2014a) (Table 13.2).
No association was found for vegetable consumption. The “highest versus lowest” analysis
yielded similar results because only fruit consumption was significantly associated with a
decrease in the gastric cancer risk. The dose–response relationship for fruit was nonlinear, with most of the risk reduction occurring for intakes up to 100 g/day and a modest
decrease thereafter. The moderate level of heterogeneity was mainly imputable to the outcome (incidence vs. mortality) and study quality.
Another meta-analysis (Fang et al., 2015) failed to perform dose–response analyses for
vegetable consumption and included two articles based on the same data from the EPIC
cohort. However, this analysis gave consistent results for fruit consumption: a significant
association in a “highest versus lowest” analysis, a 5% decrease in the risk per 100 g/day,
and a nonlinear dose–response relationship with a threshold at 200 g/day.
Helicobacter pylori is the strongest risk factor for gastric cancer. Fruits and vegetables
may protect against the effect of H. pylori. Constituents such as selenium, beta-carotene,
and vitamins A, C, and E may protect the epithelium from H. pylori–induced inflammation. Furthermore, high-dose vitamin C has been shown to inhibit H. pylori growth and
colonization and to block intragastric nitrosation (Wang et al., 2014a). One can conclude
that fruit consumption is inversely associated with the gastric cancer risk. Most of the risk
reduction occurs for small increments in daily intake.

3.6.8 Esophageal Cancer
The results for esophageal cancer differ according to the histological subtype (adenocarcinoma or squamous cell carcinoma). There were no dose–response analyses for esophageal
adenocarcinoma, and the “highest versus lowest” analyses did not report any significant
associations for fruits or for vegetables (Li et al., 2014a) (Table 13.2). The squamous cell
carcinoma risk was not associated with vegetable intake (Liu et al., 2013). In contrast, a significant (13%) risk decrease per 100 g/day was reported for fruit intake. However, nonlinearity tests performed on the pooled results of case–control and cohort studies evidenced
a nonlinear association, with little effect of fruit intakes above 20 g/day. For both types of
esophageal cancer, metaregressions for geographic location were also only performed on
the pooled results of case–control and cohort studies; no significant differences between
continents were found. Hence, for esophageal cancer, the only significant association
involved fruit and squamous cell carcinoma. However, the design of the corresponding
meta-analysis was not robust enough to rule out residual confounding by known risk factors (such as smoking and alcohol consumption). In addition to a general effect of fruits
and vegetables on cancer, vitamin C may protect against the development of esophageal
squamous cell carcinoma by blocking intragastric nitrosation (Liu et al., 2013). The differences in association for squamous cell carcinoma versus adenocarcinoma are not surprising because these tumors have different biological mechanisms and risk factors (mainly
alcohol and tobacco for squamous cell carcinoma and acid reflux for adenocarcinoma).
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3.6.9 Hepatocellular Carcinoma
In a meta-analysis of both case–control and cohort studies, the “highest versus lowest”
subgroup analysis of cohorts only showed that the intakes of vegetables (not fruits) was
associated with a reduced risk of hepatocellular carcinoma (Yang et al., 2014) (Table 13.2).
However, the level of heterogeneity was high, publication bias was highly probable, and
there was no dose–response analysis of cohort results alone. Furthermore, geographic heterogeneity cannot be ruled out. In view of the many possible confounding factors, there
were too few data to draw firm conclusions.

3.6.10 Non-Hodgkin Lymphoma
Intakes of fruits, vegetables, and fruits and vegetables were not significantly associated
with non-Hodgkin lymphoma risk when considering 100 g/day increments (Chen et al.,
2013) (Table 13.2). When considering “highest versus lowest” analyses, only fruit and vegetable consumption was significantly associated with a decrease in non-Hodgkin lymphoma risk. The meta-analysis included case–control and cohort studies, and the latter
results were extracted from subanalyses of cohort studies. Only three cohorts examined
fruit and vegetable consumption. Furthermore, there was moderate heterogeneity in the
results of the dose–response analyses, and some publication bias was detected. Therefore,
there was very little evidence of a role for fruits or vegetables in the prevention of nonHodgkin lymphoma.

3.6.11 Pancreatic Cancer
No significant associations between fruit, vegetable, and fruit and vegetable intakes and
the pancreatic cancer risk were found in “highest versus lowest” analyses of cohorts in a
meta-analysis of observational studies (Wu et al., 2015a) (Table 13.2). Similar results had
already been reported for fruits and for vegetables in 2012 (Paluszkiewicz et al., 2012). In
a meta-analysis of studies of pancreatic diseases, a protective effect of fruit consumption
on pancreatic cancer was suggested (Alsamarrai et al., 2014); however, only three cohorts
were included (compared with eight for fruit only in Q.J. Wu et al.), and so the latter systematic review was probably not exhaustive.

4. Discussion
Fruit and vegetable consumption is inversely associated with all-cause mortality and cardiovascular mortality. Consistently, fruits and vegetables are associated with a decrease
in the risk of cardiovascular diseases. In contrast, an association with the cancer risk is
less clear: although there is no decrease in overall cancer mortality, a decrease in risk is
observed for specific cancer sites: lung cancer for fruits and/or vegetables; colorectal
cancer for vegetables; and gastric cancer, esophageal cancer, and colorectal adenoma
for fruits. With the exception of colorectal cancer, there is no significant evidence of geographic heterogeneity for the risk of cancer or cardiovascular disease. Hence, geographic
differences in consumption habits, storage, and cooking methods do not seem to have a
major impact on these associations.
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Although several significant, consistent associations have been identified, the effect
sizes are all moderate. With the exception of stroke, all of these dose–response relationships are nonlinear and exhibit a threshold effect. Accordingly, there are cut-offs in fruit
and vegetable intake above which little or no additional decrease in risk is observed. Even
though the “five a day” guideline was developed before the latest studies highlighted the
cut-off effects, five portions a day appear to be an appropriate target, and the real benefit of higher intakes can be questioned. However, accurate estimations of the shape of
the dose–response relationship are impaired by the small number of people consuming
truly high amounts of fruits and/or vegetables. Indeed, few cohorts have reported on
high intakes and thus may have biased the results toward a nonlinear effect. Hence, more
data is required before firm conclusions and additional public health guidelines can be
formulated.
In addition to cancer and cardiovascular disease, comparisons of highest versus lowest
levels of intake have highlighted significant, inverse associations between fruit intake and
asthma and between fruit intake, vegetable intake, and depression. Furthermore, a small
body of data suggests a weak inverse association with obesity.

4.1 Confounding Factors
In view of the difficulty in organizing randomized trials in this field, most of the evidence in favor of health benefits for fruits and vegetables comes from observational
cohort studies. The results of these studies may be biased by confounding factors, such
as behaviors associated with fruit and vegetable consumption and with particular diseases. This might create associations that are not causal relationships with fruits and
vegetables. In fact, high fruit and vegetable consumers have specific social, economic,
access to care, and behavioral characteristics. For example, higher fruit and vegetable
consumption has been associated with less smoking, more vitamin consumption, lower
alcohol consumption, lower physical activity, and a higher educational level (Bazzano
et al., 2002; Crowe et al., 2011; Joshipura et al., 1999). Although most of the known confounding factors are included in multivariate analyses, they cannot all be identified or
perfectly measured, leading to residual confounding.
Moreover, the separate assessment of fruits and vegetables is impaired by the fact
that nutrients and food are consumed in combinations (Hu, 2002). Indeed, fruit and
vegetable consumption is highly correlated with other food intakes. For example, fruit
and vegetable intake was strongly correlated with prudent diet patterns in the Health
Professionals Follow-up Study (Hu, 2002). Furthermore, fruits and vegetables are
prime components of recommended dietary patterns, such as the Mediterranean diet
(Trichopoulou et al., 2005). Given the complexity of modeling diets, cohort studies rarely
adjust for other components. Last, dietary pattern may also explain the potential effect
of fruits and vegetables on health as well as being a strong confounding factor. Indeed,
fruits and vegetables may displace less healthy food and will therefore change the overall
balance of diet (Fulton et al., 2014). In a meta-analysis of randomized intervention trials
that required adult subjects to increase only their fruit and vegetable intake (i.e., in the
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absence of other dietary or lifestyle changes), a decrease in fat intake was observed in
the intervention groups (Fulton et al., 2014). Therefore, it is hard to distinguish the effect
of fruits and vegetables per se from associated changes in dietary patterns.

4.2 Interaction With Smoking
Smoking has an impact on the main diseases for which an association with fruit and
vegetable consumption has been found (e.g., lung cancer and cardiovascular disease). Furthermore, stronger associations are observed among smokers. The associations between fruits and vegetables in the EPIC cohort study were observed only in
current smokers (Linseisen et al., 2007), and not in former and never smokers. In the
meta-analysis by Vieira et al., the associations were more consistent among smokers
than among never or former smokers. In addition, several studies have reported larger
reductions in the coronary heart disease risk with fruit and vegetable consumption in
smokers than in nonsmokers (Dauchet et al., 2010; Hung et al., 2004; Liu et al., 2001).
This interaction with tobacco might be explained by a partial prevention of tobacco’s
harmful effect by fruits and vegetables (Dauchet et al., 2010). For example, smoking
products lower blood levels of antioxidant micronutrients (Bruno and Traber, 2006;
Dietrich et al., 2003; Yanbaeva et al., 2007). The antioxidant content of some fruits and
vegetables may reduce the oxidative damage caused by tobacco. Furthermore, fruit
and vegetable consumption is associated with lower plasma C-reactive protein concentrations (Chun et al., 2008; Esmaillzadeh et al., 2006), which might attenuate the
proinflammatory effects of smoking (Yanbaeva et al., 2007). However, the hypothesized effect of antioxidants has not been demonstrated (Bjelakovic et al., 2014), and
beta-carotene has been associated with a higher risk of tobacco-related cancer among
smokers only (Touvier et al., 2005).
Another hypothesis is that stronger association among smokers and for tobaccoinduced pathologies may be due to residual confounding by smoking. Indeed, in general, high fruit and vegetable consumers are less likely to be smokers (Bazzano et al.,
2002; Crowe et al., 2011; Joshipura et al., 1999; Poisson et al., 2012). Smoking status is
therefore a major confounding factor. Thus, in the EPIC cohort study, the observed
associations with lung cancer were dramatically modified after adjustment for smoking (Linseisen et al., 2007). Even if results of most of the studies adjusted for smoking,
measurement of exposure to tobacco may not have been measured precisely enough.
Furthermore, in the majority of cohorts, smoking status is analyzed only at baseline,
and the consumption of fruits and vegetables may be associated with a greater likelihood of quitting smoking during the follow-up period (Poisson et al., 2012). Smoking
cessation is a potential confounding factor that is rarely taken into account in cohort
studies. Hence, one cannot rule out that residual confounding by smoker status
explaining (at least in part) associations between fruits and vegetables and smokingrelated diseases.
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4.3 Subtypes of Fruits and Vegetables
We chose to focus on fruits and vegetables in general, and therefore we excluded studies
of categories or subtypes of fruits and vegetables. For instance, we did not review
meta-analyses of the putative association between cruciferous vegetables and the risk of
renal cell carcinoma (Zhao and Zhao, 2013) or the risk of ovarian cancer (Hu et al., 2015). Our
approach is consistent with most public health guidelines, which rarely include specific
advice on subtypes of fruits and vegetables. However, fruits and vegetables constitute a
wide, diverse group of foods, and their components (e.g., antioxidants) differ substantially from one type to another. Therefore, biological hypotheses and expected associations may also differ from type of fruit or vegetable to another. For example, Fang et al.'s
(2015) “highest versus lowest” analyses of the gastric cancer risk found that there were
significant associations for white vegetables (but not for total vegetables) and citrus
fruits (but not for apples and pears). White vegetables and citrus fruits are rich sources
of vitamin C, which was also significantly associated with a decrease in the gastric cancer risk in Fang et al.’s meta-analysis. H. pylori is a proven carcinogen in the development
of gastric cancer (IARC, 1994), and high doses of vitamin C have been shown to inhibit
H. pylori growth and colonization (Sezikli et al., 2012; Zhang et al., 1997). Furthermore,
dietary vitamin C acts as a scavenger of carcinogenic N-nitroso compounds in the gastric lumen (Tannenbaum et al., 1991; Yamaguchi and Kakizoe, 2001). Therefore, different
concentrations of vitamin C may account for different associations between types of
fruits and vegetables and the gastric cancer risk.

4.4 Limitations
This review has several limitations. Even though most of the studies used validated food
frequency questionnaires, there is still a large error in measuring food intake (whatever
the method). Furthermore, as the dietary habits of cohort participants are usually only
assessed at inclusion, misclassification of subsequent exposure cannot be ruled out.
Hence, these errors may have weakened (or hidden) the associations between fruits and
vegetables and disease. Moreover, classification of fruits and vegetables differs from one
cohort study to another and may alter the results of subsequent meta-analyses.
Few cohorts are based on representative samples of the population, such as the cohort
based on the follow-up of the US National Health and Nutrition survey (Bazzano et al.,
2003a,b). Given that the inclusion and monitoring of the very large number of patients
required in a cohort study are very difficult, most studies did not randomize their participants or included specific populations. For example, the Nagasaki Lifespan study includes
atomic bomb survivors (Sauvaget et al., 2003), and the Nurse Health Study and the Health
Professionals’ Follow-up Study include health workers. The EPIC study merges cohorts
from 10 European countries, which include both samples of the general population or specific samples (such as teachers and blood donors) (Leenders et al., 2013). Therefore, few
cohorts include representative samples. Mean consumption or the incidence of disease
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cannot be evaluated in these studies. However, selection bias is reduced by comparing different intensities of exposure (e.g., to fruits and vegetables) within a single group (internal
comparisons) (Rothman and Greenland, 1998). Nevertheless, an association observed in
a single, specific cohort is not sufficient for robust conclusions and must be confirmed by
the results from different types of cohorts.
In addition, by restricting this review to meta-analyses of cohorts, we restricted it to
the health events widely examined in this type of study. Moreover, prospective cohorts
mostly include middle-aged men and women. Hence, this design makes it difficult to
study diseases that start earlier in life (such as chronic inflammatory bowel disease,
for which no meta-analyses of prospective cohort studies were found). However, the
diseases included in this review (such as cancer, cardiovascular disease, and diabetes)
account for a large proportion of morbidity and mortality worldwide, so the results of
the corresponding meta-analysis probably enable relevant public health conclusions
to be drawn.

4.5 Causality
Associations highlighted by observational epidemiological studies can result from a true,
health-promoting effect of fruits and vegetables or from a simple statistical relationship
due to bias. Accordingly, the results of epidemiological studies should be examined in
terms of causality before being used for nutrition guidelines. However, this examination
is challenging and requires a specific review for each outcome. Potischman and Weed
(1999) have adapted Hill’s criteria for causation (Hill, 1965) to the field of nutritional
epidemiology. We shall consider the main criteria and present the corresponding conclusions for fruits and vegetables. (1) The association should be consistent. On one hand,
most associations seen in the meta-analyses are hampered by significant heterogeneity;
this might be due to methodological differences in how diet is measured (Potischman
and Weed, 1999). On the other hand, these associations are mostly similar for geographic
areas, which suggests that they are consistent across populations with differing diets
and behaviors. (2) The association should be strong. In nutritional epidemiology, strong
associations are rarely found (notably because of measurement error). Furthermore,
weak associations may have large public health effects because fruit and vegetable
consumption concerns the whole population and targets prevalent diseases. The association between fruits and vegetables and mortality was measured earlier, for instance.
The decrease in the mortality risk of 6% for a 100 g/day increment corresponds to a 22%
decrease in risk for a 400 g/day increment; these weights more or less correspond to the
observed range of daily intakes. Hence, this is equivalent to the 20% decrease considered to be a “positive finding” by Potischman and Weed (1999). However, almost none
of these associations could be considered to be “strong” (>40%) decrease in risk. (3) The
dose–response relationship should be significantly linear or at least regularly decreasing.
Despite threshold effects, most associations (except for diabetes and bladder cancer) are
linear across the most frequent portion size/consumption levels, so they are suggestive
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of a causal link. (4) The exposure assessment must precede the onset of the disease. This
criterion is necessarily met by the studies’ prospective design. (5) When evaluating
causality, the corner stone is biological plausibility, i.e., evidence collected from animal
models, in vitro cell culture systems, and metabolic and clinical studies in humans. The
difficulty in examining physiologic hypothesis has been mentioned earlier. Data from
clinical studies in humans are scarce and restricted to a few clinical markers (such as
hypertension). Last, determining the causal nature of these associations is subject to
debate and requires further research.

5. Conclusion
In meta-analyses of observational studies, fruit and vegetable consumption is associated
with significantly lower risks of mortality and frequent diseases, such as cardiovascular
disease, obesity, and some types of cancers. Although the observed associations are modest in size, they may explain part of the lower risk of disease reported for plant-based and
vegetarian diets (see other sections of this book). Furthermore, these associations may be
significantly important for public health because the decrease in risk might well concern
(1) the whole population and (2) diseases that place a high burden on healthcare systems.
Furthermore, the decrease in risk may have been underestimated for methodological reasons. Given how difficult it is to study the effects of fruits and vegetables in clinical trials, it
is hard to demonstrate causal relationships between fruits and vegetables and health outcomes or to distinguish between an effect of fruits and vegetables per se and an effect of
the associated dietary patterns. Advice on eating more fruits and vegetables should probably constitute one way of improving dietary patterns (by replacing unhealthy food by
fruits and vegetables), rather than an isolated recommendation.
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Whole Grains and Disease Risk
Frank Thies
UNI VER S I T Y O F A B E R D E E N , A B E R D E E N , U N I T E D K I N G D O M

1. Introduction
Humans included whole grains (WGs) in their diet with the advent of agriculture around
10,000 years ago to become one of our major dietary components for the last 4000 years
(Spiller, 2002). However, the development of the refining process in the late 18th century
to produce refined flour with longer shelf life compared with nonrefined flour led to a dramatic increase in refined products consumption within the last century.
The health benefits of eating WG products had been suggested a long time ago by
Hippocrates in the 4th century BC and more recently in the 18th and 19th centuries (Räsänen, 2007; Thomas, 1894). In early 1970s, the fiber hypothesis (Burkitt, 1983;
Trowell, 1975) led the path to many quantitative population-based studies, which underlined the positive association between higher intake of WG foods and reduced risk for
major chronic diseases such as cardiovascular disease (CVD), type 2 diabetes, and some
cancers. Large prospective studies investigating the relationship between WG intake and
the risk of mortality (all cause and cause-specific) consistently suggested a protective
role of high intake of WG products against early death (Huang et al., 2015; Wu et al., 2015;
Johnsen et al., 2015). Only evidence from epidemiological studies associated high whole
grain intake with reduced cancer risk, and there is no evidence from intervention studies
to support these findings. Therefore this chapter will focus mainly on CVD and associated
risk factors.

2. Whole Grain Definition and Types
Cereals are grasses from the Poaceae family, producing edible grains. The term also
includes grains from nongrass plants (pseudo cereals, wild rice), which are referred to as
pseudo cereals because they are grown and used like cereal grains and have a similar composition to “true” grains.

2.1 Definition
WGs or WG products should contain all the essential parts and naturally occurring
nutrients of the entire grain seed in their original proportions. If the grain has been
processed (e.g., cracked, crushed, rolled, extruded, and/or cooked), the food product
should contain the same relative proportion of components (endosperm, germ, and
Vegetarian and Plant-Based Diets in Health and Disease Prevention. http://dx.doi.org/10.1016/B978-0-12-803968-7.00014-9
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bran) that are found in the original grain seed. This first formal definition for “whole
grain” was proposed in 1999 by the American Association for Cereal Chemists. This
definition has been since modified to take into account the degree of sprout length,
which if too long would affect nutrient value (Slavin et al., 2013). The European
HEALTHGRAIN consortium also recently issued a similar definition of WG, which,
however, allows for a minimal loss of bran, germ, and endosperm during grain processing (van der Kamp et al., 2014). Several definitions for WG foods have also been
issued and all overall agree that a WG food should contain at least over half its weight
from WG sources. Additional characterization for WG food has been proposed, which
indicates that “A WG food must contain 8 grams or more of WG per 30 grams of product
to be labeled as ‘whole-grain’ food” (Ferruzzi et al., 2014).

2.2 Structure and Composition of a Grain
A grain or kernel is constituted of three main parts: the endosperm, the bran, and the
germ (Fig. 14.1). The endosperm usually represents over 80% of the kernel, and it contains
mostly starch that provides the energy required for germination. The germ and bran fractions, which represent around 4% and 15% of the dry weight of most grains, respectively,
contain in relatively high concentrations most of the biologically active compounds found
in a grain. These include B vitamins (thiamine, niacin, riboflavin, and pantothenic acid)
and minerals (phosphorus, magnesium, calcium, iron, and sodium), amino acids, essential fatty acids (n-6 linoleic and n-3 γ-linolenic acids), and vitamin E (α-tocopherols). The
bran also contains a range of insoluble and soluble fibers and numerous phytochemicals
(phytates, phenolics, phytosterols). Phytochemical composition differs between WGs, and
some phenolic compounds are specific to particular grains, such as avenanthramides,
which are found in oats and barley.

FIGURE 14.1 Structure of a cereal grain.
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2.3 Whole Grain in Human Diet
The main WGs used for human consumption are listed in Table 14.1.
WG intake in the United Kingdom has been evaluated using data obtained from the
National Diet and Nutrition Survey rolling program (2008–11) (Mann et al., 2015). UK
adults and children/teenager populations consume 20 g/day and 13 g/day of WG products, respectively. Wheat and to a lesser extent oats are the major WG consumed in the
United Kingdom and represent 77% and 15%, respectively, of the overall WG consumption.
Wheat is mainly consumed as ready-to-eat cereals and whole meal breads, while porridge,
oat-based ready-to-eat cereals, or other cereals represent the main source of oat intake
in the UK population. Some countries like the United States (USDA and US Department
of Health and Human Services, 2010) and Denmark (DTU National Food Institute, 2008)
issued specific dietary recommendations for WG intake (three to five servings of WG per
day or 75 g/day per 10 MJ energy intake, respectively). In the United Kingdom, there is currently no specific recommendation for WG intake other than the general advice to choose
the WG variety of starchy foods (NHS Choices, 2015).

2.4 Effect of Refining on Chemical Composition
The removal of the bran and germ fractions during the milling process has drastic
effects on the chemical composition of the resulting refined flour (Fig. 14.2). Most
of the B vitamins, vitamin K, dietary fiber, zinc, vitamin E, magnesium, manganese,
and potassium are lost, while content in pantothenic acid, copper, iron, and folate
is significantly reduced. However, this is compensated to some extent by the voluntary fortification of white flour with thiamin, niacin, and iron in the United Kingdom.
Food fortification with folate to help reducing the incidence of neural tube defects is
mandatory and regulated in some countries like the United States, but it is currently
voluntary in the United Kingdom.

Table 14.1 Main Whole Grains Available for Human
Consumptiona
Amaranthb
Barley
Brown rice
Buckwheatb
Bulgur
Emmer/farro
Grano WG
Kamut
aThis

Millet
Oatmeal and whole oats
Popcorn
Quinoab
Sorghum
Spelt
Teff
Triticale

list is not exhaustive.
cereals.

bPseudo

Whole corn
Whole grain pasta
Whole grain barley
Whole rye
Whole wheat
Whole wheat couscous
Wild rice
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FIGURE 14.2 Effect of milling on wheat flour nutrient composition. Results are expressed as percent loss compared
with whole meal flour. Data from USDA National Nutrient Database for Standard Reference, Release 28. http://
www.ars.usda.gov/Services/docs.htm?docid=8964.

3. Whole Grain and Cardiovascular Disease
3.1 Cardiovascular Disease
CVD is the main cause of death worldwide. In 2012, around 17.5 million people died from CVD,
which represented 31% of all global deaths. An estimated 7.4 million were due to coronary
heart disease, and 6.7 million were due to stroke (WHO, 2015). CVD is a general term encompassing pathologies affecting the heart and circulation. These include coronary (or ischemic)
heart disease, cerebrovascular disease, peripheral arterial disease, rheumatic heart disease,
congenital heart disease, deep vein thrombosis, and pulmonary embolism. One of the main
underlying causes for CVD is atherosclerosis, a chronic inflammatory condition leading to the
thickening of arterial lining in places by atheromatous plaques. The process starts with the
formation of fatty streaks (accumulation of modified lipids within the arterial wall), which can
progress into mature plaque with proliferation of connective tissue, adhesion of platelets, proliferation, and migration of smooth muscle cells and infiltration of immune cells. The plaque
can become sufficiently big to induce a significant reduction of the blood flow, which can lead
to ischemia with or without associated symptoms, such as angina, when coronary arteries are
affected. The inflammatory process can also make the plaque unstable, increasing the risk of
rupture. In this case, the modified lipids present in atheromatous plaques are highly thrombotic, and they can induce the immediate formation of a thrombus that can occlude the artery
and provoke a myocardial infarction or stroke if the coronary or cerebral arteries are affected
respectively. The main risk factors for CVD are shown in Fig. 14.3.
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FIGURE 14.3 Main risk factors for cardiovascular disease (CVD).

3.2 Epidemiological Evidence
Large prospective studies carried out over the last 25 years mainly in the United States and
Europe found a strong association between high consumption of whole grain foods and
reduced risk of chronic diseases including coronary heart disease, hypertension, type 2
diabetes, and some cancers.

3.2.1 Coronary Heart Disease/Stroke
Findings from the Iowa Women’s Health Study, a prospective cohort study of over 30,000
postmenopausal women, suggested that the risk of ischemic heart disease would be
reduced by 30%–36%, or by 26% after controlling for fiber intake, in women eating one serving or more of WG foods daily compared with those rarely eating any WG products (Jacobs
et al., 1998). Another large prospective study, the Harvard Nurses’ Health Study found a
similar association between increased WG intake and reduced risk of coronary heart disease (Liu et al., 1999). The results suggested that three servings of WG food per day would
result in 25% decreased risk of coronary heart disease (21% after adjusting for fiber intake).
The Atherosclerosis Risk in Communities (ARIC) study, which included 15,762 middleaged adults followed up over 11 years, also showed an inverse relationship between WG
intake and risk of incident coronary artery disease and mortality. The data also suggested
that three servings per day could confer cardiovascular protection (28% decreased risk of
coronary artery disease) (Steffen et al., 2003). This was further supported by the results of
the Health Professional Follow-up study involving over 42,000 mostly middle-aged men,
which suggested that three servings per day could decrease coronary heart disease risk by
18% (Jensen et al., 2004). Several meta-analyses including the results of numerous observational studies conducted to date have been carried out, and the results consistently
showed an inverse association between dietary WG intake and incident CVD. Based on
the meta-analysis of seven prospective cohort studies with quantitative measure of dietary
WG and clinical cardiovascular outcomes, an average of daily intake of 2.5 servings would
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reduce risk of CVD events by 21% compared with 0.2 servings per day (Mellen et al., 2008).
The meta-analysis carried out by Ye et al. (2012), which integrated results from 45 observational studies and 21 randomized trials, estimated that people consuming three to five
servings per day of WG had a 25% lower risk of CVD compared with people eating WG only
occasionally.
The studies reporting the association between dietary WG intake and risk of stroke have
produced inconsistent results. The Physicians’ Health Study (Liu et al., 2003a,b) and the
Finnish Mobile Clinic Health Examination Survey (Mizrahi et al., 2009) found no association
between WG intake and risk of stroke, while the results of other large prospective studies
suggested otherwise (Steffen et al., 2003; Jacobs et al., 2007). The results from a meta-analysis
that pooled the results of six prospective studies involving 1635 stroke cases and 247,487
participants suggest that higher intake of WG might have a protective effect on stroke (Fang
et al., 2015). However, all the studies but one originated from the United States, and therefore, the results and conclusions may only be applied to American populations and cannot be extrapolated to populations from other countries. Interestingly, the authors found
a significant association in the follow-up duration over 10 years, but not below, suggesting
that further follow-up studies should be carried out over 10 years to assess the association
between WG intake and the risk of stroke. Although current evidence is limited, increased
intake may be associated with a modest but significant reduced risk of hypertension,
one of the most important independent risk factor for CVD, and for particularly stroke.
Lairon et al. (2005) found in a cross-sectional study involving 2532 men and 3429 women
that high quintile of cereal fiber intake was associated with lower risk of hypertension
compared with lower quintile of intake [odds ratio (OR) 0.86, 95% CIs 0.67, 1.10; P = .02].
Similar results were described by Wang et al. (2007), who found that women who consumed 0.5 to <1, 1 to <2, 2 to <4, and 4 or more whole grain servings per day had multivariate relative risks (95% CIs) of 0.93 (0.87, 1.00), 0.93 (0.87, 0.99), 0.92 (0.85, 0.99), and 0.77
(0.66, 0.89), respectively, compared with those who consumed less than 0.5 whole grain
servings per day. Similar results were described in a prospective cohort of male health professionals (Flint et al., 2009), where WG intake was inversely associated with risk of hypertension among quintiles, showing a relative risk of 0.81 (95% CI: 0.75, 0.87) in the highest
compared with the lowest quintile.

3.2.2 Diabetes/Insulin Resistance
Increased intake of food with high glycemic index is associated with a higher incidence
of type 2 diabetes mellitus (RR 1.03, 95% CI 1.01, 1.06 for each two GI unit increase per
day; SACN, 2015). The reverse was found in many observations looking at the association between WG intake and the risk of type 2 diabetes (Meyer et al., 2000; van Dam et al.,
2002; Sun et al., 2010; Wirstrom et al., 2013). A meta-analysis of 16 prospective studies suggested that three servings per day could reduce the risk of type 2 diabetes by 32% (Aune
et al., 2013). Results from the Women’s Health Initiative Observational Study also showed
an inverse dose–response relationship between WG consumption and incident type 2 diabetes in ever nonsmoker postmenopausal women (Parker et al., 2013). Further evidence
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has recently been gathered from the EPIC-InterAct study that suggested an inverse relationship between cereal fiber intake and the risk of type 2 diabetes (Kuijsten et al., 2015).

3.3 Intervention Trials
Many intervention trials looking at the effects of increased WG consumption on markers of cardiovascular and metabolic health have been conducted over the last 15 years.
However, the findings from these studies are far less consistent compared with those from
epidemiological studies. One of the reasons for such variability in study outcomes may
relate to the diversity of study design considered (type of WG, control diet, length of intervention, doses, etc.) (Ferruzzi et al., 2014). Processing of WG can lead to the production of
WG products with a lower glycemic index compared with similar refined foods (Atkinson
et al., 2008; Brand-Miller et al., 2008). This would affect insulin response and blood glucose,
and it could confound the results from intervention trials looking at these parameters.
Furthermore, the methods for reporting the results and calculating WG intake also greatly
vary between studies, making comparison between studies very difficult (Ross et al., 2015).
The heterogeneity of treatments used as control in intervention studies with WGs has been
highlighted (Thies et al., 2014). The authors suggested that an ideal control group should
at least consider unchanged total energy intake during the intervention, substituting WG
food items with a similar amount of refined cereal products. Furthermore, the level of WG
intake in the control group should match the lowest quartile of consumption observed in
the population studied. The main markers for cardiovascular health considered in intervention studies are shown in Fig. 14.4.
Most studies carried out in humans focused on serum lipids, insulin sensitivity, inflammation, and weight loss.

3.3.1 Whole Grain and Lipid Profile
A meta-analysis of 21 randomized control trials indicated that whole grain intervention significantly lowered LDL cholesterol concentrations compared with controls

FIGURE 14.4 Main markers for cardiovascular disease (CVD) risk considered in whole grain intervention trials.
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[differences in fasting LDL cholesterol: −0.82 mmol/L (−1.31, −0.33)] (Ye et al., 2012).
Another meta-analysis recently carried by Hollaender et al. (2015) found similar results.
The authors reviewed the effects of interventions including WG groups compared with
non-WG groups on blood lipid, and they suggested that the consumption of 28–213 g WG
daily for 2–16 weeks could significantly reduce plasma concentrations of total and LDL
cholesterol. However, plasma triglyceride and HDL cholesterol concentrations were not
affected. This review also highlighted the fact that interventions with oats were mostly
effective. Indeed, the type of WG used in intervention studies seems to determine the lipid
response, WG containing a high amount of viscous soluble fibers such as barley and oats
being among the most effective (Behall et al., 2004; Karmally et al., 2005; Smith et al., 2008;
Queenan et al., 2007). The many interventions studies using β-glucan-enriched foods
or supplements have had variable outcomes, but 3 g β-glucan per day, which is equivalent to around 60 g oatmeal, appears to be the minimum amount required to achieve a
clinically significant reduction in serum cholesterol (Whitehead et al., 2014). The size of
the effect would also depend on the cholesterol status of the individuals intervened on.
Interventions with oats seem more effective in hypercholesterolemic subjects compared
with volunteers with “normal” LDL cholesterol concentrations (Thies et al., 2014).
Only a few numbers of studies have reported on the effects of WG intervention on lipoprotein subclass size and concentration (Davy et al., 2002), and the results were generally
negative. This has been recently confirmed by Tighe et al. (2013), who conducted the most
comprehensive randomized controlled intervention with WGs conducted to date looking
at serum lipoprotein subclass size and distribution. However, the study had been carried
out in overweight but otherwise healthy individuals. The effects of such intervention, particularly if it involves oats and barley products, on lipoprotein subclasses profile remains
to be adequately investigated in hypercholesterolemic subjects. Interestingly, findings
from a cross-sectional study using data from 4284 adults enrolled in the 2003–06 cycle of
the NHANES study suggested that combining WG with statin treatment may improve the
efficacy of statin treatment for cholesterol lowering (Wang et al., 2014).

3.3.2 Whole Grain, Blood Glucose, and Insulin Sensitivity
The substantial evidence linking WG consumption with lower risk of diabetes and improvement in blood glucose and insulin concentrations demonstrated in prospective studies is
only partially supported by the results obtained from intervention trials. The results from
two well-designed, large-scale, comprehensive studies carried out in the United Kingdom
in overweight but otherwise healthy volunteers were negative. Brownlee et al. (2010) carried out a 16-week dietary intervention trial with three groups (control, 60 g WG per day,
60 g WG per day for 8 weeks incremented to 120 g WG per day for the last 8 weeks of the
intervention). The study involved 316 overweight participants, aged 18–65 years, usually
eating less than 30 g WG per day. Participants were asked to substitute WG foods provided
for similar refined grain foods in their diet. Despite an excellent compliance, the results
showed no improvement for any conventional markers for cardiovascular risk, including
fasting plasma lipids, inflammatory and coagulation markers, endothelial function, and
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fasting blood glucose and insulin. The second trial involved 233 overweight subjects, also
otherwise healthy, who after a 4-week run-in period on a refined diet, were randomly allocated to a control (refined diet), wheat, or wheat + oats group for 12 weeks (three portions
of refined or WG per day). No beneficial changes for all the systemic markers of CVD risk
measured including serum glucose and insulin concentrations and homeostasis model
assessment-estimated insulin resistance (HOMA-IR) index were observed (Tighe et al.,
2010).
However, intervention trials with WG foods suggested that WG favorably influences
metabolic risk factors and insulin sensitivity in patients with type 2 diabetes (Rave et al.,
2007). Giacco et al. (2014) showed that a 12-week dietary intervention with WG in subjects
with metabolic syndrome improved postprandial insulinemic response to a test meal,
with a reduction of 29% compared with the control group assigned to a refined cereal diet.
However, the intervention had no effect on blood glucose levels. Other studies, involving
the consumption of whole rye products (Magnusdottir et al., 2014) or a composite diet
including WG (Poulsen et al., 2014), found similar results. Another 12-week intervention
study comparing white rice with WGs, barley, and legumes carried out in newly diagnosed
type 2 diabetics and subjects with impaired glucose control showed improvement in both
fasting blood insulin and glucose concentrations as well as HOMA-IR index in the WG,
barley, and legume group (Kang et al., 2014). Overall, these findings suggest that increased
WG consumption, particularly if part of a healthier dietary pattern, could reduce the risk
of type 2 diabetes by improving insulin sensitivity (Seal and Brownlee, 2015). The results of
a dose–response metaregression analysis between WG intake and type 2 diabetes occurrence has estimated a reduction of 0.3% in the type 2 diabetes rate for each additional 10 g
of WG ingredient consumed daily (Chanson-Rolle et al., 2015). Considering these data,
consuming three servings of WG foods per day (defined here as 45 g of WG ingredients)
would reduce the risk of type 2 diabetes by 20% compared with consuming a half serving.

3.3.3 Whole Grain, Inflammatory Markers, and Blood Pressure
The only established systemic inflammatory marker for CVD risk is C reactive protein (CRP).
Other inflammatory risk markers as well as markers of coagulation and endothelial dysfunction have also been considered in intervention studies with WGs, such as interleukin 6
(IL-6), tumor necrosis factor alpha (TNF-α), interleukin 10 (IL-10), serum amyloid A
(SAA), intercellular adhesion molecule 1 (ICAM-1), vascular cellular adhesion molecule 1
(VCAM-1), fibrinogen, and von Willebrand factor. The effects of WG consumption on
markers of subclinical inflammation have been reviewed (Lefevre and Jonnalagadda,
2012). Data derived from 13 epidemiological studies show a moderate association between
high WG intake and lower CRP concentrations. The authors estimated that each serving
of WG would reduce CRP concentrations by approximately 7%. However, the evidence is
generally not substantiated by the results obtained from intervention trials carried out in
healthy, normal, overweight, or obese subjects (Andersson et al., 2007; Brownlee et al., 2010;
Giacco et al., 2010; Nelson et al., 2016; Tighe et al., 2010). Results from a small crossover
trial in healthy, low whole grain consumers showed that increased consumption of mixed
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WGs (mean intake of 168 g/day) for 6 weeks had no effect on systemic markers of inflammation (IL-10, TNF-α, CRP) or on absolute counts of blood immune cells or on ex vivo
phagocytic activities of these cells compared to low whole grain consumption (<16 g/day)
(Ampatzoglou et al., 2015). Only a few studies reported positive effects of WG intervention in inflammatory markers. Increased WG intake (five servings per day compared with
less than one serving per day) integrated within a hypocaloric diet for 12 weeks decreased
serum CRP concentrations by 38% in obese subjects with metabolic syndrome, while IL-6
and TNF-α concentrations remained unchanged (Katcher et al., 2008). Vitaglione et al.
(2015) recently showed in overweight and obese subjects that the replacement of refined
products in the habitual diet by WG wheat products for 8 weeks significantly reduced
blood TNF-α concentration, while IL-6 concentration remained unchanged. A transient
increase in antiinflammatory IL-10 was also observed. Interestingly, the reduction in
TNF-α concentration was associated with changes in gut microbiota composition, with
increased Bacteroides and Lactobacillus bacterial species. Beneficial effect of WG intervention on inflammatory markers has also been described in overweight and obese children
(Hajihashemi et al., 2014). Serum CRP, ICAM1, SAA, and leptin concentrations were significantly reduced by 21.8%, 28.4%, 17.4%, and 9.7%, respectively, after 6 weeks intervention
with daily intakes of 98 g of WG products compared with the control (11 g/day). Serum
VCAM-1 concentrations also tended to decrease (−36.2%, P = .07).
With regard to blood pressure, two meta-analyses concluded that an increase in fiber
intake of 10–15 g fiber per day for 8 weeks was associated with a fall in systolic blood
pressure of between 1 and 3 mm Hg (Whelton et al., 2005; Streppel et al., 2005). WG diets
containing brown rice/whole wheat, and/or barley (20% of energy intake) significantly
reduced systolic, diastolic, and mean arterial pressures in mildly hypercholesterolemic
men and women (Behall et al., 2006). Tighe et al. (2010) reported that a 12-week intervention with three daily portions of WG (wheat or oats and wheat products) significantly
decreased systolic blood pressure in overweight middle-aged subjects by around 5 mm Hg.
The observed decrease in systolic blood pressure was not related to changes in heart rates
or weight loss. However, many other interventions with WG failed to report any significant
effect on blood pressure (Brownlee et al., 2010). The disparity of results might be due to the
different methodologies used to measure blood pressure (Tighe et al., 2010), and there is
a requirement for conducting relevant standardized, well-controlled intervention studies.

3.3.4 Whole Grain and Body Weight Regulation
Consumption of WG foods may benefit obesity prevention by potentially regulating satiety and food intake. Indeed, increased WG intake (at least three servings per day) has
been associated with lower body mass index (Sahyoun et al., 2006; Liu et al., 2003a,b;
Cho et al., 2013), decreased body weight gain (Bazzano et al., 2005; Newby et al., 2007),
reduced abdominal adiposity (McKeown et al., 2009), and lower visceral adipose tissue
(McKeown et al., 2010). However, findings from a large number of randomized controlled
studies published in recent years have been less consistent. The results of a meta-analysis
of 26 randomized controlled trials indicated that WG consumption (18.2 g/day to 150 g/day
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for 2–16 weeks) does not reduce body weight (Pol et al., 2013). However, the authors suggested that a small beneficial effect on body fat may be present. Small reductions of body
fat have been observed after WG interventions within energy-restricted dietary patterns
(Katcher et al., 2008; Kristensen et al., 2012). The clinical benefit of such reduction remains
to be established. However, the results of a 12-week randomized controlled trial involving
50 overweight/obese individuals with metabolic syndrome showed that replacing refined
grain products with WGs (6–12 servings per day) does not improve the efficacy of a weight
loss diet on body weight, percentage of body fat, and abdominal adipose tissue beyond the
reductions also observed with consumption of refined grains (Harris Jackson et al., 2014).
Further investigation is required to clarify whether WG consumption could play a significant role in appetite and body weight regulation, but the size of the effects and related
clinical benefits are likely to be small, if any.

3.4 Mechanisms of Action
The mechanisms by which WG could modulate cardiovascular risk markers and confer
protection against heart disease are still putative and mainly related to various components present in the bran. It is also likely that the potential cardiovascular health benefits
of eating WGs lies within many components present in the grain acting synergistically.
Readers may refer to Chapter 16, which presents synergy and food complexity. In recent
years, interest has focused on the potential role of compounds with antioxidant-related
properties and dietary fibers in modulating insulin resistance, cholesterol metabolism,
low density lipoprotein oxidizability, and regulation of vascular endothelial function. The
importance of the critical role played by the gut microbiota in the process is also emerging, and there is increasing evidence that the release of short chain fatty acids (SCFA) and
fiber-related phenolic metabolites in the gut is a contributing factor.

3.4.1 Compounds With Antioxidant-Related Properties

The main nutritionally relevant antioxidant present in WGs is α-tocopherol. However,
WG products also contain a relatively large amount of various chemicals such as carotenoids, γ-tocopherols, tocotrienols, and phenolic compounds that have important antioxidant capacity (Adom et al., 2005). The refining process leads to a substantial loss of
phytochemicals (over 70%–90% loss of phenolic acids and carotenoids). Generally, most of
these compounds tend to be poorly absorbed in the small intestine, and they are metabolized and excreted very quickly. However, most of these chemicals are bound covalently
to fibers, and they are consequently released in the large intestine during fermentation
by the gut microbiota. Wheat bran–based cereals deliver substantially higher amounts of
bound hydroxycinnamic acids such as ferulic, sinapic, and p-coumaric acids and their
dimers compared to soft fruits and commonly consumed vegetables and fruits when
equivalent amounts are consumed (Neacsu et al., 2013). Some phenolics are particularly
associated to one or few plant species, such as the oat avenanthramides (Collins, 1989).
Much research to date on phenolics has focused on the antioxidant potential of easily
solubilized compounds. Recent evidence suggests that cereal grains could have a much
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more significant impact on total dietary intake of phenolics than previously considered
and that their biological effects could be more extensive than just their ability to inhibit
oxidation (Anson et al., 2010; Russell et al., 2008). Most of the in vitro or animal studies
carried out with plant phenolics focused mainly on those in fruits, vegetables, wines, and
teas (Dykes and Rooney, 2007). However, many of these compounds are also found in cereals. Many phenolics inhibit LDL oxidation (Aviram et al., 2000) and platelet aggregation
(Kim and Ynu-Choi, 2008; Pignatelli et al., 2000; Harikumar and Aggarwal, 2008; Wright
et al., 2010) and can improve endothelial function (García-Lafuente et al., 2009; Macready
et al., 2014). Other flavonoids such as quercetin and tea catechins have been suggested
to help stabilize atherosclerotic plaques via the inhibition of metalloproteinase expression and inhibition of smooth muscle proliferation (Maeda et al., 2003). Curcumin, resveratrol, genistein, and epigallocatechin-3-gallate could have antiinflammatory properties
by downregulating inducible nitric oxide synthase and cyclooxygenase 2 expressions and
by inhibiting inflammatory cytokines production via the inhibition of the transcription
factors NF-κB and STAT-3 (Kim et al., 2011). Molecular mechanisms by which flavonoids
could exert their cardiovascular benefits include the modulation of cell signaling pathways
by blocking kinase activities that drive these processes. For example, flavonoids attenuate
activities of kinases including phosphoinositide-3-kinase (PI3K), Fyn, Lyn, Src, Syk, PKC,
PIM1/2, ERK, JNK, and PKA (Wright et al., 2015). Many phytochemicals are available in
the colon from the action of the gut microbiota where they are metabolized. However, the
molecular transformations of bioactive phytochemicals in the gut and the identification of
the bacteria responsible remain to be fully elucidated.

3.4.2 Cereal Fibers
The main fibers found in cereals are cellulose (main component of cell wall), hemicelluloses (cell wall polysaccharides soluble in dilute alkali), lignins (nonpolysaccharides cell wall
components), fructans, and resistant starch (Bernstein et al., 2013). Hemicelluloses present
in cereals mainly include arabinoxylans and β-glucans and to a lesser extent pectins and arabinogalactans. As indicated previously in Section 3.3.1, serum cholesterol is the only marker
for CVD risk for which the benefit of increasing β-glucan-rich foods intake is well substantiated by the results of intervention trials. The mechanisms are not fully understood, but
the reduction of cholesterol is possibly a sum of several effects. The main mechanism is the
reduction of bile acids reabsorption in the ileum. This leads to the removal of steroids from
the body by fecal excretion, thus diverting hepatic cholesterol toward bile acid production.
Consequently, the body pool of cholesterol, as well as cholesterol secretion in lipoproteins,
is reduced (Malkki, 2001). Other mechanisms suggested include delaying gastric emptying
rate and small bowel transit time (Malkki, 2001) as well as the modulation of satiety by the
regulation of gut hormones secretion such as cholecystokinin (Beck et al., 2009), glucagonlike peptide 1, peptide YY, and ghrelin (Juvonen et al., 2009).
In addition to the release of bound phytochemicals in the large intestine, the fermentation of fiber decreases pH and increases bacterial biomass, leading to an increase in fecal
output and the production of SCFA, primarily acetate, propionate, and butyrate (Bernstein
et al., 2013). Soluble fibers, as well as resistant starch and inulin-like fructans, are fermented
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in the colon to SCFAs (Jenkins et al., 2000). SCFAs, particularly butyrate, are the main
energy source for the gut epithelial cells, and they can modulate gut morphology and function (http://www.nature.com/nm/journal/v20/n2/full/nm.3444.html; Binder and Mehta,
1989). Fermentation of the carbohydrates reaching the cecum yield 400–600 mmol SCFAs/
day, which represents around 10% of the human energy requirements (Bergman, 1990).
The potential mechanisms by which the gut microbiota can impact cardiovascular health
are summarized in Fig. 14.5.
It has been suggested that SCFAs produced in the large intestine might play a critical
role in the prevention and treatment of chronic disease. Butyrate seems particularly associated with colon cancer prevention (Scharlau et al., 2009; Donohoe et al., 2011; Blouin
et al., 2011) via mechanisms involving the activation of G protein–coupled receptors specific for SCFA (Tang et al., 2011). Butyrate may improve insulin sensitivity in mice (Gao
et al., 2009). The results of a study carried out in a mouse model showed that propionate
had potent hypotensive properties (Pluznick et al., 2013). Furthermore, the authors found
that these effects were mediated by olfactory receptors (GPR41) present in the animal’s
tissues which respond to propionate. It is therefore possible that the beneficial effects of
increasing WG consumption on systolic BP described in Section 3.3.3 originated from the
production of SCFA, particularly propionate, after fermentation of WG-derived indigestible carbohydrates in the colon by the gut microflora. Further evidence suggested that
SCFA could act directly centrally, via gut–brain neural signaling activated by SCFA receptors (De Vadder et al., 2014; Bindels et al., 2013). Activation of GPR43 by SCFA on enteroendocrine cells induces the production of peptide YY and glucagon-like peptide 1, which

FIGURE 14.5 Putative mechanisms involved in cardioprotective properties of whole grains.
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modulates intestinal transit and appetite and stimulates insulin secretion (Bindels et al.,
2013). However, the involvement of receptors specific for SCFA such as GRP41 and GRP43
in the beneficial effects of dietary fibers remains to be demonstrated in human studies. The
fiber composition differs between WGs and can impact on the growth of different bacterial
groups. Human intervention studies suggested a possible bifidogenic effect of WG products
(Graf et al., 2015). However, since the studies carried out were mostly of short-term duration,
not well controlled, and lacking statistical power, further evaluation is required using
long-term, placebo-controlled studies comparing various WG foods.

4. Whole Grain and Cancer
Many prospective studies carried out over the last 15 years showed an inverse relationship between high WG intake and cancer rate, with a particular focus on colon cancer. A
meta-analysis of 16 prospective studies showed that the relative risk (95% CIs) of developing colorectal cancer for 10 g daily of total dietary fiber was 0.90 (0.86, 0.94) which is
similar to that calculated for cereal fiber (Aune et al., 2011). The authors also indicated
that the relative risk would decrease by 17% (RR 0.83; CIs: 0.78, 0.89) when consuming
three servings of WGs per day. Considering the variability inherent to dietary assessment
methods usually used in prospective study, Knudsen et al. (2014) evaluated the association between incidence of colorectal cancer and systemic markers of wheat and rye
intake. Interestingly, the authors found that plasma alkylresorcinol concentrations alone
were inversely associated with the incidence of distal colon cancer when the highest
quartile was compared with the lowest (incidence rate ratio = 0.34, 95% CIs: 0.13, 0.92).
However, the authors found no association between WG intake and any colorectal cancer when using WG intake data from a food frequency questionnaire, suggesting that
using both dietary assessment data and biomarkers would improve the precision in estimating disease risk. Using plasma alkylresorcinol concentrations as a surrogate marker
of WG wheat and rye intake collected from participants of the multicenter European
Prospective Investigation into Cancer and Nutrition for a nested case–control study,
Kyro et al. (2014) showed that the highest quartile of WG intake was associated with a
52% lower incidence of distal colon cancer compared with lowest quartile of intake. A
10-g increase in whole wheat intake has been associated with a 50% lower risk of esophageal cancer (Skeie et al., 2015).
With regard to breast cancer, a meta-analysis of 16 prospective studies showed that
each 10 g/day increment of fiber intake would result into a 5% lower risk of breast cancer (Aune et al., 2012). The top quintile of fiber intake, particularly from cereals, has been
associated with decreased risk of breast cancer in premenopausal women (hazard ratio
0.48, CIs: 0.24, 0.96) compared with the lowest quintile of intake (Cade et al., 2007). The
results of a recent case–control study involving 250 breast cancer female patients and 250
aged-matched control suggested that eating WGs more than seven times/week was associated with a twofold (odds ratio = 0.49; CIs: 0.29, 0.82) lower likelihood of having breast
cancer (Mourouti et al., 2016). Increasing WG daily intake during adolescence and early
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adulthood might be particularly important for breast cancer risk. Indeed, results from the
Nurses’ Health Study II suggested that every daily intake of 10 g of fiber during adolescence
and young adulthood would lower the risk of breast cancer by 14% and 13%, respectively.
Furthermore, the results also suggested that subjects eating around 25 g/day during these
life periods were 25% (RR 0.75, 95% CIs 0.62–0.91) less likely to get breast cancer than those
consuming 12 g fiber per day (Farvid et al., 2016).
However, there is no evidence from intervention studies whether high WG intake could
decrease cancer risk, mainly due to the lack of well-defined relevant biomarkers (Seal and
Brownlee, 2015).

5. Conclusion
The identification of relevant and specific biomarkers to evaluate cancer risk is essential
to further evaluate the impact of WG consumption on cancer risk. There is some evidence
that increasing WG consumption to at least three portions (equivalent to three medium
slices of whole meal bread, for example) per day can provide some cardiovascular benefit.
WG contains many components that have been associated with disease risk reduction.
However, latest findings suggest that WG fibers, particularly via the action of the gut bacteria releasing potential bioactive phytochemicals bound to fiber and producing SCFA, are
mainly responsible for the health effects. Further studies looking at interactions between
host, gut bacteria, and fiber components are warranted.
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1. Introduction
The definition of the term “nut” varies considerably across botanical and culinary disciplines as well as in the minds of consumers. A botanist would define a nut as a dry fruit with
one seed that remains free within a very hard mature ovary wall, whereas a culinologist
would apply the term to any oily kernel found within a shell (e.g., nuts, seeds). Commonly
consumed tree nuts include almonds, Brazil nuts, cashews, chestnuts, hazelnuts, macadamias, pecans, pine nuts, pistachios, and walnuts, which all have a rather similar nutrient
profiles with the exception of chestnuts. The consumer typically includes peanuts in the
“nuts” food group, but peanuts are botanically classified as a groundnut and part of the
legume family. In light of their similar nutrient profile to tree nuts, the term “nuts” in this
chapter will hereafter be referred to as peanuts plus the commonly consumed tree nuts
(excluding chestnuts).
Nuts have been consumed by animals and humans as an energy dense food since
Paleolithic times (Eaton and Konner, 1985). In general, nuts are rich sources of plant
protein (10%–25%), polyunsaturated (PUFA) and monounsaturated (MUFA) fatty
acids (Ros and Mataix, 2006), dietary fiber, vitamins (e.g., niacin, folate, E, B6), minerals (e.g., magnesium, copper, selenium, and potassium) (Segura et al., 2006), phenolic
antioxidants, and phytosterols (Bolling et al., 2010) (Tables 15.1 and 15.2). Trends in
nut intake have varied over the past several decades in industrialized nations with the
exception of vegetarians and Seventh-day Adventists, both of whom are health conscious populations that have consistently included nuts in their dietary patterns. More
recently, global nut consumption has been trending upward, which may be due to the
media reports connecting nut intake to health benefits based on the favorable scientific findings from studies being conducted worldwide. According to the 2007–12
Global Statistical Review published by the International Nut and Dried Fruit Council,
a 7% and 5.5% increase in peanut and tree nut consumption was found in 2011 as
compared to the previous year, respectively, which confirmed the previous year’s rising trend on global consumption (International Nut and Dried Fruit Council, 2015).
Hence, The focus of this chapter will include the scientific evidence surrounding the
role of nuts as a whole food for preventing, reducing, and/or managing disease risk
(e.g., cardiovascular, diabetes, obesity, metabolic syndrome, and cognitive decline)
and thus promoting optimal health.
Vegetarian and Plant-Based Diets in Health and Disease Prevention. http://dx.doi.org/10.1016/B978-0-12-803968-7.00015-0
Copyright © 2017 Elsevier Inc. All rights reserved.
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Nutrient

Units

Almonds

Brazils

Cashews

Hazelnuts

Macadamias Pecans

Pine Nuts

Pistachios

Walnuts

Calories
Protein
Total fat
Saturated fat
Monounsaturated fat
Polyunsaturated fat
Linoleic acid (18:2)
Linolenic acid (18:3)
Cholesterol
Carbohydrate
Fiber
Calcium
Iron
Magnesium
Phosphorus
Potassium
Sodium
Zinc
Copper
Manganese
Selenium
Vitamin C
Thiamin
Riboflavin
Niacin
Pantothenic acid
Vitamin B6
Folate
Choline, total
Betaine

kcal
g
g
g
g
g
g
g
mg
g
g
mg
mg
mg
mg
mg
mg
mg
mg
mg
mcg
mg
mg
mg
mg
mg
mg
mcg
mg
mg

580
21
50
4
32
12
12
0
0
22
12
269
3.71
270
481
733
1
3.12
1.03
2.18
4.10
0
0.21
1.14
3.62
0.47
0.14
44
52
0.5

660
14
67
16
24
24
24
0.04
0
12
8
160
2.43
376
725
659
3
4.06
1.74
1.22
1917
0.70
0.62
0.04
0.30
0.18
0.10
22
29
0.4

570
15
46
9
27
8
8
0.16
0
33
3
45
6.00
260
490
565
16
5.60
2.22
0.83
11.70
0
0.20
0.20
1.40
1.22
0.26
69
61
n/a

630
15
61
4
46
8
8
0.09
0
17
10
114
4.70
163
290
680
0
2.45
1.73
6.18
2.40
6.30
0.64
0.11
1.80
0.92
0.56
113
46
0.4

720
8
76
12
59
1.5
1.30
0.20
0
13
8
70
2.65
118
198
363
4
1.29
0.57
3.04
11.70
0.70
0.71
0.09
2.27
0.60
0.36
10
45
0.3

670
14
68
5
19
34
33
0.16
0
13
4
16
5.53
251
575
597
2
6.45
1.32
8.80
0.70
0.80
0.36
0.23
4.39
0.31
0.09
34
56
0.4

570
21
45
5
24
13
13
0.24
0
29
10
107
4.03
109
469
1007
6
2.34
1.29
1.24
10
3
0.70
0.23
1.37
0.51
1.12
51
71
0.8

650
15
65
6
9
47
38
9
0
14
7
98
2.91
158
346
441
2
3.09
1.59
3.41
4.90
1.30
0.34
0.15
1.13
0.57
0.54
98
39
0.3

690
9
72
6
41
22
21
1
0
14
10
70
2.53
121
277
410
0
4.53
1.20
4.50
3.80
1.10
0.66
0.13
1.17
0.86
0.21
22
41
0.7
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Table 15.1 Nutrients in 100 g of Tree Nutsa

Vitamin B12
Vitamin A
Vitamin K

mcg
IU
mcg

0
2
0

0
0
0

0
0
34.70

0
20
14.20

0
0
0

0
56
3.50

0
29
53.90

0
266
13.20

0
20
2.70

mg
mg
mg
mg

25.63
0.23
0.64
0.07

5.65
0
9.56
0.63

0.92
n/a
n/a
n/a

15.03
0.33
0
0

0.57
0
0
0

1.40
0.39
24.44
0.47

9.33
0
11.15
0

2.17
0.13
23.42
0.55

0.70
0.15
20.83
1.89

mcg
mcg
mcg
mcg

1
0
0
1

0
0
0
0

0
0
0
23

11
3
0
92

0
0
0
0

29
0
9
17

17
0
0
9

159
0
0
1160

12
0
0
9

Vitamin E
Tocopherol, alpha
Tocopherol, beta
Tocopherol, gamma
Tocopherol, delta
Carotenoids
Carotene, beta
Carotene, alpha
Cryptoxanthin, beta
Lutein + zeaxanthin
aAll

of the nuts are unsalted; almonds, Brazil nuts, hazelnuts, pecans, pine nuts and walnuts are unroasted; cashews, macadamias and pistachios are dry roasted.
g, gram; IU, International Units; mcg, microgram; mg, milligram.
USDA National Nutrient Database for Standard Reference, Release 28, Full Report, 2015. Prepared by the International Tree Nut Council Nutrition Research & Education
Foundation, 10/15.
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Phytochemical

Units

Almonds

Brazils

Cashews

Hazelnuts

Macadamias

Pecans

Pine Nuts

Pistachios

Walnuts

mg
mg

2.45
0

0
0

0
0

6.70
0

0
0

10.73
7.27

0
0

7.33
0

2.70
0

mg
mg
mg
mg
mg

0.60
0
2.59
0
1.27

0
0
0
0
0

0.93
0.15
0
0
0.90

0.21
0
2.78
1.06
1.18

0
0
0
0
0

0.81
0
5.62
2.29
7.23

0
0
0.49
0
0

0.83
0
2.05
0.40
3.57

0
0
0
0
0

mg
mg

0.25
0.42

n/a
0

n/a
0

n/a
0

n/a
0

n/a
0

n/a
0

n/a
0

n/a
0

mg
mg
mg
mg
mg
mg
mg
mg
mg
mg
mg
mg
mg
mg

2.63
0.39
0.36
184
7.77
9.52
8.82
39.97
37.68
80.26
n/a
4
5
130

n/a
n/a
0
0
0
0
0
0
0
0
n/a
6
2
64

n/a
n/a
0
9
6.66
2.02
0
0
0
0
158
n/a
n/a
n/a

n/a
n/a
0
501
9.83
12.51
13.56
67.72
74.60
322.44
n/a
1
7
102

n/a
n/a
0
0
0
0
0
0
0
0
n/a
0
10
145

n/a
n/a
0
494
17.22
42.13
26.03
101.43
84.23
223.01
n/a
3
6
117

n/a
n/a
0
0
0
0
0
0
0
0
n/a
0
20
132

n/a
n/a
1.46
237
10.94
13.26
10.51
42.24
37.93
122.46
n/a
2
10
210

n/a
n/a
0
67
6.93
5.65
7.19
22.05
5.41
20.02
n/a
0
5
87

Flavonoids
Anthocyanidins
Cyanidin
Delphinidin
Flavan-3-ols
Epicatechin
Epicatechin 3-gallate
Epigallocatechin
Epigallocatechin 3-gallate
Catechin
Flavanones
Eriodictyol
Naringenin
Flavonols
Isorhamnetin
Kaempferol
Quercetin
Total Proanthocyanidins
Monomers
Dimers
Trimers
4–6mers
7–10mers
Polymers
Total Phytosterols
Stigmasterol
Campesterol
Beta-sitosterol

mg, milligram; n/a, not available.
Flavonoid data from USDA Database for the Flavonoid Content of Selected Foods, Release 3.1, 2014; Phytosterol data from USDA Database for Standard Reference, Release 28,
Full Report, 2015; Proanthocyanidin data from USDA Database for the Proanthocyanidin Content of Selected Foods, 2004. Prepared by the International Tree Nut Council Nutrition
Research & Education Foundation, 10/15.
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Table 15.2 Flavonoids and Phytosterols in 100 g of Tree Nuts
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2. Coronary Heart Disease
2.1 Epidemiological Studies
Epidemiologic evidence of a potential protective role for nuts in coronary heart disease
(CHD) emerged in 1992 with the findings from the Adventist Health Study-1 (Fraser et al.,
1992), which found that frequent consumption of nuts (>4 times per week) was associated with a reduction in fatal CHD events [relative risk, 0.52; 95% confidence interval (CI)
0.36–0.76] and nonfatal myocardial infarctions (relative risk, 0.49; 95% CI 0.28–0.85) when
compared with nut consumption of less than once per week. Both vegetarians and nonvegetarians were found to experience protective effects from frequent nut consumption
in a subsequent analysis (Sabaté, 1999); however, the beneficial effects were attenuated
among omnivores. During the following decade, three additional large US-based prospective cohort studies (Albert et al., 2002; Ellsworth et al., 2001; Hu et al., 1998) reported similar
findings, which provided support for the cardioprotective role of frequent nut consumption in the background Western-type diet. More specifically, there was a 37% reduction
in mean CHD risk among subjects who consumed four or more servings of nuts weekly
compared to subjects who rarely or never consumed nuts (Kelly and Sabate, 2006).

2.2 Nut Intervention Trials
One year after the first epidemiological findings were shown, Sabaté et al. (1993) reported
that a walnut-enriched diet (20% of energy) produced a 12.4% reduction in total cholesterol (TC) and 16.3% reduction in low density lipoprotein cholesterol (LDL-C) compared
to a National Cholesterol Education Program (NCEP) Step 1 diet among 18 healthy males.
This seminal clinical trial paved the way for a multitude of controlled clinical nut intervention trials that were designed to investigate the effects of nut intake on a variety of
health outcomes. In light of the consistency of findings across more than 30 studies that
supported the role of nuts in cardiovascular health between 1992 and 2002, the US Food
and Drug Administration approved the first qualified health claim in 2003 for specific nuts
(almonds, hazelnuts, pecans, pistachios, walnuts, and peanuts) stating, “Scientific evidence suggests but does not prove that eating 1.5 ounces per day of most nuts, as part of a
diet low in saturated fat and cholesterol, may reduce the risk of heart disease.” (Food and
Drug Administration, 2003).

2.2.1 Nut Intake and Blood Lipids
Almonds and walnuts have been the most extensively evaluated nuts in human dietary
intervention studies since the findings from the first nut trial were reported in 1993 (Sabaté
et al., 1993). A meta-analysis was more recently conducted on 13 walnut intervention trials
representing 365 subjects to evaluate the changes in lipid levels from the consumption of
walnut-enriched diets versus nut-free control diets (Banel and Hu, 2009). Compared to the
nut-free control diets, the walnut-enriched diets produced a greater reduction in both the
TC and LDL-C levels of 10.3 and 9.2 mg/dL, respectively (Ps < .001). However, high density
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lipoprotein cholesterol (HDL-C) and triglyceride (TG) levels were not significantly different between the walnut-enriched and the nut-free control diet.
Since there have been differences among nut studies in the quantity and type of nut
consumed, study design, type of analysis, subject inclusion and exclusion criteria, and
study duration, Sabaté et al. (2010) explored the possibility of finding a dose–response
relationship between blood lipid levels and nut intake by conducting a pooled analysis of 25 nut intervention trials performed between 1992 and 2004 that were identified
using a comprehensive MEDLINE search. The change in the standards of care related to
prescribing statins that occurred with the release of the Third Report of the NCEP Adult
Treatment Panel (ATP III) guidelines was the rationale for the 2004 cutoff because of
potential confounding among individuals taking statin medications. The primary data
that was collected were from 7 countries and included 583 men and women with normal
lipid levels or hypercholesterolemia who were not taking any lipid lowering medications.
A mean daily nut intake of 67 g yielded greater reductions in TC, LDL-C, ratio of LDL-C
to HDL-C, and TC:HDL-C of 10.9 mg/dL, 10.2 mg/dL, 0.22, and 0.24 (Ps < .001), respectively. Also, TG levels showed a 20.6 mg/dL reduction among subjects with baseline TG
levels ≥150 mg/dL. It is worth noting that the estimated reductions in TC and LDL-C that
were found in the pooled analysis are consistent with the findings of the aforementioned
meta-analysis of walnut intervention trials, which confirms the validity of the pooled
analysis findings. Neither the type of nut consumed nor gender or age of the subjects
influenced the blood lipid findings; however, nut intake was found to be dose related
and significantly modified by baseline LDL-C levels, body mass index (BMI), and the
background diet of the subjects. Subjects with higher baseline LDL-C levels (>160 mg/
dL) showed a greater decrease in TC and LDL-C levels versus those with lower baseline
LDL-C (<130 mg/dL) levels. Further, a nut intake × BMI interaction was found for subjects with a lower BMI (<25 kg/m2) compared to subjects with a BMI of 25–30 kg/m2 or
a BMI greater than 30 kg/m2 (P = .02 for both). More specifically, a high BMI reduces the
effect of nut intake on blood lipids. Last, nut intake lowered TC and LDL-C levels (−7.4%
and −9.6%, respectively) if the subjects were consuming a Western-type background diet
as compared to a Mediterranean-type (−4.3% and −6.7%, respectively) or low-fat (−4.1%
and −6.0%, respectively) background diet.

2.3 Other Coronary Heart Disease Risk Factors
Nut intake and mortality risk was evaluated among 7216 subjects aged 55–80 years at
high cardiovascular risk residing in Spain that were enrolled in the Prevención con Dieta
Mediterráneá trial (PREDIMED) (Guasch-Ferre et al., 2013). Subjects completed a food frequency questionnaire at baseline and reported the frequency of their nut intake. After a
median of 4.8 years of follow-up, subjects who consumed nuts with a frequency of more
than three servings per week had a 39% lower all-cause mortality risk and a 55% lower
cardiovascular disease (CVD) mortality risk compared to nonconsumers. Hence, it is
important to briefly discuss the findings of nut studies that have evaluated other CHD risk
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factors, i.e., LDL-C oxidation and inflammatory markers, which are known to be associated with CVD risk.
Oxidative stress is a hallmark feature of CVD beyond blood lipids and has been evaluated in nut intervention trials using one or more markers among subjects consuming
walnuts, pecans, pistachios, or Brazil nuts. Three walnut trials measured LDL-C conjugated diene formation and found no effect on in vitro lag time (Davis et al., 2007; Iwamoto
et al., 2002; Zambon et al., 2000), and three additional walnut trials did not observe any
change in levels of oxidized LDL-C, malondialdehyde, lipid peroxidation, and/or uric
acid (Canales et al., 2007; Mukuddem-Petersen et al., 2007; Ros et al., 2004). However, two
of these studies found significant reductions in oxidized glutathione during the walnutenriched diet intervention versus the control nut-free diet (Canales et al., 2007; Davis
et al., 2007). Reductions in postprandial levels of oxidized LDL-C have been observed after
consumption of pecans (Hudthagosol et al., 2011), pistachios (Kay et al., 2010), and Brazil
nuts (Maranhao et al., 2011). Postprandial studies are unable to evaluate changes in total
LDL-C; however, these findings demonstrate that the bioactive constituents in nuts are
bioavailable and contribute to postprandial antioxidant defense mechanisms that reduce
oxidative damage involved in CHD and other inflammatory and degenerative diseases.

3. Diabetes Mellitus
The World Health Organization’s 2014 status report on noncommunicable diseases has
estimated the global prevalence of diabetes mellitus (DM) to be 9% among adults aged 18+
years (World Health Organization, 2012). Further, a 50% increase in the global prevalence
of DM is predicted to occur between 2010 and 2030 (Shaw et al., 2010) with a particularly
rapid growth in the Middle East as well as in the Indian subcontinent, China, Central and
South America, and Africa (Adeghate et al., 2006). This increased DM prevalence has the
potential to have a devastating impact on the public health and economies in the Western
world and aforementioned regions.

3.1 Epidemiological Studies
Several large prospective cohort studies have investigated the risk for developing type 2
DM (T2DM) in the context of the frequency of nut consumption and have shown inconsistent findings. Two of the three studies that included only women, the Nurses Health
Study (Jiang et al., 2002) and the Shanghai Women Health Study (Villegas et al., 2008), have
shown a 27% and 20% T2DM risk reduction among women who consumed nuts frequently
compared to women who rarely consume nuts during 16 and 11 years of follow-up, respectively. However, the Iowa Women’s Health Study (Parker et al., 2003) failed to find an association among postmenopausal women during 11 years of follow-up, and null findings
were also reported for a cohort of US male physicians enrolled in the Physicians’ Health
Study during 19 years of follow-up (Kochar et al., 2010). Although further studies must
be conducted prior to the confirmation of any protective role of nuts on T2DM risk, the
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inclusion of a highly nutritious whole food may have direct health benefits in the prevention and management of T2DM. For example, the PREDIMED study found a 52% reduction in risk of developing T2DM among participants that were randomized to consume a
Mediterranean diet enriched with 30 g/day of mixed nuts (15 g walnuts, 7.5 g almonds, and
7.5 g hazelnuts) (Salas-Salvado et al., 2011) compared to participants advised to consume
a nut-free low-fat Mediterranean diet. These findings provide us with reasons to believe
that specific nuts may reduce the risk of developing T2DM in persons consuming a healthy
background dietary pattern.

3.2 Nut Intervention Trials
Nuts are a low glycemic food with a low available carbohydrate content, which makes
them desirable as a snack or when consumed with carbohydrate-rich foods. Two studies
using almonds have demonstrated that they are capable of lowering the postprandial glucose and insulin responses either consumed alone or in combination with carbohydraterich foods among persons with T2DM (Jenkins et al., 2006; Josse et al., 2007). Studies that
have been conducted to date to evaluate the effect the role of nuts on long-term glycemic control (e.g., HgbA1c) have reported mixed findings, which may be due to the varying
duration of T2DM and existing comorbidities among the study participants. In addition
to dietary approaches that confer benefits for blood glucose control, it is also important
to determine if nut intake can produce cardioprotective effects among this population of
individuals that is at high risk of developing CHD. The liberalization of fat intake, more specifically MUFA, has been shown to be effective in optimizing dyslipidemia among persons
with T2DM as compared to a diet containing a higher level of carbohydrate without affecting plasma insulin levels (Garg et al., 1992). Therefore, a study was conducted to evaluate
the effect of consuming 2 ounces of mixed nuts (raw almonds, pistachios, walnuts, pecans,
hazelnuts, peanuts, cashews, and macadamias) for 3 months as a source of daily fat intake
on blood lipids and HbA1c in adults with T2DM (Jenkins et al., 2011). Compared to participants assigned to consume an isocaloric reference muffin or a half-dose of both muffin and mixed nuts, the participants consuming a full dose of mixed nuts had a reduced
HbA1c (−0.21% absolute HbA1c, 95% CI −0.30 to −0.11, P < .001) and significant improvement in measures of dyslipidemia. The investigators concluded that the replacement of
a food high in dietary starch with mixed nuts as a source of MUFA and PUFA favorably
reduced both HbA1c and improved dyslipidemia among adults with T2DM. This study’s
findings contribute to the body of evidence that exists supporting the beneficial effects of
nuts on blood lipids (Tapsell et al., 2004; Wien et al., 2014) and endothelial function (Ma
et al., 2010) in persons with T2DM.
Conversely, other studies have found no benefits of nut consumption on blood lipid
management in participants with T2DM (Lovejoy et al., 2002; Tapsell et al., 2009). Some
possible reasons for the null findings found in some of the nut intervention trials is that
the study participant’s baseline LDL-C levels may be very low or the baseline HDL-C levels
may be very high, which would make it difficult to attain statistically significant beneficial
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changes in the lipid levels. Further, use of a “heart healthy” control diet would also make
it difficult to achieve statistically significant results using a nut intervention compared to
a healthy control diet.
The role of tree nuts under isocaloric conditions on glycemic control was the focus of a
systematic review and meta-analysis of 12 randomized controlled trials (RCTs) with 450 persons with T2DM (Viguiliouk et al., 2014). A pooled analysis for the endpoints HbA1c, fasting
glucose, fasting insulin, and homeostasis model assessment of insulin resistance (HOMA-IR)
in individuals with diabetes revealed that tree nuts at a median dose (MD) of 56 g/day significantly lowered HbA1c (MD = −0.07%, 95% CI −0.10% to −0.03%; P = .0003) and fasting glucose
(MD = −0.15 mmol/L, 95% CI −0.27 to −0.02 mmol/L; P = .03) compared with tree nut–free control diets. Further, no significant treatment effects were demonstrated for fasting insulin and
HOMA-IR; however, there was a favorable direction of effect for the tree nut inclusive diets.

3.3 Polycystic Ovary Syndrome
Since polycystic ovary syndrome (PCOS) is associated with insulin resistance, it is worth
discussing the most notable findings of a randomized parallel design study that examined
the effects of exchanging 31 g of habitual fats per 1800 kcal with 36 g/day walnuts versus
46 g/day almonds for 6 weeks on metabolic and endocrine parameters among 31 participants with PCOS (Kalgaonkar et al., 2011). Participants in the walnut group experienced
a 6% reduction in LDL-C (P = .05) and an 11% reduction in apoB (P < .03) compared to the
almond group. Additionally, walnut intake increased the insulin response by 26% as measured by an oral glucose tolerance test (P < .02). Further, increased levels of adiponectin
were observed in both groups, walnuts increased sex hormone-binding globulin levels,
and almonds reduced the free androgen index. Lastly, walnuts decreased the HbA1c from
5.7 ± 0.1% to 5.5 ± 0.1% (P < .001).
In light of the availability of continuous glucose monitoring devices and the discovery
that the oxidative stress of hyperglycemia promotes glucose-mediated vascular damage
and an increased risk for long-term complications, future studies should be designed to
evaluate the daily glucose variations in participants with T2DM consuming nut-enriched
snacks and meals.

4. Weight Management
Based on existing prevalence and trend data for 2015, at least one-third of the world’s adult
population are classified as overweight or obese (Seidell and Halberstadt, 2015). Further,
the prevalence of obesity is on a trajectory in low- and middle-income countries compared to high-income countries. Global overweight and obesity (“globesity”) is a public
health crisis that negatively influences the population’s health and quality of life and adds
a considerably financial burden to national healthcare budgets.
A common perception by the general public is that foods containing fat promote obesity. Although the fat content of nuts ranges from 49% to 76%, the majority of the fat comes
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from MUFA and PUFA. Additionally, nuts are a source of protein and fiber, which are characteristics known to increase satiety and prolong feelings of fullness after consumption
(Burton-Freeman, 2000; Holt et al., 1995). Thus, the role of nuts in weight management
continues to be investigated as a nutrient dense food that may be a useful adjunct for individuals struggling with weight management.

4.1 Epidemiological Studies
The association between frequent nut consumption and BMI has been previously investigated in four large epidemiological studies. The investigative team of the Adventist Health
Study-1 was the first to report their findings of a statistically significant lower BMI with
higher frequency of nut consumption among 31,208 Adventists residing in California
(Fraser et al., 1992). Inverse trends between BMI and frequency of nut intake were also
observed among women participants of the Nurses Health Study-1 (N = 83,818) (Hu et al.,
1998) and the Iowa Women’s Health Study (N = 34,111) (Ellsworth et al., 2001). Alternatively,
there was no association found between frequent nut consumption and BMI among the
21,454 male participants in the Physician’s Health Study (Albert et al., 2002). Overall, the
evidence from US-based epidemiological studies does not support the general public’s
concern that nuts may cause weight gain.
Similar findings showing an inverse association between BMI and frequent nut consumption from two large prospective cohort and cross-sectional trials have been reported.
In the Seguimiento University de Navarra (SUN) trial, a Spanish prospective cohort study
designed in collaboration with the Harvard School of Public Health, participants (N = 8865)
that consumed nuts ≥2 times per week had a 31% reduced risk of gaining ≥2.5 kg during
28 months of follow-up, and frequent nut consumption yielded an average 0.42 kg less
weight gain versus participants who rarely consumed nuts after multivariate adjustment
(Bes-Rastrollo et al., 2007). Women participants in the Nurses Health Study (N = 51,188)
that reported consuming nuts ≥2 times per week had 0.4 kg less mean weight gain compared to women that rarely consumed nuts (Bes-Rastrollo et al., 2009). Further, consumption of nuts ≥2 times per week was associated with a 23% lower risk of obesity (hazard ratio
0.77, 95% CI 0.57–1.02). Lastly, cross-sectional findings from 847 participants enrolled in
the PREDIMED study showed that BMI and waist circumference (WC) were inversely associated with frequent nut consumption (Casas-Agustench et al., 2011). More specifically,
regression coefficients of nut intake versus BMI and WC variables predicted a decrease of
0.78 kg/m2 and 2.1 cm, respectively, for each 30 g/day serving of nuts.
The following four plausible reasons have been postulated to explain why nut consumption is inversely associated with BMI in free-living individuals (Sabaté, 2003):
reverse causation; higher physical activity or resting metabolic rate; increased satiety
and corresponding diminished intake of other foods (e.g., dietary compensation); and
reduced bioaccessibility of energy from nuts. First, reverse causation is possible since
individuals with a normal BMI may have reduced inhibitions about consuming energydense nuts, whereas overweight or obese individuals may avoid nuts due to their high
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fat and energy content. Second, evidence from the Nurses Health Study (Hu et al., 1998)
and the Physicians’ Health Study (Albert et al., 2002) has shown nut consumption to be
associated with engagement in higher levels of physical activity. Alternatively, a 6-month
study that supplemented the habitual diet of free-living participants with almonds did
not find any change in self-reported vigorous exercise (Fraser et al., 2002). Regarding
resting metabolic activity, an 11% increase in resting energy expenditure was observed in
15 subjects after 19 weeks of peanut supplementation (Alper and Mattes, 2002); however,
no changes in resting energy expenditure have been reported in two separate almond
supplementation trials (Fraser et al., 2002; Hollis and Mattes, 2007). Third, the lack of
predicted weight gain may be partially attributed to the dietary compensation that has
been observed in nut trials of varying duration. In a 6-month almond supplementation
trial among free-living participants, 54%–78% of the additional energy from almonds
was displaced by reduced consumption of other foods (Fraser et al., 2002), which was
consistent with the findings from a peanut supplementation trial of 8 weeks duration
(Alper and Mattes, 2002). These compensatory findings may be a result of the satiating
attributes in nuts (e.g., low glycemic index, good protein and fiber content). Fourth, the
first indication of fecal fat loss from whole peanut intake was observed in 1980 (Levine
and Silvis, 1980). Participants that consumed whole peanuts excreted 17% of the dietary
fat in their stool compared to only 4%–7% fat excretion while consuming peanut butter.
During a pecan feeding trial, participants excreted 8% of dietary fat in their stools compared to only 3% during the nut-free control diet (Rajaram et al., 2001). Further, three
studies conducted at the Beltsville Human Nutrition Research Center that were supported by the US Department of Agriculture have shown that 5%, 23%, and 21% of the
energy from pistachios, almonds, and walnuts is unabsorbed, respectively (Baer et al.,
2012, 2015; Novotny et al., 2012).

4.2 Nut Intervention Trials
Four trials have been conducted to date that explored the effect on body weight of supplementing habitual diets with nuts in free-living subjects without providing dietary
guidance or energy restriction (Alper and Mattes, 2002; Fraser et al., 2002; Hollis and
Mattes, 2007; Sabaté et al., 2005). The amount of peanuts, almonds, or walnuts that
were provided for daily consumption ranged between approximately 230 and 500 kcal,
and study duration ranged from 8 weeks to 6 months. No significant increases or
changes in body weight were observed after consumption of the nut diets compared to
the corresponding control diet periods.
Four RCTs have also been conducted to date that investigated the effect of nut intake
within structured weight loss programs (Foster et al., 2012; Li et al., 2010; Pelkman
et al., 2004; Wien et al., 2003), but only one of these four trials also evaluated the effect
of nut intake during a structured weight maintenance program (Foster et al., 2012).
In 2003, the findings from a study that was designed to evaluate the effectiveness of
using raw or dry roasted almonds with a liquid formula–based low calorie diet versus
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a liquid formula–based low calorie diet with self-selected complex carbohydrate foods
among 65 overweight and overweight were reported (Wien et al., 2003). The participants
in the almond group lost an average of 18% body weight compared to an 11% loss of
body weight in the complex carbohydrate group over the 24-week study duration. A
more recent almond trial was conducted with 123 overweight and obese participants
randomized to an almond-enriched hypocaloric diet or a nut-free hypocaloric diet for
6 months with an additional 12 months of weight maintenance follow-up (Foster et al.,
2012). Greater weight loss was observed in the nut-free group after 6 months; however,
clinically significant and equivalent weight loss was observed at 18 months. Further, the
almond-enriched group experienced significantly great improvements in blood lipids
(TC, TC:HDL-C, and TG). Similarly, trials using pistachios or peanuts failed to show differences in weight change as compared to their respective nut-free control diets; however, the nut-enriched diets resulted in an improvement in blood lipids (Li et al., 2010;
Pelkman et al., 2004). Hence, the inclusion of nuts in portion-controlled amounts does
not lead to weight gain as long as total daily energy level is controlled, and nut intake
may confer an improvement in markers of cardiovascular disease risk among select
populations.

5. Metabolic Syndrome
Metabolic syndrome (MetS) is defined by a constellation of several associated physiological, biochemical, clinical, and metabolic factors that directly increases the risk of atherosclerotic CVD, T2DM, and all-cause mortality (Wilson et al., 2005). The prevalence of MetS
ranges from <10% to 84%, depending on the region, urban or rural environment, demographic composition (e.g., gender, age, race, and ethnicity) of the population studied,
and the diagnostic criteria that is used to define MetS (Desroches and Lamarche, 2007).
Currently, the International Diabetes Federation (IDF) estimates that 25% of the world’s
adult population has MetS (International Diabetes Federation, 2006).

5.1 Epidemiological Studies
Consistent with the body of epidemiological evidence supportive of the protective role of
nuts in the development of CHD, T2DM, and obesity, there is emerging evidence to suggest a role of nuts in the prevention of MetS and other cardiometabolic conditions. A crosssectional study of 13,292 participants in the 1999–2004 National Health and Examination
Survey (NHANES) found that nut consumption (greater than or equal to one-fourth ounce
per day) was associated with a reduced BMI, WC, systolic blood pressure, hypertension,
and low HDL-C (all P < .05) as compared to no nut consumption (O’Neil et al., 2011).
Further, participants consuming tree nuts had a reduced prevalence of four MetS risk factors (abdominal obesity, hypertension, low HDL-C, and high fasting glucose) and a lower
prevalence of MetS (21.2 ± 2.1% vs. 26.6 ± 0.7%, P < .05).
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The investigative team of the Adventist Health Study-2 (AHS-2) explored the association of a wide range of tree nut and peanut intake and incidence of MetS among 803 participants enrolled in the AHS-2 Calibration Substudy (Jaceldo-Siegl et al., 2014). Thirty-two
percent of the participants had a diagnosis of MetS using the criteria established by the
American Heart Association and the National Heart, Lung, and Blood Institute diagnostic criteria. Compared to low consumers of tree nuts and peanuts, odds ratios (95% CI)
for MetS were 0.77 (0.47, 1.28), 0.65 (0.42, 1.00), and 0.68 (0.43, 1.07) for low tree nut/
high peanut, high tree nut/high peanut, and high tree nut/low peanut intake, respectively. Further, tree nut intake at a frequency of once per week was inversely associated
with MetS (3% less for tree nuts and 2% less for total nuts). Thus, tree nuts were found to
have a strong inverse association with MetS independent of demographic, lifestyle, and
dietary factors.
The PREDIMED team also conducted a cross-sectional study of 7210 participants
(mean age of 67 years) to evaluate the association between frequency of nut consumption (<1, 1–3, and >3 servings per week) and prevalence of cardiometabolic risk factors
(Ibarrola-Jurado et al., 2013). The operational definition of MetS was based upon a blend
of the ATP III and IDF criteria. Participants consuming more than three servings of nuts on
a weekly basis had lower adjusted odds ratios compared to those consuming less than one
serving per week for obesity (OR 0.61; 95% CI 0.54, 0.68; P-trend <.0001), MetS (OR 0.74;
95% CI 0.65, 0.85; P-trend <.0001) and diabetes (OR 0.87; 95% CI 0.78–0.99; P-trend = .043).
Additionally, frequent nut intake was associated with a reduced risk of the abdominal obesity MetS criterion (OR 0.68; 95% CI 0.60, 0.79; P-trend <.001) in the context of no significant associations observed for hypertension, dyslipidemia, or elevated fasting glucose.
Lastly, the long-term relationship between tree nut consumption and risk of developing
MetS was evaluated among the 9887 Spanish university graduates participating in the
SUN Project prospective cohort study (Fernandez-Montero et al., 2013). Using the same
operational definition of MetS as the PREDIMED team, participants who consumed ≥2
servings of nuts weekly after 6 years of follow-up had a 32% reduced risk of developing
MetS as compared to those who never or rarely consumed nuts (adjusted OR = 0.68; 95%
CI 0.50, 0.92).

5.2 Nut Intervention Trials
Studies exploring the effect of a combination of a specific nut(s) on the status of MetS
are slowing emerging. The PREDIMED team compared the 1-year effects of three
diets as follows: a Mediterranean diet supplemented with 30 g/day of mixed nuts; a
Mediterranean diet supplemented with 1 L/week of virgin olive oil (VOO); and a lowfat diet (Salas-Salvado et al., 2008). Approximately 61% of participants (N = 1224)
met the criteria for MetS. After 1 year of follow-up, MetS prevalence was reduced by
6.7%, 13.7%, and 2.0% in the Mediterranean diet with VOO, Mediterranean diet with
mixed nuts, and the control low-fat diet, respectively. The authors concluded that a
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Mediterranean diet enriched with mixed nuts can be an effective dietary approach in
the management of MetS.
A systematic review and meta-analysis of RCTs reporting at least one criterion of
the MetS was conducted to evaluate the effect of tree nuts on MetS criteria (Blanco
Mejia et al., 2014). Forty-nine RCTs of ≥3 weeks duration met the eligibility criteria and
included 2226 participants who were healthy or had dyslipidemia, MetS, or T2DM.
The tree nut interventions reduced TG and fasting glucose as compared to the control
diet interventions. Further, no adverse effects were observed for WC, HDL-C, or blood
pressure.

6. Cognition
The consumption of a Mediterranean diet has been shown to be associated with a lower rate
of dementia (Feart et al., 2009) and other neurodegenerative diseases such as Alzheimer’s
disease (AD) (Scarmeas et al., 2006). During the aging process the central nervous system
is highly susceptible to inflammation and oxidative stress, which may lead to the injury or
death of neurons and increase the risk of developing neurodegenerative diseases (Floyd
and Hensley, 2002; Joseph et al., 2009). Therefore, antioxidant-rich foods may have the
potential to preserve cognitive function.
Studies that have been published to date that were designed to evaluate the effect of
nuts on cognition have predominantly used walnuts, which are a rich source of neuroprotective compounds (e.g., polyphenols, alpha-linolenic acid, melatonin, folate, vitamin E).
The main component of the amyloid plaques in the brains of patients with AD is amyloid
beta-protein (Chauhan et al., 2004), which has been shown in cell line studies to undergo
reduced oxidative stress and apoptosis with exposure to walnut extract (Muthaiyah et al.,
2011). Cellular (Willis et al., 2010) and animal studies (Willis et al., 2009) have shown beneficial effects of walnut oil extract or ground English walnuts on brain cells and cognitive
behavior in aged rats, respectively.

6.1 Epidemiological Studies
Human studies are emerging suggesting that the naturally occurring phenolic compounds found in nuts may have the potential to inhibit or slow down neurodegeneration
and improve cognitive function. The long-term effect of nut intake on cognitive function
was evaluated among 15,467 women age 70 years or older that were participating in the
Nurses Health Study-1 (O’Brien et al., 2014). Four telephone-based cognitive interviews
were conducted using several cognitive tests over 6 years in parallel with the administration of a validated food frequency questionnaire to assess nut consumption. Better
mean cognitive status was observed among participants reporting a higher long-term
total nut intake, and participants consuming ≥5 servings of nuts per week had higher
global composite scores that combined all of the cognitive tests. More specifically, a
mean difference of 0.08 was observed, which is equivalent to the mean difference found
between women 2 years apart in age.
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A cross-sectional study using 24-h diet recalls from a representative weighted sample
of adults aged 20–90 years participating in the 1988–1994 and 1999–2002 NHANES rounds
was conducted to evaluate the association between walnut consumption and cognitive
function (O’Brien et al., 2014). Higher daily walnut intake was associated with better
cognitive functioning in participants 20–59 years and those 60 years and older, suggesting that consuming walnuts on a daily basis may be beneficial to brain health across the
life cycle.
To evaluate whether the consumption of antioxidant-rich foods is associated with cognitive function in an elderly population at high cardiovascular risk, the PREDIMED team
administered neuropsychological tests to 447 of their participants (52% women; aged
55–80 years) (Valls-Pedret et al., 2012). Better memory function and global cognition were
observed in the participants with higher intakes of olive oil, coffee, wine, and walnuts.
Further, increased intake of walnuts, but not of other nuts, was associated with better
working memory scores.

6.2 Nut Intervention Trials
To explore the effects of daily walnut supplementation on cognitive performance among
young adults, a crossover design approach was utilized with a 6-week washout period
between 8 weeks of walnut supplementation (60 g/day) versus an 8-week walnut-free
period (Pribis et al., 2012). Although no effect on mood, nonverbal reasoning, or memory
was found, significant increases in inferential verbal reasoning occurred after the walnut supplementation period. Hence, small improvements associated with walnut intake
in cognitively intact young adults could translate into important outcomes among aging
populations. However, further studies are needed because this is the only study that has
been conducted to date, and it has yielded mixed findings.

7. Conclusion and Future Trends
Although nuts have been a part of the human diet for thousands of years, we are only
beginning to understand how the components in nuts influence health. Nuts clearly have
many health benefits; however, more research is needed to further our knowledge of the
health effects of nuts and the underlying mechanisms involved.
Nuts are typically placed in the “protein category” when dietary guidelines are released
for professionals to assist individuals in making food choices to achieve a healthy and
nutritionally adequate diet. Further, 1 ounce of tree nuts can contribute toward the percent
daily value (%DV) of macronutrient and micronutrient goals (Table 15.3). Interestingly,
approximately 60% of the nuts consumed in the United States are consumed as snacks
(King et al., 2008), which has fueled the idea to position nuts and seeds into a separate
category when dietary guidelines are being developed in the future. Building the scientific evidence base through continued nut research will provide additional information for
future dietary guidelines committees to consider for positioning and promoting nuts to
improve the health of the world’s population.

Nutrient

Units

Almonds

Brazils

Cashews

Hazelnuts

Macadamias

Pecans

Pine Nutsb

Pistachios Walnuts

Calories
Protein
Total fat
Saturated fat
Monounsaturated fat
Polyunsaturated fat
Linoleic acid (18:2)
Linolenic acid (18:3)
Cholesterol
Carbohydrate
Fiber
Calcium
Iron
Magnesium
Phosphorus
Potassium
Sodium
Zinc
Copper
Manganese
Selenium
Vitamin C
Thiamin
Riboflavin
Niacin
Pantothenic acid
Vitamin B6
Folate
Choline, total
Betaine
Vitamin B12
Vitamin A

# of kernels/oz
kcal
g
g
g
g
g
g
g
mg
g
g
mg (%DV)
mg (%DV)
mg (%DV)
mg (%DV)
mg (%DV)
mg (%DV)
mg (%DV)
mg (%DV)
mg (%DV)
mcg (%DV)
mg (%DV)
mg (%DV)
mg (%DV)
mg (%DV)
mg (%DV)
mg (%DV)
mcg (%DV)
mg (%DV)
mg
mcg (%DV)
IU (%DV)

23
160
6
14
1
9
3.5
3.5
0
0
6
4
76 (8)
1.05 (6)
77 (20)
136 (15)
208 (6)
0 (0)
0.88 (6)
0.29 (15)
0.62 (30)
1.2 (2)
0 (0)
0.06 (4)
0.32 (20)
1.03 (6)
0.13 (2)
0.04 (2)
12 (4)
14.8 (2)
0.1
0 (0)
1 (0)

6
190
4
19
4.5
7
7
7
0
0
3
2
45 (4)
0.69 (4)
107 (25)
206 (20)
187 (4)
1 (0)
1.15 (8)
0.49 (25)
0.35 (15)
543.5 (780)
0.2 (0)
0.18 (12)
0.01 (0)
0.08 (0)
0.05 (0)
0.03 (0)
6 (2)
8.2 (0)
0.1
0 (0)
0 (0)

18
160
4
13
3
8
2
2
0
0
9
1
13 (0)
1.7 (10)
74 (20)
139 (15)
160 (4)
5 (0)
1.59 (10)
0.63 (30)
0.23 (10)
3.3 (4)
0 (0)
0.06 (4)
0.06 (4)
0.4 (2)
0.35 (4)
0.07 (4)
20 (4)
17.3 (4)
n/a
0 (0)
0 (0)

21
180
4
17
1.5
13
2
2
0
0
5
3
32 (4)
1.33 (8)
46 (10)
82 (8)
193 (6)
0 (0)
0.69 (4)
0.49 (25)
1.75 (90)
0.7 (0)
1.8 (2)
0.18 (10)
0.03 (2)
0.51 (2)
0.26 (2)
0.16 (8)
32 (8)
12.9 (2)
0.1
0 (0)
6 (0)

10–12
200
2
22
3.5
17
0.5
0.5
0
0
4
2
20 (2)
0.75 (4)
33 (8)
56 (6)
103 (2)
1 (0)
0.37 (2)
0.16 (8)
0.86 (45)
3.3 (4)
0.2 (0)
0.2 (15)
0.03 (2)
0.65 (4)
0.17 (2)
0.1 (6)
3 (0)
12.6 (2)
0.1
0 (0)
0 (0)

19 halves
200
3
20
2
12
6
6
0.5
0
4
3
20 (2)
0.72 (4)
34 (8)
79 (8)
116 (4)
0 (0)
1.28 (8)
0.34 (15)
1.28 (60)
1.1 (2)
0.3 (0)
0.19 (10)
0.04 (2)
0.33 (2)
0.25 (2)
0.06 (2)
6 (2)
11.5 (2)
0.2
0 (0)
16 (0)

167
190
4
20
1.5
5.5
10
9
0
0
4
1
5 (0)
1.57 (8)
71 (18)
163 (16)
169 (4)
1 (0)
1.83 (12)
0.38 (20)
2.5 (120)
0.2 (0)
0.2 (0)
0.1 (6)
0.06 (4)
1.24 (6)
0.09 (0)
0.03 (0)
10 (2)
15.8 (2)
0.1
0 (0)
8 (0)

49
160
6
13
1.5
7
4
3.5
0
0
8
3
30 (4)
1.14 (6)
31 (8)
133 (15)
285 (8)
2 (0)
0.66 (4)
0.37 (20)
0.35 (20)
2.8 (4)
0.9 (2)
0.2 (15)
0.07 (4)
0.39 (2)
0.15 (2)
0.32 (15)
14 (4)
20.2 (4)
0.2
0 (0)
75 (2)

14 halves
190
4
18
1.5
2.5
13
11
2.5
0
4
2
28 (2)
0.82 (4)
45 (10)
98 (10)
125 (4)
1 (0)
0.88 (6)
0.45 (25)
0.97 (50)
1.4 (2)
0.4 (0)
0.1 (6)
0.04 (2)
0.32 (2)
0.16 (2)
0.15 (8)
28 (6)
11.1 (2)
0.1
0 (0)
6 (0)
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Table 15.3 Nutrients and %DV in 1 oz of Tree Nutsa

Vitamin K
Vitamin D
Vitamin E
Tocopherol, alpha
Tocopherol, beta
Tocopherol, gamma
Tocopherol, delta

mcg
IU (%DV)
(%DV)
mg
mg
mg
mg

0
0 (0)
(35)
7.27
0.07
0.18
0.02

0
0 (0)
(8)
1.60
0
2.71
0.18

9.8
0 (0)
(0)
0.26
n/a
n/a
n/a

4
0 (0)
(20)
4.26
0.09
0
0

0
0 (0)
(0)
0.16
0
0
0

1
0 (0)
(2)
0.40
0.11
6.93
0.13

15.3
0 (0)
(10)
2.65
0
3.16
0

3.7
0 (0)
(2)
0.62
0.04
6.64
0.16

0.8
0 (0)
(0)
0.20
0.04
5.91
0.54

mcg
mcg
mcg
mcg

0
0
0
0

0
0
0
0

0
0
0
7

3
1
0
26

0
0
0
0

8
0
3
5

5
0
0
3

45
0
0
329

3
0
0
3

Carotenoids
Carotene, beta
Carotene, alpha
Cryptoxanthin, beta
Lutein + zeaxanthin
aAll

of the nuts are unsalted; almonds, Brazil nuts, hazelnuts, pecans, pine nuts and walnuts are unroasted; cashews, macadamias and pistachios are dry roasted.
variety.
%DV, % daily value; g, gram; IU, International Unit; mcg, microgram; mg, milligram.
USDA National Nutrient Database for Standard Reference, Release 28, Full Report, 2015. Prepared by the International Tree Nut Council Nutrition Research & Education Foundation, 10/15.
bPignolia
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New Concepts and Paradigms for
the Protective Effects of Plant-Based
Food Components in Relation
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1. Introduction
Plant-based foods are generally classified into fruits, vegetables, legumes, grains, nuts,
and seeds; their derived processed counterparts such as breads, pasta, breakfast cereals,
cooked and fermented vegetables and legumes, and fruit purées, juices, and jams; and
their derived ingredients such as oleaginous seed–derived oils, sugars, and some herbs
and spices. What differentiates them from animal-based foods is that their fiber fraction is
made of indigestible compounds, mainly cellulose, hemicellulose, pectins, and/or resistant starch. Among grain products, legumes, cereals/pseudocereals, and nuts/seeds are
characterized by their high carbohydrate, protein, and lipid contents, respectively. In addition to fiber, plant-based foods all possess macro- (proteins, lipids, and carbohydrates),
micro- (minerals, trace elements, and vitamins), and phytonutrients (e.g., polyphenols
and carotenoids). Each of them helps the plant to survive within its environment and
reproduce itself.
By definition, a bioactive compound has biological effect within a human organism,
tissues, or cells, being likely to have preventive effects toward pathophysiological processes. In plant-based foods, all compounds or nutrients are therefore potentially bioactive within human organisms, but their protective effect will depend on several factors
such as the health status or physiological state, the degree of food processing, the presence
of other compounds within the food matrix, and the quantity consumed. Even antinutritional factors, such as phytates, may have potential protective effects (Kumar et al., 2010),
emphasizing the dual nature of plant bioactive compounds. Additionally, a bioactive
compound is rarely protective alone but in synergy with other compounds, as emphasized with compounds with antioxidant (Fardet, 2015a,b; Wang et al., 2011) and lipotropic
(Fardet and Chardigny, 2013) related properties.
Vegetarian and Plant-Based Diets in Health and Disease Prevention. http://dx.doi.org/10.1016/B978-0-12-803968-7.00016-2
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Plant-based foods may be eaten raw, but most of the time, they undergo processing to render them secure, edible, and/or more palatable, especially grain-based foods.
Processing may be minimal, such as soaking of leguminous seeds, to very drastic, such as
extrusion-cooking of white cereal flour. Processing may also include the blending of plantbased foods with ingredients such as fats and cooking agents. In all cases, the potential
package of bioactive compounds is obviously modified in different ways, either positively
or negatively, notably when refining removes most of the minerals and vitamins in cereal
products (Fardet, 2014d).
This chapter is not intended to review in detail each protective class of plant-based
compounds. Many of these reviews can be easily found in the literature. Instead, this
chapter is intended to develop and discuss some important concepts and paradigms of
the protective effects of plant-based food components in relation to food complexity. This
chapter is divided into three sections. In the first part, emphasis will be placed on the
role of plant-based food structure in determining the protective effects of bioactive compounds. In the second part, the concept of synergy of biological effects will be developed,
notably through examples of antioxidant and lipotropic packages. In the third part, the
effect of processing on the bioactivity of protective compounds will be discussed, with a
particular emphasis on thermal, refining, and fermentation treatments.

2. Plant-Based Food Groups and Their Bioactive
Compounds: An Emphasis on Food Structure
It is not sufficient that a compound be present in plant-based foods to be protective; it has
to be bioavailable within the human organism. Indeed, plant-based foods are more than
the sum of nutrients; they are also complex structures involving more or less strong interactions between compounds that determine their bioaccessibility within the digestive
tract and then their bioavailability (Fardet, 2014b, 2015c). Notably, the fiber fraction plays
an important role in shaping plant-based food structure, conferring a very wide diversity
of forms and physical properties that further condition nutrients’ digestive fates and thus
their health effects.
For example, considering wheat grain and excluding macronutrients, the fraction of
bioactive compounds is more than 15% by weight including fiber, and of that, wheat bran
is more than 50% by weight (Table 16.1; Fardet, 2010). However, due to the food structure,
not all are fully bioavailable within the digestive tract.
In this section, the influence of the food structure of plant-based foods will be considered in its relation to the protective and health effects of their numerous bioactive nutrients, such as macro-, micro-, and phytonutrients.

2.1 Carbohydrates, Proteins, and Lipids
First, food structure plays an important role in the metabolic fate and health effects of
macronutrients, i.e., carbohydrates, proteins, and lipids (Fardet et al., 2013).
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Table 16.1 Average Percentages of the Major Bioactive Compounds in Whole Grain
Wheat and Wheat Bran and Germ Fractionsa
Bioactive Compound

Whole Grain
Wheat (%)b

Wheat Bran (%)b

Wheat Germ (%)b

α-linolenic acid (18: 3n-3)
Sulfur compounds
Total free glutathioned
Dietary fibere
Lignins
Oligosaccharidesf
Phytic acid
Minerals and trace elements
Vitamins
B vitamins
Vitamin E (tocopherols and tocotrienols)
Carotenoids
Polyphenols
Phenolic acids
Flavonoids
Lignans
Alkylresorcinol
Betaine
Total choline
Total free inositols (myo- and total chiro-inositols)
Phytosterols
Policosanol + melatonin + para-aminobenzoic acid
Total
Subtotal (without dietary fiber)

–c
0.5
0.007
13.2
1.9
1.9
0.9
1.12
0.0138
0.0091
0.0047
0.00034
0.15
0.11
0.037
0.0004
0.07
0.16
0.12
0.022
0.08
0.00341
>15.4
>2.2

0.16
0.7
0.038
44.6
5.6
3.7
4.2
3.39
0.0398
0.0303
0.0095
0.00072
1.10
1.07
0.028
0.0050
0.27
0.87
0.17
0.025
0.16
0.00290
51.5
6.9

0.53
1.2
0.270
17.7
1.5
10.1
1.8
2.51
0.0394
0.0123
0.0271
–c
>0.37
>0.07
0.300
0.0005
–c
0.85
0.24
>0.011
0.43
>0.00186
>23.9
>6.2

aMean

percentages of bioactive compounds found in wheat bran, whole grain wheat and wheat germ are calculated as follows:
% = (min.-value + max.-value)/2.
bExpressed as g/100 g of food.
cno data found.
dTotal free glutathione is given as GSH (reduced form of glutathione) equivalents = GSH + (GSSG*2) (GSSG is the oxidized form of
glutathione, i.e., glutathione disulfide).
eDietary fiber content is measured according to the original or modified AOAC method (for details, see AACC, 2001, Association of
Official Agricultural Chemists).
fOligosaccharides include fructans, raffinose and stachyose.
From Fardet, A., 2010. New hypotheses for the health-protective mechanisms of whole-grain cereals: what is beyond fibre? Nutr. Res.
Rev. 23, 65–134 with permission of Cambridge University Press.

2.1.1 The Carbohydrate Fraction
Carbohydrates in plant-based foods are mainly starch, fructose, glucose, sucrose, and
other oligosaccharides such as raffinose and stachyose. Whereas simple sugars are generally more typical of fruits and, to a lesser extent, vegetables, starch is generally found in
grain-based foods and tubers and needs to be gelatinized before eating.
The literature has shown that slowly digestible starch is more beneficial to health
than rapidly digested starch, notably for controlling glucose homeostasis as in the case
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of diabetes (Miao et al., 2013). This feature can be achieved through several means. First,
it can be achieved at the molecular level by limiting the degree of starch gelatinization
(Holm et al., 1988). Second, it can be achieved at the microscopic level by entrapping starch
within a fiber or protein network such as in leguminous seeds (Noah et al., 1998) and pasta
(Fardet et al., 1998). Third, it can be achieved at the macroscopic level by increasing the
particle size of the food eaten (Fardet, 2015c).
Concerning simple sugars, they appear more slowly released from intact complex
foods than from more unstructured foods such as purées or refined juices, as notably
shown with apples (Haber et al., 1977) and suggested by the comparisons of some glycemic index values of intact fruits versus juices (Foster-Powell et al., 2002). This difference has to be attributed to the role played by the fiber network trapping vegetable
cells containing simple sugars, as the cell wall is more disrupted in fruit purées or
juices than in the natural, complex food.

2.1.2 The Lipid Fraction
As for carbohydrates, the lipid fraction of plant-based foods may be more or less rapidly
digested according to the food structure features. For example, chewing increases the
release of lipids in almonds (Ellis et al., 2004), and the proportion of lipid lost in the stool
is higher after 10 chews (44%) than after 40 chews (31%) in humans (Cassady et al., 2009).
Similarly, higher fat losses were found after eating whole peanut seeds compared with peanut oil, butter, or flour, probably demonstrating reduced lipid availability (Traoret et al.,
2008). These results suggest that most oilseeds could exhibit quite similar lipid digestive
fate depending on food structure integrity (Fardet, 2015c). More generally, little is known
about the effect of plant-based food structure on lipid bioavailability in humans.

2.1.3 The Protein Fraction
Protein fraction bioavailability in humans has been less studied than carbohydrate fraction
bioavailability in relation to plant-based food structure. It is recognized that the cell wall may
restrict protein accessibility by proteolytic enzymes, thus reducing amino acid bioavailability,
as in leguminous seeds (Fardet et al., 2013). Antinutritional factors can also cause a reduction
in protein bioavailability, as shown with vegetable peas (Habiba, 2002). In vitro, the increased
protein digestibility of sorghum by including oral processing also indicates that physical
breakdown of the plant cell walls and starch is important in enhancing protein digestibility
and absorption in the small intestine (Lu et al., 2014). However, data in humans show that the
availability and utilization of dietary protein vary little according to the presence of antinutritional factors or the nature and structure of the protein type (Mariotti et al., 2001).

2.2 Vitamins, Minerals, and Trace Elements
2.2.1 Vitamins
Plant-based foods are generally considered rich sources of vitamins, except for vitamin D
(Japelt and Jakobsen, 2013) and vitamin B12 (Watanabe, 2007). Briefly, the main sources
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of B vitamins are whole grain–based foods; cereal germs; legumes; brown rice; some fresh
vegetables, notably green leafy vegetables (rich in folates) such as spinach, watercress,
green cabbage, mash, and other salads; and some dried fruits. Provitamin A (i.e., carotenes, precursor of vitamin A or retinol) is found primarily in colored plants, specifically
orange, yellow, and green plants. Vitamin C (ascorbic acid) is found in high amounts in
fruits and vegetables, specifically, citrus fruits, red berries (e.g., cassis, strawberries, and
currants), papayas, guavas, and the green parts of leafy vegetables. Concerning vegetables,
particularly good sources of vitamin C are peppers, watercress, spinach, cabbage, tomatoes, potatoes marketed before full maturity (i.e., “pommes de terre nouvelles”), onions,
broccoli, parsley, chives, and sorrel. Vitamin E (notably tocopherols) is found mainly in
oils (e.g., sunflower, corn, and grapeseed), margarines, oleaginous seeds (e.g., almonds
and hazelnuts), green vegetables, and some other vegetables such as fennel, asparagus,
and salsify. The main plant sources of vitamin K are cauliflower, brussels sprouts, red cabbage, sauerkraut, broccoli, spinach, asparagus, soya, and tomatoes. Plant-based foods do
not significantly contain vitamin D. However, microalgae contain both vitamin D3 and
provitamin D3, which suggests that vitamin D3 exists in the plant kingdom, and vitamin
D2 and D3 have also been identified in several plant species as a surprise to many (Japelt
and Jakobsen, 2013).
Once the sources of vitamins are known, the real issue is their percent bioavailability
within human organisms. This is a complex issue because bioavailability depends on
many factors in relation to the individual, the form of the molecule, the food matrix, the
presence and biological form of the fiber fraction and the degree of plant transformation.
First, it is worth recalling that B vitamins may be present in both free and bound forms
in plant-based foods, each form being likely to have a different digestive fate (Institute
of Medicine, 1998). For example, vitamin B6 (niacin) in mature cereal grains is largely
bound and thus is only approximately 30% available (Institute of Medicine, 1998). No
recent systematic reviews about vitamin B bioavailability from plant-based food sources
could be found. However, a study in pigs with vitamin B6 can provide an idea of vitamin B bioavailability because all B vitamins are water-soluble and are likely to behave
similarly (Roth-Maier et al., 2002). The main results of that study showed that prececal
digestibility of vitamin B6 ranged from 51% to 91% from different food sources in the
following order: cabbage > banana > fish > milk powder > brewer’s yeast > soybeans > soybean meal > egg/corn > barley > wheat bran > rye. Only boiled brown rice had very low
vitamin B6 bioavailability at 16%. The authors concluded that the digestibility of vitamin
B6 from plant products (excluding rice) was on average 10% lower when compared with
animal products (71% vs. 79%).
The absorption of β-carotene from plant sources has been reported to range from
5% to 65% in humans (Haskell, 2012). Otherwise, vitamin A equivalency ratios for
β-carotene to vitamin A from plant sources range from 3.8:1 to 28:1 by weight (Haskell,
2012). It was also shown that the apparent uptake of β-carotene from raw vegetables in
salads was significantly greater when salads were consumed with dressings containing
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28 g fat compared with dressings with 6 g fat in US adults (Brown et al., 2004). In her
review, Haskell also reported that “conversion to vitamin A decreases as the dose of
β-carotene increases, but that absorption does not appear to be affected (Novotny et al.,
2010)” (Haskell, 2012).
Vitamin C bioavailability percentages from plant-based foods have not been
reviewed yet. In the most recent review discussing vitamin C bioavailability from kiwifruit (one of the richest sources), Vissers et al. (2013) concluded that vitamin C “plasma
levels generally reflect the amount consumed, regardless of its origin.” In an older
study carried out in 68 male nonsmokers, the relative bioavailability of ascorbic acid
from several sources (i.e., tablets with or without iron, orange segments or juice, and
raw or cooked broccoli) was compared (Mangels et al., 1993). The authors reported
that ascorbic acid seems to be equally bioavailable from all sources and that the “lower
relative bioavailability of ascorbic acid from raw broccoli is unlikely to be of practical
importance in mixed diets” (Mangels et al., 1993).
In a recent review, it was concluded that the efficiency of vitamin E absorption is widely
variable, though not accurately known (i.e., between 10% and 79%), and it is affected by
several dietary factors (e.g., food matrix) (Borel et al., 2013), particularly the amount of fat
in the meal, as has been seen for provitamin A (Bruno et al., 2006).
No review of percent bioavailability of vitamin K (or phylloquinone) from plant sources
could be found. However, the study by Garber et al. (1999) gives some interesting indications. Over a 9-h period in 22- to 30-year-old human subjects, their results showed that the
absorption of phylloquinone was higher after the consumption of a 500 μg phylloquinone
tablet (27.55 ± 10.08 nmol/(L h), n = 8) than after the ingestion of 495 μg phylloquinone as
150 g of raw spinach (4.79 ± 1.11 nmol/(L h), n = 3) (Garber et al., 1999). Finally, there was no
significant difference in the absorption of phylloquinone from fresh spinach, fresh broccoli, or fresh romaine lettuce and no difference in phylloquinone absorption from fresh or
cooked broccoli or from fresh romaine lettuce consumed with a meal containing 30% or
45% energy as fat.

2.2.2 Minerals and Trace Elements
As for vitamins, plant-based foods are generally considered good and diversified
sources of minerals and trace elements. The main concern is the presence of phytates
that are well-known to chelate or trap minerals and/or trace elements, thus limiting
their bioavailability within the human organism (Lopez et al., 2002). Thus, in some
African populations consuming monotonous diets based on unrefined cereals and/
or legumes, which are otherwise rich in phytates, mineral deficiencies have been
observed (Harinarayan et al., 2007; Reinhold, 1971; Sandstead and Freeland-Graves,
2014) as a consequence of reduced dietary diversity that has led to biofortification of
staple crops (Keatinge et al., 2011). As reported by Gibson et al. (2010) “dephytinization techniques were able to potentially enhance mineral absorption, but probably not
to an extent sufficient to overcome deficits in iron, zinc and calcium contents of plantbased complementary foods used in low-income countries.”
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Contrary to vitamins, there are more reviews about minerals and trace elements and
their bioavailability from plant-based foods, such as zinc (Hambidge et al., 2010), iron
(Hurrell and Egli, 2010), selenium (Fairweather-Tait et al., 2010), and calcium (CamaraMartos and Amaro-Lopez, 2002; Gueguen and Pointillart, 2000). Bioavailability percentages may vary considerably depending on plant sources, presence of phytates, the nature
of coingested foods, the physiological status of subjects, and other factors.

2.3 Fiber- and Phenolic-Type Compounds, Carotenoids, and Other
Bioactive Phytochemicals
2.3.1 Fiber-Type Components
Today, there are several definitions for fiber (Jones, 2014). As stated by Jones, “Currently,
existing definitions may fail to capture all the nondigestible material in food” (Jones, 2013).
However, taking a very broad perspective, one can consider that fiber-type compounds
include all plant-based compounds that escape digestion to reach the colon, mainly soluble and insoluble fibers and resistant starch, but also other phytonutrients, such as lignin
and polyphenols, and some lipids and proteins that remain undigested. For example, as
presented earlier, important lipid fractions have been observed in the stool of subjects
consuming almonds with different degrees of chewing (Cassady et al., 2009).
Although not digested within the upper digestive tract, fibers are a highly diversified package of bioactive and protective compounds. The main concern of this chapter is not to review
the concept of fiber or to describe the fiber content of plant-based foods. What appears more
interesting is two current issues surrounding fiber that deserve to be further studied.
2.3.1.1 SOLUBLE VERSUS INSOLUBLE FIBER
The first issue is the dual nature of fiber: either soluble or insoluble. Such a feature is crucial because it will determine the fermentative fate within the colon and further health
effects (Fardet, 2015c). Again, this is the fiber structure that counts more than the simple chemical composition. Fiber physicochemical properties include porosity, solubility,
water-holding capacity, degree of polymerization, particle size, and interaction with other
food components. These factors led me to develop the concept of “slow”” versus “rapid”
fiber because, globally, soluble fibers (e.g., pectins and arabinoxylans) are more or less
fully and rapidly fermented (Rumpagaporn et al., 2015), whereas insoluble fibers (e.g., cellulose and some hemicelluloses) are only partially and very progressively fermented with
different fermentation patterns and profiles of short-chain fatty acids (Monro, 2014). The
main short-chain fatty acids, i.e., propionate, butyrate, and acetate, exert very different
physiological effects within the human organism (Cherbut, 2003; Topping and Clifton,
2001). Otherwise, whereas soluble fiber plays a role in increased digesta viscosity by reducing either hyperglycemia (McIntosh, 2001) or hypercholesterolemia (Brown et al., 1999),
insoluble fiber plays a role in increased fecal output and transit time and participates in
diluting and adsorbing carcinogens, limiting their contact with colonic mucosa and thus
playing a role in the prevention of colorectal cancer (Fardet, 2015c; Ferguson et al., 1995;
Moore et al., 1998).
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2.3.1.2 THE FIBER COPASSENGERS
The second important concept is that of fiber copassengers, first developed by
Vitaglione et al. (2008) and furthered by others (Adlercreutz et al., 2007; Jones, 2010;
Laerke and Knudsen, 2011). According to Vitaglione et al. (2008) fiber copassengers
are all phenolic compounds with antioxidant-related properties bound to the fiber
fraction and progressively released all along the digestive tract. In the case of cereal
dietary fibers, “The dietary fiber-phenolic compounds (both soluble and insoluble
dietary fiber) may exert in vivo antioxidant protection acting at the intestinal environment level. Free phenolic compounds, mainly released from soluble dietary fiber by
the action of intestinal and microbial esterases, can be absorbed to various extents
through the intestine and, passing in the bloodstream, can exert their health benefits
in the whole body. The action performed on the cereal dietary fiber by the lower gut
microflora causes a continuous absorption of phenolic compounds that may explain
the epidemiological evidence relating a high intake of whole grain to a low incidence
of cardiovascular diseases and diabetes” (Vitaglione et al., 2008).
Therefore, beyond their mere chemical composition, fiber structure and interactions
with other compounds participate in enhanced health effects in human organisms. These
findings raise the issue of whether it is better to use either isolated fiber from foods or
natural intact fiber within the original food matrix.

2.3.2 Polyphenol-Type Components
Polyphenol-type components consist of hundreds of compounds. They are generally produced by the plant against external factors and stresses (e.g., climate and insects) and
naturally confer their antioxidant related properties to the plant. Beyond the main four
classes of polyphenols, phenolic acids, flavonoids, stilbenes, and lignans, other compounds are polyphenolics, such as phytosterols, curcumin, lignins, saponins, alkylresorcinols, and others (Fardet and Chardigny, 2013). According to the food matrix in which
they are included, the relative urinary excretion of main classes of polyphenols ranged
from 0.3% to 43% of the ingested dose, depending on the polyphenol. “Gallic acid and isoflavones are the most well-absorbed polyphenols, followed by catechins, flavanones, and
quercetin glucosides, but with different kinetics” (Manach et al., 2005).
As for other plant-based food compounds, polyphenolic compounds may be in both
free and bound form. For example, in whole grain cereal–based foods, ferulic acid exists
in both free (<5%) and bound (>95%) form, with each fraction playing a different role:
first, being rapidly released in the upper digestive tract and probably playing a role in
cell signaling in relation to ferulic acid’s antioxidant-related properties, and second,
exerting a direct antioxidant related effect all along the digestive tract at different levels,
notably within the colon to trap free radicals produced in high amounts by microbiota
(Fardet, 2010).
The phytosterols/stanols deserve special attention because they have been used as
supplements (generally at a very high daily dose of up to 3–6 g/day) in several foods for
lowering cholesterol (Fardet et al., 2015a). However, based on 20 intervention studies, we
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showed that such high doses led to a significant mean reduced absorption of β-carotene
of approximately 24% (Fardet et al., 2015a). The problem is that higher cardiovascular
risk was observed for differences in plasma β-carotene concentrations of the same magnitude as the estimated average decrease by phytosterols/stanols consumption (Fardet
et al., 2015a). As a result, people consuming high doses of phytosterols/stanols are
advised to concomitantly consume more fruits and vegetables to compensate for the
potentially reduced absorption of β-carotene. This is to say that isolating one compound
for a presupposed beneficial health effect and incorporating it in high doses in foods is
risky because synergy of action with other compounds is lost (Fardet, 2015a,b) and also
because food protective compounds are not drugs and nutrition is not pharmacology
(Fardet and Rock, 2014a).

2.3.3 Other Bioactive Phytochemicals
Other bioactive phytochemicals are carotenoids (carotenes and xanthophylls) and other
minor compounds such as carnitine, organosulfur compounds, hydroxycitric acid, phytic
acid, sugar-alcohol, melatonin, para-aminobenzoic acid, and others. They can all potentially have health effects, as we showed with the lipotropic potential of plant-based foods
(Fardet and Chardigny, 2013), but their optimum health effect is probably found in synergy
with other compounds. This leads us to the concept of synergy and compound packages.

3. Compound Packages and Synergistic Effects: A Holistic
Picture of Plant-Based Foods
3.1 The Concept of Compound Packages
All plant-based foods are a complex matrix containing several hundred potentially protective compounds. Wheat grain illustrates this fact well (Fig. 16.1). Additionally, as illustrated
in Figs. 16.2 and 16.3, whereas one compound may exert several physiological effects, several compounds may contribute to sustain one physiological function (Fardet, 2010). For
example, ferulic acid may potentially have antioxidant, antiinflammatory, antidiabetic,
anticancer, antiaging, antiapoptotic, hepatoprotective, neuroprotective, antiatherogenic,
and/or hypotensive-related properties (Srinivasan et al., 2007). Conversely, more than 30
compounds in wheat grain have direct or indirect antioxidant-related properties, acting
complementarily in synergy to sustain one physiological function (Fig. 16.3; Fardet, 2010).
This is true for grain products but also for legumes, nuts and seeds, fruits, and vegetables.
In the end, the literature clearly shows that many compounds at moderate doses is better than a few compounds at high doses to have the maximum protective effect (Fardet,
2015a,b; Thompson et al., 2006).
If antioxidant potential has been well studied, there are also other packages of compounds acting in synergy within an organism to express their full potential, as we showed
with the lipotropic package (Fardet and Chardigny, 2013). It is not one compound that
is protective but the whole package. Thus, in plant-based foods, several packages of
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FIGURE 16.1 The three wheat fractions (bran, germ, and endosperm) with their main bioactive compounds. Whole
grain wheat has a heterogeneous structure with bioactive compounds unevenly distributed within its different
parts. From Fardet, A., 2010. New hypotheses for the health-protective mechanisms of whole-grain cereals: what is
beyond fibre? Nutr. Res. Rev. 23, 65–134; Adapted from Surget, A., Barron, C., 2005. Histologie du grain de blé. Ind.
Des. Céréales, 145, 3–7 for original image with permission of Cambridge University Press.

protective compounds, e.g., hypolipemic or cholesterol-lowering packages or anticarcinogenic or antiinflammatory packages, can be found. These packages are the basis for the
adage “Eat diversified.”

3.2 Synergy, Complementarity, and Multifunctionality
Synergy means that 2 > 1 + 1, not 2 = 1 + 1: the whole is more than the sum of the parts
(Fardet and Rock, 2014b; Jacobs and Tapsell, 2013). Each compound acts complementarily
with other compounds. Thus, as regards antioxidant potential, vitamin C regenerates vitamin E tocopheryl radicals, and glutathione regenerates vitamin C ascorbyl radicals. Just
missing a compound can disrupt the mechanics. This is also true for all compounds with
antioxidant-related properties.
This leads us to the concept of multifunctionality, as illustrated in Fig. 16.3 for wheat
grain and the fiber fraction. In recent decades, the development of functional foods has
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FIGURE 16.2 Current and newly proposed physiological mechanisms involved in protection by whole grain cereals as obtained via a reductionist approach.
The dotted thin arrows indicate the link between whole grain bioactive compounds and protective physiological mechanisms, and the plain arrows
indicate the relationship between physiological mechanisms and health outcomes. From Fardet, A., 2010. New hypotheses for the health-protective
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Chapter 16 • Plant Food Bioactives

↑ immune
system
stimulation

Methyl donors
/lipotropes
(betaine, choline,
folates, inositols)

303

304 VEGETARIAN AND PLANT-BASED DIETS IN HEALTH AND DISEASE PREVENTION

Several constituents may contribute to the same function:

More than
34
antioxidants

↓ Oxidative stress
(involved in more
than 100
pathologies)

Synergy

One component may contribute to several physiological functions:

Fibres

Multi-functionality

-

Transit
Satiety
Glycemic response
Short-chain fatty acid
production
- Microbiota
- ...

FIGURE 16.3 Synergy and multifunctionality in wheat grain: the examples of antioxidants and fiber fractions.

been based on the enrichment of foods with one compound at a high dose based on the
presumption of one compound versus one physiological effect. Monofunctionality is a
reductionist view based on a linear cause–effect relationship, whereas reality is complex
and based on nonlinear multicausal relationships (Fardet and Rock, 2014b). This should
lead us to have a more holistic picture of foods.

3.3 From a Reductionist to a Holistic Picture of Plant-Based Bioactive
Compounds
What does a holistic picture of plant-based foods mean? First, plant-based foods are primarily a complex matrix, and the health potential of the whole matrix is more than the
health potential of isolated compounds. Second, food structure parameters (qualitative
aspects), not just the composition in protective compounds (quantitative aspects), play
a crucial role in the health potential of plant-based foods (Fardet and Rock, 2015). The
health potential of the whole food is not the same as that of a mix of its nutrients without
natural interactions, as shown with whole cooked carrots versus a mix of their nutrients on
satiety responses (Moorhead et al., 2006).
The consequences of adopting a holistic picture of plant-based foods is to favor food
biodiversity but also to better respect the complexity of food structure through soft processing, not drastic processes that denature the health potential (Fardet and Rock, 2014b).
Indeed, refining and fractionating foods into isolated ingredients or compounds is part of
a reductionist view of foods, forgetting that the whole is better than the sum of the parts
(Scrinis, 2013, 2015). We have reached the paradox today of isolating ingredients from
complex foods, then recombining them with the addition of vitamins and minerals that
have been lost during refining. This is time- and cost-consuming, and complex foods have
been shown to be better for health than the fractionated/recombined ones, usually called
ultraprocessed foods (Monteiro et al., 2015; Moubarac et al., 2013)
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4. Processing, Bioactive Compounds, and Plant Health
Potential
Beyond genetic diversity and agricultural conditions, what probably plays the most
important role in the plant-based food package of protective components is processing.
To date, foods have been classified according to their botanical affiliation or animal species, e.g., fruits, vegetables, grains, dairy, white and red meats, and eggs. However, within
one food group, there may exist simultaneously very different foods with opposite health
potential. For example, within fruits, eating an intact complex apple compared to an
apple purée or refined apple juice differently impact satiety and insulinemic response
(Haber et al., 1977). In the same way, due to different food structure and nutrient density, eating minimally processed muesli compared to extrusion-cooked breakfast cereals enriched with sugar and/or fat will not impact health similarly. This categorization
greatly underestimates the role of processing, and the increased risk of chronic diseases
is above all associated with a great adherence to refined and ultraprocessed foods, not to
a particular food group (Fardet et al., 2015b).
What is particularly interesting is that vegetarian, prudent, or other healthy diets are
both health-protective and generally characterized by an adherence to minimally processed and complex foods. Therefore, a new typology based on the degree of food processing might be a very relevant typology for consumption (Fardet et al., 2015b). This
typology was created by the research team of Monteiro et al. in their new Brazilian dietary
guidelines released in December 2014. The categories were based, for the first time, on
the degree of processing and a holistic vision of preventive nutrition and diets (Ministry
of Health of Brazil, 2014; Monteiro et al., 2015). The categories were based on what they
called the NOVA food classification (Moubarac et al., 2014).
Processing is quite indispensable to render foods secure, palatable, and/or edible for
the human population. However, processing may alter bioactive compounds in either positive or negative ways (Fardet, 2014a,c). Globally, technological processes may be divided
into three main categories: thermal, refining, and fermentative treatments. All modify
both food structure and nutritional quality or composition to different extents.

4.1 Thermal Treatments and Bioactive Compounds
Thermal treatments are carried out either in dry or wet conditions. The influence of thermal treatment on plant-based food compounds has been studied considerably. A review
of thermal treatment is not within the scope of this chapter.
In previous works, we studied the influence of thermal treatments on the
lipotropic potential of plant-based foods (Fardet et al., 2011). The results provided an interesting idea of how such processes modify plant-based food components. Thus, considering raw versus boiled/canned products, thermal treatment
with water decreases betaine, myo-inositol, and micronutrient contents (median
changes ≤ −14%) and increases choline content without having a marked
effect on methionine content. The sum of B vitamins was decreased (median
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change = −23%) (Fardet et al., 2011). Then, considering raw versus toasted/baked
/dried products, thermal treatment without water tended to decrease betaine, methionine, myo-inositol, pantothenic acid, and folate content (median changes ≤ −12%)
without having a marked effect on choline, magnesium, or niacin content. Finally,
considering thermal treatment as a whole, with or without water, it tended to decrease
betaine, myo-inositol, and micronutrient content (median changes ≤ −10%) without
having a marked effect on choline or methionine content. We also showed that boiling,
canning, and drying importantly reduced total polyphenol densities, especially in the
case of transformation of fruits into juices. On a dry weight basis, thermal treatment
reduced total polyphenol content by approximately 46%.
Therefore, thermal treatment tended to decrease nutrient densities. In addition,
it rendered protein and starch more digestible. In addition to drastic hydrothermal
treatments such as extrusion-cooking under high pressure and raw products, there
are probably intermediary treatments to develop, i.e., minimal processing, that would
render complex plant-based foods both more edible and healthier. An example is a
cooked whole-meal pasta using minimal thermal processing that yields a healthy food
product where starch is minimally gelatinized, carbohydrates slowly digested, and
nutrient density well preserved.

4.2 Refining and Bioactive Compounds
Refining processes are all technological treatments that lead to ingredient losses, mainly
in the fiber fraction. For example, they may include cereal milling, tomato and potato processing into ketchup and French fries, respectively, soybean flour defatting, or transformation of fruits into juices or soda or of peanut into peanut butter.
In our study on the influence of processing on the lipotropic potential of plant-based
foods, we showed that refining tended to decrease choline, methionine, myo-inositol, and
micronutrients (median changes ≤ −10%) and to increase betaine (median change = +24%)
(Fardet et al., 2011). Conversely, transformation of tomatoes into canned sauce and canned
condensed soup increased total polyphenol density, whereas the polyphenol density of
catsup was severely reduced. On a dry weight basis, refining reduced the total polyphenol
content by around 50%.
Refining is probably the worst of all technological treatments because it both destroys
food structure and severely reduces nutrient density. Its use is justified to valorize food
ingredients or to remove some pesticides, such as in whole grain cereals. However, scientifically speaking and based on epidemiological studies, the adherence to refined plantbased foods is rather deleterious to health (Louzada et al., 2015a,b,c; Monteiro et al., 2011;
Moreira et al., 2015).

4.3 Fermentation, Germination and Soaking, and Bioactive Compounds
In our study on the lipotropic potential of plant-based foods, fermentation included
baking, acidic fermentation, and alcoholic beverage production (Fardet et al., 2011).

Chapter 16 • Plant Food Bioactives

307

Fermentation tended to decrease methionine, magnesium, and pantothenic acid
content (median changes ≤ −12%) and to increase betaine, choline, and myo-inositol content (median changes ≥ +24%) without having a marked effect on niacin,
folate, or the sum of B vitamins. On a dry weight basis, fermentation increased total
polyphenol content by approximately 83% via the release of bound fractions into
free fractions.
In a previous review, I discussed the impact of soaking, prefermentation, and germination on grain-based food health potential (Fardet, 2015c). I invite the reader to refer to
it. Briefly, the scientific literature clearly shows that such minimal processing appears as
one of the more beneficial for the health potential of plant-based foods. Indeed, plantbased food prefermentation has been shown to increase nutrient density, notably through
releasing bound fractions of micronutrients and polyphenol compounds, and it may substantially degrade phytic acid, thus favoring further mineral bioavailability in humans.
Prefermentation may also help preserve foods over longer times (Chavan and Kadam,
1989; Dordevic et al., 2010; Katina and Poutanen, 2013; Lioger et al., 2006; Nout, 2009;
Poutanen et al., 2009; Singh et al., 2015), making it an inexpensive and efficient means of
minimally transforming foods.

5. Conclusions
The topic of protective components in dietary plant-based foods is an immense
issue to address. Indeed, there are numerous plant-based foods, numerous protective components within them, and highly diversified technological processes applied
to them.
Globally, vegetarian diets are a rich source of protective components of all types provided that the processing applied to the foods is not too drastic. Beyond processing, which
is generally minimal for foods in vegetarian diets, the main concern is probably that of
bioavailability. Plant-based foods are characterized by a solid food structure due to the
fiber network surrounding cells and the presence of antinutritional factors. This reality
should encourage people eating a plant-rich diet to plan to diversify the foods in their
diet to favor the maximum diversity of protective components but also to pay attention to
fermented foods because this particular process tends to improve healthy food potential,
either by generating new bioactive compounds or by releasing initially bound nutrient
fractions into free and more available forms.
Finally, it is time to reconsider our vision of food toward a more holistic picture,
taking into account synergistic effects of nutrients, complexity of food structure,
and biodiversity of protective compounds. In addition, we know today that many
compounds at a moderate dose is better than a few at higher doses. Otherwise, linear cause–effect concepts are not appropriate for foods, as plant-based foods
are complex, and their relationship to health is likely nonlinear and multicausal.
Taking into account these modern paradigms is required to develop more healthful
plant-based foods.
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1. Introduction
Osteoporosis is a silent disease characterized by a systemic impairment of bone mass,
strength, and microarchitecture, resulting in increased risk for fragility fracture. Recent
prevalence data from the National Osteoporosis Foundation suggest that 9 million adults
in the United States have osteoporosis, and 48 million have low bone mass, placing them
at risk of fracture (Foundation, 2003). It has been estimated that one in three women and
one in five men over the age of 50 years will experience a fracture in their lifetime (Melton
et al., 1992, 1998). Hip fractures are associated with mortality rates of up to 24% within
1 year after fracture (Cooper et al., 1993; Leibson et al., 2002). The economic burden of
incident osteoporotic fracture in the United States was estimated at nearly $17 billion in
2005, with a cumulative cost over the next 2 decades estimated at $474 billion (Burge et al.,
2007). Therefore, it is imperative to identify risk factors associated with poor bone health
to maximize the functional capacity of aging adults and reduce risk of fracture.
The pathogenesis of osteoporosis has been linked to tissue, cellular, and molecular
processes. At the molecular level, a tightly orchestrated dance between bone resorption
and bone formation comprises the essential course of bone remodeling, a process that
repairs damaged bone and replaces old bone with new. Bone remodeling allows appropriate changes in bone architecture to match the current mechanical demands that occur
throughout the lifespan. Excess resorption over formation leads to loss of bone mass,
osteoporosis, and increased risk for fracture of the hip, spine, and wrist. Therefore, treatment and prevention of the uncoupling between bone resorption and formation is of high
priority.
Prevention strategies include promoting diets that are rich in nutrients that are beneficial for bone and low in nutrients that may cause bone loss over time. Nutritional
public health interventions targeting improved bone health are attractive, as they are
affordable, easy to understand, and pose minimal health risks. However, dietary restrictions, due to personal preference, biological tolerance, or to religious or ethical beliefs
may increase the risk of osteoporosis in certain populations, due to a lack of bone
promoting nutrients in the diet. The adoption of a vegan diet has become increasingly
popular in light of expert recommendations to follow plant-based diets for improved
health outcomes, as discussed in many other chapters of this book. Although studies are limited, there is evidence suggesting that vegan diets may place individuals at
Vegetarian and Plant-Based Diets in Health and Disease Prevention. http://dx.doi.org/10.1016/B978-0-12-803968-7.00017-4
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greater risk of lower bone mineral density (BMD) and greater risk of fracture than diets
that include animal based foods. This chapter will discuss the current state of research
regarding vegan diets and their association with bone health, and provide suggestions
as to how individuals following a vegan diet can fill the dietary gaps that may increase
their risk of poor bone health.

2. Bone Status in Individuals With Vegan Diets
Although studies are sparse, there is evidence that those consuming a vegan diet may be
at greater risk of lower BMD and greater risk of fracture. A 2009 meta-analysis of 9 studies,
including 1880 women and 869 men aged 20–79 years, showed 4% lower BMD (95% CI:
2%, 7%) at both the femoral neck and lumbar spine in vegetarians relative to omnivores
(Ho-Pham et al., 2009). Results of subgroup analysis suggested that this effect on femoral
neck BMD was more pronounced among those on a vegan diet (6% lower BMD; 95% CI:
1%, 4%) than among ovolactovegetarians. A study in postmenopausal, Taiwanese women
showed that long-term vegan practice was associated with almost four times the risk of
low bone mass of the femoral neck relative to ovolactovegetarians or omnivores (adjusted
OR: 3.9; 95% CI: 1.2, 12.8) (Chiu et al., 1997). A recent cross-sectional study among 84
young, nonobese adults found no differences in total body BMD between those following
ovolactovegetarian, vegan, or omnivore diets (Knurick et al., 2015), but the small sample
size may have been insufficient to see a difference.
Few studies have examined the relation between vegan diets and fracture risk. In
a prospective study of 210 postmenopausal women, the 2-year incidence of fracture
was not significantly different in those with vegan (5.7%) compared to omnivore diets
(5.4%) (Ho-Pham et al., 2012). In a much larger analysis from the European Prospective
Investigation into Cancer and Nutrition (EPIC)-Oxford cohort, with 7947 men and 26,749
women aged 20–89 years, fracture risk was higher in those with vegan diets and low calcium intake (<525 mg/day), but it did not differ between meat eaters, fish eaters, or ovolactovegetarians (Appleby et al., 2007).
The current state of research is suggestive of an increased risk of bone loss and fracture
with veganism. It is important to better understand what components of a vegan diet are
contributing to this general loss of bone and to elucidate dietary areas of improvement to
protect the skeleton in individuals following vegan diets over time.

3. Vegan Diets and Bone Health
Our understanding of the diet–bone relationship has expanded dramatically over
recent decades. We now know that individual nutrients, as well as foods and dietary
patterns accounting for the synergy of nutrients in the whole diet, are involved in the
mineralization and maintenance of bone health. In addition to the well-known importance of calcium and vitamin D, many nutrients and foods affect BMD and/or the risk
of fracture.
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Vegan diets pose particular challenges in attaining required nutrients for optimal bone
health. Data from the large EPIC cohort show that vegan diets were associated with lower
intakes of calcium, protein, vitamin B12, vitamin D, and retinol relative to meat eaters
(Davey et al., 2003). Food sources for specific nutrients also differed by diet type, with bioavailability of several key nutrients lower in vegan relative to animal-based sources. Table
17.1 outlines sources of at-risk nutrients in vegan diets (Tucker, 2014).
There are also some components of a vegan diet that may be beneficial for bone,
compared to those consuming animal products. Long-term intake of a diet high in preformed vitamin A, as retinol, which is found in animal products, has been associated with
increased risk of fracture in postmenopausal women (Feskanich et al., 2002). In contrast,
vegan diets typically contain high amounts of previtamin A carotenoids from fruit and
vegetables, and these are likely to protect bone (Sahni et al., 2009a,b). In addition to these
carotenoids, vegan diets are often high in other plant-based antioxidants and antiinflammatory nutrients that protect against loss of BMD. In the EPIC study, those following vegan
diets had higher intakes of folate, vitamin C, vitamin E, vitamin K, and magnesium compared to other groups (Davey et al., 2003). Further detail on food groups and nutrients
specific to vegan diets that may be either detrimental or beneficial to bone health are
discussed subsequently.

4. Dairy Substitutes and Their Bone Benefiting Nutrients
Dairy foods have been shown to protect against bone loss and to reduce the risk of fracture in older adults (Heaney, 2009; Rizzoli, 2014). This is likely due to the density of bonebenefiting nutrients, such as calcium, magnesium, phosphorous, vitamin D, vitamin B12,
and protein in these products. Vegan diets exclude dairy products making it more difficult to obtain many of these nutrients. However, dairy substitute products on the market, including soy and almond milk, are often fortified with calcium and vitamin D. A few
studies have examined whether replacement of dairy with nondairy products confers the
same bone benefits. Matthews et al. (2011) screened for osteoporosis among 337 postmenopausal women from the Adventist Health Study 2 (AHS-2) consuming ≥1 serving/
day of soy milk or cow’s milk compared to women not consuming either soy or cow’s milk.
Compared with women who did not drink soy or cow’s milk, women drinking soy milk
once a day or more had 56% lower odds of osteoporosis (OR = 0.44; 95% CI: 0.20–0.98),
while women consuming cow’s milk had 62% reduction in the likelihood of having osteoporosis. These results suggest that consuming one or more servings of soy milk per day
may confer similar protective effects against osteoporosis as cow’s milk. In addition to the
added calcium and vitamin D, it was once thought that soy isoflavones may protect the
skeleton. However, research in this area generally does not point toward a protective effect
(Lagari and Levis, 2013). Randomized controlled trials supplementing soy protein have
shown no effects on BMD (Kenny et al., 2009; Kreijkamp-Kaspers et al., 2004). Overall, fortified, alternative dairy products may serve as a comparable substitute for providing some
of the dairy nutrients known to protect the skeleton.
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Table 17.1 Risk Nutrients for Bone Health in Vegetarian Diets and Available
Food Sources
Nutrient Adult
Recommended
Daily Allowance/
Adequate Intake
Calcium
(1000–1200 mg)

Vitamin Dd
(600 IU)

Vitamin B12
(2.4 μg)

Ovolacto
Sources

Serving

Nutrient
Content
(Range)

Yogurt
Milk
Cheese

244 g (1 c)
244 g (1 c)
28 g (1 oz)

289–372
276–305
150–336

Fortified
milk
Fortified
yogurt
Egg

244 g (1 c)

115–120

245 g (1 c)

86–127

1 lg

41

Milk

244 g (1 c)

1.1–1.2

Yogurt
Egg

244 g (1 c)
1 lg

0.9–1.2
0.4

Zinc (8–11 mg)

Protein (46–56 g)

n-3 fatty acids
(1.1–1.6 g)

Yogurt

244 g (1 c)

8.5–11.2

Milk
Egg
Cheese

244 g (1 c)
1 lg
28 g (1 oz)

8.1
6.3
6.6

Vegan Sources

Serving

Nutrient
Contenta

Fortified soy milk
Firm calcium-set tofu
Fortified breakfast
cerealb
Dark leafy greensc
Blackstrap molasses
Fortified soy milk

243 g (1 c)
100 g (3.5 oz)
20 g (½ c)

282–301
683
667

90 g (½ c)
20 g (1 tb)
245 g (1 c)

122
120
100–105

Fortified breakfast
cerealb
UV light exposed
mushroomse
Fortified breakfast
cereal

20 g (½ c)

67

60.5 g (½ c)
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20 g (½ c)

4.0

Fortified breakfast
cerealb
Pumpkin seeds
Tofu, tempehf
Nuts
Dried beans, peas,
cooked
Soy milk
Tofu, tempeh
Nuts
Walnuts
Walnut oil
Flaxseeds
Flaxseed oil
Canola oil

20 g (½ c)

10

28 g (1 oz)
100 g (3.5 oz)
28 g (1 oz)
89 g (½ c)

2.2
1.1
1.1
7.6

243 g (1 c)
100 g (3.5 oz)
28 g (1 oz)
28 g (1 oz)
14 g (1 tb)
14 g (1 tb)
14 g (1 tb)
14 g (1 tb)

6.0
20.3
4.9
2.6
1.4
2.4
7.2
1.3

c, cups; lg, large egg; oz, ounce; RDA, recommended daily allowance; tb, tablespoon.
aFrom USDA National Nutrient Database for Standard Reference, Release 28.
bContent from “Total” cereal.
cContent from cooked spinach.
dSunlight exposure is a good source of vitamin D, depending on latitude and season.
eContent from cooked portabella; UV exposed mushrooms are usually labeled.
fZinc in fermented products (tempeh, miso) is more bioavailable.
Reprinted from Tucker, K.L., 2014. Vegetarian diets and bone status. Am. J. Clin. Nutr. 100 (Suppl. 1), 329S–335S, American Society
for Nutrition.
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4.1 Calcium
Calcium is the most abundant mineral in the body, and nearly 99% of the calcium in an
adult is contained in bones and teeth. Because bone undergoes constant remodeling, an
adequate supply of nutrients is required to support bone health throughout the lifespan.
A review of calcium trials in adults found that 50 of 52 trials demonstrated better bone
balance with calcium intervention, greater bone gain during growth, less age-related bone
loss, and reduced fracture risk (Heaney, 2000). However, the BMD benefits accrued from
calcium supplementation were no longer evident 2 years after supplementation ceased
(Dawson-Hughes et al., 2000). Data from the Women’s Health Initiative of over 36,000
postmenopausal women, aged 50–79 years, supplemented with 1000 mg calcium and
400 IU vitamin D daily showed no reduced risk of hip fracture over 7 years compared to
placebo (Jackson et al., 2006). In contrast, trials supplementing calcium-rich foods have
shown significant protection against bone loss (Baran et al., 1990) and decreasing urinary
excretion of bone turnover markers (Heaney et al., 2002).
Low calcium intake is a key area of concern with vegan diets. Although several vegetables contain calcium, such as leafy greens and legumes, the calcium from these
sources is not very bioavailable (Weaver et al., 1999). Vegan populations may meet calcium requirements through consumption of calcium-set tofu, fortified orange juice,
and soy and almond milk products, as these do provide adequate bioavailability. Based
on available research, it may be most advantageous for vegans to attain calcium from
the diet, including from fortified foods, as opposed to using calcium supplements,
to maximize their bone health. Careful attention is required to ensure adequate consumption of this nutrient.

4.2 Vitamin D
Vitamin D (cholecalciferol) is critically important for bone health, as it regulates calcium
absorption and stimulates bone formation. Activated vitamin D (1,25(OH)2D) stimulates
bone turnover in a way that promotes overall positive bone balance. Generally, vitamin
D is obtained in the diet as cholecalciferol from animal sources (fatty fish, egg yolk, and
fortified diary) or in much lower quantity as ergocalciferol from plant sources [notably
mushrooms exposed to ultraviolet light (Jasinghe et al., 2005)]. Many vegans are deficient
in vitamin D, as their diets are limited in vitamin D–rich food sources (Dyett et al., 2013).
Importantly, vitamin D can also be synthesized in the skin after sun exposure. However,
synthesis of vitamin D between November and March in northern latitudes is limited, and
widespread use of sunscreen, along with sun avoidance, makes food sources of vitamin D
an important consideration.
Maintaining adequate serum vitamin D concentration (generally >60 nmol/L) is important in promoting BMD and reducing risk of fracture (Cummings et al., 1998; Looker and
Mussolino, 2008; van Schoor et al., 2008). A meta-analysis of 9 randomized controlled trials concluded that relatively high doses of vitamin D (>400 IU/day) have been shown to
decrease risk of nonvertebral fractures in adults >65 years of age (pooled RR: 0.80; 95%
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CI: 0.72, 0.89) independent of calcium supplementation (Bischoff-Ferrari et al., 2009).
However, a more recent meta-analysis of 23 studies in adults >20 years concluded that vitamin D supplementation did not improve BMD among adults who are not deficient (Reid
et al., 2014). When evaluating vitamin D from food alone, intake >600IU/day has been
shown to reduce the odds of osteoporosis by 27%, but it was not associated with 3-year
fracture risk (Nieves et al., 2008). A US study in more than 72,000 older women showed that
intakes of vitamin D ≥ 500 IU/day compared with <140 IU/day were associated with 37%
lower risk of hip fracture (Feskanich et al., 2003).
Vegan diets tend to be low in vitamin D, and it is important to focus on adequate
intake, particularly from foods where there is the greatest support of bone-benefiting
effects. Vegan food sources of vitamin D include mushrooms exposed to ultraviolet light,
fortified dairy substitutes, and fortified orange juice. Regular exposure to sunlight before
applying sunscreen can help to prevent vitamin D insufficiency during summer months.
Supplements may be needed in northern latitudes.

5. Dietary Protein: Are Plant Sources Beneficial to Bone?
Early, short-term metabolic studies suggested that high protein intakes may be detrimental to bone health due to a calciuric effect (Kerstetter and Allen, 1990). In contrast, however, more recent studies have shown that dietary protein is beneficial to
bone health, particularly under conditions of adequate calcium intake (Mangano et al.,
2014). This is likely due, in part, to protein’s ability to augment calcium absorption in
the gut (Cao et al., 2011; Hunt et al., 2009). Other mechanisms by which protein may
benefit bone structure and strength are its ability to decrease bone resorption at the
cellular level (Hunt et al., 2009); to increase concentration of insulin like growth factor1[IGF-1] (Bonjour et al., 1997), a growth hormone anabolic for bone; and its ability to
improve muscle mass (Dillon et al., 2009; Sahni et al., 2015) and strength (McLean et al.,
2015), which may improve BMD via increased loading of bone. Epidemiologic studies
confirm the long-term benefits of a high-protein diet on BMD, including less loss of
bone over time in older men and women (Hannan et al., 2000) and lower risk of fracture (Misra et al., 2011), particularly among individuals with calcium intakes greater
than 800 mg/day (Sahni et al., 2010). Data from randomized controlled trials show that
protein supplementation to ensure adequacy may protect against loss of bone during
weight loss (Sukumar et al., 2011). However, protein supplementation in healthy adults,
who are already meeting the recommended daily allowance (RDA) for protein, did not
appear to improve BMD over an intervention period of 1 year (Kerstetter et al., 2015) or
2 years (Zhu et al., 2011).
Vegan sources of protein include legumes, soy, nuts and seeds, and grains. Few
studies have examined whether animal or vegetable sources of protein differentially
alter bone health over time. Some studies suggest that animal sources of protein
(meat, eggs, fish) are most beneficial to bone health (Oh et al., 2013; Sahni et al., 2010;
Promislow et al., 2002), perhaps due to their particular ability to increase circulating
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levels of IGF-1 (Larsson et al., 2005). However, other epidemiological studies showed
that greater dietary protein was associated with higher BMD and reduced risk of fracture, regardless of whether animal or vegetable sources provides the highest amount
of dietary protein (Munger et al., 1999). Overall, it appears that higher, rather than
lower, dietary protein is protective against bone loss and risk of fracture. Therefore,
it is imperative for vegans to attain the RDA for protein from a variety of sources to
meet all essential amino acid requirements. Although randomized controlled trials
supplementing soy protein have shown no beneficial effects on the skeleton, they also
have shown no detrimental effects (Kenny et al., 2009; Kreijkamp-Kaspers et al., 2004).
Therefore, soy protein may be one vegan protein source that could be used to augment
total protein intake in effort to maximize bone health, but preferably from soy foods
rather than from isolated protein supplements. Plant food servings containing 7 g of
protein range from 1 oz of peanuts to approximately 2 oz of soybeans or 300 g cooked
brown rice. As discussed in more detail in another chapter (Chapter 35), eating a variety of vegan protein food sources is necessary to ensure that all essential amino acid
requirements are met. This is easily accomplished by pairing legumes or nuts with
grains. Consuming a mixed protein diet while meeting calcium requirements may be
important for vegans to protect long-term skeletal health.

6. Vitamin B12 Is Important for Bone Health
Vitamin B12 is an important risk nutrient in vegan diets, as it is almost exclusively available
in animal source foods. Therefore, it is not surprising that individuals following vegan diets
have been shown to have lower vitamin B12 concentration relative to omnivores (Elmadfa
and Singer, 2009). A European study found the prevalence of poor vitamin B12 status (holotranscobalamin II < 35 pmol/L) was 11% in omnivores, compared with 92% of those following vegan diets (Herrmann et al., 2003). This is also discussed in detail in another chapter
in this book (Chapter 43).
Early case reports identified vitamin B12 deficiency in patients with osteoporosis, greater fracture risk in those with pernicious anemia (an autoimmune disorder
causing impaired vitamin B12 absorption), and improvement with vitamin B12 therapy (Eastell et al., 1992). A meta-analysis including more than 7000 men and women
showed a 4% lower fracture risk for each 50-pmol/L increase in serum vitamin B12 (RR:
0.96; 95% CI: 0.92, 1.00) (van Wijngaarden et al., 2013). In a cross-sectional study of
over 2000 men and women from the Framingham Osteoporosis Study, those with vitamin B12 concentration <148 pM had lower BMD, compared to those with vitamin B12
above this cutoff (Tucker et al., 2005). Data from the National Health and Nutrition
Examination Survey (NHANES) also show a positive relation between serum vitamin
B12 and BMD, in a dose–response manner up to about 200 pM (Morris et al., 2005).
Further, BMD was lower and osteoporosis significantly more likely (P < .01) with
increasing methylmalonic acid concentration (a functional marker of vitamin B12
status). In a study of older women in the Netherlands, low vitamin B12 concentration
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(<210 pM) was associated with seven times the prevalence of osteoporosis, compared to those with serum concentration >320 pM (Dhonukshe-Rutten et al., 2003).
A prospective study of 83 postmenopausal women from the Study of Osteoporotic
Fractures found that women with vitamin B12 concentration at or below 207 pM lost
BMD at an annual rate of −1.6% (95% CI: −2.4, −0.8%), compared with −0.2% (−0.5,
0.2%) in women with higher concentration (Stone et al., 2004). Vitamin B12 is a required
cofactor for DNA synthesis, and thus it may be important for bone rebuilding during
turnover. In support of this mechanism, lower concentrations of bone formation markers osteocalcin and alkaline phosphatase have been seen with vitamin B12 deficiency
(Carmel et al., 1988).
One result of low vitamin B12 is an elevation in homocysteine, which has been
independently associated with increased fracture risk, possibly by weakening collagen cross-linking. A meta-analysis with 11,511 individuals in eight studies showed a
4% greater fracture risk for each μmol/L increase in homocysteine concentration (RR:
1.04; 95% CI: 1.02, 1.07). Data from the Framingham Osteoporosis Study show that men
and women in the highest quartiles of homocysteine had greater incidence of fracture,
compared to those in the lowest quartile (approximately twice as high for women and
four times as high for men) (McLean et al., 2004). The NHANES study also found that
individuals with serum homocysteine ≥20 μmol/L had significantly lower BMD than
did those with serum homocysteine <10 μmol/L (Morris et al., 2005). Therefore, attaining adequate vitamin B12 appears to have both direct and indirect (by lowering homocysteine) effects on bone.
Despite strong observational results, however, limited evidence from randomized controlled trials has not shown significant benefit for BMD or risk of fracture. Data from the
B-PROOF study, in 1111 hyperhomocysteinemic adults aged 65 years and older, found no
significant differences in femoral neck or lumbar spine BMD after 2 years of combined
supplementation with 500 μg vitamin B12, 400 μg of folic acid, and 600 IU of vitamin D,
compared to placebo (Enneman et al., 2015). In 2919 participants from the same study,
osteoporotic fracture risk did not differ significantly between groups (HR: 0.84; 95% CI:
0.58, 1.21) (van Wijngaarden et al., 2014). However, in a subset of persons aged >80 years,
in per-protocol analyses, osteoporotic fracture risk was lower in the intervention group
compared to placebo (HR: 0.27, 95% CI: 0.10, 0.74). It is important to note that supplementation with B12 and folic acid at these levels also increased the incidence of cancer in this
study (HR: 1.56; 95% CI: 1.04, 2.31).
Larger and longer trials are needed to clarify the potential role of supplementation for
fracture prevention. In the meantime, the evidence from epidemiological studies supports ensuring adequate vitamin B12 status to maintain bone health. Therefore, encouraging individuals consuming vegan diets to meet the RDA for vitamin B12 (2.4 mcg/day for
men and women) is important. Nonanimal-based sources of vitamin B12 include fortified
breakfast cereals, nutritional yeast, and fortified soy products. Vegans may also be advised
to take a vitamin B12 supplement to ensure adequacy, with periodic testing of vitamin B12
concentration.
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7. Zinc
Zinc is frequently inadequate in vegan diets, as it is largely found in animal products. Plant
sources of zinc include grains, vegetables, legumes, nuts, and soy, but it is much less bioavailable in these foods than in animal sources. Deficiency in this nutrient may be detrimental to bone health. Lower serum and bone zinc have been documented in patients
with osteoporosis (Atik, 1983). In a controlled trial, random assignment to supplementation with calcium, copper, and zinc for 2 years showed improvement in whole-body BMD
among postmenopausal women with usual zinc intakes <8.0 mg/day, compared to those
taking placebo (Nielsen et al., 2011). These effects were not seen in women consuming
adequate dietary zinc. In premenarcheal girls, random assignment to daily oral zinc (9 mg
elemental zinc) increased serum procollagen type 1 amino-terminal propeptide (a bone
formation marker), compared to placebo, after 4 weeks (Berger et al., 2015). There were
no differences between zinc supplementation and placebo in osteocalcin, bone resorption markers, or IGF-1 (a growth hormone anabolic to bone). Although research is limited,
these studies suggest that zinc supplementation in prepubescent girls and women with
low zinc status may improve bone status.
The Food and Nutrition Board recommends at least 50% greater zinc intake for persons
consuming animal-free diets because of its low bioavailability from plant foods (Food and
Nutrition Board, 2001): see also the chapter specifically on zinc in this book (Chapter 38).
Plant foods rich in zinc, such as nuts, beans, and grains, also contain phytate, which is a
chemical compound that chelates zinc and decreases its absorption. Soaking, heating, fermenting, and leavening foods degrades phytate and, therefore, improves bioavailability of
zinc from beans and grains (Saunders et al., 2013). Fortified cereals are another important
source of dietary zinc in vegan diets.

8. n-3 Fatty Acids
Investigational therapies to delay the onset and severity of bone loss include supplementation with dietary factors that possess antiinflammatory properties, including n-3
fatty acids (FA). Polyunsaturated fatty acids (PUFA) include omega 3 fatty acids (n-3 FA)
and omega 6 fatty acids (n-6 FA). Two essential FA are required in the diet: the n-3 FA
alpha-linolenic acid (ALA) and the n-6 FA linoleic acid (LA). Via a series of elongation
and desaturation steps, these two PUFA parent compounds (ALA and LA) are converted
to additional FA and various eicosanoids. Typically, downstream products of the n-3
FA family demonstrate antiinflammatory properties, while n-6 FA derivatives tend to
be proinflammatory. There is competition between n-6 and n-3 FA for the desaturation
enzymes during production of downstream fatty acids and for cyclooxygenase (COX)
during the metabolism of various eicosanoids; therefore, greater intakes of one PUFA
type over the other will determine which pathway (n-3 vs. n-6) is driven and which eicosanoids are produced. The two predominant products of ALA metabolism are the long
chain n-3 FA docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA). Because
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the conversion from ALA is inefficient, individuals with adequate n-3 FA status tend to
consume foods with DHA and EPA directly, with fish as the major source. Therefore, this
is another nutrient of concern in vegan diets.
Recent research highlights the importance of n-3 FA intake or supplementation
for bone health (Mangano et al., 2013). Longitudinal studies from the Framingham
Osteoporosis Study have shown that both dietary (Farina et al., 2011b) and plasma fatty
acids (Farina et al., 2012) are associated with less bone loss over time. Interestingly, these
studies suggest an interaction between fatty acids, where arachidonic acid intake (n-6
FA) was protective of bone only in individuals with EPA and DHA intakes (n-3 FA) above
the median. A randomized controlled trial in postmenopausal women showed after
6 months of supplementation, EPA + DHA significantly increased BMD at the Wards area,
and it maintained BMD at the femoral neck, compared to the placebo group, who lost
bone at both sites (Lappe et al., 2013). It is difficult to determine whether the protective
effects of this supplementation regimen were due to n-3 FA alone or due to its combined supplementation with vitamin D, vitamin K, and genistein (a soy isoflavone). A
trial in overweight boys demonstrated that supplementation with fortified bread (1.1 g/
day EPA + DHA) did not affect whole-body bone mineral content, density, or bone turnover markers over 16 weeks, although there was an increase in IGF-1 in the intervention
group, compared to placebo (Damsgaard et al., 2012).
Studies evaluating fracture risk have shown mixed results in relation to n-3 FA intake.
Dietary n-3 FA intake appeared to be protective against hip fracture (54% lower risk in
the highest vs. lowest quartile of intake) in the Framingham Osteoporosis Study (Farina
et al., 2011a). The Nurses’ Health Study and the Health Professionals Follow-up Study
showed lower risk of hip fracture among women, but not men, with the highest intakes of
total PUFA (Virtanen et al., 2012). However, an analysis in the Women’s Health Initiative
showed no effect of total PUFA or individual FA on risk of hip fracture in more than 137,000
postmenopausal women (Orchard et al., 2010). Overall, it appears that n-3 FA intakes are
protective of bone health; however, more randomized controlled trials are needed to
determine whether additional supplementation can improve bone health and reduce risk
of fracture over time.
Although the most well-studied n-3 FAs in relation to bone health have been evaluated
with those FAs found in fatty fish (EPA and DHA), plant sources of ALA include walnuts,
flaxseeds, and canola oil. Non–fish eaters may find supplementation with n-3 FA from flaxseed and/or algae a viable option for increasing antiinflammatory n-3 FA intake.

9. Protective Nutrients in Vegan Diets
Although several nutrients, as discussed earlier, are of concern for bone health in vegan
diets, these diets also tend to include higher intakes of several important nutrients that
protect bone, compared to the diets of omnivores. These nutrients include magnesium,
potassium, vitamin K, antioxidants, such as vitamins C and E and carotenoids, and
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antiinflammatory phytonutrients in fruit, vegetables, nuts, beans, tea, and herbs. Several
studies have shown protective effects of dietary magnesium on bone density (New et al.,
2000; Ryder et al., 2005; Tucker et al., 1999), although magnesium intake has not been associated with risk of fractures (Orchard et al., 2014). Magnesium enhances bone strength and
regulates active intestinal calcium transport (Kenney et al., 1994).
Potassium, a mineral also concentrated in fruit and vegetables, may protect against
bone loss by promoting renal calcium retention and neutralizing dietary acid load,
thereby protecting calcium losses. In premenopausal women, a diet low in potassium was associated with 8% lower femoral neck BMD compared to women in the
highest quartile of potassium intake (Macdonald et al., 2005). In perimenopausal
women, potassium intake was associated with greater BMD and lower bone resorption (Sebastian et al., 1994). In the Framingham Osteoporosis Study, potassium intake
was associated with greater BMD in men and women at baseline and with lower BMD
loss over time in men (Tucker et al., 1999). A randomized controlled trial in men and
women over the age of 50 years demonstrated that a potassium bicarbonate supplement of 1 mmol/kg over 3 months reduced bone turnover markers (Dawson-Hughes
et al., 2015). Overall, greater consumption of magnesium and potassium, largely found
in fruit and vegetables, may pose protective effects on bone in vegans who consume
large amounts of this food group.
Vegan diets high in fruit and vegetables also tend to provide greater amounts of
vitamins C and K, carotenoids, flavonoids, and other phytonutrients known to benefit
health. These antioxidant and antiinflammatory nutrients have also been shown to
protect bone health. Data from the Framingham Osteoporosis Study show that men
with the highest intakes of vitamin C had significantly less loss of BMD over 4 years
compared to those with intakes in the lowest tertile (Sahni et al., 2008). Similarly, men
and women in the highest tertile of vitamin C intake had 44% lower risk of hip fracture compared to those in the lowest tertile of intake (Sahni et al., 2009c). In the same
cohort, high carotenoid intakes were protective against 4 years bone loss (Sahni et al.,
2009a) and lower risk of hip fracture (45% reduced risk) (Sahni et al., 2009b). Among
the carotenoids, the strongest associations from the Framingham studies were with
lycopene.
Vitamin K is a necessary factor for the carboxylation of osteocalcin, a bone-specific
protein produced by osteoblasts that plays a role in bone mineralization. Insufficient vitamin K may lead to age-related bone loss and fracture. Several randomized controlled trials
suggest that vitamin K supplementation reduces the rate of bone loss (Fang et al., 2012;
Huang et al., 2015), though the effect is modest. One study showed protection against incident fracture among Japanese patients taking a vitamin K supplement, relative to controls
(Cockayne et al., 2006). High consumption of fruits and vegetables are beneficial to bone
health (Tucker et al., 1999), likely due to their concentration in the nutrients discussed.
The higher intake of fruit and vegetables usually seen in vegan diets is a positive characteristic that may help to protect bone health.
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10. Conclusions
Unless great care is taken in ensuring adequate intakes of several at-risk nutrients,
individuals following a vegan diet may be at greater risk for bone loss and fracture risk
over time. This may be due to insufficient intake of bone-benefiting nutrients found
largely in animal products, such as calcium, vitamin D, protein, vitamin B12, zinc, and
n-3 fatty acids. Educating the vegan population on dietary alternatives, fortified foods,
and supplements needed to meet the RDA for each of these nutrients is important
for prevention of osteoporosis and age-related fracture. While many bone-promoting
nutrients are lacking in the typical vegan diet, there are also many nutrients consumed
in high amounts from fruit and vegetable intake that may promote bone health. With
adequate knowledge and careful planning, vegan diets can be designed to ensure
nutrient adequacy to build and maintain healthy bones and reduce risk of fracture.
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1. Introduction
Nutritionally replete, low-fat, plant-based diets have been associated with a wide array
of favorable health outcomes and are compatible with what Katz and Meller coin the
“theme of optimal eating” (Katz and Meller, 2014). A 2006 literature review of weight
status of vegetarians and nonvegetarians found that 38 of 40 studies reported lower
body mass index (BMI) and body weight among vegetarians (Berkow and Barnard,
2006). In 2009, the American Dietetic Association (ADA) released a position statement
recognizing the role of vegetarian diets in preventing chronic diseases, including obesity (Craig and Mangels, 2009). The purported role of vegetarian diets in weight management was based on several population studies (discussed subsequently) that found
an association between vegetarian diets and lower BMI. In 2011 the ADA followed up
with an editorial supporting the role of vegetarian diets for weight loss and long-term
weight maintenance (Thedford and Raj, 2011). This chapter will explore both clinical
trials and population studies to evaluate the efficacy of plant-based diets for weight
loss and maintenance of a healthy BMI. Mechanisms by which plant-based diets may
contribute to weight loss will be examined.
A note of caution must be sounded in equating plant-based diets with “vegetarian”
diets, as there is a wide range of foods that might compose a vegetarian diet, including
processed foods high in fat, sugar, refined carbohydrates, and additives. Clinical trials are
easiest to compare and evaluate when the researchers are careful to specify the dietary
composition of their intervention, for example, a “low-fat vegan diet” consisting of fruit,
vegetables, legumes, and grains with limited high-fat avocados, nuts, and seeds (TurnerMcGrievy et al., 2007). Studies that compare any weight loss diet to a “standard diet” are
likely to produce unreliable results.
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2. Population Studies
Population studies provide considerable insight into the relationship between plantbased diets, BMI, and weight management. A review of over 10,000 adults from the US
Department of Agriculture’s 1994–96 Continuing Survey of Food Intake compared vegetarian and nonvegetarian diets and found comparatively low energy intake, low fat and saturated fat intake, and low BMI associated with the vegetarian group (Kennedy et al., 2001).
Analysis of the National Health and Nutrition Examination Survey (NHANES) data from
1999 to 2004 similarly indicates a lower calorie intake among participants who reported
no meat consumption, further supporting the possibility that a vegetarian diet may be a
strategy for weight loss (Farmer, 2014).
Perhaps the most expansive population analysis to include plant-based diets is the
Adventist Health Study-2, which follows 97,000 Seventh-day Adventist church members
(≥age 30) in the United States and Canada from 2002 to 2006. The study found that vegans had the lowest mean BMI (23.6 kg/m2), followed by ovolactovegetarians (25.7 kg/m2),
pescetarians (26.3 kg/m2), and semivegetarians (27.3 kg/m2), while mean BMI for nonvegetarians was 28.8 kg/m2 (Tonstad et al., 2009). Thus, there is an association of BMI and diet
along the spectrum of vegetarian diets, with vegans showing the greatest difference from
nonvegetarians; the BMI of subjects following less restrictive vegetarian diets fell somewhere in between.
This finding mirrors the results of the Oxford cohort of the European Perspective
Investigation Into Cancer and Nutrition (EPIC-Oxford) study in which 57,498 participants between 1993 and 1999 completed a food frequency and lifestyle questionnaire.
An analysis of BMI in this cohort found significant differences between diet groups,
with highest BMI among the meat eaters and lowest among the vegans. Vegetarians
and fish eaters had intermediate mean BMI (Spencer et al., 2003). Rates of obesity were
significantly lower among vegans (1.9% in men and 1.8% in women) than among meat
eaters (5% in men and 5.7% in women). The authors concluded that high protein and
low fiber intakes were the strongest determinants of increasing BMI in this cohort.
A later study examined the association between weight gain and dietary group
among 21,966 participants in the EPIC-Oxford cohort. Only small differences were
found in mean annual weight gain over 5 years between all diet groups including meat
eaters, fish eaters, vegetarians, and vegans. Notably, however, those who changed to a
diet containing fewer animal foods during the follow-up period displayed the lowest
weight gain (Rosell et al., 2006). However the authors note that those who chose to
become “more vegetarian” may have been more health conscious and lower in weight
before the study began. This confounding variable of lifestyle in population studies can make conclusions about diet and BMI difficult (see also Chapter 1). Another
approach to deciphering the relationship between plant-based diets and weight loss
is to look at clinical trials in which conflicting variables such as lifestyle can be more
closely controlled.
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3. Clinical Trials
With few exceptions, clinical trials indicate that plant-based diets translate into greater
weight loss than omnivorous control diets. A meta-analysis of 12 randomized trails found
significant weight loss benefits when subjects consumed vegetarian diets. This effect was
more pronounced in the six trials that incorporated a form of energy restriction, such
as a 500 kcal/day reduction (Huang et al., 2015). Another meta-analysis of 86 crosssectional and 10 cohort prospective studies reported significantly reduced BMI in
vegetarians, including vegans, versus omnivores (Dinu et al., 2016). In the short term,
randomized clinical trials indicate that subjects assigned to a vegetarian diet, including
vegan diet, lose from 2.5 to 7.2 kg when compared to controls (Berkow and Barnard, 2006).
Multiple clinical studies suggest that the weight loss benefits of a plant-based diet
appear to be greatest for those following a vegan diet (Huang et al., 2015). An 18-week
dietary intervention in a corporate setting found that 94 participants assigned to a low-fat
vegan diet lost significantly more weight (−2.9 kg) than 117 controls (0.06 kg). The plantbased diet resulted in weight loss even in the absence of exercise or prescribed calorie
restriction (Mishra et al., 2013).
However, weight loss benefits may be attained with less restrictive vegetarian diets as
well. A study of 20 subjects assigned to change from an omnivorous diet to a lactovegetarian diet found a 2 kg weight loss after 1 year, attributed to the high fiber content of
the plant-based diet (Johansson et al., 2012). A study of 50 overweight adults found that
those assigned to a vegan diet lost significantly more weight than omnivore, semivegetarians, and pescetarian diet groups at 6 months. However, the percent weight loss among
vegetarian subjects excluding the vegans (−6.3 ± 6.6%) was not significantly different from
that of the vegan group (−7.5 ± 4.5%) (Turner-Mc-Grievy et al., 2015b). A meta-analysis
of 15 clinical trials found that a prescribed vegetarian diet, or specifically a vegan diet,
was associated with a mean weight reduction of 3.4–4.6 kg, but no distinction was found
between ovolactovegetarian and vegan diets (Barnard et al., 2015). Again, the plant-based
diets were associated with weight loss in intervention trials, regardless of whether the diet
prescriptions included exercise or energy restriction.
Not all clinical trials report greater weight loss success with plant-based diets. A study
of 182 subjects assigned to one of two calorie- and fat-restricted diets, either a standard or
ovolactovegetarian, found comparable weight loss in both groups after 6 months, due in
part to a lack of compliance among the vegetarian diet group (Burke et al., 2006). Similarly,
132 participants assigned to an omnivorous versus ovolactovegetarian diet demonstrated
significant weight loss on both of these calorie- and fat-restricted diets over the course of
an 18-month study (Burke et al., 2008).
Moreover, few clinical trials are sufficiently long-term (>2 years) to draw conclusions
about the lasting benefits of a vegetarian diet on weight management (Dansinger et al.,
2007; Huang et al., 2015; Barnard et al., 2015). One intervention found that a vegan diet
resulted in greater weight loss among 59 overweight and obese women at 14 weeks than
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a more moderate low-fat diet, and maintenance of this weight loss continued at 1- and
2-year follow-ups (Turner-McGrievy et al., 2007). However, Burke et al. (2008) found that
both omnivore and ovolactovegetarian test groups regained lost weight 6 months after the
1-year intervention had concluded. Similarly, studies supporting the weight loss benefits
of a vegan diet compared to a nonvegetarian diet found that while significant weight loss
was seen in the initial phases of the intervention, the benefit disappeared after 6 months
(Turner-McGrievy et al., 2014), or when measured over 1 year later (Huang et al., 2015).
While many weight loss interventions do not include long-term follow-up, weight
regain may be the norm. There is insufficient evidence that weight loss on plant-based
diets—or any diet—contributes to long-term weight maintenance. A survey of 46 dietary
counseling studies found a modest mean net treatment effect of 2 BMI units of weight
loss during the first year of active counseling, yet half of this weight loss was regained after
3 years (Dansinger et al., 2007). In general, only about 20% of overweight individuals maintain their weight loss beyond 1 year (Wing and Phelan, 2005). Thus the lack of long-term
benefits of plant-based diets for weight management may reflect the limits of weight loss
programs in general.

4. Mechanisms
Several mechanisms may contribute to the weight loss noted with plant-based diets.
Proposed factors include lower energy density, protein type and quality, fat content, and
carbohydrate and fiber content. Other possible mechanisms include the interrelationship
between gut microbiota, high fiber, plant-based diets, and reduced inflammation and
obesity.

4.1 Energy Density
Consumption of low energy density foods is fundamental to many weight loss plans
(Ornish et al., 1998; Rolls et al., 2005). Fruits and vegetables, as well as cooked grains, tend
to be high in water and fiber and low in fat, resulting in low energy density. Incorporating
greater amounts of fruits and vegetables in the diet, while reducing fat intake, is associated
with weight loss and weight maintenance (Rolls et al., 2004; Rolls, 2009). It is important to
note that there is insufficient evidence that simply adding additional fruits and vegetables
to the diet translates into weight loss; there must be a compensatory reduction in total
energy intake. A study of overweight adults, normal weight adults, and weight loss maintainers found that weight loss maintainers consumed a diet significantly lower in energy
density. These subjects reported significantly higher intake of vegetables and whole grains
and less energy from fat (Raynor et al., 2011). An analysis of randomized clinical trials evaluating diet and weight management found that the recommendation to increase intake
of fruit and vegetables itself had no significant effects on body weight (Kaiser et al., 2014).
Thus the overall reduced energy density of a plant-based diet, rather than fruit and vegetable intake alone, is likely the driving mechanism for weight management in these studies.
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4.2 Macronutrients: Protein, Fat, and Carbohydrate
Vegetarian diets tend to be lower overall in energy intake and are typically higher in carbohydrates and fiber than other diets (Berkow and Barnard, 2006; Turner-Mc-Grievy et al.,
2015b; Barnard et al., 2005). However, many clinical trials of plant-based diets for weight
loss frequently manipulate one macronutrient, in an attempt to examine the role of protein, fat, or carbohydrates. Other studies explore the type and quality of macronutrient, for
example, comparing plant versus animal proteins in weight loss trials.
The type of protein consumed in the course of an energy-restricted diet may not be
a key factor in the resulting weight loss. A study comparing diets that vary by type and
quantity of protein found that meat-based proteins do not differ from soy/legume protein
sources in their effects on appetite control, thermic effect of feeding, energy expenditure,
or cardio-metabolic risk factors (Li et al., 2016). The overweight and obese adults in this
study lost weight regardless of the dietary protein source, indicating that energy restriction
per se had the greater impact on weight loss than did the factor of animal versus plantbased protein. Similarly a study comparing meat or vegetarian (soy) high-protein weight
loss diets in 20 obese men found no significant differences in weight loss or changes in
body fat between the two groups after 2 weeks and no difference in subjective ratings of
hunger, fullness, or desire to eat (Neacsu et al., 2014). The authors conclude that for those
pursing a high-protein diet for weight loss, a vegetarian diet can be effective for losing
weight and controlling appetite, while avoiding some of the disease risks of a high-meat
diet.
Short-term trials have found significant weight loss among subjects following a low-fat
vegan diet (Barnard et al., 2005; McDougall et al., 2014). A 7-day study of 1615 participants in a residential dietary intervention program found that the subjects following an
ad libitum low-fat (≤10% of calories) vegan diet lost a median of 1.4 kg weight in 7 days
(McDougall et al., 2014). Of note, this diet was also characterized as high fiber and high
carbohydrate (∼80% of calories). Similarly, a study of postmenopausal women assigned
to an ad libitum low-fat (≤10% of calories) vegan diet lost significantly more weight
(−5.8 ± 3.2 kg) over 14 weeks than the control group (3.8 ± 2.8 kg) following the dietary
guidelines of the National Cholesterol Education Program (NCEP) (Barnard et al., 2005).
Both groups reported comparable reductions in energy intake, but while the control group
demonstrated a decreased carbohydrate intake, the vegan diet group reduced their fat
intake while increasing carbohydrates, including fiber. Of the 59 women who completed
the 14-week study, the vegan diet group lost significantly more weight than the NCEP
group at 1- and 2-year follow-ups (Turner-McGrievy et al., 2007). The authors hypothesize
that the vegan group were eating a greater volume of food, yet taking in fewer calories due
to the high fiber content of this less energy-dense diet.
Thus the low fat component of a vegan diet may not be the sole factor that contributes
to greater weight loss. It must be considered that the high fiber content of a strictly plantbased diet contributes to greater satiety and lower energy density. Fiber may also work to
reduce dietary fat absorption, resulting in lower adiposity and improving insulin control
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(Spencer et al., 2003). A study on subjects with type 2 diabetes supports this idea, finding
that a calorie-restricted, high-carbohydrate vegetarian diet resulted in greater loss of visceral fat and subsequently improved insulin sensitivity more than a standard diabetic diet
(Kahleova et al., 2011).
Several studies have attempted to isolate the role of carbohydrates in plant-based
weight loss diets. One study of 23 participants who completed a 6-month reduced-calorie
trial found that those who followed an ad libitum, low-carbohydrate (26% of energy) vegan
diet lost modestly more weight (resulting in 7% weight reduction) than did those who followed a high-carbohydrate (58% of energy) ovolactovegetarian diet (resulting in 6% weight
reduction) (Jenkins et al., 2014). However, given the differences in protein and fiber intake
between the diets, it is difficult to interpret the role of carbohydrates specifically.
The low-glycemic values of most whole grain products and vegetables, and the abundance of viscous fiber in whole grain foods, are proposed as contributing factors to the
weight loss observed on plant-based diets (Huang et al., 2015). For example, a study of
18 overweight women with polycystic ovary syndrome found that participants following
a low-glycemic index vegan diet lost significantly more weight after 3 months than those
on a low-calorie diet; however, no difference was found after 6 months (Turner-McGrievy
et al., 2014). The challenge in interpreting these studies, in which protein, fat, or carbohydrates are manipulated, is that the corresponding increase or decrease in other macronutrients can confound the results.

4.3 Gut Microbiota, Inflammation, and Obesity
Diet is intricately linked with the gut bacterial profile, which in turn has implications for
obesity. Obesity is characterized by an altered gut profile wherein resident bacteria may
be responsible for an increased capacity for energy harvest and a state of chronic, lowgrade inflammation. This inflammation, in turn, can interfere with insulin signaling and
result in the metabolic dysfunction found in obesity and type 2 diabetes (Requena et al.,
2013; Sanz and Moya-Pérez, 2014). The microbiota of obese subjects may be characterized by a reduced bacterial diversity, a decreased prevalence of Bacteroidetes, an increase
in Firmicutes and Actinobacteria, and an increased abundance of potentially inflammatory Proteobacteria (Jeffery and O’Toole, 2013; Musso et al., 2010; Verdam et al., 2013).
Low-calorie and vegetarian diets have been linked to enterotypes with a greater ratio
of Bacteroidetes, while Western diets are associated with an increase in Firmicutes and
Actinobacteria (Benus et al., 2010; Jin and Flavell, 2013). See Chapter 24 for an in-depth
discussion of fecal microbiota and the vegetarian diet.
Matijašić et al. (2014) compared principal component analysis-based bacterial DNA
profiles from fecal samples of 20 vegans, 11 lactovegetarians, and 29 omnivores who
were comparable in gender, age, body mass, and height. The authors found an association between diet type and bacterial community composition in which both the vegetarian and vegan subjects were associated with a higher ratio of the Bacteroides-Prevotella
group when compared to omnivores. Another large-scale study (Zimmer et al., 2012) set
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out to distinguish the fecal microbiota profile of vegans (n = 105) from that of less restrictive vegetarians (n = 144) and an equal number of controls consuming an omnivorous
diet. The authors found that the gut microbiota and stool pH of (non-vegan) vegetarians
fell on a continuum between that of vegans and omnivores. These results suggest that
the composition of the human gut varies across the spectrum of diets, with vegan diets
being the most distinct from that of omnivores, but not necessarily significantly different from that of other vegetarians (Glick-Bauer and Yeh, 2014).
The high fiber content of vegan diets may also play a significant role in regulating the
inflammatory response, and this inflammation may be a critical link in the relationship
between gut microbiota and obesity (Sanz and Moya-Pérez, 2014; Jin and Flavell, 2013).
The microbiota of obese subjects is associated with markers of local and systemic inflammation [fecal calprotectin and plasma C-reactive protein (CRP), respectively] (Verdam
et al., 2013). Dietary intake is known to influence inflammation, with vegetarians demonstrating lower levels of CRP than nonvegetarians. A 6-month weight loss intervention
comparing vegan, vegetarian, pescetarian, semivegetarian, and omnivore dietary groups
found significantly lower inflammatory potential (Dietary Inflammatory Index) of vegan,
vegetarian, and pescetarian diets at 2 months (Turner-Mc-Grievy et al., 2015a).
A vegan diet may thus play a role in influencing obesity and inflammation (Kim et al.,
2013). Six obese subjects with diabetes and/or hypertension, who followed a vegan diet
for 1 month, were found to have improved blood glucose levels and reduced body weight.
The vegan diet therapy induced an altered gut microbiota by reducing the abundance of
Firmicutes and increasing the abundance of Bacteroidetes significantly. This alteration
in the Firmicutes-to-Bacteroidetes ratio was also accompanied by a decrease in pathobionts such as Enterobacteriaceae, a family of bacteria implicated in triggering low-grade
inflammation. As the subjects progressed on their vegan diets, there was a decrease in
the concentrations of the inflammation markers, fecal lipocalin-2 (Lcn-2), indicating that
the vegan diet directly reduced the population of pathobionts. The resulting reduction
in inflammation contributed to the improved glucose tolerance and lipid metabolism of
their vegan subjects (Kim et al., 2013). Thus, the increased dietary fiber of plant-based
diets may be a contributing factor in reducing both inflammatory markers and obesity.

5. Conclusion
Analysis of dietary patterns of populations, including the EPIC-Oxford study, the Adventist
Health Study-2, and NHANES, among others, indicates that BMI and diet type fall along
a continuum, with lowest BMI and rates of obesity among vegans and greatest BMI and
obesity among meat eaters (Tonstad et al., 2009; Spencer et al., 2003; Farmer, 2014). Those
following a vegetarian or fish-eating diet tend to fall in between the two dietary extremes.
Multiple clinical studies have supported the efficacy of plant-based diets for weight
loss, both with calorie restriction and without, though few studies have provided insight
into long-term (>2 year) benefits for weight management (Huang et al., 2015; Dansinger
et al., 2007; Barnard et al., 2015). Those attempting weight loss with a calorie-restricted,
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vegetarian diet are encouraged to seek nutrition guidance to avoid deficiencies in vitamin
B12, zinc, and protein (Farmer, 2014). Nonetheless, a plant-based diet may prove more
effective for long-term weight management than typical weight loss diets. For example, a
study of 428 college students found that those who self-identified as vegetarian had lower
BMI and greater long-term diet adherence than students who followed a weight loss diet
(Smith et al., 2000). Motivations for following a plant-based diet, including religion, animal
welfare, health, and weight loss, likely contributed to students adhering to their diet for
over 12 months. In contrast, those pursuing standard weight loss diets most often abandoned the diet in 1–3 months due to boredom and feelings of deprivation.
Compliance with plant-based diets is a potential obstacle in any weight loss trial;
however, there is considerable variation among studies. A study of 74 participants with
diabetes found greater adherence among subjects assigned to a vegetarian diet than to
a conventional diabetic diet for 24 weeks (Kahleova et al., 2011). A study of 63 overweight
and obese adults found no difference in compliance or acceptability, regardless of whether
participants were assigned a vegan, vegetarian, pescetarian, semivegetarian, or omnivorous diet (Moore et al., 2015). However, some clinical trials have noted participant attrition
rates as high as 50%–67% after 6 months when vegan diets are prescribed for weight loss
(Jenkins et al., 2014; Turner-McGrievy et al., 2014). Huang et al. (2015) found that when
diets were randomly assigned, adherence to a low-fat vegetarian diet was only 50%, while
adherence to the Weight Watchers diet was 65% (Huang et al., 2015). While the US News &
World Report 2016 Best Diet Ranking named both the vegan and flexitarian (semivegetarian) diets as the #7 best weight loss diets, the vegan diet received much lower scores for
“easy to follow” than the more lenient flexitarian diet (health.usnews.com, 2016). Thus the
prescription of a plant-based diet for weight loss may pose challenges for those unable to
adhere to a comparatively restrictive eating pattern. The good news is that absolute adherence may not be necessary. One study found that subjects who were counseled to follow
a plant-based diet and reduce animal product intake were more successful in weight loss,
even without 100% adherence, than participants assigned to omnivorous weight loss diets
(Moore et al., 2015).
While there is considerable evidence that a plant-based diet is compatible with optimal
eating (Katz and Meller, 2014) and weight loss (Huang et al., 2015; Dansinger et al., 2007;
Barnard et al., 2015), the appropriateness of this diet has been questioned for some segments of the population, including adolescents and athletes. While adolescents and young
adults who follow a vegetarian diet may be less likely to be overweight or obese, they also
report binge eating with loss of control more frequently than their nonvegetarian counterparts (Robinson-O’Brien et al., 2009): see also Chapter 4 in this book. Athletes who rely on
vegetarian diets for weight control may be similarly prone to disordered eating behaviors
(Barr and Rideout, 2004).
Although many vegetarians cite ethics over health as motivation for adherence to a meatfree diet (Hoffman et al., 2013), lifestyle factors such as smoking, alcohol consumption, and
exercise are likely significant confounding variables in any analyses comparing vegetarian
diets to a typical Western diet. For example, among 100 vegans surveyed in the United States,
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47% cited health as the motive for their diet choice. This subset of vegetarians was associated
with regular exercise, minimal alcohol and smoking practices, and frequent consumption of
vegetables, nuts, and grains (Dyett et al., 2013). The German Vegan study similarly found that
vegans tend to refrain from smoking, consume limited alcohol, and engage in higher levels
of physical activity when compared to the general population (Waldmann et al., 2003). In
population studies such as the Adventist Health Study-2, church members who were vegetarian were also likely to refrain from smoking and alcohol consumption as a lifestyle choice
(Tonstad et al., 2009; Orlich et al., 2013). Thus population and clinical studies alike must take
note of conflicting lifestyle variables when comparing vegetarians to the general population
and assessing the role of plant-based diets in weight loss.
Future studies could contribute greatly to our understanding of plant-based diets for
weight loss if there were follow-up beyond 6 months (Turner-Mc-Grievy et al., 2015b), or
even after 1, 2, or 5 years. There is indication that those who maintain their lost weight for
2–5 years have a greater chance of ongoing, longer-term success (Wing and Phelan, 2005),
and it may be that even imperfect adherence to a plant-based diet could translate into
lasting benefits (Moore et al., 2015). Shifting to a long-term reliance on plant foods in our
diet is more likely to succeed in a culture where a healthy lifestyle overall is encouraged.
Large-scale public health measures to improve diet, such as the North Karelia Project, can
have great impact on reducing obesity levels and curbing lifestyle diseases (Hyde, 2008).
Public health projects to promote a healthy lifestyle should be assessed for their efficacy in
promoting a plant-based diet, increasing fruit and vegetable intake, and reducing overall
caloric intake.
Mechanisms by which plant-based diets contribute to weight loss deserve further exploration. Vegetarian diets are typically high in fiber and carbohydrates, though the comparative benefits of low-carbohydrate versus low-fat diets continues to be debated (Bazzano
et al., 2014). Vegetarian diets likely also differ in fat content and protein quality. Teasing out
the role of these macronutrients, individually and synergistically, could provide insight into
the optimal plant-based diet for weight control. The role of fiber in particular deserves further study, as a contributing factor in lowering adiposity, influencing gut microbiota, and
reducing the inflammation associated with obesity and metabolic disease.
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1. Introduction
Cancer is defined as a disease in which the normal control of cell division is lost, so that an
individual cell multiplies inappropriately to form a tumor. The tumor may eventually spread
through the body and overwhelm it, thus causing death (Stewart and Kleihues, 2003). Cancer
can arise from the cells of different tissues and organs in the body; therefore there are many
different types of cancer. Cancer incidence rates vary markedly between different populations around the world (Torre et al., 2015). Furthermore, cancer incidence rates vary within
populations with time, and they usually change in migrants from one population to another.
These observations show that the majority of cancer cases are due to environmental and
lifestyle factors rather than to inherited genetic factors and are therefore, in principle, preventable (Swerdlow et al., 2010). The variations in cancer rates between populations could
be due to a wide range of environmental and lifestyle factors, and smoking is the single most
important cause of cancer. Dietary factors are also of particular interest because diets vary
dramatically between populations and because there are many plausible mechanisms by
which diet might affect cancer risk (Stewart and Wild, 2014). Forty years ago, it was pointed
out that, for many common types of cancer such as colorectal cancer and breast cancer, the
incidence rates were much higher in Western countries, which had a high consumption of
meat and dairy products, than in poor countries with low intakes of these foods (Armstrong
and Doll, 1975), and this observation underlies the hypothesis that high intakes of meat and
other animal products might increase the risk for some types of cancer.
Vegetarian diets exclude all meat and fish, and vegan diets further exclude dairy products
and eggs. Compared to meat eaters, vegetarians usually eat more cereals, vegetables, fruits,
and nuts. It is possible that vegetarian diets would affect cancer risk because of the absence
of foods such as meat or fish or because of relatively high intakes of foods such as cereals,
fruit, vegetables, and associated nutrients and nutritional factors such as dietary fiber.

2. How Can Diet Affect Cancer?
Most factors that are well-established determinants of cancer risk are factors that increase
risk. For example, cigarette smoke contains many mutagenic chemicals and therefore
causes damage to DNA and a large increase in the risk of many cancers, such as lung cancer;
Vegetarian and Plant-Based Diets in Health and Disease Prevention. http://dx.doi.org/10.1016/B978-0-12-803968-7.00019-8
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other factors cause cancer because they are mutagenic, include ionizing radiation and some
oncogenic viruses. There are also factors that cause cancer by altering the rate of cell division;
for example, some hormones such as estrogens and insulin-like growth factor-1 (IGF-1)
increase mitosis and reduce apoptosis and can therefore increase the chance of mutations
occurring and being replicated, as well as promoting the growth of early tumors.
For diet there are a few factors that are known to increase risk by causing mutations;
this is probably the mechanism by which Cantonese-style salted fish increases the risk of
nasopharyngeal cancer, and this may be part of the mechanism linking foods such as processed meat and salt-preserved foods with the risk for some cancers of the gastrointestinal
tract. Diet may also have other effects on cancer by supplying protective factors, such as
dietary fiber, fruit, and vegetables; it has long been thought that antioxidant vitamins and
other antioxidant nonnutrients in plants might reduce cancer risk, but despite many years
of research the importance of this mechanism remains uncertain. Diet may also affect
cancer risk by affecting metabolism and thus the level of key hormones such as estrogens
and IGF-1. In the context of vegetarian diets, the main potential mechanisms for an effect
of cancer are the absence of putative adverse effects due to meat and other animal products, and perhaps to a lesser extent the presence of higher intakes of putative protective
factors in some plant foods. The potential relevance of such factors varies between cancers
at different sites, and it is discussed further subsequently.

3. Established Associations of Diet With Cancer Risk
Few dietary factors have been convincingly shown to affect the risk of cancer (Table 19.1). The
most important are obesity and alcohol, both of which increase the risk for several types of
cancer. In terms of dietary composition, the only relationships that have been judged by expert
advisory groups to be convincing are for meat and fiber in relation to the risk for colorectal
cancer; high intakes of both red meat and processed meat increase the risk for colorectal cancer, whereas high intakes of dietary fiber reduce the risk for colorectal cancer (WCRF, 2007).

4. The Evidence Available on Cancer Risk and
Vegetarian Diets
There is relatively little direct evidence on the risk of cancer in people following vegetarian
diets, and so far very little evidence for vegan diets. Most of the evidence comes from a handful
of prospective cohort studies conducted in the United Kingdom (UK) and among Seventhday Adventists in the United States. These studies set out to recruit a large proportion of vegetarians; their prospective design means that their results should not be seriously affected by
recall bias or participation bias, but like all observational studies, their results can be affected
by confounding due to other dietary and nondietary factors that may affect the risk of cancer.
The early cohort studies of vegetarians have mainly published results on cancer mortality. A summary of these data is provided by a pooled analysis of individual participant
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Table 19.1 Dietary Risk Factors, Dietary Protective Factors, and Other Major
Risk Factors for Common Cancers
Cancer
Oral cavity, pharynx,
and larynx
Nasopharynx
Esophagus

Stomach

Colorectum

Dietary and Diet-Related Risk
Factors

Dietary Protective Major Nondietary Risk
Factors
Factors

Alcohol

Probably fruits and
vegetables

Cantonese-style salted fish
Alcohol
Obesity (adenocarcinoma of the
esophagus)
Probably high intake of salt and saltpreserved foods
Alcohol
Obesity

Probably fruits and
vegetables

Probably fruits and
vegetables
Dietary fiber
Probably fruits and
vegetables

Pancreas
Lung
Breast

Processed meat
Probably red meat
Alcohol
Obesity
Foods contaminated with aflatoxin
Obesity
None established
Alcohol

Cervix

Obesity (postmenopausal)
None established

None established

Endometrium

Obesity

None established

Ovary

Obesity

None established

Prostate
Kidney
Bladder

Probably obesity for aggressive disease
Obesity
None established

None established
None established
None established

Liver

Non-Hodgkin lymphoma Obesity

Smoking
Epstein–Barr virus
Smoking

Infection by Helicobacter
pylori
Smoking
Sedentary lifestyle
Smoking

None established

Hepatitis viruses
Smoking

None established
None established
None established

Smoking
Smoking
Reproductive and hormonal
factors
Human papillomavirus
Smoking
Reproductive and hormonal
factors
Reproductive and hormonal
factors
None established
Smoking
Smoking
Occupational risk factors
None established

None established

data from five prospective studies (Key et al., 1999). Some data on cancer incidence have
also been published from some of these early studies, such as the first Adventist Health
Study (AHS; Fraser, 1999), but most of the data now available on cancer incidence in vegetarians comes from EPIC-Oxford in the UK (Key et al., 2014; this publication includes
data from EPIC-Oxford and also from the earlier Oxford Vegetarian Study) and from the
Adventist Health Study-2 (AHS-2) in the United States (AHS-2; Tantamango-Bartley et al.,
2013; Orlich et al., 2015; Tantamango-Bartley et al., 2016).
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I have not reviewed here the data on cancer risk for vegetarians in non-Western populations. Few such data are available, and they are largely from case–control studies. More
data should become available over the next few years, particularly from India where the
proportion of vegetarians in the population is high. The characteristics of vegetarian diets
differ between Western and non-Western populations, and effects on cancer risk are also
likely to differ; therefore it cannot be assumed that the conclusions reached in this chapter
would also apply to vegetarians in non-Western populations.

4.1 The Role of Body Mass Index and Obesity
As discussed earlier and in Table 19.1, obesity increases the risk for several types of cancer.
Vegetarians in Western populations have been consistently shown to have a lower body
mass index than vegetarians, with a correspondingly lower prevalence of obesity (Davey
et al., 2003). The lower body mass index of vegetarians almost certainly causes a corresponding reduction in the risk for the cancers caused by obesity, but the size of the difference in body mass index [e.g., 1–2 units (kg/m2) of body mass index in EPIC-Oxford]
is not large enough to cause a large reduction in cancer risk. In the following sections on
individual cancer sites, the relative risks reported are those that have been adjusted for
relevant risk factors and for body mass index (with the exception of endometrial cancer,
where the impact of adjusting for body mass index is described); thus the relative risks
reported should be interpreted as the evidence for an impact of vegetarian diet on cancer
risk after allowing for the lower body mass index of vegetarians.

5. Cancers of the Upper Gastrointestinal Tract and Stomach
For cancers of the lip, oral cavity, pharynx, and esophagus, the main risk factors in Western
countries are alcohol and tobacco, as well as obesity for one type of cancer of the esophagus (adenocarcinoma). The evidence available does not suggest that the risk for these cancers differs substantially between vegetarians and nonvegetarians (Key et al., 2014).
Stomach cancer risk is associated with chronic infection with the bacterium Helicobacter
pylori and with high intakes of salt-preserved and pickled foods such as meat, fish, and vegetables. There is also some evidence that the risk for stomach cancer is inversely associated
with the intake of fresh fruit and vegetables. In the pooled analysis of cancer mortality in
five prospective studies, there was no difference in the risk of death from stomach cancer
between vegetarians and nonvegetarians [relative risk 1.02 (0.64–1.62)], whereas in the UK
prospective studies the risk of stomach cancer was approximately 60% lower in vegetarians
than in meat eaters [Table 19.2: relative risk 0.38 (0.20–0.71)]. Both these analyses were based
on small numbers of cases of stomach cancer; therefore no firm conclusion can be drawn.

6. Colorectal Cancer
Early “ecological” studies that compared diets and cancer rates in different populations
showed a strong positive correlation between estimates of meat intake at a national level
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Table 19.2 Vegetarians: Relative Risks for Stomach, Colorectal, Breast, Prostate,
and Hematological Cancers, and All Cancers Combined, Compared to Meat Eaters
Cancer Site

Results From UK Cohortsa

Results From AHSb

Results From AHS-2c

Stomach
Colorectum
Breast
Prostate
Lymphatic and hematopoietic tissue
All cancers

0.38 (0.20–0.71)
1.04 (0.84–1.28)
0.96 (0.83–1.10)
0.83 (0.64–1.06)
0.64 (0.48–0.84)
0.90 (0.93–0.96)

–
0.53 (0.35–0.81)d
0.80 (0.56–1.15)
0.65 (0.44–0.95)
–
–

–
0.83 (0.66–1.05)
–
0.96 (0.83–1.12)
–
0.93 (0.85–1.02)

aAll

vegetarians including vegans compared to meat eaters.
Health Study; all vegetarians including vegans compared to nonvegetarians.
cAdventist Health Study-2; lactovegetarians compared to regular meat eaters.
dColon cancer.
bAdventist

and the incidence of colorectal cancer (Armstrong and Doll, 1975). The results of subsequent
population-based prospective studies have varied somewhat, but overall they show that, on
average, people with relatively high intakes of red meat and processed meat have a higher
risk for this type of cancer; for example, in a meta-analysis of prospective studies, Chan et al.
(2011) showed that the relative risk for colorectal cancer was 1.17 (1.05–1.31) for an increase
in intake of red meat of 100 g/day and 1.18 (1.10–1.28) for an increase in intake of processed
meat of 50 g/day. Together with the results of laboratory-based research, these findings led
the International Agency for Research on Cancer (part of the World Health Organization) to
classify red meat as probably carcinogenic and processed meat as certainly carcinogenic
(Bouvard et al., 2015). For a more detailed examination of the relationship between meat
intake and cancer risk, the reader is referred to another chapter of this book (Chapter 12).
In view of these conclusions, it would be expected that vegetarians would have a relatively low risk for colorectal cancer, but the direct findings on this have not been consistent. In a pooled analysis of the five early prospective studies, the relative risk for death
from colorectal cancer in vegetarians compared to nonvegetarians was 0.99 (0.77–1.27),
providing no evidence for a reduction in risk. In subsequent studies reporting on the incidence of colorectal cancer, the relative risk in vegetarians compared to nonvegetarians
in the UK studies was 1.04 (0.84–1.28), again showing no evidence of a reduction in risk
(Table 19.2); there was a reduction in risk for people who did not eat meat but did eat
fish [relative risk compared to meat eaters = 0.67 (0.48–0.98)]. In the AHS, the risk was
not reported for colorectal cancer, but the relative risk for colon cancer in nonmeat eaters compared to meat eaters was 0.53 (0.35–0.81) (Table 19.2). In the AHS-2, the risk for
colorectal cancer in comparison to regular meat eaters was 0.79 (0.64–0.97) for all “vegetarians,” but this broad category included people with a low intake of meat and people
who did not eat meat but did eat fish, as well as true vegetarians; the relative risks were
0.83 (0.66–1.05) in lactovegetarians (Table 19.2) and 0.58 (0.40–0.84) in people who did not
eat meat but did eat fish. A recent analysis in a cohort in the Netherlands that included a
moderate number of vegetarians found no significant difference in risk of colorectal cancer between vegetarians and regular meat eaters (Gilsing et al., 2015). Thus, neither the
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Table 19.3 Vegans: Relative Risks for Colorectal, Breast, and Prostate Cancer
and All Cancers Combined, Compared to Meat Eaters
Cancer Site

Results From UK Cohortsa

Results From AHS-2b

Colorectum
Breast
Prostate
All cancers

1.31 (0.82–2.11)
0.91 (0.61–1.34)
0.61 (0.31–1.20)
0.82 (0.68–1.00)

0.86 (0.59–1.24)
–
0.66 (0.50–0.87)
0.84 (0.72–0.99)

aVegans

compared to meat eaters.
Health Study-2; vegans compared to regular meat eaters.

bAdventist

older data on mortality nor the recent data on incidence show a consistently reduced risk
in vegetarians; two recent studies do suggest a reduced risk in people who do not eat meat
but do eat fish (Key et al., 2014; Orlich et al., 2015), but the observations on fish eaters are
based on only 78 cases overall and should be regarded as tentative. For the vegetarians, the
absence of a clear reduction in risk in the UK studies appears inconsistent with the conclusions reached by the International Agency for Research on Cancer, but this may be partly
because average meat intake in the meat eaters in these studies was not high enough to
give a detectable difference in risk.
For vegans, the UK cohorts reported a relative risk of 1.31 (0.82–2.11) compared to meat
eaters, and the AHS-2 reported a relative risk of 0.86 (0.59–1.24) compared to regular meat
eaters (Table 19.3); the total number of cases among vegans in these two studies was only
59; therefore more data are needed before any firm conclusion can be drawn.

7. Cancer of the Pancreas
The main established risk factor for cancer of the pancreas is smoking, and obesity also
causes a moderate increase in risk. There is little evidence on the risk of cancer of the
pancreas in vegetarians. In the UK cohorts the relative risk in comparison with meat eaters was 0.70 (0.42–1.17); further analyses of mortality from this cancer were reported in
relation to regular meat eaters and showed a significant reduction in risk [hazard ratio 0.44
(0.26–0.76); Appleby et al., 2016].

8. Lung Cancer
Heavy smoking increases the risk of lung cancer by around 40-fold, and smoking causes over
80% of lung cancers in Western countries. Some observational studies have found that lung
cancer patients report a relatively lower intake of fruits, vegetables, and related nutrients
(such as β-carotene) than controls, but these findings may be due to residual confounding
by smoking because smokers usually eat less fruit and vegetables than nonsmokers. There is
no evidence suggesting that, after allowing for smoking, there is any difference in the risk of
lung cancer between vegetarians and nonvegetarians. For example, in the UK cohort studies
the relative risk of lung cancer in vegetarians compared to meat eaters was 1.09 (0.78–1.53).
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9. Breast Cancer
Breast cancer is strongly related to reproductive and hormonal factors; a higher risk
is associated with early menarche (age at first menstrual period) and late menopause,
while risk is lower in women who have children at a young age, with risk decreasing with
a greater number of children and with longer breastfeeding. Obesity after menopause
increases risk, probably because it causes an increase in circulating estrogens. Studies
of major foods, food groups, macronutrients, and micronutrients have not shown any
definite associations with breast cancer risk, and studies of vegetarians have not shown
any difference in breast cancer risk compared to nonvegetarians; for example, the UK
studies of vegetarians reported a relative risk of 0.96 (0.83–1.10) in vegetarians compared
to meat eaters (Table 19.2), and another population-based cohort study in the UK also
reported no difference in risk of breast cancer between vegetarians and red meat eaters
(Cade et al., 2010).
Circulating IGF-1 is positively associated with the risk of breast cancer (Endogenous
Hormones and Breast Cancer Collaborative Group, 2010), and vegans (but not lactovegetarians) have relatively low circulating IGF-1; it is therefore possible that vegans might
have a relatively low risk of breast cancer, but data published so far show no significant
difference in breast cancer risk between vegans and meat eaters [in the UK cohorts the
relative risk was 0.87 (0.59–1.28); Table 19.3].

10. Cancer of the Endometrium
The risk for endometrial cancer is strongly related to hormonal factors. Risk is increased
by obesity, which raises circulating concentrations of estrogens. Exposure to progesterone during pregnancy, or progestogens in oral contraceptives, both cause a decrease in
risk. There is little evidence that dietary composition affects risk independently of any
association with obesity. In the UK cohorts, the risk for endometrial cancer in vegetarians compared to meat eaters was 0.91 (0.62–1.33), and this was attenuated to the null
by adjustment for body mass index, which was lower in vegetarians than in meat eaters
[adjusted relative risk = 0.99 (0.67–1.45)].

11. Cancer of the Cervix
The major cause of cervical cancer is infection with certain subtypes of the human papillomavirus. Fruits, vegetables, and related nutrients such as carotenoids and folate have been
inversely related with risk in some observational studies, but these associations may be
due to confounding by papillomavirus infections, smoking, and other factors, and overall
there is little evidence that dietary factors influence the risk of this cancer. In the UK studies the risk for cervical cancer in vegetarians compared to meat eaters was 1.90 (1.00–3.60);
this borderline statistically significant large increase in risk in vegetarians was unexpected
and requires further investigation, for example, to examine whether it might be related to
less uptake of cervical cancer screening in vegetarians.

352 VEGETARIAN AND PLANT-BASED DIETS IN HEALTH AND DISEASE PREVENTION

12. Cancer of the Ovary
Risk for cancer of the ovary is reduced by high parity and by long-term use of combined
oral contraceptives. Adult height is weakly associated with risk, and obesity is associated
with risk in postmenopausal women who have not used hormonal therapy for menopause.
Some studies have suggested that risk might be increased by high intakes of fat or dairy
products and reduced by high intakes of vegetables, but the data are not consistent and
overall are inconclusive. In the UK cohorts the relative risk for vegetarians in comparison
with meat eaters was 0.87 (0.61–1.22).

13. Prostate Cancer
Little is known about the etiology of prostate cancer, and the only well-established risk
factors are increasing age, family history, black ethnic background, and genetic factors.
Ecological studies suggest that risk may be positively associated with a Western-style diet,
and diets high in red meat, dairy products, and animal fat have been implicated in the
development of prostate cancer, but the data are not consistent and overall are inconclusive. For vegetarians, the UK cohorts report a relative risk for prostate cancer in lactovegetarians compared to meat eaters of 0.86 (0.61–1.11), the AHS reports a relative risk of 0.65
(0.44–0.95), and AHS-2 reports a relative risk of 0.96 (0.66–1.24) (Table 19.2).
Prostate cancer risk is positively associated with circulating levels of IGF-1, and vegans
have relatively low circulating concentrations of this hormone. The UK cohorts report a
relative risk for prostate cancer in vegans compared to meat eaters of 0.61 (0.31–1.20), and
AHS-2 reports a relative risk of 0.66 (0.50–0.87) (Table 19.3); these findings are consistent
with the hypothesis that vegans may have a reduced risk of prostate cancer, but they are
based on only 68 cases in vegans, and more research is needed on this topic.

14. Cancers of the Lymphatic and Hematopoietic Tissue
This is a rather heterogeneous group of cancers. Some studies have suggested that an
increased risk may be associated with consumption of meat and/or exposure to live
animals and raw meat among farmers and butchers. For vegetarians, the UK cohorts
reported that the relative risk for this group of cancers, compared to meat eaters, was 0.64
(0.48–0.84); potential mechanisms could include mutagenic compounds and/or viruses in
meat, and more research on the risk for these cancers in vegetarians is needed.

15. Other Types of Cancer
There are many different types of cancer, and for most of these, there is little or no
direct evidence as to whether risk differs between vegetarians and nonvegetarians. In
addition to the cancer sites discussed earlier, the report from the UK cohorts covered
four other cancer sites (melanoma, kidney, bladder, and brain), and for none of these
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was there evidence that risk differed between vegetarians and meat eaters. However,
the numbers of cases for each cancer site were small, and therefore more research is
needed to determine whether there is any influence of a vegetarian diet on the risk for
these cancers.

16. All Cancers Combined
The reports from both the UK cohorts and from AHS-2 included the relative risks for all
cancers combined in lactovegetarians compared with meat eaters; the risks were 0.90
(0.84–0.97) and 0.93 (0.85–1.02), respectively (Table 19.2). For vegans the relative risks for
all cancers combined in these cohorts were 0.82 (0.68–1.00) and 0.84 (0.72–0.99), respectively (Table 19.3). Thus the results from these studies appear broadly consistent, suggesting that risk for all cancers combined may be ∼10% lower in lactovegetarians than in meat
eaters, and the risk in vegans might be nearly 20% lower. However, these findings need
to be interpreted very cautiously. They are so far based on only two studies, and further
research may differ. Furthermore, risk for all cancers combined is influenced not only by
the cancer sites that may be affected by diet, but also by other cancer sites for which diet
may have little or no impact but for which confounding factors may still differ between
dietary groups.

17. Conclusions
Overall, there is relatively little evidence on whether the risk of cancer differs between
Western vegetarians and nonvegetarians, and no firm conclusions can be reached. Some
studies have shown a lower risk for stomach cancer and colorectal cancer in vegetarians,
but the data are not consistent. The evidence does not suggest any substantial differences
between vegetarians and nonvegetarians in risk for breast cancer or prostate cancer. One
study has shown that vegetarians may have a lower risk for cancers of the lymphatic and
hematopoietic tissue than nonvegetarians. Few data are available for vegans, but these
suggest that they might have a reduced risk for prostate cancer and perhaps of all cancers
combined. For many types of cancer, there is little evidence, and much more research is
needed both in Western vegetarians and in other populations.
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1. Introduction
Lifestyles characterized by excessive energy intake and inadequate physical activity contribute to the incidence of chronic diseases, particularly obesity and type 2 diabetes. The
current “diabesity” epidemic is posed to consume healthcare resources globally and
reverse some of the gains in cardiovascular longevity that have been achieved during
the past decades. Global policy solutions have been called for to counter this epidemic
(Hu et al., 2015). Public health recommendations focus on energy balance, asking populations to eat less and move more. Indeed, among subjects with glucose intolerance an
energy-reduced, low-fat, high-fiber diet combined with 150 min/week of physical activity
lowered the incidence of diabetes similarly in Finnish and US studies (Tuomilehto et al.,
2001; Diabetes Prevention Program Research group, 2002). This type of lifestyle intervention appears superior to pharmacological approaches (Hopper et al., 2011). Conversely, a
low-fat diet high in fruit, vegetables, and grains that did not incorporate increased physical
activity or target weight reduction did not reduce incidence of diabetes in the Women’s
Health Initiative (Tinker et al., 2008). Yet, some evidence suggests that specific dietary and
macronutrient patterns including low glycemic index or load diets (Bhupathiraju et al.,
2014) and Mediterranean diets without energy restriction (Salas-Salvadó et al., 2014) may
reduce the risk of type 2 diabetes beyond weight loss.
Given the paucity of randomized controlled trials comparing dietary patterns, consensus regarding the best protective diet against type 2 diabetes has not been achieved.
However, the healthiest diets are generally food based and include lots of fruit, vegetables,
legumes, whole grains, plant oils, and fish but are low in meat, sugar, and many processed
foods (Jacobs and Orlich, 2014; Fardet and Boirie, 2014). These characteristics are typical
of a plant-based diet and close to vegetarian diets. Furthermore, vegetarians are slimmer
than nonvegetarians (Dinu et al., 2016) and on this basis alone are expected to carry a
lower risk of type 2 diabetes than their omnivorous counterparts. This notion is bolstered
by initial observations made in 1985 indicating that Seventh-day Adventist vegetarians
Vegetarian and Plant-Based Diets in Health and Disease Prevention. http://dx.doi.org/10.1016/B978-0-12-803968-7.00020-4
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incurred one-half the risk of diabetes as cause of death compared to the general population of US Whites (Snowdon and Phillips, 1985). Further evidence reviewed herein has
accumulated from cross-sectional and prospective studies in a range of populations, as
well as suggestions that vegetarianism is associated with lower insulin resistance and
lesser risk of metabolic syndrome, a precursor of type 2 diabetes.

2. Diabetes Prevalence in Vegetarians
2.1 Seventh-Day Adventist Populations
Studies of Seventh-day Adventist vegetarians were initiated in 1960 with what became
known as the “Adventist Mortality Study,” conducted among church members residing in
California (Snowdon and Phillips, 1985). Participants completed questionnaires regarding
dietary habits and were asked if they “ever had diabetes” (without distinguishing between
noninsulin or insulin-dependent diabetes). Nonvegetarians had a higher prevalence ratio
of diabetes compared to vegetarians, a risk that was more pronounced in the underweight
group (Snowdon and Phillips, 1985). Nearly two decades later, a small study of Seventh-day
Adventists in Barbados likewise found that those who identified as vegetarian were leaner
than nonvegetarians and had a lower prevalence of diabetes (Brathwaite et al., 2003).
The Adventist Health Study-2 was initiated in 2002 among churchgoers in North
America. In an analysis among 60,903 participants, vegetarians exhibited a lower prevalence of type 2 diabetes than nonvegetarians (Fraser, 2009). Furthermore, an incremental reduction in prevalence of diabetes was observed with increasing exclusion of animal
foods (Tonstad et al., 2009). Compared to nonvegetarians, semivegetarians (who ate red
meat or poultry at least once a month but less than once a week) and pescetarians (who
ate fish at least once a month, but not red meat or poultry) had risk reductions of one-third
to one-quarter, while ovolactovegetarians and vegans had nearly a halving of risk after
adjustment for BMI and other known risk factors for diabetes. Without adjustment for BMI
risk, reductions were larger, ranging from 31% for semivegetarians to 68% for vegans. The
diagnosis of diabetes was based on validated self-report, as blood analyses for glucose or
HbA1C concentrations were not feasible in this large cohort. In a subset of 592 Black participants where blood test results were conducted, odds of diabetes in vegetarians/vegans
were one-half the risk of nonvegetarians (Fraser et al., 2015), reductions that were similar
to those observed in the large cohort.

2.2 Other Western Populations
The EPIC-Oxford cohort study has studied health outcomes among men and women living in England and Scotland, of whom 34% reported consuming a vegetarian diet (Crowe
et al., 2013). A very small percentage of this cohort (0.4%–1.9%) reported a diabetes diagnosis. While this proportion was numerically lower in vegetarians than nonvegetarians,
this may be due to the lower age of the vegetarians (Crowe et al., 2013). Further analyses
from this cohort have not been reported to date.
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2.3 Asian Populations
Lower BMI and prevalence of diabetes have been observed in Asian vegetarians, though
not all studies are consistent. In a cross-sectional study of Taiwanese Buddhists, the prevalence of diabetes in vegetarians was lower than in nonvegetarians (Chiu et al., 2014). In
contrast, the Indian Migration Study found no difference in the prevalence of diabetes
between vegetarians and nonvegetarians (Shridhar et al., 2014). However, a large, nationally
representative sample of Indian adults found that lacto-, ovolacto- and semivegetarian
diets were associated with a lower likelihood of diabetes (Agrawal et al., 2014). BMI
differences between vegetarians and nonvegetarians in this study were small, and BMI
was low (∼21 kg/m2) in all groups.

3. Diabetes Incidence in Vegetarians
Only data from Seventh-day Adventist populations appears to be available. Snowdon and
Phillips (1985) reported that diabetes as an underlying cause of death was halved in vegetarians compared to nonvegetarians in the Adventist Mortality Study cohort of 25,698
White church members followed for 21 years. Men who were vegetarians had a substantially lower risk of diabetes as an underlying or contributing cause of death. Among 8401
persons who participated in both the Adventist Mortality Study and Adventist Health Study
(started in 1976, the precursor of the Adventist Health Study-2) and who were nondiabetic
at baseline, 543 incident cases of diabetes were identified during 17 years of follow-up
between the studies (Vang et al., 2008). After control for baseline body weight and change
in weight, weekly meat intake was a significant risk factor for diabetes (odds ratio (OR)
1.38; 95% CI 1.06–1.80) compared to long-term vegetarianism. Preliminary data combining data from these two Adventist follow-up studies further suggested that changing from
a vegetarian to a nonvegetarian dietary pattern over the 17-year interval was associated
with significant increases in the likelihood of diabetes (Singh et al., 2014).
In the Adventist Health Study-2, 41,387 participants who did not report diabetes (type
1 or 2) at baseline responded to a self-report follow-up questionnaire administered 2 years
later (Tonstad et al., 2013). In multivariate analysis adjusted for age, sex, education, income,
television watching, physical activity, sleep, alcohol, smoking, and BMI, ORs for developing diabetes compared with nonvegetarians were 0.38 (95% CI 0.24–0.62) for vegans, 0.62
(95% CI 0.50–0.76) for ovolactovegetarians, 0.79 (95% CI 0.58–1.09) for pescetarians, and
0.49 (95% CI 0.31, 0.76) for semivegetarians (Tonstad et al., 2013). In the subset of Blacks
in this study, only vegan and ovolactovegetarian diets were protective. These associations
were strengthened when BMI was removed from the analyses.

4. Meat Intake and Risk of Diabetes
An accumulating body of data suggests a link between consumption of red or processed
meat and diabetes. In meta-analysis of seven studies, consumption of processed meat was
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associated with a 19% (95% CI 11%–27%) higher incidence of diabetes, but red meat intake
showed no association (Micha et al., 2010). In a subsequent meta-analysis the risk of type
2 diabetes was shown to increase by 51% (95% CI 25%–83%) per 50 g per person per day of
processed red meat intake (Pan et al., 2011). The increase in risk was lower but statistically
significant for consumption of unprocessed red meat (19%; 95% CI 4%–37% per 100 g per
person per day). There was significant heterogeneity between studies. After adjustment
to exclude publication bias, the risk was still increased for consumption of processed red
meat (23%; 95% CI 1.01–1.52). The latest meta-analysis identified data for total meat from
14 separate cohorts and resulted in a pooled relative risk of 1.15 for each 100 g of total meat
consumed with some heterogeneity (Feskens et al., 2013). For red meat (14 studies), the
overall relative risk was 1.13 per 100 g (95% CI 1.03–1.23), and for processed meat the summary estimate of 21 separate cohorts was 1.32 per 50 g/day (95% CI 1.19–1.48) with high
heterogeneity. Further analyses looked at changes in meat consumption over the course
of 4 years in three large prospective US studies. A significant relation was found between
an increase in the consumption of red meat and the incidence of type 2 diabetes over the
course of 4 years of follow-up (Feskens et al., 2013). An increase of >1.5 oz (∼42 g) per day
compared to no change was associated with a 48% (95% CI 1.37–1.59) increase in risk of
diabetes (Pan et al., 2013). The increase in risk was only modestly attenuated after adjustment for initial BMI and concurrent weight gain, and it was observed both for processed
and unprocessed red meat. Notably, a statistically significant interaction was observed
between initial BMI and changes in red meat intake and the risk of diabetes. The risk associated with eating more red meat was more pronounced in nonobese individuals, but
statistically significant also in the obese. Changing from high to low intakes of red meat
showed a long-term benefit on incidence of diabetes. Thus, a reduction of >1.5 oz (∼42 g)
per day was associated with a 10% (95% CI 0.83–0.97) lower risk after adjustment for initial
BMI and concurrent weight gain.
Readers can also refer to Chapter 12 for a review of meat intake and health, including
diabetes risk.

5. Metabolic Syndrome and Components
5.1 Vegetarian Diets and Metabolic Syndrome
Metabolic syndrome, a constellation of cardiovascular disease risk factors including
abdominal obesity, dyslipidemia, hypertension, and impaired fasting glucose, often precedes development of type 2 diabetes and is associated with insulin resistance. A number
of studies have found protective associations between vegetarianism and metabolic syndrome or some of its components.

5.1.1 Lipids, Body Weight, and Glucose
In a meta-analysis of observational studies, vegetarian diets were associated with a lower
BMI and several specific components of metabolic syndrome including fasting glucose
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and triglyceride concentrations (Dinu et al., 2016). On the other hand, vegetarian diets
were associated with lower HDL cholesterol. A vegan diet was associated with lower BMI
and glucose levels but not lower triglycerides (Dinu et al., 2016). In a mechanistic study,
vegans exhibited rapid removal of remnant triglyceride-containing atherogenic lipoproteins from the circulation compared to omnivores but not lower triglyceride concentrations (Vinagre et al., 2013). In line with this, a meta-analysis of randomized controlled trials
of the effects of vegetarian diets on blood lipids did not find that vegetarian diets lowered
triglyceride concentrations, though LDL cholesterol concentrations were improved (Wang
et al., 2015). Confounding in observational studies by unmeasured differences between
vegetarians and nonvegetarians may explain inconsistencies with randomized controlled
trials. Furthermore, vegetarianism includes a wide spectrum of food patterns. Diets completely excluding animal foods are generally very low in fat, explaining low HDL cholesterol levels often observed in vegans. Other lifestyle characteristics of traditional vegans
may further explain this observation including low alcohol consumption. The relation
between HDL and cardiovascular disease is complex, and low HDL levels induced by lowfat diets are unlikely to present a risk for disease (Voight et al., 2012).
A meta-analysis of 14 studies that included genetic data concluded that consumption of
meat was associated with higher fasting glucose and insulin concentrations regardless of
glucose and insulin genetic risk scores (Fretts et al., 2015). However, the associations were
attenuated and no longer statistically significant after control for BMI.

5.1.2 Blood Pressure
A meta-analysis found that consumption of a vegetarian diet is associated with lower systolic and diastolic blood pressure compared to omnivorous diets (Yokoyama et al., 2014).
This difference is not only due to lower BMIs in vegetarians. Studies controlling for body
weight have demonstrated a blood pressure–lowering effect of vegetarian diets (Yokoyama
et al., 2014). This subject is presented in a dedicated chapter of this book.

5.1.3 Metabolic Syndrome
Cross-sectional and case control studies as well as one retrospective cohort study examining the risk of metabolic syndrome according to vegetarian diet published between 2006
and 2013 were identified in a review (Sabate and Wien, 2015). The studies were performed
both in Asian and Western populations. Generally, the prevalence of metabolic syndrome
was lower in vegetarians than nonvegetarians (Sabate and Wien, 2015), though a large
study from Taiwan found a higher prevalence of metabolic syndrome in vegans than nonvegetarians (attributable to lower HDL cholesterol levels), while ovolactovegetarians and
pescetarians had a lower risk in this study (Shang et al., 2011).
In a subset of subjects that participated in the Adventist Health Study-2, a vegetarian
dietary pattern was associated with a 56% lower risk of metabolic syndrome compared
with a nonvegetarian pattern (OR 0.44; 95% CI 0.30–0.64) (Rizzo et al., 2011). Individual
components of metabolic syndrome that were less prevalent in vegetarians included waist
circumference, triglycerides, blood glucose, and blood pressure. These findings persisted
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after adjustment for other characteristics. Nuts may be one of the components of vegetarian diets that may be protective against metabolic syndrome. In the same study, the odds
of metabolic syndrome was inversely related to the amount, frequency, and pattern of nuts
consumed (Jaceldo-Siegl et al., 2014).

5.2 Meat Consumption and Metabolic Syndrome
In addition to evidence that suggested a protective association between vegetarian diets
and metabolic syndrome, meat consumption appears to increase the risk of metabolic
syndrome. Among participants in the PREDIMED study, those in the upper quartile of red
meat consumption were more likely to meet criteria for metabolic syndrome than those in
the reference quartile at baseline, even after adjustment for potential confounders (Babio
et al., 2012). In a longitudinal analysis conducted among those without metabolic syndrome at baseline, the odds of developing metabolic syndrome were increased after 1 year
of follow-up (OR 2.7; 95% CI 1.1–6.8). At least two other prospective studies have found an
association between red meat intake and metabolic syndrome (Lutsey et al., 2008; Damião
et al., 2006).

6. Insulin Resistance and Sensitivity
6.1 Vegetarian Diets and Insulin Resistance and Sensitivity
6.1.1 Observational Studies
Type 2 diabetes results from insulin insufficiency superimposed on long-term insulin resistance. Some evidence indicates lower insulin resistance (Huang et al., 2015; Chiang et al.,
2013; Valachovicova et al., 2006) and higher insulin sensitivity in vegetarians compared to
nonvegetarians (Kuo et al., 2004; Gojda et al., 2013). In a case control study involving nondiabetic female Buddhist health fair attendees in Taiwan, vegetarians had a significantly
lower Homeostasis Model Assessment–Insulin Resistance index (HOMA-IR) and reduced
risk for insulin resistance of borderline significance compared to the nonvegetarian group
after adjusting for age, menopause, waist, glucose, and triglyceride and activity (Chiang
et al., 2013). In normal weight adults residing in Bratslava, HOMA-IR values were lower
among ovolactovegetarians compared with nonvegetarians (Valachovicova et al., 2006).
Among a group of Chinese volunteers, ovolactovegetarians and omnivores had similar
BMIs, but the vegetarians were more insulin sensitive than their omnivorous counterparts
(Kuo et al., 2004). In a study of vegans and omnivores matched for BMI and other relevant
characteristics, vegans had higher insulin sensitivity but comparable mitochondrial density and intramyocellular lipid content as omnivores (Gojda et al., 2013).

6.1.2 Intervention Studies
In the New Nordic dietary intervention study, 166 volunteers with features of metabolic
syndrome completed an 18–24 week dietary period that included whole-grain products,
berries, fruits and vegetables, rapeseed oil, three fish meals per week, and low-fat dairy
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products and white meat instead of red meat. An average Nordic diet served as a control
diet. Body weight remained stable in both groups. No effects of the intervention diet were
seen on insulin sensitivity or blood pressure (Uusitupa et al., 2013). A randomized study
among people at high risk of cardiovascular disease compared the intakes of one to two,
four, or seven portions per day of fruit and vegetables for 12 weeks on insulin resistance
measured by the two-step euglycemic-hyperinsulinemic clamp after a washout period of
one to two portions per day for 4 weeks. Body weight remained stable in all the groups.
No significant difference was found between groups in regard to measures of whole-body,
peripheral, or hepatic insulin resistance (Wallace et al., 2013).

6.2 Meat Consumption and Insulin Resistance
Evidence supporting an association between meat consumption and glucose and insulin
concentrations has appeared in cross-sectional and cohort studies. A cross-sectional study
of 292 nondiabetic US women found that moderate and high meat intakes were associated
with insulin resistance, but differences in body fat contributed significantly to the association (Tucker et al., 2015). In those with low meat intake, odds of insulin resistance were lower
than their counterparts with moderate or high meat intake (OR 0.34; 95% CI 0.14–0.83), also
after control for body fat. A study that enrolled men and women resident in the Attica area
of Greece without diabetes or cardiovascular disease found that red meat consumption was
associated with hyperglycemia, hyperinsulinemia, and HOMA levels even after adjustment
for BMI and other potential confounders (Panagiotakos et al., 2005). In a meta-analysis of 14
cohort studies conducted among 50,345 Caucasians, processed meat intake was associated
with higher fasting glucose, while unprocessed red meat was associated with both higher
fasting glucose and insulin concentrations after adjustment for potential confounders (but
not BMI). After additional adjustment for BMI the observed associations were attenuated
and no longer statistically significant (Fretts et al., 2015). Notably, the associations of meat
consumption with higher fasting glucose and insulin concentrations were not modified by
an index of glucose- and insulin-related single-nucleotide polymorphisms.
Interventional data is sparse. In a randomized crossover intervention study, high consumption of dairy reduced insulin sensitivity compared to a diet high in lean red meat in
overweight and obese subjects (Turner et al., 2015). This finding was in line with the observation that very lean red meat consumption was not associated with insulin resistance in
the study among US women (Tucker et al., 2015). These findings suggest that any influence of red meat on insulin resistance may be due to its nonheme contents, though this
notion requires further study. Specifically studies comparing the effects of plant protein
and nonlean red meat on insulin resistance would be of interest.

7. Discussion
The lower BMI of vegans and vegetarians is readily postulated as the most pertinent factor
explaining the lower risks of diabetes in these groups (Dinu et al., 2016; Wang et al., 2015;
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Huang et al., 2015). Other confounders may be present as well, as vegetarians tend to
be more health conscious than nonvegetarians. Variables associated both with meat
consumption and risk of diabetes may explain the associations observed in observational
studies (Joost, 2013). Indeed, red meat consumption is associated with smoking, high
BMI, and male sex, all risk factors for diabetes. In many, but not all studies, associations
between meat intake and incident diabetes remain after control for major confounders,
including BMI. On the other hand, it may be argued that control for BMI, which is likely to
be a major intermediate factor on the pathway between meat consumption and incident
type 2 diabetes, leads to an inappropriate attenuation of risk estimates. In observational
studies, total meat consumption is associated with weight gain (Vergnaud et al., 2010).
Overall, randomized controlled trials show that vegetarian diets result in greater weight
loss than nonvegetarian diets of 2–3 kg (Wang et al., 2015; Huang et al., 2015), buttressing
the idea that lower BMI is an important contributor to the protection afforded vegetarian
diets.
In the absence of data from randomized controlled studies, studies showing change
in consumption that lead to either increased or decreased risk are helpful in establishing
causality (Singh et al., 2014; Feskens et al., 2013; Pan et al., 2013). Yet, it remains possible
that unmeasured or incompletely controlled confounders remain. More health conscious
individuals may remove meat from their diets, while conversely less health conscious persons may increase their intake: in either case, these and other characteristics may explain
changes in risk rather than meat consumption.
An elucidation of underlying mechanisms provides a strong underpinning of the causal
role of red meat consumption in increasing risk of type 2 diabetes. Both the absence of
meat and the presence of plant foods in the diet may influence the risk of diabetes in vegetarians and are discussed in turn. The most consistent difference between vegetarian and
other diets is the absence of red meat.
As summarized in a review, the putative etiologies of the association between red
meat consumption and type 2 diabetes include the role of saturated fatty acids, sodium,
advanced glycation end products, nitrates/nitrites, heme iron, trimethylamine N-oxide,
branched amino acids, and endocrine disruptor chemicals (Kim et al., 2015). Processed
and unprocessed meats are a major source of saturated fatty acids in the diet. Given the
inconsistent results of intervention studies regarding saturated fats and insulin sensitivity, it remains unclear what role saturated fats play in increasing risk of incident diabetes.
Likewise, it is unclear whether the sodium content of processed meats leads to insulin
resistance and other risk factors for type 2 diabetes (Kim et al., 2015). Advanced glycation end products are present in meat exposed to dry heat, high temperature during food
preparation. Some evidence suggests that restricting advanced glycation end products
ameliorates insulin resistance, but the quality of the evidence is low (Kellow and Savige,
2013). Nitrates and nitrites used in the preservation of processed meat have long been
postulated to promote diabetes. These compounds may be converted to nitrosamines by
binding to amino compounds. Nitrosamines are toxic to pancreatic beta cells and impair
insulin responses in animal studies (Kim et al., 2015). Relationships between consumption
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of processed meat and type 2 diabetes appear stronger than those between nonprocessed
red meat and type 2 diabetes (Micha et al., 2010; Pan et al., 2011), giving some credence to
an etiologic role of nitrogen-containing compounds. Red meat provides an oversupply of
heme iron, leading to higher ferritin concentrations among meat eaters than vegetarians.
High body iron stores are associated with an increased risk of type 2 diabetes, possibly by
increasing oxidative stress and inflammation (Rajpathak et al., 2009; White and Collinson,
2013). Furthermore, some evidence suggests that phlebotomy may increase insulin sensitivity, but appropriately performed and controlled studies have not been done (Kim et al.,
2015). Products produced by bacterial degradation of phosphatidylcholine and carnitine
from red meat by intestinal bacteria may have deleterious effects. Choline and l-carnitine
are metabolized to trimethylamine N-oxide by the microbiota, a substance shown to
produce impaired glucose tolerance in high-fat diet–fed mice. Vegans or vegetarians have
lower fasting levels of l-carnitine and produce less trimethylamine N-oxide from dietary
l-carnitine compared with omnivorous subjects (Koeth et al., 2013). Other deleterious
substances in red meat include branched-chain amino acids, which have been suspected
to influence insulin secretion and resistance (Vergnaud et al., 2010). In animal studies,
branch-chain amino acid supplementation requires the background of a high-fat diet to
promote insulin resistance (Newgard, 2012). A red meat–derived glycan appears to promote inflammation and cancer progression and potentially incite the development of type
2 diabetes (Samraj et al., 2015).
Vegetarian dietary patterns rich in fruits, vegetables, whole grains, and other plant
foods provide a rich and synergistic combination of antioxidants and phytochemicals that
may protect against type 2 diabetes and have been discussed in detail (Jenkins et al., 2003).
Whole grains (Aune et al., 2013) and green leafy vegetables (Cooper et al., 2012) appear to
afford such protection in observational studies. Nuts or extra virgin olive oil added to a
Mediterranean diet lowered risk of diabetes in nondiabetic participants in the PREDIMED
study without weight loss compared to a control group following a low-fat diet (SalasSalvado et al., 2011). Dairy products, which are high in ovolactovegetarian diets, may contribute to reduce type 2 diabetes, though the evidence is not conclusive (Salas-Salvado
et al., 2011; Tong et al., 2011; Gao et al., 2013; Chen et al., 2014). However, to date, high fruit
and vegetable interventions have had no effect on insulin sensitivity in studies where body
weight remained stable (Uusitupa et al., 2013; Wallace et al., 2013).

8. Conclusions
A number of plausible mechanisms support the biological plausibility of epidemiological
observations of the diabetes-promoting effects of red meat. However, direct evidence that
red meat consumption impairs insulin sensitivity or increases insulin resistance is lacking. The most convincing explanation of the lower risk of type 2 diabetes in vegetarians is
the totality of lower BMI and benefits of generally healthier diets than those consumed by
omnivores, in addition to the absence of processed and perhaps also unprocessed meat
in the diet.
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1. Introduction
The prevalence of type 2 diabetes (T2D) has been increasing worldwide. Among adults
(20–79 years of age), 382 million people worldwide had diabetes in 2013; this number is
expected to rise to 592 million by 2035 (Guariguata et al., 2014). The economic burden
associated with diabetes (both diagnosed and undiagnosed) exceeded $322 billion in 2012
in the United States (Dall et al., 2014). Therefore, interventions to effectively manage T2D
and its complications are desirable.
Treatment of diabetes is not only about glycemic control, but it also includes control of
other cardiovascular risk factors (such as blood lipids, blood pressure, and body weight)
and preventing or at least delaying of diabetes complications. A reduced energy diet,
together with physical activity, is crucial for the treatment of T2D (Evert et al., 2014). The
goals of nutritional treatment in diabetes are to (1) attain individualized glycemic, blood
pressure, and lipid target values; (2) achieve and maintain body weight goals; (3) delay or
prevent complications of diabetes; (4) address nutritional needs of the individuals, taking
into account personal and cultural preferences and willingness to change; (5) maintain
the pleasure of eating by providing positive messages about food choices while limiting
food choices only when indicated by scientific evidence; and (6) increase the quality of life
(Evert et al., 2014).
Conventional dietary recommendations for people with T2D typically stress caloric
restriction, especially reduced intake of saturated and trans-fatty acids, cholesterol, and
carbohydrates (particularly simple sugars). Evidence suggests that there is not an ideal
percentage of calories from carbohydrate, protein, and fat for all people with diabetes;
therefore, energy and macronutrient distribution should be based on individualized
assessment of current dietary patterns, eating preferences, and metabolic goals (Evert
et al., 2014). Reducing the intake of fat and added sugars while increasing the intake of
fiber and complex carbohydrates seems to be a reasonable approach (Vitale et al., 2016).
Both the American Diabetes Association and the European Association for the Study of
Diabetes recommend that diets may be individualized to meet the patient’s needs (Evert
et al., 2014; Mann et al., 2004). However, the major limitation of conventional reduced
energy diets is the poor long-term adherence.
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Vegetarian diets may be an effective strategy to increase consumption of foods with a
lower energy density. Vegetarian diets are characterized by elimination of all flesh foods
from the diet (including fish and white meat) and are typically based on the consumption
of whole grains, legumes, vegetables, fruits, and nuts. Vegan diets contain only plant foods,
while ovolactovegetarian diets include also dairy and/or egg products (see Chapter 1
of this book for details). Unfortunately, there is not enough data to be able to compare
directly the effects of vegan and ovolactovegetarian diets in the treatment of T2D, but the
randomized clinical trials indicate clear benefits for both of them in the treatment of T2D
compared with a conventional hypocaloric diet due to greater weight loss (Berkow and
Barnard, 2006), improved glycemic control (Barnard et al., 2006), increased insulin sensitivity (Kahleova et al., 2011; Kuo et al., 2004; Hung et al., 2006), and reduced cardiovascular
risk factors (Barnard et al., 2006; Kahleova et al., 2011) compared to conventional diabetic
diets. In this chapter, we summarize the most recent findings on the effect of vegetarian
diets on people with type 2 diabetes: on cardiovascular risk factors, microvascular complications, and quality of life. We also discuss the practical aspects of the use of vegetarian
diets, their healthy components, possible mechanisms of the positive effects, and their
nutritional adequacy.

2. Vegetarian Diets in the Treatment of Type 2 Diabetes
Vegetarian diets proved to be effective in the treatment of T2D in several clinical trials.
Early studies reported a dramatic reduction in antidiabetic medication and in plasma glucose levels in response to a plant-based diet combined with exercise (Anderson and Ward,
1979; Barnard et al., 1994).
Even without exercise, beneficial effects of vegetarian diets included reduced body
weight, better glycemic control, and lower blood lipids compared to a conventional diabetic diet in treatment of T2D: vegetarian diets being almost twice as effective (Barnard
et al., 2006; Kahleova et al., 2011; Nicholson et al., 1999).
Interestingly, the positive effects of a vegetarian diet compared to a conventional
reduced energy diet were partially preserved 1 year after the end of the intervention,
although the patients did not continue with their originally assigned diets and consumed
a comparable diet during that year (Kahleova et al., 2014).

2.1 Cardiovascular Risk Factors
2.1.1 Glycemic Control and Insulin Sensitivity
Management of glycemic control is one of the cornerstones of diabetes care (American
Diabetes Association, 2014). It has been well established that improved glycemic control
reduces the risk of microvascular complications, whereas the role of glycemic control in
reducing macrovascular complications is less clear.
Most observational studies have demonstrated a positive association between glucose
control and the risk of cardiovascular disease (Avogaro et al., 2007; Gerstein et al., 2005;
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Turner et al., 1998; Elley et al., 2008; Duckworth et al., 2001; Khaw et al., 2004; Kirkman
et al., 2006). Patients with HbA1c concentrations of 6.0%–6.9% had 20% lower relative
risk of fatal/nonfatal coronary heart disease than patients with HbA1c concentrations
of 7.0%–7.9%. Limited data from four large, randomized, controlled trials and their follow-ups also suggests that chronic hyperglycemia is associated with an increased risk for
cardiovascular disease in patients with diabetes (Selvin et al., 2004; Intensive bloodglucose, 1998; Effect of intensive blood-glucose, 1998; Group et al., 2009; Duckworth et al.,
2009; ADVANCE Collaborative Group et al., 2008; Action to Control Cardiovascular Risk in
Diabetes Study Group et al., 2008; Gerstein et al., 2014; Zoungas et al., 2014; Hayward
et al., 2015). However, caution must be taken to avoid hypoglycemia, especially in highrisk patients with T2D (Action to Control Cardiovascular Risk in Diabetes Study Group
et al., 2008). Meta-analyses of these trials demonstrated significantly reduced risks of fatal/
nonfatal myocardial infarction (15%) and cardiovascular disease (11%–15%) with around
1% HbA1c reduction, as well as no significant risk increase with regard to fatal CVD or total
mortality (Group et al., 2009; Ray et al., 2009; Mannucci et al., 2009).
A meta-analysis of six randomized controlled trials showed that consumption of vegetarian diets led to a significant reduction in HbA1c by 0.4% compared with conventional
diets in patients with T2D (Yokoyama et al., 2014a). This reduction in HbA1c alone (i.e.,
independently from the association with the decrease in body weight, improvement in
blood lipids, blood pressure, platelet aggregation, and others) might (according to educated estimates based on data from large prospective studies) decrease risks of myocardial
infarction and cardiovascular disease by about 6% and 4.4%–6%, respectively. Other factors may add further reduction of this risk.
One of the major possible mechanisms responsible for improved glycemic control is
increased insulin sensitivity in response to vegetarian diets compared with a conventional
diabetic diet (Kahleova et al., 2011). Also, partial replacement of meat with soy products
increased insulin sensitivity in a randomized crossover trial (van Nielen et al., 2014b),
which makes the findings applicable in everyday practice.
Another potential mechanism responsible for improved glycemic control is improved
gastrointestinal hormone response. Gastrointestinal hormones, especially the incretins,
play an important role in postprandial increase in plasma insulin (Nauck et al., 1986a). In
patients with T2D, the incretin effect is diminished (Nauck et al., 1986b), and it seems to be
impacted by diet composition. It has been demonstrated that consumption of processed
meat leads to impaired release of gastrointestinal hormones including the incretins both
in a fasting state and after the meal compared with an isocaloric vegan meal (Belinova
et al., 2014). These results suggest that vegetarian diets may be beneficial for improvement
in gastrointestinal hormone release in patients with T2D.

2.1.2 Body Weight and Metabolic Syndrome
Vegetarians, both men and women, have lower BMI values compared to nonvegetarians
(Berkow and Barnard, 2006). BMI values tend to increase with increasing frequency of
meat consumption in the general population (Fraser, 1999; Appleby et al., 1999). Among
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vegetarians, vegans have the lowest values of BMI (Brathwaite et al., 2003). It takes about
5 years for all the benefits of a vegetarian diet to become fully manifested (Brathwaite
et al., 2003). The average individual yearly weight gain is reduced when people limit
consumption of animal foods (Rosell et al., 2006). Vegetarian diet might increase resting
energy expenditure (Montalcini et al., 2015), which may be partly responsible for the lower
BMI values in vegetarians. Vegetarian diets have been shown to be a most effective dietary
approach for weight loss (Moore et al., 2015; Barnard et al., 2015). The reader may refer to
Chapter 18 for a review of weight loss and plant-based diets.
Introducing vegetarian diets to patients with T2D leads to reduction in body weight
almost twice as effectively as a conventional diabetic diet (Barnard et al., 2006; Nicholson
et al., 1999), due especially to reduction in volume of visceral (Kahleova et al., 2011) and
ectopic fat, like intramyocellular lipids (Goff et al., 2005), which may be responsible for
a substantial portion of the positive effect of vegetarian diets on insulin sensitivity. The
mean weight loss after initiating a vegetarian diet is around 4 kg. Greater weight loss was
reported in trials with higher baseline body weights, fewer female participants, in studies with older participants or longer durations, and in trials where weight loss was a goal
(Barnard et al., 2015).
Vegetarian diets reduce the risk of developing metabolic syndrome, with an estimate
of one-half reduction (Rizzo et al., 2011). They reduce the risk of individual components
of the metabolic syndrome (except for HDL cholesterol) and are associated with lower
waist circumference (Rizzo et al., 2011), lower concentrations of triglycerides, total and
LDL cholesterol (Rizzo et al., 2011; Teixeira et al., 2007; De Biase et al., 2007), blood sugar,
and blood pressure (Rizzo et al., 2011; Teixeira et al., 2007).

2.1.3 Blood Pressure
Hypertension is a major cardiovascular risk factor, especially in people with T2D who are
at higher risk for cardiovascular disease (Preis et al., 2009). Each 20-mm Hg increase in
systolic blood pressure and each 10-mm Hg increase in diastolic blood pressure double
the risk of death from ischemic heart disease or stroke (Lewington et al., 2002). A tight
control in blood pressure is important for general population but even more for patients
with diabetes.
Blood pressure has been shown to be increased by increased animal protein intake,
especially meat consumption (Mattos et al., 2015). On the other hand, consumption of
potassium-rich plant foods decreases blood pressure in people with hypertension (Aburto
et al., 2013), and their consumption during childhood may prevent the increase in blood
pressure later in life (Buendia et al., 2015). A recent meta-analysis of seven randomized
controlled trials and 32 observational studies concluded that consumption of a vegetarian diet is associated with lower blood pressure (both systolic and diastolic) compared
to omnivorous diets. The overall difference in systolic blood pressure was −4.8 mm Hg in
controlled trials and −6.9 mm Hg in observational studies. For diastolic blood pressure, the
differences were −2.2 mm Hg in controlled trials and −4.7 mm Hg in observational studies
(Yokoyama et al., 2014b). The reduction in systolic blood pressure by 5 mm Hg is estimated
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to result in a reduction in mortality by 7% due to all causes, by 9% due to coronary heart
disease, and by 14% due to stroke (Yokoyama et al., 2014b; Whelton et al., 2002). The reader
may refer to Chapter 22 for a review of blood pressure and vegetarian diets.

2.1.4 Blood Lipids
Data from clinical studies indicate that for every 1% reduction in serum LDL cholesterol, there
is a corresponding 1% drop in the chance of suffering a heart attack, stroke, or some other type
of cardiac event (Grundy et al., 2004). This is significant given that the proper lifestyle changes
(especially diet and exercise) can help lower LDL levels by 30%–40% in people at risk for heart
disease (including patients with T2D), creating a corresponding drop in the risk for cardiac
events. In individuals with type 2 diabetes, reducing LDL cholesterol to lower targets than in
general population results in even more marked benefits (Howard et al., 2008).
A meta-analysis demonstrated that dietary cholesterol increases serum lipids, both total
and LDL cholesterol (Berger et al., 2015). Vegetarian diets, especially vegan diets (minimizing the dietary cholesterol intake), improve both fasting and postprandial blood lipids compared with conventional diabetic diets (Barnard et al., 2006; Kahleova et al., 2011; Riccardi
et al., 2004; Bradbury et al., 2014), with an effect comparable to a statin therapy (Jenkins
et al., 2005). If combined with moderate physical exercise, smoking cessation, and stress
management, the reduction of blood lipids can be even higher (Ornish et al., 1990).
Plant foods are a rich source of n-6 polyunsaturated fatty acids, including linoleic acid.
Studies have shown that people with T2D and also people with metabolic syndrome have a
low proportion of linoleic acid in serum phospholipids (Li et al., 2009b; Vessby et al., 1994;
Feskens, 2001). Vegetarian diet-induced increase in linoleic acid (18:2n-6) in serum phospholipids was associated with improved insulin sensitivity in subjects with T2D (Kahleova
et al., 2013b). This suggests increased content of linoleic acid as a potential mechanism
of the insulin-sensitizing effect of vegetarian diets. Limited data also suggest that supplementation of α-linolenic acid may have insulin-sensitizing potential in patients with T2D
(Gomes et al., 2015).

2.1.5 Platelet Aggregation
Vegetarian diets have been shown to reduce platelet aggregation and thus reduce the cardiovascular risk (McEwen, 2014). Plant foods with low glycemic index (whole grains, vegetables, nuts, legumes), garlic, ginger, onion, purple grape juice, tomatoes, berries, and dark
chocolate are particularly efficient in reducing platelet aggregation. In contrast, energy
drinks have been shown to increase platelet aggregation and caffeine increases platelet
microparticle formation (McEwen, 2014).

2.1.6 Atherosclerosis
To the best of our knowledge, a low-fat vegetarian diet is the only diet with documented
angiographic evidence of coronary atherosclerosis regression (Ornish et al., 1990, 1998)
and arrest of coronary artery disease (Esselstyn et al., 1995), especially when combined
with exercise and stress management (Daubenmier et al., 2007; Frattaroli et al., 2008).
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2.1.7 Oxidative Stress
Oxidative stress is supposed to be the link between hyperglycemia and cardiovascular
disease in patients with T2D (Ceriello, 2012). Both enzymatic and nonenzymatic antioxidant defense mechanisms work in synergy against different types of free radicals (Maritim
et al., 2003); this plays a major role in the development, progression, and complications of
diabetes (Forbes et al., 2008).
It has been demonstrated that a vegetarian diet improved both enzymatic and nonenzymatic oxidative stress markers in patients with T2D more than a conventional diabetic
diet (Kahleova et al., 2011). The observed positive changes in oxidative stress markers in
response to a vegetarian diet in patients with T2D reflect the improved capacity to combat
the pathophysiologic mechanisms of the disease and the potential to reduce the risk of
both macro- and microvascular diabetes complications.

2.2 Microvascular Complications
2.2.1 Diabetic Nephropathy
The Western dietary pattern characterized by a high consumption of industrially processed and refined foods, especially sugar, salt, fat, and protein from red meat is one of
the major risk factors for deterioration of renal function and development of chronic renal
insufficiency (Odermatt, 2011). Consumption of plant-based rather than animal protein
can slow the process of deterioration and loss of renal function. The Nurses’ Health Study
showed that in women with some degree of renal impairment at baseline, the consumption of animal protein (especially from meat) resulted in further deterioration of renal
function (Knight et al., 2003). Mild impairment of renal function is present in about 40%
of patients with diabetes (Soroka et al., 1998). Several studies have reported a reduction of
microalbuminuria and proteinuria in patients with nephropathy when consuming a vegetarian or a reduced–red-meat diet (de Mello et al., 2006; Barsotti et al., 1988; Jibani et al.,
1991). One study showed a 54% decrease of microalbuminuria in patients with type 1 diabetes after 8 weeks of a vegetarian diet (Jibani et al., 1991). Reduction in microalbuminuria
with a vegetarian diet has also been reported in patients with T2D (Barnard et al., 2006).
In patients with nephrotic syndrome, a vegetarian diet proved to have positive effects
on renal hemodynamic response to protein, progressive renal insufficiency, proteinuria,
glomerulosclerosis, blood pressure, and hyperlipoproteinemia (Segasothy and Phillips,
1999). However, the evidence for the role of protein in chronic kidney disease is now considered to be inconclusive, and there is need for further studies before clear recommendations for patients with diabetes can be given (Evert et al., 2014).

2.2.2 Diabetic Neuropathy
More than 50% of diabetic patients suffer from diabetic neuropathy (Deli et al., 2013). The
most common clinical manifestations of diabetic neuropathy include pain, insensitivity
to trauma, orthostatic hypotension, cardiac autonomic neuropathy, gastroparesis, and
erectile dysfunction (Boulton et al., 2005). Diabetic neuropathy has a negative impact on
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the patients’ quality of life, and it is associated with increased risk of sleep disturbances,
depression, and anxiety (Alleman et al., 2015). Diabetic neuropathy also increases the risk
of amputations and cardiovascular disease (Lam et al., 2015).
A 20-week controlled pilot study demonstrated an improvement in diabetic neuropathy in response to a low-fat plant-based diet: Electrochemical skin conductance in the
foot and perceived pain improved compared with the control group (Bunner et al., 2015).
These results are consistent with those of previous, smaller studies showing improvements in neuropathy in response to a plant-based diet combined with exercise (Crane,
1994; Smith et al., 2006), probably due to improved endoneurial microcirculatory perfusion (McCarty, 2002).

2.2.3 Diabetic Retinopathy and Macular Degeneration
To the best of our knowledge, the influence of vegetarian diets on diabetic retinopathy has
not yet been studied. However, dietary factors important for slowing down the process of
macular degeneration have been described. Macular concentrations of the carotenoids
lutein and zeaxanthin decrease with age. These carotenoids are potent antioxidants that
neutralize free radicals formed by light, act as a filter for blue light, and protect photoreceptors from its harmful effects. Plant foods are their only dietary source. Macular lutein
and zeaxanthin concentrations are dependent on the degree of consumption (Szostak and
Szostak-Wegierek, 2008); high consumption acts protectively against macular degeneration (Szostak and Szostak-Wegierek, 2008; Guggenbühl, 2006). Therefore, we suppose that
diversiform plant-based diets may be an effective way how to slow down the process of
macular degeneration.

2.3 Quality of Life, Mood, and Eating Behavior
Studies show that vegetarian diets improve quality of life compared with a conventional
diabetic diet in people with T2D (Kahleova et al., 2013a; Katcher et al., 2010). It has been
demonstrated that restriction in meat intake may improve mood (Beezhold and Johnston,
2012), and vegetarians have fewer negative emotions than omnivores (Kahleova et al.,
2013a; Beezhold et al., 2010). The reader may refer to Chapter 28 on vegetarian diets and
mood. The mechanism by which a vegetarian diet improves mood may partly be explained
by differences in the rate of neurotransmitter synthesis and receptor dynamics reported in
earlier studies (Maher, 2000).
Two interventional studies revealed that dietary restraint (voluntary control over food
intake with the aim to lower body weight) increased less with a vegetarian than with a
conventional diabetic diet, suggesting that the vegetarian-group participants felt less constrained by their prescribed diet (Kahleova et al., 2013a; Barnard et al., 2009a), while disinhibition (overeating, e.g., in stressful situations) and feelings of hunger decreased more
with a vegetarian diet compared with a conventional diabetic diet (Kahleova et al., 2013a),
suggesting that for patients with T2D a vegetarian diet is sustainable in the long run and
may elicit desired improvements in not only physical but also in mental health.
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3. Healthy Components of a Vegetarian Diet Related
to Diabetes
Vegetarian diets are characterized by removal of all flesh foods from the diet. This, together
with increased consumption of whole plant foods, such as whole grains, legumes, vegetables, fruits, and nuts, seem to have positive health effects in patients with type 2 diabetes.
Consumption of whole grains and legumes modulates the genetic effect of the APOA5113C variant on changes in triglyceride concentrations in patients with impaired fasting
glucose or newly diagnosed T2D (Kang et al., 2014), suggesting potential cardioprotective
effects in these patients. A meta-analysis of randomized controlled trials demonstrated
the potential of legumes in lowering fasting plasma glucose and improving glycemic control in people both with and without diabetes (Sievenpiper et al., 2009). Substitution of
red meat with legumes also improves cardiometabolic risk factors in patients with T2D
(Hosseinpour-Niazi et al., 2015). Eating vegetables seems to be an effective strategy to
decrease glucose excursions in response to a meal and to improve glycemic control in
patients with T2D (Imai et al., 2014). Increased fruit intake was associated with lower
carotid intima-media thickness and prevalence of carotid plaque (Chan et al., 2013), as
well as reduced incident diabetic retinopathy among patients with T2D (Tanaka et al.,
2013). Regular consumption of nuts is associated with a lower risk of cardiovascular disease in women with T2D: 5 servings (1 serving is 28 g) of nuts per week was associated
with a 44% lower risk of cardiovascular disease and a more favorable plasma lipid profile
(Li et al., 2009a). Acute feeding studies have demonstrated the ability of nuts, when eaten
with a carbohydrate (bread), to depress postprandial plasma glucose concentrations.
Furthermore, there was evidence of reduced postprandial oxidative stress associated with
nut consumption (Jenkins et al., 2008). Limited data suggests that dairy consumption may
increase insulin sensitivity in patients with type 2 diabetes, but there is a clear need for
larger and longer term studies (Pasin and Comerford, 2015).

3.1 Possible Mechanisms of Positive Effects of Vegetarian Diets
on Diabetes
Several possible mechanisms may explain the beneficial effects of vegetarian diets for diabetes management (Barnard et al., 2009b): energy restriction, reduced intake of saturated
fatty acids, high intake of polyunsaturated and monounsaturated fatty acids, low glycemic index, increased intake of fiber, higher intake of nonheme-iron and reduction in iron
stores, increased intake of antioxidants, vitamins, and micronutrients, high intake of vegetable instead of animal protein, and high intake of plant sterols and prebiotics. All of these
have been cited as positive independent factors in the prevention and treatment of T2D.

3.1.1 Energy Restriction
Energy restriction is the number one recommendation for losing weight and improving
glycemic control and insulin sensitivity. A reduction in energy intake can have profound
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effects on glucose control, insulin secretion, and insulin resistance even before any
changes in body weight occur (Hughes et al., 1984; Numata et al., 1993). Vegetarian diets
may reduce total energy intake by consumption of foods with a lower energy density
(Trapp and Barnard, 2010).

3.1.2 Reduced Intake of Saturated Fatty Acids
Several studies have demonstrated that dietary saturated fat can impair insulin sensitivity
(Vessby et al., 2001; Xiao et al., 2006; Lichtenstein and Schwab, 2000). Decreased saturated fat intake may increase insulin sensitivity, independently of changes in body weight
(Lovejoy, 2002; Defronzo, 2009). On the other hand, increased intake of saturated fat
increases risk of cardiovascular disease and mortality in patients with diabetes (Tanasescu
et al., 2004; Trichopoulou et al., 2006).

3.1.3 High Intake of Polyunsaturated Fatty Acids
Polyunsaturated fatty acids seem to be cardioprotective (Karlström et al., 2011) and renoprotective, especially in patients with diabetic nephropathy (Shapiro et al., 2011) although
the cardioprotective effects have not been convincingly proven (Chowdhury et al., 2014).
Their potential beneficial effects are explained mainly by activation of the peroxisome
proliferator–activator receptors (PPAR) (Jump, 2002) and affecting mitochondrial function (Rohrbach, 2009). Because the n-6 fatty acids are precursors of proinflammatory eicosanoids, it was assumed that their higher intake might be harmful. Thus it used to be advised
to reduce their intake (Hamazaki and Okuyama, 2003; Ailhaud, 2008), and the importance
of the n-3:n-6 ratio was discussed (Simopoulos, 2008). However, this hypothesis is not well
established. In humans, consumption of even large amounts of n-6 fatty acids is not associated with increased concentrations of inflammatory markers (Willett, 2007). Beneficial
effects of n-6 fatty acids on total and LDL cholesterol (Nichaman et al., 1967; Shepherd et al.,
1980) and blood pressure (Hall, 2009) have been known for a long time, and increased intake
of n-6 fatty acids has been shown to reduce cardiovascular risk, mostly when substituted for
saturated fatty acids (Turpeinen et al., 1979; Miettinen et al., 1983; Harris et al., 2009).
The main n-6 dietary fatty acid is linoleic acid (18:2n-6), found in vegetable oils (especially soybean, sunflower, corn, and rapeseed oil). Linoleic acid is one of the essential fatty
acids, and food is its only source for humans and other mammals (Holman, 1961).
The Nurses’ Health Study showed that higher intake of linoleic acid (about 8% of total
energy intake) was strongly associated with a lower incidence of myocardial infarction
(relative risk 0.55) and total cardiovascular mortality (relative risk 0.85) (Hu et al., 1999).
Since n-3 fatty acids were also associated with a lower incidence of cardiovascular disease,
the ratio of n-3 to n-6 did not play any role in cardiovascular risk (Willett, 2007). In men,
high intake of linoleic acid reduced the risk of death from cardiovascular disease by 40%
compared to men with low intake (Laaksonen et al., 2005).
The n-6 fatty acids seem to improve insulin resistance (Risérus, 2008; Summers et al.,
2002), probably by activating PPARγ receptors (peroxisome proliferator–activator receptors γ) (Trichopoulou et al., 2006), and their consumption is protective against developing
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T2D (Salmerón et al., 2001). Adequate intake of both n-6 and n-3 fatty acids is important
for good health and lower risk of cardiovascular disease and T2D; their ratio does not seem
to be important (Griffin, 2008). Reduction of the intake of linoleic acid, which would lead
to “improvement” of this ratio is likely to increase the risk of cardiovascular disease and
T2D (Willett, 2007). n-6 fatty acids should comprise at least 5%, preferably 10%, of total
energy intake (Harris et al., 2009; Czernichow et al., 2010).

3.1.4 High Intake of Monounsaturated Fatty Acids
Monounsaturated fatty acids improve insulin resistance by influencing the composition of
cell membranes, which at least partially reflects the composition of dietary fats (Palomer
et al., 2008). A multicenter study KANWU showed that the transition from a diet rich in
saturated fats to a diet rich in monounsaturated fatty acids improves insulin sensitivity
(Vessby et al., 2001).
Oleic acid (18:1n-9c) has antiatherogenic and antithrombotic effects, increases HDL/
LDL cholesterol ratio and reduces platelet aggregation (Holman, 1961). Replacing saturated fats with oleic acid (approximately 7% of total energy intake with fat intake up to
30% of energy intake) reduced the plasma levels of triglycerides and LDL cholesterol while
increasing HDL cholesterol, and it improved insulin sensitivity (Palomer et al., 2008).
Olive oil, the main dietary source of oleic acid, seems to have protective anticancer effects
according to experimental studies (Costa et al., 2011), and it modulates the inflammatory
response (Rodrigues et al., 2010).

3.1.5 Low Glycemic Index
Consumption of foods with low glycemic index is associated with good health, especially
in regard to chronic diseases associated with aging, including T2D (Chiu et al., 2011). In
contrast, a diet with a high glycemic index increases the risk of T2D by 40% compared to a
low glycemic index diet (Barclay et al., 2008). Low glycemic index diets have been shown
to reduce HbA1c in patients with diabetes (Brand-Miller et al., 2003) and are important in
diabetes management.

3.1.6 High Intake of Fiber
A diet rich in fiber (50 g/day) reduces glucose and insulin concentrations in people with
T2D (Chandalia et al., 2000). Dietary fiber may help to improve glycemic control in diabetic patients (Jenkins et al., 1978; Weickert and Pfeiffer, 2008). Its consumption should be
encouraged, especially in people with T2D.

3.1.7 High Intake of Antioxidants, Vitamins, and Micronutrients
People with diabetes need to consume adequate amounts of vitamins and minerals from
natural plant foods, especially fruits, nuts, and vegetables (Wheeler et al., 2012; Benzie
and Choi, 2014). Foods rich in antioxidants (tocopherols, carotenoids, vitamin C, and flavonoids) are especially encouraged. Consumption of foods rich in folate (e.g., citrus fruits
and legumes) may help to reduce risk of coronary heart disease (Mann et al., 2004; Wheeler
et al., 2012), particularly in people with T2D.
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3.1.8 Reductions in Heme-Iron Intake
Observational studies indicate that serum ferritin concentrations are positively associated with
insulin resistance (Tsimihodimos et al., 2006; Jehn et al., 2004) and predict the development of
hyperglycemia (Fumeron et al., 2006) and T2D (Jiang et al., 2004). Vegetarians are more insulin
sensitive and have lower serum ferritin concentrations compared with nonvegetarians. Serum
ferritin and insulin resistance are strongly positively correlated (Hua et al., 2001).
Reduction in iron status enhances insulin-mediated glucose disposal (Hua et al., 2001).
Heme-iron intake from meat is positively, while nonheme-iron intake from plants is negatively, associated with diabetes (Lee et al., 2004). Vegetarian diets are rich in nonheme-iron
and may reduce iron stores (Cook, 1990).

3.1.9 High Intake of Vegetable Proteins Instead of Animal Proteins
Amino acids influence the secretion of insulin and glucagon. The composition of dietary
proteins may therefore play a role in the balance between insulin and glucagon. Vegetable
proteins (especially soy) contain more nonessential amino acids than animal proteins and
thus may affect glucagon secretion positively (Hubbard et al., 1989). Some dietary plant
proteins have also been reported to reduce the levels of blood lipids (Anderson et al., 1995,
1998; Jenkins et al., 1989; Ruiz et al., 2014), may have antiinflammatory effects, and reduce
the risk of obesity and cardiovascular disease (McCarty, 1999; Anderson et al., 1999; Liu
et al., 2014; Bodai and Tuso, 2015).
Consumption of animal protein leads to a higher risk of obesity and T2D (even after
adjustment for other factors, including intake of saturated fat), while consumption of vegetable protein reduces this risk (Bujnowski et al., 2011; van Nielen et al., 2014a).
Plant proteins seem to have a renoprotective effect (Anderson et al., 1999). It has been
demonstrated that renal blood flow increases in response to a meal high in animal protein,
especially red meat. This hyperfiltration and subsequent glomerular hypertension leads to
progressive deterioration of renal function. On the other hand, omitting red meat from the
diet may decrease microalbuminuria in people with T2D (de Mello et al., 2006).
Consumption of vegetable instead of animal protein seems to protect against the
development of diabetic nephropathy and slows down the progression of this disease in
patients with preexisting chronic renal insufficiency (Jibani et al., 1991; Anderson et al.,
1998; Kontessis et al., 1990; Brenner et al., 1982).

3.1.10 High Intake of Plant Sterols
Plant sterols are substances with a structure similar to cholesterol that are naturally
present in plant foods. Their function is to maintain the structure and function of plant
cell membranes. After ingestion (from sterols-enriched foods), they reduce intestinal
absorption of cholesterol into the blood. Unabsorbed cholesterol is then eliminated
from the body, thus its concentration in the blood decreases. Plant sterols are present
naturally in plants and in vegetable oils. Sitosterol and campesterol are markers of cholesterol absorption (Smahelová et al., 2004). Plant sterols decrease the levels of blood
lipids (LDL cholesterol and triglycerides), have a positive effect on HDL cholesterol and
the ratio of apo B/apo AI, and might reduce cardiovascular risk (Derdemezis et al., 2010).
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Higher serum concentrations of plant sterols (upper tertile) were associated with only
half the mortality (follow-up 22 years) in middle-aged men with high cardiovascular
risks, compared with men in the bottom tertile (Strandberg et al., 2009). Plant sterols
also have antiinflammatory effects (Othman and Moghadasian, 2011) and positively
affect coagulation and platelet function. There is also some evidence of beneficial effects
on oxidative stress, but this effect is no greater than can be expected from the reduction in LDL cholesterol (Derdemezis et al., 2010). Serum levels of plant sterols have also
been shown to correlate negatively with glycemic control (HbA1c) in diabetic patients
(Smahelová et al., 2004).

3.2 Meal Suggestions
After explaining the science behind following a vegetarian diet, we need to translate the
knowledge into everyday eating habits. Here are a few suggestions of whole plant–based
meals, high in fiber and all other beneficial constituents described earlier, providing the
promised positive effects on glycemic control and cardiovascular risk factors in patients
with T2D.
Breakfast:
traditional oatmeal with strawberries and banana,
whole rye bread with beans spread and vegetables, and
cooked millet with plums and almonds.
Lunch:
lentil soup with carrots and cabbage,
bean burrito and green leaf salad, and
buckwheat pasta, tomato chunks, fresh basil.
Dinner:
whole wheat pita bread, hummus, tomato salad with green onions,
brown rice with marinated tofu and bean sprouts, and
red quinoa with champignons.
Snacks
vegetables,
fruits, and
rice puffs (no added salt or sugar).
  

3.3 Seven Most Common Mistakes When Starting a Vegetarian
Diet in Diabetes
1.	A mere omission of meat from the diet, one-sided diet
	 	Ditching meat does not automatically mean that the patients will eat healthy. “Junk
food (or donut) vegetarians,” who consume cheese, chips, French fries, donuts, and
sugar-containing soft drinks every day, definitely do not eat healthy and are likely to
gain weight and make their diabetes control even worse. A healthy vegetarian diet is
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a plant-based diet, based on little processed food. It must include fresh vegetables,
fruits, whole grains, legumes, nuts, and seeds.
2.	Assumption that all vegetarian products are healthy
	 	Not all products that are vegetarian are also healthy. Many processed vegetarian foods
frequently contain an excess of fat, salt, or refined sugars. Therefore, it is good to read
the labels, check the ingredient list, and favor the less processed food items.
3.	Excessive consumption of good things
	 	The fact that something is healthy does not mean that it is healthy to overeat. It is
important to eat and drink even healthy foods in moderation.
4.	Condemnation of carbohydrates
	 	Consumption of excess simple carbohydrates, especially sugar and high-fructose
corn syrup, in the form of sweetened beverages, biscuits, wafers, products made from
white flour, chocolate, and other sweets, is considered as one of the leading causes
of obesity epidemics. A low consumption is necessary, especially for patients with
diabetes. However, while counting and cutting down simple carbohydrates, many
people condemn carbohydrates altogether, which is not only unnecessary but also a
disadvantage because foods rich in complex carbohydrates contain a considerable
amount of fiber, which slows down the absorption of carbohydrates, which is very
helpful for glucose control. As a source of carbohydrates, we should prioritize natural
foods rich in fiber, with a low glycemic index, as brown rice, millet, buckwheat, barley,
oatmeal, or whole grain bread.
5.	Underestimating the power of a vegetarian diet and its reducing effect on plasma
glucose levels
	 	A vegetarian diet can produce big results. It is very effective in reducing plasma
glucose levels. Both patients with diabetes and their physicians need to be aware that
there is a risk that low blood sugar can occur if diabetes medications are not lowered
accordingly. It usually takes a few days or weeks to make all necessary adjustments to
avoid hypoglycemia.
6.	Vegetarianism as martyrdom
	 	Some people feel that they do something for their health only if they eat foods that
are healthy but not tasty. This is perhaps partly because they cannot imagine that
vegetarian food can be tasty, and they do not know how many diverse tastes can be
achieved within a vegetarian diet. The important principle is that the food we eat
should be both healthy and tasty. To combine both is a culinary art.
7.	Vegetarianism as a religion and insufficient attention to problematic vitamins and
minerals
	 	 Adopting a vegetarian diet is a healthy choice. However, please do not cherish a false
sense of confidence that you know all the best and you cannot learn anything new
anymore. Vegetarian diets should be well-planned, with simple principles, and vegans
need to pay a great attention to the risk of deficiency, in particular because of low
intakes of some nutrients such as vitamin B12 and calcium, as it will be discussed for
the general population in several chapters of this book.
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3.4 Practical Aspects of Changing a Diet in Patients With Diabetes
It is one thing to prove scientifically that a diet is effective in the treatment of diabetes, but
it is another thing to put it into practice in the real world. Here are the important principles
for this task:
1.	Information first
	 	Teach the patients the basic principles of the plant-based diet first, equipping them
with all the information they need to know before they start.
2.	Planning and preparing meals
	 	The dietary change involves also changes in selection of foods, buying the needed
ingredients, charting restaurants near work or home and the healthy choices there,
and eventually, preparing lunches to work, and charting options to purchase healthy
foods at nearby stores and supermarkets.
3.	Avoiding problematic foods may be easier than trying to consume them in
moderation.
	 	For people who are addicted to some problematic foods that lead to weight gain
(mostly chocolate, but also other sweets and fatty foods), food addictions can
be overcome by excluding the problematic foods from the diet more easily and
effectively. A period of 3–4 weeks usually represents sufficient time to establish new
habits and combat addiction to unhealthy foods. It is also enough time to see the
positive health effects, which also motivates the patients to continue to stick to the
prescribed diet. However, if there is no food addiction, people may benefit from
simply eating these foods only occasionally and in moderation.
4.	A bigger diet change is more effective than small gradual steps
	 	Recommending significant changes in eating habits increases the chances that the
patients really change something. After a few days or weeks of major diet changes, it
is likely that the patients will see improvements in their health, which will encourage
them to stick to these changes.
5.	Anticipate hypoglycemia
	 	A plant-based diet reduces plasma glucose levels. The patients need to be informed
on how to recognize hypoglycemia and how to solve it. It is good to equip them with a
glucometer to be able to perform self-monitoring. If hypoglycemia occurs repeatedly,
it is necessary to inform the doctor, who will consider reducing the doses of insulin
and hypoglycemic medication accordingly.
6.	Schedule regular appointments, motivate, and encourage
	 	During the time of a big change the patient is about to make, he or she will appreciate
your support, motivation, and encouragement. Regularly scheduled checks of food
records help the patients see their progress, and they also allow nutritional therapists
and physicians to provide further suggestions for improvement. Schedule regular
appointments (once a week at the beginning and once every 2 or 3 weeks later on).
Discuss the patient’s challenges and how to face them.

Chapter 21 • Vegetarian Diets in People With Type 2 Diabetes

383

7.	Social support
	 	It is good to also involve family members in education, especially those who are
involved in food purchasing and preparation. And it is important to explain the
benefits of a plant-based diet even for them. Equip them with printed materials. It is
great to set up group sessions where the patients can not only learn new information
and gain new cooking skills, but where they can also share and form new friendships.
  

4. Official Position Statements on Vegetarian Diets
The position of the American Dietetic Association on vegetarian diets is as follows.
“Appropriately planned vegetarian diets, including total vegetarian or vegan diets, are
healthful, nutritionally adequate, and may provide health benefits in the prevention and
treatment of certain diseases” (Craig and Mangels, 2009). We suggest that T2D is one of
them. “A vegetarian diet can meet current recommendations for all nutrients including
protein, n-3 fatty acids, iron, zinc, iodine, calcium, and vitamins D and B12” (Craig and
Mangels, 2009; Craig, 2010). The American Diabetes Association states in the 2014 Clinical
Practice Guidelines that plant-based diets improve metabolic control in diabetic subjects
(American Diabetes Association, 2014).

5. Conclusions
Vegetarian diets represent a promising alternative to conventional dietary treatments of
T2D. According to official position statements, transition to vegetarian diets should be
done under supervision of a qualified physician and a skillful registered dietician. Properly
planned vegetarian diets are healthy and nutritionally adequate, are effective for weight
and glycemic control, bestow metabolic and cardiovascular benefits, and reduce diabetes
complications. They are sustainable in the long-term and may elicit desirable improvements not only in physical but also in mental health. Larger clinical trials are needed to
confirm the effectiveness of vegetarian diets and to promote their use in dietary guidelines
for the prevention and treatment of T2D.
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1. Epidemiology of Blood Pressure
Hypertension is a major independent risk factor for coronary artery diseases, irrespective of age, race, or sex (Rosendorff et al., 2015). The World Health Organization reports
that hypertension underlies at least 45% of deaths due to heart disease and 51% of deaths
due to stroke (World Health Organization, 2011a). In addition, a study demonstrated that
hypertension increased lifetime risk of stroke, regardless of age and sex (Turin et al., 2016).
The number of people with hypertension has increased over the years, from 600 million in
1980 to 1 billion in 2008 (World Health Organization, 2011b), and the Centers for Disease
Control and Prevention estimate that 32.5% of adults aged ≥20 years have hypertension
(National Center for Health Statistics, 2015). This high prevalence demands implementation of public health approaches to preventing hypertension.
Identification and targeting of modifiable factors is a potentially useful approach to
reducing the hypertension prevalence. Substantial evidence has implicated diet, body
weight, physical activity, and alcohol intake in the development of hypertension, and
dietary modification has been shown to be particularly effective in preventing and managing hypertension (James et al., 2014).
Nutritional epidemiology often examines disease incidence with consideration of only
a single or few nutrients or foods (Hu, 2002). However, the results of such nutrient analyses can be difficult to interpret, as individuals do not consume nutrients in isolation (Hu,
2002). To remedy this problem, dietary pattern analysis has become popular in nutritional
epidemiology. Results of dietary interventions may be easier to implement and more comprehensive when they are initiated as changes in the overall dietary pattern.

2. Vegetarian Diets and Blood Pressure
The US Department of Health and Human Services defines dietary patterns as, “the quantities, proportions, variety, or combinations of different foods and beverages in diets, and
the frequency with which they are habitually consumed” (Hu, 2002). A position statement
Vegetarian and Plant-Based Diets in Health and Disease Prevention. http://dx.doi.org/10.1016/B978-0-12-803968-7.00022-8
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issued by the Academy of Nutrition and Dietetics, defines a vegetarian diet as, “[a diet] that
does not include meat (including fowl) or seafood, or products containing those foods”
(Craig and Mangels, 2009). However, researchers vary in their definitions when reporting
outcomes related to vegetarian diets. An overview of the vegetarian diets is provided in
Chapter 1 of this book.

2.1 Cross-Sectional Studies With High Percentages of Vegetarian
Participants
The information in this section is based on three cross-sectional studies with substantial
numbers of vegetarian participants (Appleby and Key, 2015): the Adventist Health Study-2
(AHS-2) (Pettersen et al., 2012) (36%), the European Prospective Investigation into Cancer
and Nutrition-Oxford (EPIC-Oxford) (Appleby et al., 2002) (33%), and the UK Women’s
Cohort Study (Cade et al., 2004) (29%) (Table 22.1).
In all three studies, nonvegetarians were recruited as a comparison group drawn from
the same population and with a similar socioeconomic status to that of the targeted vegetarians, thereby reducing the likelihood that any observed health differences were due to
nondietary rather than dietary factors.
The AHS-2 cohort comprised more than 96,000 Seventh-day Adventist members
recruited from the United States and Canada between 2002 and 2007. Blood pressure (BP)
data were analyzed from the AHS-2 calibration study, which was primarily designed to
evaluate the accuracy of data collection and reporting. AHS-2 calibration study participants were chosen randomly from the parent cohort (AHS-2 cohort). The EPIC-Oxford
cohort comprised 57,500 British men and women recruited between 1993 and 1999. The
UK Women’s Study examined the relationships between diet and cancer incidence and
mortality among middle-aged (35–69 years) women in the United Kingdom. A total of
35,372 women answered the baseline questionnaire. Nutrient intake by dietary pattern,
such as vegetarian and omnivore, is shown in Table 22.1.
In the AHS-2 calibration cohort, BP values were compared by dietary pattern among
500 nonblack participants. Their mean age was 62.7 years, and 36% were men. Dietary
patterns were determined using a validated food frequency questionnaire (FFQ) that
inquired about participants’ typical or average diet over the past year. Individuals
consuming a vegan diet (meat, fish, and dairy products less than once a month) had
a lower prevalence of hypertension (defined as systolic BP > 139 mm Hg, diastolic
BP > 89 mm Hg, or taking prescribed antihypertensive medications) than omnivorous
individuals (odds ratio [OR] = 0.37, 95% confidence interval [CI] 0.19–0.74). Further,
ovolactovegetarians (consume meat or fish less than once a month but dairy products
or eggs more than once a month) also had a lower estimated odds of hypertension
(OR = 0.57, 95% CI 0.36–0.92) than omnivores (Pettersen et al., 2012). However, after
adjusting for body mass index (BMI), the ORs were no longer statistically significant,
suggesting that the effect of vegetarian diets on BP was partly mediated by the effect
of diet on BMI.

Table 22.1 Dietary Pattern and Nutritional Components

EPIC-Oxford
(Appleby et al., 2002)
Omnivore
Vegetarian

UK Women’s Cohort
(Cade et al., 2004)
Total
Vegetarian

Energy
Carbohydrate
Protein
Fat
Fibera
Sodiuma

1773 kcal
53.4 %E
14.9 %E
34.5 %E
33.6 g
3.7 g

2180 kcal
47.6 %E
16.1%
31.5 %E
NR
2.7 g

2361 kcal
52.6 %E
15.1 %E
32.4 %E
22.0 g
NR

aPer

1791 kcal
61.7 %E
14.1 %E
29.4 %E
51.8 g
3.4 g

2000 kcal.
from AHS-2 (n = 71,751) (Rizzo et al., 2013).

bResults

1926 kcal
54.7 %E
12.8 %E
28.7 %E
NR
2.9 g

2303 kcal
55.7 %E
13.1 %E
32 %E
25.2 g
NR

Omnivore
2191 kcal
49 %E
16 %E
33 %E
16.5 g
3.3 g
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Dietary Pattern

Adventist Health Study-2
(Pettersen et al., 2012)b
Omnivore
Vegetarian

Reference

NHANES (2011–12)
(Reese et al., 1960; Smit
et al., 1999)
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In the EPIC-Oxford study, BP was evaluated in 1790 men and 6873 women. Participants
were allocated to four diet groups based on answers to questions regarding their dietary
intake of meat, fish, dairy products, and eggs. Systolic and diastolic BPs were significantly
lower in the vegan group (did not eat any meat, fish, eggs, and dairy products) than in
all other groups (omnivores, pescetarians, ovolactovegetarians) after adjustment for age.
However, the relationship lost significance after adjustment for both age and BMI (Appleby
et al., 2002). Other dietary factors, including saturated fat intake and ratio of polyunsaturated fat to unsaturated fat, were associated with BP in both sexes; alcohol and carbohydrate intake were associated with BP in men only, while calcium intake was associated
with BP in women only.
In the UK Women’s Cohort Study, prevalence of hypertension was compared between
vegetarians and omnivores in a population of 35,372 women living in England, Wales, and
Scotland. In this study, vegetarians were defined as participants who ate meat or fish less
than once a week, as determined using an FFQ. Overall, those identifying as vegetarians
tended to be younger and were less likely to drink alcohol more than once a week than
omnivorous participants. Nutrient intake analysis showed that vegetarians had lower total
energy intake and higher percentage energy from carbohydrates, whereas omnivores had
lower intake of carbohydrates and percentage energy from carbohydrates, fiber, vitamin C,
folate iron, and calcium but higher intake of vitamin A and zinc. Vegetarians also had lower
absolute protein, fat, and saturated fat intake and a lower prevalence of hypertension than
omnivores (11.4% vs. 19.6%) (Cade et al., 2004) as well as lower mean BMI (23.3 vs. 25.0 kg/m2)
and lower likelihood of consuming alcohol more than once a week (45% vs. 54%).
Findings from these three cross-sectional studies with high percentages of vegetarian
participants showed that vegetarian diets were associated not only with reduced BP and
prevalence of hypertension but also lower BMI, compared with omnivorous diets, and the
relationship between a vegetarian diet and BP lost significance after adjustment for BMI
in two studies. BMI may therefore be a major factor in the relationship between a vegetarian diet and BP. Although causality cannot be inferred from cross-sectional studies, these
findings do suggest relatively long-term effects of vegetarian diets.

2.2 Meta-analysis of Observational Studies
A meta-analysis included 32 observational studies (Yokoyama et al., 2014). The 32 studies
included 21,604 participants (median sample size 152, range 20 to 9242) with a mean age of
46.6 years (range 28.8–68.4 years). Each of the 32 observational studies used cross-sectional
designs (Pettersen et al., 2012; Appleby et al., 2002; Armstrong et al., 1979; Haines et al.,
1980; Burr et al., 1981; Rouse et al., 1983a; Ophir et al., 1983; Wiseman et al., 1987; Sanders
and Key, 1987; Melby et al., 1989, 1994; Orlov et al., 1994; Wyatt et al., 1995; Williams, 1997;
Harman and Parnell, 1998; Famodu et al., 1998; Lu et al., 2000; Goff et al., 2005; Su et al.,
2006; Sebekova et al., 2006; Teixeira Rde et al., 2007; Fontana et al., 2007; Slavicek et al., 2008;
Nakamoto et al., 2008; Pitla and Nagalla, 2009; Lin et al., 2010; Yang et al., 2011; Rodenas et al.,
2011; Fernandes Dourado et al., 2011; Chen et al., 2011; Yang et al., 2012; Kim and Bae, 2012).
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In 22 of these studies, participants had been following vegetarian diets for >1 year (Pettersen
et al., 2012; Burr et al., 1981; Ophir et al., 1983; Wiseman et al., 1987; Sanders and Key, 1987;
Melby et al., 1989; Orlov et al., 1994; Wyatt et al., 1995; Lu et al., 2000; Goff et al., 2005; Su et al.,
2006; Sebekova et al., 2006; Teixeira Rde et al., 2007; Fontana et al., 2007; Slavicek et al., 2008;
Pitla and Nagalla, 2009; Lin et al., 2010; Yang et al., 2011; Fernandes Dourado et al., 2011;
Chen et al., 2011; Yang et al., 2012; Kim and Bae, 2012). Five studies focused on vegan diets
(Sanders and Key, 1987; Orlov et al., 1994; Goff et al., 2005; Fontana et al., 2007; Lin et al.,
2010), 2 on lactovegetarian diets (Pitla and Nagalla, 2009; Yang et al., 2012), 10 on ovolactovegetarian diets (Armstrong et al., 1979; Rouse et al., 1983a; Ophir et al., 1983; Wyatt et al.,
1995; Sebekova et al., 2006; Slavicek et al., 2008; Yang et al., 2011; Fernandes Dourado et al.,
2011; Chen et al., 2011; Kim and Bae, 2012), and 15 on mixed diet types (vegan, lactovegetarian, ovolactovegetarian, pescetarian, and/or semivegetarian) (Pettersen et al., 2012; Appleby
et al., 2002; Haines et al., 1980; Burr et al., 1981; Wiseman et al., 1987; Melby et al., 1989, 1994;
Williams, 1997; Harman and Parnell, 1998; Famodu et al., 1998; Lu et al., 2000; Su et al., 2006;
Teixeira Rde et al., 2007; Nakamoto et al., 2008; Rodenas et al., 2011).
In this meta-analysis, the consumption of a vegetarian diet was associated with a
reduced mean systolic BP (−6.9 mm Hg; 95% CI, −9.1 to −4.7) (Yokoyama et al., 2014). Given
the statistically significant heterogeneity in this meta-analysis of 32 observational studies,
the heterogeneous factors were examined using metaregression. The number of men,
baseline systolic and diastolic BP, and BMI were found to be significant, indicating that the
association between a vegetarian diet and BP was stronger among men and in participants
with higher baseline systolic and diastolic BPs or higher BMIs.

2.3 Meta-analysis of Clinical Trials
A meta-analysis (Yokoyama et al., 2014) included seven trials (Rouse et al., 1983b; Margetts
et al., 1986; Hakala and Karvetti, 1989; Kestin et al., 1989; Sciarrone et al., 1993; Nicholson
et al., 1999; Ferdowsian et al., 2010) with a total of 311 participants (mean age, 44.5 years).
All were open (nonmasked) controlled trials conducted for 6–52 weeks (mean, 15.7 weeks).
Vegan diets were examined in two trials (Nicholson et al., 1999; Ferdowsian et al., 2010),
a lactovegetarian diet in one (Hakala and Karvetti, 1989), and an ovolactovegetarian diet
in four (Rouse et al., 1983b; Margetts et al., 1986; Kestin et al., 1989; Sciarrone et al., 1993).
Intervention methods differed across trials; for example, Hakala and Karvetti (1989) simply counseled participants to follow a specific dietary pattern, whereas in other trials, food
was at least partly provided for participants (Pettersen et al., 2012; Appleby et al., 2002;
Armstrong et al., 1979; Haines et al., 1980; Burr et al., 1981; Rouse et al., 1983a; Ophir et al.,
1983; Wiseman et al., 1987; Sanders and Key, 1987; Melby et al., 1989, 1994; Orlov et al.,
1994; Wyatt et al., 1995; Williams, 1997; Harman and Parnell, 1998; Famodu et al., 1998; Lu
et al., 2000; Goff et al., 2005; Su et al., 2006; Sebekova et al., 2006; Teixeira Rde et al., 2007;
Fontana et al., 2007; Slavicek et al., 2008; Nakamoto et al., 2008; Pitla and Nagalla, 2009; Lin
et al., 2010; Yang et al., 2011; Rodenas et al., 2011; Fernandes Dourado et al., 2011; Chen
et al., 2011; Yang et al., 2012; Kim and Bae, 2012).
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In these seven trials, a vegetarian diet was associated with a reduction in mean systolic
BP (−4.8 mm Hg; 95% CI: −6.6 to −3.1; P < .001) and diastolic BP (−2.2 mm Hg; 95% CI: −3.5
to −1.0; P < .001), compared with an omnivorous diet (Yokoyama et al., 2014). Whelton et al.
(2005) reported that a 5 mm Hg reduction in systolic BP resulted in a 14% overall reduction
in mortality due to stroke, 9% reduction in mortality due to cardiovascular heart disease,
and 7% decrease in all-cause mortality.
However, visual examination of funnel plots for the seven clinical trials suggested that
smaller trials reporting small reductions in systolic BP may have been overrepresented. In
the absence of publication bias, study results would be symmetrically represented about
the mean effect size; our findings suggest that a few studies were missing in the bottom
left side. This visual impression was confirmed by the Egger test (P = .04). Results obtained
using the trim-and-fill method suggested that three trials may have been missing, the
addition of which would change the overall effect on systolic BP to a 5.2 mm Hg reduction
(95% CI: −6.9 to −3.5) (Yokoyama et al., 2014).
Notably, the studies available did not involve large sample sizes. However, the findings from cross-sectional studies and meta-analyses are consistent with those of a previous review of observational studies that found that the systolic BP of vegetarians was
3–14 mm Hg lower and diastolic BP 5–6 mm Hg lower than in omnivores (Berkow and
Barnard, 2005). In addition, randomized controlled trials (RCTs) have shown that BP is
lower when animal products are replaced with plant-based products in both normotensive and hypertensive participants (Berkow and Barnard, 2005). The Dietary Approaches to
Stop Hypertension (DASH) study showed that a diet rich in fruits and vegetables reduced
systolic BP by 5.5 mm Hg (P < .001) and diastolic BP by 3 mm Hg (P < .001) (Appel et al.,
1997). The DASH study was based in part on the observation that vegetarian diets are associated with a significantly reduced risk of hypertension compared with omnivorous diets
(Sacks et al., 1995).

2.4 Update Search After Meta-analysis
Since the meta-analysis was published in 2014 (and with a research date from November
2013), we performed another bibliographic research, and 44 studies were published
through August 2016. Of these, one prospective cohort study and two cross-sectional
studies met the inclusion and exclusion criteria we used in the meta-analysis. The matched
cohort study was from the 1994–2008 MJ Health Screening Database and included 4109
nonsmokers (3423 omnivores and 686 vegetarians) (Chuang et al., 2016). Vegetarians had
lower systolic BP (−2.4 mm Hg, P < .05) and diastolic BP (−1.1 mm Hg, P < .05) adjusting
for age, sex, C-reactive protein, waist circumstance, and fasting glucose. A cross-sectional
study conducted in India included 6555 participants (4407 omnivorous and 2148 lactovegetarians). After adjustment for age, sex, sibling clusters, BMI, smoking, alcohol, site,
migration status, energy, physical activity, and sibling pair, lactovegetarians had lower diastolic BP (β = −0.7 mm Hg, P = .02) but not significantly lower in systolic BP (β = −0.9 mm Hg,
P = .07) (Shridhar et al., 2014). A cross-sectional study conducted in Taiwan included 2397

Chapter 22 • Blood Pressure and Vegetarian Diets

401

premenopausal (2285 omnivores, 36 vegans, and 76 ovolactovegetarians) and 1154 postmenopausal women (1040 omnivores, 63 vegans, and 51 ovolactovegetarians) (Huang
et al., 2014). Results showed that baseline systolic BP and diastolic BP were not different between vegans or ovolactovegetarians and omnivores. However, this analysis did not
adjust for any potential confounders except sex and menopausal status.
In our meta-analysis, calculating the failsafe number revealed that 1498 additional negative studies that would be needed to increase the P-value over .05. Therefore, addition of
these three studies would not change our meta-analysis results.

3. Possible Mechanisms
3.1 Nutrition-Related Factors Affecting Vegetarians
Results from the aforementioned three cohort studies showed that both BMI and the proportion of obese subjects tended to be lower among vegetarians than nonvegetarians (Key
et al., 1999). According to a meta-analysis of clinical trials, a vegetarian diet helps reduce
body weight (Barnard et al., 2015). The lower energy intake among vegetarians might be
attributable to the reduced energy density of the diet, owing to the higher fiber and lower fat
content than found in omnivorous diets. Given that obesity is a major diet-related risk factor for hypertension (Appleby and Key, 2015), a reduction in body weight might represent
an important intervening variable explaining the effect of vegetarian diets on BP. Previous
studies in various populations revealed that BMI is nearly linearly related with systolic and
diastolic BP (Hall, 2003; Jones et al., 1994). Part of the reason may be increased renal tubular sodium reabsorption, impairing natruresis (Hall et al., 2015). The possible mechanisms
that could explain development of obesity-related hypertension include physical compression of the kidneys by fat in and around the kidneys, mineralocorticoid receptor activation, activation of the renin–angiotensin–aldosterone system, and increased sympathetic
nervous system activity (Hall et al., 2015). Although an estimated 78% of cases of primary
hypertension in men and 65% of cases in women can be assigned to overweight, not all
obese patients develop hypertension (Garrison et al., 1987). In addition, most studies have
shown that vegetarian diets retain their association with reduced BP even after controlling
for body weight; as such, weight differences alone do not fully explain the observed BP differences between vegetarians and nonvegetarians (Rizzo et al., 2013).
Other lifestyle modifications recommended for lowering hypertension include moderating alcohol consumption and increasing physical activity (National Heart, Lung, and
Blood Institute, 2003). Previous cohort studies have shown that vegetarians tend to drink
less alcohol than nonvegetarians (Appleby et al., 2002; Rizzo et al., 2013), suggesting that
low alcohol intake may be another factor partially explaining the apparent effects of vegetarian diets on BP. In addition, consumption of vegetarian diets has been associated with
reduced blood viscosity, which may affect BP (Ernst et al., 1986). The next section will discuss potential foods and nutrients in a vegetarian dietary pattern that may be responsible
for the BP-lowering effects of the diet.
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3.2 Key Foods and Nutrients for Vegetarians
The Academy of Nutrition and Dietetics describes vegetarians as consuming primarily
foods of plant origin, particularly vegetables, grains, legumes, and fruits (Table 22.2) (Craig
and Mangels, 2009).
A previous study examined the food consumption patterns of vegetarians in the AHS-2
cohort (Orlich et al., 2014). Dietary intake was measured using an FFQ, and vegetarian
dietary patterns were categorized according to the reported intake of animal-based foods.
Vegetarians were defined as people who consumed dairy products, fish, and all other
meats <1 time/month.
Foods were categorized into 58 food groups, and adjusted mean consumption of each
food group for vegetarian dietary patterns was compared with that for the nonvegetarian
dietary pattern. Mean consumption differed significantly across dietary patterns for all
food groups. For example, increased consumption of many plant foods, including fruits,
vegetables, avocados, nonfried potatoes, whole grains, legumes, soya foods, nuts, and
seeds was observed among vegetarians, along with reduced consumption of meats, dairy
products, eggs, refined grains, added fats, sweets, snack foods, and nonwater beverages
(Orlich et al., 2014).
A nutrient level intake study was additionally conducted in this same AHS-2 cohort.
Caloric intake and percentages of energy from carbohydrates, protein, and fat were similar across vegetarian and omnivorous individuals. Intake of plant protein, total fiber, betacarotene, and magnesium was significantly higher, after adjustments for sex, age, and race, in
vegetarians than in nonvegetarians (Rizzo et al., 2013). In contrast, intake of animal protein,
saturated fatty acid, trans-fatty acid, arachidonic acid, DHA, and vitamin D was significantly
lower in vegetarians. Sodium intake was similar between both groups (3.5 mg for vegetarians
vs. 3.8 mg for nonvegetarians) (Rizzo et al., 2013). In the EPIC-Oxford study, energy intake and
percentages of energy from protein, total fat, and saturated fat were higher, while percentages of energy from carbohydrates and polyunsaturated fat were lower in omnivores than in
vegetarians. Intake of calcium was lower and that of magnesium higher in vegetarians than
in omnivores (Appleby et al., 2002). In the UK Women’s Study, vegetarians had lower protein,
fat, saturated fat, vitamin A, and zinc intake but higher carbohydrate, fiber, vitamin C, folate,
iron, and calcium intake than nonvegetarians (Cade et al., 2004). Compared with NHANES
data, energy intake was lower in the AHS-2 cohort but comparable in the EPIC-Oxford and
UK Women’s studies (Table 22.1). Overall, the vegetarian dietary pattern was characterized
Table 22.2 Characteristics of Vegetarian Diets (Craig and Mangels, 2009)
Higher in Vegetarians

Lower in Vegetarians

Food

Grains, vegetables, fruits, legumes, seeds, nuts

Nutrient

Dietary fiber, magnesium, potassium, vitamins C and E, folate,
carotenoids, flavonoids, other phytochemicals

Meat (including fowl) or seafood or
products containing those foods
Saturated fat, cholesterol, vitamins D
and B12, calcium, zinc, long-chain n-3
fatty acids
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by greater energy intake from carbohydrates and less from protein and fat than nonvegetarian patterns.

3.3 Key Foods and Nutrients Effective in Lowering Blood Pressure
3.3.1 Fruits and Vegetables
Fruits and vegetables are rich in minerals such as magnesium, vitamin C, folic acid, flavonoids, and carotenoids, all of which are believed to lower BP by improving endothelial
function (Whelton et al., 1997; Toh et al., 2013; Juraschek et al., 2012; Aburto et al., 2013). A
meta-analysis of 25 observational studies found that consumption of fruits and vegetables
was associated with a reduced prevalence of hypertension. On comparing the highest and
lowest consumption groups, the pooled relative risks of hypertension were 0.81 (95% CI:
0.74–0.89) for fruits and 0.7 (95% CI: 0.62–0.86) for vegetables (Li et al., 2016).

3.3.2 Legumes
While soy products have been consumed in Asia for centuries, they are relatively new foods
among US consumers (Messina and Messina, 2010). Soy intake among vegetarians is generally higher than in nonvegetarians; however, Western vegans typically consume about
10–12 g/day of soy protein, an intake level similar to that of nonvegetarian Japanese and
Shanghai Chinese, and nonvegan Western vegetarians consume only about half this amount
(Messina et al., 2006). Analysis of AHS-2 participants suggested that age-, sex-, and raceadjusted legume intake was 84.4 g/day for vegetarian and 52.5 g/day for nonvegetarians. In
particular, a marked difference was noted in intake of soy foods and meat analogs between
these groups (202.9 g/day for vegans and 88.1 g/day for nonvegetarians) (Orlich et al., 2014).
Meta-analysis of 27 RCTs suggested that subjects having a soy protein dietary intervention
experienced a 2.21 mm Hg (95% CI: −4.10 to −0.33, P = .021) reduction in systolic BP and a
1.44 mm Hg (95% CI: −2.56 to −0.31, P = .012) reduction in diastolic BP, compared with the
control group (nonsoy protein) (Dong et al., 2011a). Metaregression analysis revealed that
the observed heterogeneity (I2 = 65.7% for systolic BP and 61.5% for diastolic BP) was most
likely due to pretreatment BP and the diet consumed by control subjects (Dong et al., 2011a;
Messina et al., 2006; Messina and Messina, 2010; Orlich et al., 2014).
While the underlying mechanism by which soy protein influences BP remains unclear,
soy food products contain isoflavones and high amounts of arginine. Given that isoflavones may stimulate the synthesis or improve the bioavailability of the potent vasodilator
nitrous oxide (NO) (Squadrito et al., 2002; Chin-Dusting et al., 2004) and arginine is a precursor of NO (Luiking et al., 2010; Urschel et al., 2007), these compounds might reduce BP
when consumed through soy foods (Dong et al., 2011b).

3.3.3 Nuts
Vegetarians tend to consume greater amounts of nuts than omnivores (Orlich et al., 2014).
In the AHS-2 study, adjusted daily mean consumption of nuts and seeds was 36 g/day for
vegans and 18.8 g/day for omnivores (Orlich et al., 2014). A meta-analysis of 21 RCTs examined the effect of consumption of nuts (including walnuts, almonds, pistachios, cashews,
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hazelnuts, macadamia nuts, pecans, peanuts, and soy nuts) on systolic and diastolic BP.
The pooled effect size was −1.29 mm Hg (95% CI: −2.35 to −0.22, P = .02) for systolic BP in
participants without type 2 diabetes, but no marked effect was observed in the total population (Mohammadifard et al., 2015). The antihypertensive effect of nuts might come from
components such as dietary fiber, plant proteins, antioxidants, bioactive substances such
as flavonoids or phytosterols, vitamins, and minerals such as potassium and magnesium
(Allen, 2008). However, the reasons why an antihypertensive effect of nuts only appeared
in participants without type 2 diabetes is unknown.

3.3.4 Minerals
Sodium intake in vegetarians compared with omnivores is not consistent among studies.
While some studies have revealed that vegetarian diets might be lower in sodium than
omnivorous diets (Larsson and Johansson, 2002; Clarys et al., 2014), other studies reported
no clear differences (Rizzo et al., 2013), and some studies have reported that, on average,
some vegetarians may consume more sodium than omnivores (Woo et al., 1998). Sodium
intake in participants in three cohort studies referenced in this paper is shown in Table
22.1. Overall, sodium content does not appear to be substantially different between vegetarian diets and in omnivore diets.
A meta-analysis of 107 RCTs found a strong dose–response relationship between reduced
sodium intake and BP (Mozaffarian et al., 2014); indeed, a 2.3-g reduction in sodium per
day was associated with a 3.82 mm Hg reduction in BP (95% CI; 3.08–4.55) (Mozaffarian
et al., 2014). Efforts have been made to capitalize on this relationship. For example, the
DASH dietary pattern focuses on vegetable and fruit consumption, and in trials that controlled sodium intake, the DASH diet had a greater BP-lowering effect than a non-DASH
diet with sodium reduction alone (Appel et al., 1997; Sacks et al., 2001). Further studies are
needed to clarify the effects of vegetarian diets with controlled sodium intake on BP.
Potassium is abundant in vegetarian diets (Rizzo et al., 2013), and a meta-analysis of RCTs
found that potassium supplementation to omnivorous diets decreases BP (Rizzo et al.,
2013; Whelton et al., 1997; Aburto et al., 2013). Further, high potassium intake increases
vasodilation and glomerular filtration rate while decreasing renin levels, renal sodium
reabsorption, reactive oxygen species production, and platelet aggregation (McDonough
and Nguyen, 2012; Elliott et al., 2008; Kass et al., 2012).

3.3.5 Protein Source
The source of consumed protein—plant- or animal-based—seems to influence BP. For
example, findings from the INTERMAP study suggested that plant protein intake (2.8%
energy) was associated with a 2.1 mm Hg reduction in systolic BP (Elliott et al., 2006).
Other prospective cohort studies have similarly indicated that higher plant protein intake
is associated with BP reduction (Wang et al., 2008) or a reduced risk of incident hypertension (Alonso et al., 2006). While a meta-analysis of trials with subjects stratified by type of
protein consumed found no marked differences in effects on BP between protein from
plant or animal sources (Tielemans et al., 2013), the sample size of the meta-analysis was
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small (3 trials, N = 327 for plant protein; and 4 trials, N = 574 for animal protein), and the
effects of plant or animal protein were not directly compared. Further intervention studies and meta-analyses are therefore needed to understand the influence of protein source
on BP.

3.3.6 Specific Amino Acids
Previous studies have suggested that plasma concentrations and intake of amino acids differ between vegetarians and omnivores (Abdulla et al., 1981; Krajcovicova-Kudlackova et al.,
2000). In the INTERMAP study, glutamic acid intake was higher among those consuming
predominantly plant-based protein than in those consuming predominantly animal-based
protein (Stamler et al., 2009). A 2-standard-deviation-higher intake of glutamic acid (4.7% of
total protein) was associated with a 1.5 mm Hg reduction in systolic BP (Stamler et al., 2009).
Glutamic acid is a precursor of arginine, which is itself a precursor for the vasodilator NO
(Luiking et al., 2010; Urschel et al., 2007) and may contribute to BP reduction.
In the EPIC-Oxford cohort, plasma amino acid concentrations were compared between
vegetarians and omnivores for 392 men, aged 30–49 years. Levels of lysine, methionine,
tryptophan, and tyrosine were significantly lower in vegans than in omnivores, while
those of alanine and glycine were significantly higher (Schmidt et al., 2016). Lysine competes with arginine for transport into the cell (Luiking and Deutz, 2007; Li et al., 2009),
and arginine deficiency is associated with endothelial activation and immune dysfunction in humans (Lorin et al., 2014; Luiking and Deutz, 2007; Li et al., 2009). Therefore, the
lysine/arginine ratio may strongly influence the BP-lowering effect of a vegetarian diet.
Plant-based proteins tend to contain lower lysine levels and a lower lysine/arginine ratio
than animal-based proteins (Vega-Lopez et al., 2010). Plant-based proteins may therefore reduce BP by stimulating NO production. A small (N = 30), randomized crossover trial
attempted to clarify the effect of changing the dietary lysine/arginine ratio on cardiovascular risk factors (Vega-Lopez et al., 2010) by providing 30 healthy adults with a low- (0.7)
or high- (1.4) lysine/arginine ratio diet. While no marked difference was observed in BP
between groups after 35 days of intervention in this instance (Vega-Lopez et al., 2010), the
longer-term effects of consuming a low-lysine/arginine ratio diet remain unclear.
A 2-year prospective cohort study (N = 92) showed that increased dietary intake of
methionine and alanine is associated with increased BP (Tuttle et al., 2012). Methionine is
a homocysteine precursor that increases BP by increasing levels of asymmetric dimethylarginine, a competitive inhibitor of NO (Stuhlinger et al., 2003). Methionine is abundant
in animal protein and scarce in plant protein (McCarty et al., 2009); therefore, a predominantly plant-based protein diet will typically have a lower methionine content than a diet
rich in animal-based proteins. However, the relationships between dietary methionine
intake and plasma homocysteinemia are still obscure. Metabolic phenotyping analysis
conducted as part of the INTERMAP study showed that urinary alanine excretion was
associated with elevated BP (Holmes et al., 2008). In the same study, dietary alanine was
higher in people consuming a predominantly omnivorous diet than in those consuming a
predominantly vegetarian diet (Elliott et al., 2006).
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3.3.7 Vitamin C
Fruits and vegetables are rich in vitamin C. A meta-analysis of 29 clinical trials with a
median vitamin C dose of 500 mg/day and median intervention duration of 8 weeks
showed pooled changes of −3.84 mm Hg (95% CI: −5.29 to −2.38, P < .01) in systolic BP
and −1.48 mm Hg (95% CI: −2.86 to −0.10 mm Hg, P = .04) in diastolic BP (Juraschek et al.,
2012). Heterogeneity was significant for both systolic and diastolic BP and may have been
due in part to the age of participants and methods of intervention (Juraschek et al., 2012).
The effects of vitamin C on improving NO bioavailability may underlie its influence on BP
(Juraschek et al., 2012; Huang et al., 2000; Suematsu et al., 2010).

3.3.8 Vitamin B12
Some vegetarians tend to have lower intake of vitamin B12 than omnivores (Craig and Mangels,
2009), and B12 deficiency can occur in vegans who do not proactively consume vitamin B12fortified foods or take supplements (Woo et al., 2014). While vegan diets have been found in
some studies to have protective effects on cardiovascular-related risk, Woo et al. (2014) found
in their study of Chinese vegetarians with suboptimal vitamin B12 levels and normal or high
salt intake that vegan diets can adversely affect arterial endothelial function and carotid
intima-media thickness. In addition to the classical, important manifestation of vitamin B12
deficiency (see Chapter 43), Vitamin B12 deficiency results in increased homocysteine levels
(please also see Chapter 41), which are associated with arterial endothelial dysfunction and are
an independent risk factor for cardiovascular disease (Homocysteine Studies Collaboration,
2002). Pawlak (2015) similarly suggested that vitamin B12 deficiency may reduce the benefits of
a vegetarian diet on preventing cardiovascular disease. Vegetarians should therefore make an
effort to consume nutrients that are often deficient in their diet.

3.3.9 Antioxidants
Fruits and vegetables are rich in antioxidants. A 6-month RCT found that increased consumption of fruits and vegetables was associated with increased intake of antioxidants,
such as alpha-carotene, beta-carotene, lutein, β-cryptoxanthin, and ascorbic acid (John
et al., 2002). In addition, when compared with a lower consumption group, subjects
consuming more fruits and vegetables had significantly greater reductions in systolic
(−4.0 mm Hg; P < .0001) and diastolic (−1.5 mm Hg; P = .02) BP (John et al., 2002).

3.3.10 Fiber
Fiber is common in plant-based foods, and vegetarian diets contain a greater amount of
fiber than an omnivore diet. A meta-analysis of 24 RCTs revealed that dietary fiber supplementation (average dose: 11.5 g/day) nonsignificantly reduced systolic BP by −1.13 mm Hg
(95% CI: −2.49 to 0.23) and significantly reduced diastolic BP by −1.26 mm Hg (95%
CI: −2.04 to −0.48) (Streppel et al., 2005). Another meta-analysis of 25 RCTs indicated that
dietary fiber intake was associated with a nonsignificant −1.15 mm Hg (95% CI: −2.68 to
0.39) reduction in systolic BP and a −1.65 mm Hg (95% CI: −2.70 to −0.61) reduction in
diastolic BP (Whelton et al., 2005). Effects of dietary fiber supplementation on both systolic and diastolic BP were stronger and more significant in hypertensive subjects than in
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normotensive ones (Whelton et al., 2005). Although these data are insufficient to determine the effectiveness of dietary fiber supplementation for reducing BP, dietary fiber consumption may indeed influence the effectiveness of dietary pattern intervention.

3.3.11 Microbiome
The microbiota may influence the development of cardiovascular disease, including arteriosclerosis and hypertension (Jose and Raj, 2015), and the composition of human gut microbiota can change rapidly with diet alterations, such as dietary fiber supplementation (Holscher
et al., 2015) or exclusion of animal-based foods (David et al., 2014). This topic is presented in
detail in Chapter 24. Toxic metabolites, such as p-cresol sulfate, indoxyl sulfate, and trimethylamine N-oxide (TMAO), are produced by gut microbiota through fermentation of proteins
(Ramezani and Raj, 2014; Wang et al., 2011; Tuso et al., 2015). Previous trials have shown
that average excretion of p-cresol sulfate and indoxyl sulfate, two compounds associated
with vascular disease and mortality in patients with chronic kidney disease (CKD) (Barreto
et al., 2009; Liabeuf et al., 2010), was 62% and 58% lower, respectively, in participants consuming a vegetarian diet than in those consuming an omnivorous diet (Patel et al., 2012).
Plasma TMAO concentration in patients with CKD was significantly higher than in those
without CKD and was associated with a 2.8-fold increased risk of mortality with highest
quartile compared with lowest quartile of plasma TMAO. TMAO is produced by metabolism
of dietary choline, phosphatidylcholine, and l-carnitine by microbiota (Wang et al., 2011;
Koeth et al., 2013; Tang et al., 2013, 2015), and elevated plasma TMAO levels are primarily
due to gut microbial action, as genes play only a minor role in determining TMAO levels in
humans (Hartiala et al., 2014). However, no studies have yet investigated a direct association
between TMAO level and BP (Ufnal et al., 2014).

4. Conclusion
Results from meta-analyses of clinical trials show that a vegetarian dietary pattern is associated with reduced BP compared with an omnivorous diet. This effect appears to be due
in part to the weight reduction that often accompanies vegetarian diets, as well as to the
specific effects of certain nutrients. Further studies should be conducted in non-Western
populations involving subjects with higher intakes of sodium or animal products, along
with controlled studies examining potential mechanisms of BP reduction by typical nutrients in vegetarian diets as well as their synergetic effects.
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Ischemic Heart Disease in
Vegetarians and Those Consuming
a Predominantly Plant-Based Diet
Jim Mann
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1. Introduction
Cardiovascular disease (comprising ischemic heart disease, IHD) and cerebrovascular disease
(stroke) account for a substantial proportion of premature mortality and serious morbidity
worldwide. While IHD death rates are decreasing in many relatively affluent Western countries
since peaking in the 1960s and 1970s, this disease continues to account for a high proportion
of total mortality as a result of aging populations. While lifestyle changes, improved medical
care and drug treatment of raised blood pressure and cholesterol, in particular, undoubtedly
explain to some extent the reduction of IHD in some countries, it is noteworthy that IHD death
rates had declined appreciably in some of these countries before the widespread introduction
of statins. In some Eastern European countries the increase in IHD death rates started much
later, and mortality in some of them remain very much higher than in the West. The Czech and
Slavic Republics and Hungary now have the highest IHD mortality rates in the world.
In recent years, as case fatality rates have declined and diagnostic facilities and information systems have improved, there has been increasing interest in the overall burden of
disease. This is reported in Disability Adjusted Life Years (DALYs), a measure of years of life
lost due to ill health, disability, or death. In 2010, cardiovascular heart disease was the leading cause of DALYs in the world. This is largely a result of increasing mortality from IHD in
low- and middle-income countries. In these countries, IHD events and deaths have increased
due to a number of factors, including population growth, aging populations, and changing
patterns of risk factors, which may differ among countries. In many of these countries, the
average age of onset of IHD is lower than in high-income countries, resulting in an increasing burden of disease as IHD increases. The situation is particularly concerning in countries
where affluence and poverty coexist and which are said to be in a state of nutrition transition.
In such countries (e.g., India and South Africa), IHD rates are high among the relatively affluent and those accumulating wealth, whereas diseases of undernutrition remain prevalent
among the poor and underprivileged. The situation is the reverse of what is observed in most
high-income countries where the socioeconomically disadvantaged have higher IHD rates
than better educated, more affluent groups in the community.
Vegetarian and Plant-Based Diets in Health and Disease Prevention. http://dx.doi.org/10.1016/B978-0-12-803968-7.00023-X
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The striking geographic variation, rapidly changing trends, and experience of migrants
who tend to acquire the characteristics of the host nation over a relatively short period
suggest the importance of environmental factors in the etiology of IHD. Dietary factors
have long been accepted as playing a pivotal role in IHD. Early attention was focused
almost entirely on the role of saturated fat. While there is little doubt that fat intake does
play an important role in the etiology of IHD, there is increasing evidence that other foods
and nutrients may have a deleterious effect and that a range of plant foods and dietary patterns that are largely plant-based may be protective. This chapter examines the evidence
suggesting that plant-based dietary patterns and meat avoidance protect against IHD.

1.1 Epidemiological Evidence
Populations following traditional diets that are largely plant-based or are rich in plantbased foods tend to have low rates of cardiovascular heart disease. This observation
applies to dietary patterns as diverse as the maize-based diets followed in many parts of
rural Africa, the rice-based diets in many countries in Asia, and the several Mediterranean
dietary patterns characterized by a range of plant-based foods.
The earliest attempt to quantify the effects of a vegetarian dietary pattern in a Western
society were based on Seventh-day Adventists living in California (Snowdon et al., 1984).
Many adherents to this faith are vegetarian, and as a group, they were found to have appreciably lower IHD mortality rates than the population at large. Similar results were reported
from the experience of a relatively small group of German vegetarians (Chang-Claude
et al., 1992; Chang-Claude and Frentzel-Beyme, 1993) and people in the United Kingdom
(UK) identified as vegetarian, who when visiting health food shops were compared with
meat eaters also visiting these stores (Burr and Butland, 1988). Subsequent analyses of
the Adventist data that involved comparisons of those who were vegetarians and those
who were not confirmed the lower mortality rates among vegetarians (Snowdon, 1988).
The inability to disentangle the benefit conferred by the vegetarian dietary pattern from
confounding healthy lifestyle-related variables potentially associated with vegetarianism
and lower risk of IHD (e.g., not smoking, regular physical activity) were the stimulus to the
setting up of the Oxford Vegetarian Study (Appleby et al., 1999). Vegetarians were recruited
from among the members of the Vegetarian Society of the UK and more widely through
the news media, word of mouth, and advertisements. To identify a comparable group of
nonvegetarians, vegetarians were asked to recruit nonvegetarian relatives and friends.
Over 11,000 participants were identified, and the vegetarian and meat eating cohorts were
reasonably well matched for the major nondietary lifestyle-related determinants of IHD.
Follow-up of the two cohorts revealed a significantly lower standardized mortality ratio for
IHD mortality among the vegetarians compared with meat eaters, but after adjustment
for smoking, body mass index (BMI), and social class, the 28% reduction in IHD did not
achieve conventional levels of statistical significance (adjusted death rate ratio 0.72, 95%
CI: 0.47, 1.10) (Thorogood et al., 1994).
Key et al. (1999) combined the data from the two studies of Seventh-day Adventists, the
UK Health Food Shoppers Study, German Vegetarians, and the Oxford Vegetarian Study.
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There were 8330 deaths after a mean of 10.6 years of follow-up of 76,172 men and women.
After adjustment for age, sex, and smoking status, mortality from IHD was 24% lower in
vegetarians than nonvegetarians (death rate ratio 0.75, 95% CI: 0.62, 0.94, P < .01). The
difference in mortality was greater at younger ages and was restricted to those who had
followed their diet for more than 5 years. In this aggregation of the data, BMI data were not
available for all subjects, so the ratios could not be adjusted for this potential confounder
as had been done in the Oxford Vegetarian Study. However, it could be argued that this
was more appropriate since body fatness could be involved in the causal chain linking a
dietary attribute and IHD. This is further discussed subsequently.
Two important cohort studies have been published. They have involved a large number
of participants and obtained more detailed data regarding dietary intake and potentially
confounding variables than had been the case in previous studies. The Adventist Health
Study 2 reported a 5.8 -year follow-up of 73,308 participants in the United States and
Canada; 48% were nonvegetarians, 29% ovolactovegetarians, 10% pescetarians, 8% vegans, and 5% semivegetarians. Vegetarians had lower risk of all-cause mortality compared
with nonvegetarians (HR: 0.88, 95% CI: 0.72, 0.94) with comparable reductions in the various “vegetarian” subgroups. IHD mortality was also lower in the “vegetarian” groups, but
the reduction did not achieve conventional levels of statistical significance (e.g., among
ovolactovegetarians HR: 0.82, 95% CI: 0.62, 1.06) (Orlich et al., 2013).
The EPIC-Oxford Study, a successor to the Oxford Vegetarian Study, involved 57,446
participants who were vegetarians, vegans, or others representative of the UK general population. They were recruited through General Practices in Oxfordshire, Buckinghamshire,
and Greater Manchester between 1993 and 1999 and followed for an average of 11.6 years.
Approximately one-third of the participants reported consuming a vegetarian diet.
Through linkage with both hospital records and death certificates, it was possible to identify incident cases of IHD in addition to mortality. Detailed dietary data were obtained
from a validated semiqualitative food frequency questionnaire that estimated intake of
130 food items over the past 12 months. Information was also obtained relating to a range
of lifestyle-related variables, medical history, weight, and height. Blood pressure and lipid
measurements were obtained at the time of recruitment. Vegetarians had a 32% lower risk
of IHD than nonvegetarians after adjustment for age, smoking, alcohol intake, physical
activity, educational level, deprivation index, and in women, use of oral contraceptives or
hormone treatment (HR: 0.68, 95% CI: 0.58, 0.81) (Crowe et al., 2013).
The most recent report relating to mortality among vegetarians has combined data
from the Oxford Vegetarian Study and EPIC-Oxford (Appleby et al., 2016). The finding
of no difference in cardiovascular mortality between vegetarians and nonvegetarians, a
somewhat surprising finding in the light of earlier findings, may be explained by at least
two observations. Nonvegetarians may have been more likely than vegetarians to have
commenced treatment with statins, and there is some evidence that this is the case (Key,
2016). EPIC-Oxford included participants up to age 90 years, and many of the deaths will,
of course, have occurred in the oldest members of the cohort. At this age, it is conceivable
that individual risk and protective factors including those associated with vegetarianism
are likely to be less influential.
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2. Effects of Vegetarianism and Plant-Based Diets on Major
Cardiovascular Risk Factors
2.1 Body Fatness
Increasing body fatness, most often measured by the BMI, has been consistently shown
to be an important cardiovascular risk factor, especially when centrally distributed, as
demonstrated by increasing waist circumference or waist/hip ratio. Vegetarians, and even
more strikingly vegans, are appreciably less likely to be overweight or obese than comparable (their relatives and friends) meat eaters (see Fig 23.1) (Appleby et al., 2002). However,
it is impossible to disentangle the extent to which attributes of a generally healthy lifestyle
(e.g., regular physical activity, low consumption of energy dense foods) or any specific
features of vegetarianism or a largely plant-based diet contribute to a lower risk of this
important determinant of cardiovascular health. The satiety enhancing effect of dietary
fiber, typically high in vegetarian and other plant-based dietary patterns, seems a likely
candidate, but so do the nondietary environmental factors that characterize the lives of
many who choose a vegetarian or largely plant-based diet. Lower rates of overweight and
obesity may exert a cardioprotective effect by favorably influencing other risk factors.

2.2 Blood Pressure
A clear linear relationship exists between increasing levels of blood pressure and increasing risk of CHD and stroke. Meta-analysis of 7 controlled dietary intervention studies and
32 observational studies has shown that vegetarian diets are consistently associated with
lower levels of blood pressure than diets including meat (Yokoyama et al., 2014). These
data and a further analysis are presented in detail in Chapter 22. In brief, in the clinical
trials, systolic and diastolic pressures were, respectively, 4.8 and 2.2 mm Hg lower in the
vegetarians. More striking differences (6.9 and 4.7 mm Hg) for systolic and diastolic were
apparent in the meta-analysis of the observational studies. Such an effect is approximately
half that which might be associated with the use of a blood pressure–lowering drug.
Reductions in blood pressure of this size might be expected to translate into a reduction of
approximately 9% in IHD mortality and 14% in stroke mortality. Overweight and obesity
and high intakes of alcohol are clearly established causes of increasing blood pressure and
may have confounded the findings in the observational studies but not in the controlled
trials. Dietary sodium is probably the most clearly described dietary determinant of blood
pressure, but (World Health Organisation, 2012) vegetarian diets are not consistently low
in sodium, nor is a difference in sodium intake likely to explain the findings of the randomized trials. On the other hand, vegetarian diets are typically characterized by high intakes
of potassium, which have been shown to be associated with blood pressure lowering and
a range of effects on renal function that could explain this finding (Whelton et al., 1997).
The extent to which plant protein may be associated with lower blood pressure levels has
also been extensively studied. The INTERMAP Study (International Collaborative Study
of Macronutrients, Micronutrients and Blood pressure) suggested that plant protein is

Chapter 23 • Ischemic Heart Disease in Vegetarians

25
24

419

Men
Meat eater
Non-meat eater

23
Body
mass
index
(kg/m2)

22
21
20
19

25
24

Body
mass
index
(kg/m2)

20-29

30-39

40-49

50-59

60-69

70-79

80-89

50-59

60-69

70-79

80-89

Women
Meat eater
Non-meat eater

23
22
21
20
19

20-29

30-39

40-49

Age group
FIGURE 23.1 Mean body mass index by diet and age group (showing 95% confidence intervals). There were
no male meat eaters aged 80–89. Courtesy of Macmillan Publishers Ltd; Appleby, P.N., Thorogood, M., Mann,
J.I., Key, T.J., 1998. Low body mass index in nonmeat eaters: the possible roles of animal fat, dietary fiber and
alcohol. Int. J. Obes. Relat. Metab. Disord. 22, 454–460.

associated with a modest reduction in blood pressure (2.1 mm Hg) and that the higher levels of glutamic acid (a precursor of arginine) seen in those eating a predominantly plantbased diet may explain the blood pressure lowering effect (Elliott et al., 2006). Amino acid
profiles in vegetarians, vegans, and meat eaters have been studied in the EPIC-Oxford
cohort and unsurprisingly showed expected differences between vegans and meat eaters
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(Schmidt et al., 2016). A low lysine/arginine ratio may contribute to the lower blood pressure of nonmeat eaters by stimulating nitric oxide (NO) production (Lorin et al., 2014). The
readers can refer to Chapter 36 for a discussion on the relation between cardiovascular
health and protein and amino acids in plant-based diet. The extent to which other nutrients may contribute to the lower blood pressure levels of those consuming largely plantbased diets is unclear.

2.3 Lipids and Lipoproteins
The Oxford Vegetarian Study clearly demonstrated lower levels of total and LDL cholesterol
in vegetarians compared with meat eaters and even lower levels in vegans. Triglyceride
levels did not differ among the groups (Thorogood et al., 1987). Meta-analysis of 10 randomized controlled trials confirmed these findings, with total, LDL, and non-HDL cholesterol being 0.36, 0.31, and 0.30 mmol/L lower on the vegetarian diets (see Fig 23.2) (Wang
et al., 2015). Vegetarian diets were also associated with lower (−0.10 mmol/L) levels of HDL
cholesterol, but it is noteworthy that the reduction in LDL was appreciably greater than
the reduction in HDL. Furthermore, a meta-analysis of observational studies has not confirmed lower HDL cholesterol among vegetarians. Unsurprisingly a greater cholesterol
lowering effect was seen in trials analyzed on a per protocol basis than in those analyzed
on an intention to treat basis. The effect was most striking in those with BMI in the normal
range. Given the importance of total and LDL cholesterol as determinants of cardiovascular disease, it seems highly likely that the lower cardiovascular risk associated with a
vegetarian or plant-based diet is to an important extent explained by the effect on lipids
and lipoproteins. Given that a 1 mmol/L reduction in total cholesterol results in a nearly
30% decrease in risk of a cardiovascular event and that a vegetarian diet produces a reduction in cholesterol of approximately 0.35 mmol/L, the cholesterol reduction may by itself
reduce CVD by 10% in vegetarians (Schwingshackl and Hoffmann, 2013).
The lower intake of saturated fatty acids, relatively higher intakes of cis-unsaturated
fatty acids, dietary fiber (especially the soluble forms), and soy-based products are all features of plant-based diets that have been clearly shown to be associated with low levels
of total and LDL cholesterol. In addition a wide range of dietary phytochemicals that are
prevalent in vegetarian diets may influence lipid metabolism (Mann and McLean, 2017).

2.4 Diabetes and Insulin Sensitivity
People with diabetes and prediabetes are at appreciably increased risk of cardiovascular
disease. Meat intake has been linked to an increased risk of diabetes (Pan et al., 2011),
though the effect has not been entirely consistent. However, dietary fiber (especially the
soluble forms) reduces blood glucose levels in people with diabetes and prediabetes
(Mann et al., 2004), and the KANWU Study has shown that replacing saturated with cisunsaturated fatty acids increases insulin sensitivity when total fat consumption is within
the usual range of intakes (Riserus et al., 2009). The readers may refer to Chapter 20 for a
full review.
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Effect of vegetarian diets on TC concentrations

Study

WMD (95% Cl)

Weight (%)

Cooper et al 1982

–0.51 (–0.94, –0.08)

10.08

Kestin et al 1989

–0.61 (–1.14, –0.08)

7.90

Ling et al 1992

–0.77 (–1.92, 0.38)

2.41

Nicholson et al 1999

0.00 (–1.05, 1.05)

2.80

Barnard et al 2000

–0.54 (–0.94, –0.14)

10.87

Agren et al 2001

–0.94 (–1.33, –0.55)

11.04

Burke et al 2007

–0.04 (–0.34, 0.26)

13.70

Barnard et al 2009

–0.18 (–0.57, 0.21)

11.06

Kahleova et al 2011

–0.17 (–0.46, 0.12)

14.07

Mishra et al 2013

–0.21 (–0.44, 0.02)

16.07

–0.36 (–0.55, –0.17)

100.00
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(I2=53.5%,

P=0.022)

–2
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Effect of vegetarian diets on LDL–C concentrations

Study

WMD (95% Cl)

Weight (%)

Kestin et al 1989

–0.61 (–1.11, –0.11)

10.88

Ling et al 1992

–0.74 (–1.64, 0.16)

5.01

Barnard et al 2000

–0.30 (–0.62, 0.02)
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Agren et al 2001

–0.74 (–0.98, –0.50)

17.69

Barnard et al 2009

–0.10 (–0.47, 0.27)

14.06

Kahleova et al 2011

–0.04 (–0.28, 0.20)

17.82

Mishra et al 2013

–0.19 (–0.38, 0.00)

19.16

Overall (I2=72.4%, P=0.001)

–0.34 (–0.57, –0.11)

100.00

–2

–1

0

1

2

FIGURE 23.2 Effects of vegetarian diets on (A) total cholesterol and (B) LDL cholesterol concentrations. From open
access article under the terms of the Creative Commons Attribution-NonCommercial Licence, Published on behalf
of the American Heart Assocation, Inc., by Wiley Blackwell; Wang, F., Zheng, J., Yang, B., Jiang, J., Fu, Y., Li, D.,
2015. Effects of vegetarian diets on blood lipids: a systematic review and metaanalysis of randomized controlled
trials. J. Am. Heart Assoc. 4, e002408.
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2.5 Other Risk Determinants
In addition to the major risk factors, many other pathophysiological processes contribute to
cardiovascular risk. An increased tendency to thrombosis may result from increased hemostatic factors and enhanced platelet aggregation. Platelet linoleic acid is higher in vegetarians and vegans than in meat eaters, and polyunsaturated fatty acids of the ω6 series (such
as linoleic acid) may reduce platelet aggregation by providing the Series 1 prostanoid PGE1,
which is antiaggregatory (Fisher et al., 1986). High levels of CRP (and possibly other makers
of inflammation) are indictors of cardiovascular risk, which has been shown to be reduced
by adherence to a plant-based diet. Oxidizability of LDL may be reduced by the relatively
large amounts of antioxidants present in plant-based diets (Jenkins et al., 2015).

3. Effects of Individual Plant-Based Foods and Dietary
Patterns on Cardiovascular Risk
A number of individual plant-based foods, food groups, and predominantly plant-based
dietary patterns, though not exclusively vegetarian or vegan, have been associated with
protection against IHD or stroke or lower levels of risk factors. A consideration of these
foods and eating patterns may further help to understand the mechanisms by which
plant-based diets confer their protective effect as well as provide information that can
usefully inform food-based dietary guidelines.

3.1 Nuts
Several prospective cohort studies have shown a clear cardioprotective effect of nut consumption since this was first observed in the Adventist Health Study (Fraser et al., 1992).
In the Nurses’ Health Study, consuming nuts, five or more times per week, was associated
with a nearly 40% reduction in risk of total CHO when compared with never or infrequent
consumption of nuts. The effect appeared to be independent of most known risk factors
for IHD and applies to peanuts as well as other nuts (Hu and Stampfer, 1999). An appreciable number of intervention studies has shown that a range of nuts (including walnuts,
almonds, hazelnuts, and peanuts) have the potential to lower total and LDL cholesterol
and the ratio of total cholesterol or LDL cholesterol to HDL ratio, presumably as a result
of the relatively high content of ω6 and ω9 cis-unsaturated fatty acids (Kris-Etherton et al.,
2001). Their ω3 unsaturated fatty acid content (α-linolenic acid) may have antithrombotic
and antidysrhythmic effects (Hu et al., 2001). Nuts are also high in arginine, a precursor of
NO, which plays a central role in vascular health (Cooke et al., 1993). The readers may refer
to Chapter 15 for further review.

3.2 Whole Grains
Whole grain foods derived from wheat, rye, oats, and barley have been shown in several
cohort studies to be protective against IHD (see Fig 23.3). Whole grain products, which
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FIGURE 23.3 Odds ratios of incident cardiovascular disease, comparing high versus low whole grain intake.
Courtesy of Elsevier; Mellen, P.B., Walsh, T.F., Herrington, D.M., 2008. Whole grain intake and cardiovascular
disease: a meta-analysis. Nutr. Metab. Cardiovasc. Dis. 18, 283–290.

include the outer bran layer of the grain, contain a range of potentially cardioprotective
nutrients including dietary fiber, unsaturated fatty acids, and vitamins and phytochemicals with antioxidant properties. However, it is noteworthy that the Nurses’ Health Study
has shown that the protective effect persists after adjusting for the effects of some of these
nutrients, suggesting that some other attribute of whole grains may be involved (Liu et al.,
1999). An explanation may lie in the milling process. Retaining at least to some extent the
structure of the grain, as this is done in milling whole grain, will result in the starch content being more slowly digested, hence a lower glycemic response than would be expected
following a meal containing highly refined grain. It should be noted that the definition
of “whole grain” refers principally to the composition of the product (i.e., it is required
to contain a high proportion of the nutrients present in the whole grain) but does not
refer to the structure (i.e., the extent to which it is milled), so a product marketed as whole
grain might be highly refined. Such products are becoming increasingly available and may
not confer the same health benefits as more lightly milled foods. The readers may refer to
Chapter 14 for further review.

3.3 Fruit and Vegetables
Those who choose predominantly plant-based diets typically have high intakes of fruit
and vegetables. Many cohort studies have demonstrated a protective effect of total fruit
and vegetable intake against IHD (Gaziano et al., 1995; Joshipura et al., 1999, 2001; Liu
et al., 2000; Knekt et al., 1994). The readers may refer to Chapter 13 for further review.
A range of individual fruits and vegetables have been identified as protective in different
studies. In the Nordic countries, berries have been shown to be protective (Knekt et al., 1994).
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In the Nurses’ Health Study and the Health Professionals’ Follow-Up Study, green leafy
and cruciferous vegetables were the main contributors to the reduction in IHD risk. It is
not possible to disentangle which of the protective nutrients in fruits and vegetables
(antioxidant vitamins, flavonoids, potassium, dietary fiber) are especially important in
explaining the reduction in risk.

3.4 Dietary Patterns
A number of very different traditional dietary patterns that are largely plant-based or
at least rich in plant-based foods, though not necessarily vegetarian, are associated
with a low risk of IHD. These range from the high-carbohydrate, relatively low-fat ricebased diets of Japan, China, and other Asian countries and the maize-based diets of
Africa to the varied Mediterranean diets that are rich in pulses and a wide range of
fruits and vegetables. Mediterranean diets are not low in fat, but olive oil (rich in cismonounsaturated fatty acids) predominates, so the overall dietary pattern tends to
be appreciably different from that in many other Western countries where more of
the dietary fat is saturated. The DASH diet has been widely recommended for blood
pressure lowering and prevention of cardiovascular disease. This diet is high in fresh
fruit and vegetables and low-fat dairy products, so it is low in saturated fat and high
in potassium, calcium, and fiber. Nuts, whole grains, fish, and poultry are encouraged, and red meat and sugary foods are limited. The blood pressure lowering effect
of the DASH diet is even more striking when combined with sodium restriction (Sacks
et al., 2001). A dietary “portfolio” developed in Toronto including soy protein foods,
foods rich in viscous fiber, nuts, and plant sterol margarine has been shown to have
similar blood pressure lowering properties and a beneficial effect on a range of other
cardiovascular risk factors (Jenkins et al., 2015). In the Nurses’ Health Study and the
Health Professionals’ Study, it was possible to identify a “prudent” dietary pattern that
was associated with an appreciably lower risk of cardiovascular disease other than the
“Western” dietary pattern. The “prudent” pattern was associated with higher intakes
of vegetables, fruits, legumes, fish, poultry, and whole grains and the “Western” pattern with higher intakes of red and processed meats, butter, and other high fat dairy
products, refined grains, and potatoes (Hu, 2002).

4. Conclusion
Vegetarians, vegans, and those who choose to eat a predominantly plant-based diet appear
to have a relatively favorably risk factor profile and lower risk of IHD. There are many nutritional attributes of plant-based diets that are cardioprotective. The most clearly established of these are relatively high intakes of dietary fiber, naturally occurring unsaturated
vegetable oils, antioxidant nutrients, potassium, and low intakes of saturated fat. There is
no convincing evidence that total avoidance of meat and meat products confers cardioprotection per se.
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1. Introduction
The microbiome has become a hot topic. In the scientific community, it is viewed as an
area of great promise for new understandings of human health and disease. In medicine,
the use of fecal transplants (Manichanh et al., 2010) has recently suggested the potential for novel, effective therapies targeting the microbiome. The health-oriented public
is being promised many benefits through microbiome-focused supplements, fortified
foods, and books. Likewise, the topic has been prominently featured in popular media
outlets such as the New York Times and National Public Radio. In this mix of well-founded
scientific interest, commercial interests, and hype, we seek to review what we know about
the microbiome, its potential relevance to human health, and specifically its relationship
to vegetarian diets. We will begin with introductory information on the microbiome as a
concept and field of study, including the important technologies that have brought it to
the fore. We will then review some of what has been learned about the relevance of the
microbiome to human health and disease: this will of necessity be illustrative, rather than
comprehensive. Subsequently, we will examine the connections between diet—that highly
complex and important set of exposures—and the microbiome. Specifically, we will focus
on what is known regarding the relationship of vegetarian diets to the microbiome. We will
end with some thoughts and questions regarding the future of this interesting field.

2. Background
We begin with terminology. The microbiota is the collection of all microbes in a certain
location or environment, which can be thought of as forming a microbial community;
this can include all microorganisms (such as viruses, microscopic fungi, protozoa, etc.),
but the major focus is often on bacteria. It has also been described as the microbial flora,
borrowing a term from the plant world, but microbiota has become the standard term.
A closely related term is the microbiome, which refers to the collective genetic material of the community of microorganisms in a particular location or environment. Since
genomic methods have become the primary tools for investigating the microbiota, the
Vegetarian and Plant-Based Diets in Health and Disease Prevention. http://dx.doi.org/10.1016/B978-0-12-803968-7.00024-1
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term microbiome has become the more predominant of the two and is often used synonymously with microbiota. For simplicity, we will generally use microbiome throughout this
chapter, unless a particular distinction is called for.
Various animals, plants, locations, and other environmental niches all have their
own microbiomes. Here we focus on human microbiomes. In humans, we can conceive
and speak of the microbiome at different levels. We can refer to an individual’s total
microbiome being the collection of all microbes from all body sites. More expansively,
we could conceive of a community microbiome, combining the microbiomes of related
individuals. However, we usually focus on individuals and their unique microbiomes
and then focus on site-specific microbiomes defined by a particular location, organ, or
environment, such as the skin microbiome. Due to the focus of this book on diet and
health, we will mostly be concerned about the microbiome of the digestive tract, or gut,
from the mouth to the anus. More specifically, because of the large quantity and variety
of microbes in the large intestine, or colon and rectum, the colorectal microbiome is
a major focus of attention. The most common approach in humans to study the gut
microbiome is through fecal samples, and so much relevant scientific evidence relates
to the fecal microbiome. Thus, unless otherwise specified, reference to the microbiome
in this chapter is to the human gut microbiome generally, as reflected in fecal microbiome samples.
Microbes thought to be beneficial to the human host (or at least not harmful) and which
constitute a normal part of the human microbiome are often referred to as commensals.
In contrast, microbes thought to be harmful or disease-causing are called pathogens;
the term pathobionts is used when microbes sometimes cause disease as opportunistic
pathogens, when they predominate, or through indirect mechanisms. When the microbiota is altered in a way thought to be detrimental to health or to promote disease, this is
sometimes labeled dysbiosis. It should be borne in mind that these labels may be attempts
to oversimplify complex relationships that are often not yet well understood, so the categorical judgements they imply must be interpreted cautiously.
Interest in the microbes that inhabit humans, their link to diet, and their impact upon
health is not new. Antonie van Leeuwenhoek’s lenses revealed an amazing world of microscopic organisms in the 17th century. The early triumphs of the germ theory of disease by
Pasteur, Koch, and others in the late 19th and early 20th centuries heralded a revolution in
medical science and practice. At this time, Ilya Ilyich Mechnikov theorized that toxic gut bacteria might contribute to aging and disease and advocated consumption of yogurt and lactobacillus. Similar theories of colonic putrefaction and autointoxication were popularized by
John Harvey Kellogg at his famous Battle Creek Sanitarium. Such early theories and related
therapies persist today in the use of so-called probiotics (microorganisms that have health
benefits when ingested) and in some alternative medicine practices such as colon “cleanses”
and colonics. For more than a 100 years, scientists, physicians, and others have hypothesized
links between healthy and unhealthy colonic microbial communities and health, chronic disease, and aging. Why then has the microbiome recently become such a strong area of scientific
interest? What has changed to cause such a renaissance of interest in the microbial flora of the
gut? The answer lies in the technical and scientific revolution that is genomics.
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2.1 Microbiome Methodologies
The last quarter century witnessed an exponential increase in our ability to sequence
DNA. It took years for many laboratories around the United States, working together in
a Manhattan-project-style effort, to sequence the complete human genome for the first
time. Now, automated, “next-generation” sequencing machines that employ mass parallel (“shotgun”) sequencing approaches and use bioinformatics algorithms to sort and
assemble the sequence data are able to sequence an entire human genome in a matter of
hours. These developments in genomics have led to a revolution in microbiology. Classical
microbiology relied on staining and microscopy methods on the one hand and culture
methods on the other. Unfortunately, many bacteria were very difficult to isolate and
identify using these traditional methods, which were also laborious and thus costly. As
a result, our knowledge of microbes inhabiting the human gut (and other environments)
was quite limited, usually to more easily cultured species. While classical microbiology
methods continue to be important, genomics methods have become powerful tools in
microbiology. It is now possible to simultaneously sequence DNA from all of the microbes
in a particular environment and use bioinformatics methods to identify which microbes
are present, in what relative abundances, and what are some of their functional capabilities, all without growing any of these organisms in culture.
We now briefly review the principal genomics methodologies currently used to study
the microbiome, considering their relative advantages. These approaches are referred to
as metagenomics methods, because they involve sequencing DNA from the whole community of microorganisms together, rather than from isolated individual organisms. The
first major approach relies on targeted sequencing of a particular gene or DNA region. For
bacteria, this usually involves sequencing the gene encoding the RNA that forms the bacterial 16S ribosomal subunit (Inglis et al., 2012; Weinstock, 2012). This 16S ribosomal subunit is not present in eukaryotic cells, so it is specific to bacteria. It is shared by all bacteria
and has nine variable regions (Inglis et al., 2012; Kuczynski et al., 2012) where sequence
differences have gradually accumulated over the course of evolutionary time. Thus, by
comparing sequence similarities of the 16S ribosomal subunit RNA gene, a phylogenetic,
or evolutionary, tree can be reconstructed, and species and strains can be identified by
their location in this taxonomic framework. In addition, libraries have been constructed of
16S sequences for known species and strains, so many of these can be identified precisely
by name based upon the 16S sequence. So the 16S ribosomal subunit sequencing method
can be used for broad and comprehensive taxonomic classification of a microbiome, that
is, the identification of which microbes are present. It can also give information regarding
the relative abundance of the various microbial taxa, though such relative abundance estimates may be somewhat biased due to systematically different polymerase chain reaction
(PCR) amplification (Inglis et al., 2012). Accuracy of relative abundance at the species level
has been demonstrated for certain bacteria in particular projects (Conlan et al., 2012).
While sequencing of the entire 16S RNA gene including all nine variable regions yields
good species-level specificity, current high-throughput sequencing methods typically can
only sequence smaller lengths of DNA. Consequently, only three variable regions are often
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covered, yielding somewhat less accuracy at the species level, but good accuracy at higher
taxonomic levels (Inglis et al., 2012; Weinstock, 2012). Careful strategies may maximize the
taxonomic information for a given sequencing method (Kuczynski et al., 2012). In general,
targeted sequencing methods have the advantage of being relatively fast, easy, and inexpensive, given that only a single gene need to be amplified and sequenced.
However, though targeted sequencing methods provide important information about
the taxonomic distribution and relative abundances, they do not directly give information about the genes present in the microbiome and the functions coded for by those
genes. This distinction is magnified by the phenomenon of lateral gene transfer, by which
bacteria commonly obtain genes from neighboring bacteria of other species. Thus, the
phylogeny of a bacterium may not correlate very well with its genetic composition. Genefrequency information can be obtained by a broader sequencing strategy, referred to as
whole-genome shotgun (WGS) sequencing. In WGS, a collective random sample of the
complete genomes of all organisms in the microbiome is sequenced, rather than a single gene (Weinstock, 2012). The advantages and costs of this approach are obvious. This
approach requires much more DNA to be sequenced, and is thus more time-intensive and
costly. However, it yields far more information than the 16S method. It not only allows
for taxonomic identification and relative abundances, but also provides functional data.
Two taxonomically distinct bacteria may share certain genes that relate to a specific physiologic function, which may be of interest. WGS is able to identify the presence of particular
functional genes in the microbiome and the abundances of these genes, thus providing a
gene profile of the collective microbial community, which may reveal some of the collective metabolic or physiologic functional capacity of the microbiome.

2.2 The Human Microbiome
The application of these genomics methods to the study of the human microbiome has
received much attention recently. Several major projects have begun to provide a foundational knowledge regarding the human microbiome. Among the most important of these
has been the Human Microbiome Project (HMP) of the US National Institutes of Health
(NIH) (Turnbaugh et al., 2007; Group et al., 2009). The HMP was established in 2008,
funded by the NIH, as a coordinated effort of several sequencing centers. The project has
included efforts at sequencing the complete genomes of many individual microbes, developing tools and technologies for the study of the microbiome and analysis of microbiomic
data (Gevers et al., 2012), and the application metagenomics approaches to microbiome
analysis in a reference population of healthy adults at several body regions (Group et al.,
2009) including the nasal passages, oral cavity, skin, gastrointestinal tract, and vagina, with
multiple sampling sites in some regions (Aagaard et al., 2013; Proctor, 2011) (http://hmpdacc.org/overview/about.php).
The HMP has now included repeated sampling of multiple body sites in hundreds of
healthy adults, yielding a large and valuable reference dataset for the range of variation
in the normal human microbiome (Human Microbiome Project, 2012a). A new phase of
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the HMP is seeking to analyze changes in the microbiome and host functional properties
over time (Integrative, 2014). Another important human microbiome reference project
is the Metagenomics of the Human Intestinal Tract (MetaHIT) project, financed by the
European Commission, which focuses on a WGS approach to the intestinal microbiome,
seeking to provide a large microbiome gene database that might be relevant to a disease
risk (Qin et al., 2010) (http://www.metahit.eu/). The International Human Microbiome
Consortium (http://www.human-microbiome.org/) seeks to promote cooperation and
data sharing among human microbiome projects.
The human gut microbiome composition dynamically changes based on feeding and
other environmental exposures from birth onward. In the adult microbiome, the majority of bacteria typically belong to two phyla: the Firmicutes (which includes Clostridium,
Enterococcus, Lactobacillus, and Ruminococcus) and the Bacteroidetes (which includes the
Bacteroides and Prevotella) (Arumugam et al., 2011; Eckburg et al., 2005). One interesting
finding has been the identification of “enterotypes,” or distinct clusters of individuals with
similar patterns of species abundance in the gut. Three enterotypes have been described,
with three genera of bacteria, Bacteroides, Prevotella, and Ruminococcus, each being the
predominant genus of its respective enterotype (Arumugam et al., 2011). However, analysis
of HMP and MetaHIT data by others have revealed more continuous gradations of relative
abundance, rather than supporting distinct enterotypes, suggesting possible dependence
on analytic techniques (Koren et al., 2013).

3. The Microbiome in Health and Disease
The human gut microbiome plays many important roles in human physiology and development and thus in health. Examples are its role in nutrition and metabolism, its involvement in the development and proper function of both the gut mucosa and the immune
system, and the protection it provides against pathogens. The genetic diversity of the
microorganisms in the gut makes available various enzymes and biochemical pathways
distinct from those of the host. For example, the nutrients vitamin K and biotin are both
produced in the gut by bacteria. Gut bacteria can also produce the mood-regulating neurotransmitter serotonin, as well as enzymes to metabolize drugs, toxins, and hormones.
But what constitutes a healthy microbiome? What relative abundances of various bacterial
species and strains (or of related microbial genes) are associated with optimal health (and
under what environmental or dietary conditions)? And which changes in the balance and
composition of the microbiome might lead to the development or worsening of diseases,
and thus to ill health? These are important and interesting questions and are the subject
of much ongoing research.
The study of the human microbiome is still relatively new, with survey projects such as
HMP and MetaHIT seeking to provide a better understanding of the characteristics and variation of the “normal” microbiome in healthy humans (Human Microbiome Project, 2012b).
Such efforts will help to provide context for microbiome findings in the setting of disease.
Certain concepts that might define a healthy microbiome have been proposed, including
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ecologic stability (or resilience) and a favorable functional profile, which might provide benefits to the host (Backhed et al., 2012). Preliminary associations of microbiome patterns with
disease states should be interpreted with caution, given the current limited state of knowledge. Nonetheless, there is great interest in the role that alterations in the microbiome may
play in the pathogenesis of diseases. Considerable research efforts have begun to explore
such connections.
We will now examine a few interesting findings linking the microbiome to several
important diseases in humans. Many of the initial findings are from cross-sectional comparisons, where the direction of association is particularly difficult to discern; prospective
studies of such associations are needed (Mai and Morris, 2013).

3.1 Infectious Diseases
A link between infectious diseases and the human microbiome might be expected, but
the nature of such a link could be complex and variable. There are indicators that commensal bacteria, or bacteria indigenous to the host, provide protection against enteric
pathogens, for instance by competing for sites of colonization and nutrient uptake.
Commensal bacteria also activate the production of barrier immunity factors that prevent pathogen contact with host mucosa and augment the immune response against
invading pathogens (Khosravi and Mazmanian, 2013). The microbiome may impact
the virulence and pathogenesis of infectious pathogens. For example, in a mouse
model for human infections, competition with the normal microbiome reduced pathogen infectivity and required the expression of virulence factors in the pathogen, which
were not needed for virulence in germ-free hosts (Kamada et al., 2012). Such concepts
of competitive defense by commensals in the microbiome have led to hypotheses
about the role of probiotics in the prevention of important infections, such as pneumococcal disease (Licciardi et al., 2012). Infectious diseases may alter the microbiome
by reducing diversity and by increasing harmful while decreasing beneficial microbe
populations as a part of the pathogenic process (Zhang et al., 2015b). For example,
early research suggests that alterations in the gut microbiome may play a role in HIV
pathogenesis (Gori et al., 2008).

3.2 Inflammation and Inflammatory Diseases
A primary role of the immune system is to monitor for and defend against potential
harm by external agents such as microbes. There must then be substantial interactions between the host immune system and the microbiome. These are likely to be
complex and bidirectional, with the immune system regulating the microbiome, and
the microbiome stimulating, suppressing, or modulating the immune system. Given
that activation of components of the immune system is central to inflammatory conditions and autoimmune disorders, it has been proposed that factors affecting the
microbiome may contribute to the pathogenesis of these disorders (Belkaid and Hand,
2014). Evidence also exists, both in humans (Blekhman et al., 2015) and in animals
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(Schokker et al., 2015), that host genetic variation is associated with microbiome composition. Interactions of host genetic factors with the environment, specifically the
microbial environment, would often modulate the extent and direction of inflammatory response (Mclean and El-Omar, 2009).
A breakdown of the protective intestinal mucosal barrier may be an important step in
the pathogenesis of inflammatory conditions. In an animal model, it has been demonstrated that the colon is protected from its resident microbes by two-layers of structure
of the protein mucin 2 (Johansson et al., 2008), where the inner layer is firmly attached
to the epithelium and free from bacteria, while the outer layer is movable and colonized
by bacteria. Disruption of this mucosal barrier structure by chemicals ingested or due
to altered bacterial composition can result in the translocation of bacteria to the inner
mucus layer and damage to the epithelial wall (Johansson et al., 2008), which eventually leads to a mucosal inflammatory response. Such mucosal barrier breakdown, along
with alterations in epithelial cell junctions, can lead to abnormal intestinal permeability
(sometimes referred to as “leaky gut”), which may be relevant to systemic inflammatory conditions. Increased intestinal permeability allows the translocation of bacterial
or microbiome-derived lipopolysaccharides (LPS), also known as lipoglycans or endotoxins, into the bloodstream. If plasma LPS levels increase two to three times the normal
level (which is 10–50 times lower than found in septicemia or infections), a threshold
defined as metabolic endotoxemia is reached (Cani et al., 2007). Metabolic endotoxemia
may set off toll-like receptor 4–mediated inflammatory activation that can precipitate
low-grade inflammation and oxidative stress (Cani et al., 2008; Neves et al., 2013), both
of which are associated with obesity (Boutagy et al., 2016; Neves et al., 2013), metabolic
(Luche et al., 2013), and cardiovascular (Neves et al., 2013) diseases.
Specific microbiome patterns, often with substantial alterations in composition and
complexity, have been associated with inflammatory bowel disease (IBD) (Kostic et al.,
2014). In fact, such associations have led to the development of microbiome-based diagnostic methods for IBD (Papa et al., 2012). It is suspected that dietary factors may impact
IBD through microbiome alterations (Lee et al., 2015). For example, the reduction in commensal bacteria that use fermentable substrates for energy may lead to increased inflammation since the short-chain fatty acids (SCFAs) they produce can inhibit gastrointestinal
inflammation (Belkaid and Hand, 2014). The microbiome may be a factor in nongastrointestinal inflammatory conditions as well. Dysbiosis has been associated with rheumatoid
arthritis (RA), and the resolution of dysbiosis might help in the treatment of RA (Zhang
et al., 2015a).

3.3 Obesity
Much attention has been given in the last 10 years to a potential link between the microbiome and obesity. It appears that the microbiome is essential for maximal caloric extraction from food. Germ-free mice are much leaner than those with a normal microbiome,
despite similar or greater food intake (Backhed et al., 2004). In addition to caloric extraction,
the microbiome may affect eating behaviors, generating either food cravings or dysphoria
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(Alcock et al., 2014). One characteristic of the microbiome that may be relevant to obesity is
bacterial gene richness (as measured by the number of microbial genes), with low richness
associated with obesity (Le Chatelier et al., 2013). Relative abundances may also be important. Obese people have been found to have relatively fewer Bacteroidetes compared to lean
people (Ley et al., 2006). A reduced ratio of Bacteroidetes to Firmicutes has been shown to
correlate with obesity and metabolic diseases (Arora and Sharma, 2011). Other bacterial biomarkers are still emerging.

3.4 Diabetes Mellitus
Diabetes mellitus may be related to the microbiome in more than one way. Type 1 diabetes is an autoimmune disease. It has been hypothesized that dysbiosis and increased gut
permeability may lead to autoimmunity in this condition (Davis-Richardson and Triplett,
2015). Type II diabetes is characterized by insulin resistance, and it is strongly correlated
to obesity. Thus, an obesogenic microbiome may increase diabetes risk. Insulin-resistant
women with previous gestational diabetes have been found to have higher proportions of
Pevotellaceae and lower abundances of Firmicutes than women who had normoglycemic
pregnancies (Fugmann et al., 2015).

3.5 Cardiovascular Disease
A rather specific link between the gut microbiome and atherosclerotic cardiovascular
disease (CVD) has been proposed. Hazen et al. have found that serum trimethylamineN-oxide (TMAO) is correlated with CVD risk in humans and can promote atherogenesis
in animal models (Brown and Hazen, 2014). TMAO has also been associated with disease severity, poor clinical outcomes, and survival in congestive heart failure (Tang et al.,
2015; Troseid et al., 2015). TMAO can be produced by the metabolism of dietary l-carnitine, abundant in red meat, by the intestinal microbiome (Koeth et al., 2013). TMAO can
similarly be produced by the microbiome-mediated metabolism of phosphatidylcholine
(lecithin), abundant in egg yolks (Tang et al., 2013; Wang et al., 2011). This diet-microbiome-TMAO-CVD pathway has been described as “a new direction in cardiovascular
research” (Lim, 2013), offering a novel mechanism by which red meat and egg yolks may
promote atherosclerosis, and pointing to the gut microbiome as an environmental risk
factor for CVD (Stock, 2013).

3.6 Cancer
Emerging microbiome tools and data sources may play an important role in cancer
epidemiology (Lampe, 2008). A number of microbe–cancer connections are well established, such as that between Helicobacter pylori and gastric cancer; in fact 15% of cancer cases are estimated to be attributable to infectious agents (Abreu and Peek, 2014).
However, beyond such well-established connections between particular microbes (e.g.,
H. pylori, Epstein–Barr virus, human papillomavirus, etc.) and specific cancers, there is
much interest in the potential role of more complex or varied changes in the microbiome
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affecting the risk of cancers (e.g., does fecal microbiome composition affect colorectal
cancer risk?). The microbiome may affect cancer risk by modulating inflammation or
host gene expression (even epigenetically) (Bultman, 2014; Gagliani et al., 2014). Gut
microbial metabolites may have procarcinogenic effects (e.g., secondary bile acids) or
protective effects (e.g., SCFAs like butyrate) (Louis et al., 2014; Ou et al., 2013). In animal
models, fecal transplantation has been able to modify cancer risk, with an effect remaining across generations (Poutahidis et al., 2015). In humans, case–control studies examining the microbiome and colorectal cancer (CRC) have been conducted. In one, CRC was
associated with a reduced microbiome diversity (Ahn et al., 2013). CRC cases also had
lower relative abundances of Clostridium and higher abundances of Fusobacterium and
Porphyromonas (Ahn et al., 2013). In one study comparing CRC patients with healthy
volunteers, CRC patients had more opportunistic pathogens and a reduced number of
butyrate-producing bacteria (Wang et al., 2012).

4. Diet and the Microbiome
Having introduced the microbiome as a subject of study and having surveyed some
early evidence of the relationship of the microbiome to health and disease, we now
turn our attention to the relationship between diet and the microbiome. As one of
the major environmental factors that affect the microbiome, diet plays an important
role in shaping its diversity and functionality (Maukonen and Saarela, 2015; Moschen
et al., 2012). Before examining the evidence specific to vegetarian diets and the microbiome, we will first consider a number of dietary factors, such as nutrients. Several of
these dietary aspects may be relevant to an understanding of vegetarian diets and the
microbiome.

4.1 Probiotics and Fermented Foods
When considering the effects of diet on the microbiome, perhaps the most obvious place to
start is with foods rich in live microorganisms. Many traditional fermented foods have live
bacteria or yeasts. These include yogurt, buttermilk, certain cheeses, kefir, sauerkraut, kimchi, kombucha, and miso. Originally, such foods likely became popular primarily because
the fermentation lowered their sugar content and/or increased their acidity, helping to
preserve the foods from spoiling and extend their “shelf life.” In addition to these, there
are now many commercial food products with live bacterial cultures added as well as bacterial culture supplements. The live microorganisms in these foods and/or supplements
are generally referred to as probiotics, based on the concept that consumption of these is
likely to be beneficial to the host, often due to their effects on the microbiome. However,
not all bacterial strains have probiotic properties, and the purported health effects of probiotics have been demonstrated to be strain-specific (Luyer et al., 2005; Kekkonen, 2008).
The World Health Organization defines probiotics as “live microorganisms which when
administered in adequate amounts confer a health benefit on the host” and has a set of
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guidelines to determine if a bacterial strain can be correctly classified as a probiotic (WHO,
2002). But does the consumption of probiotics truly benefit the gut microbiome? What are
the impacts? Research is now exploring these questions.
In general, the benefits of probiotics may include “antipathogenic effects, immunomodulatory features, regulation of cell proliferation, the ability to promote normal
physiologic development of the mucosal epithelium, and enhancement of human
nutrition” (Hsieh and Versalovic, 2008). Strains from lactobacilli (Giraffa, 2012), enterococci (Wang et al., 2014), and bifidobacteria (Di Gioia et al., 2014) are the most studied and commonly used probiotics. Bifidobacterium species are predominant in the
gut of breastfed infants, and they may help to prevent infections with gram-negative
pathogens (Lievin et al., 2000). Probiotics can enhance certain metabolic pathways,
such as the conversion of prebiotic oligosaccharides to SCFAs. In a mouse model,
Bifidobacterium longum supplementation increased production of biotin and butyrate (Sugahara et al., 2015). Consumption of a fermented milk product that included
Bifidobacterium animalis was demonstrated to enhance SCFA production (Veiga et al.,
2014). In addition, it led to a decreased abundance of a pathological bacterial strain
(Veiga et al., 2014), illustrating the possible protection from pathogens through probiotic strain competition or inhibition.
It appears that ingested probiotics may interact with resident commensal strains in
complex ways, including gene expression regulation and alteration of the metabolic activity of the host strains (Arora et al., 2013). Importantly, probiotics may help to prevent or
control certain diseases. Milk fermented with Lactobacillus casei (Shirota strain) appeared
to reduce both the incidence and duration of upper respiratory infections in adult men
(Shida et al., 2015). Probiotics may play a role in the prevention and treatment of obesity
(Arora et al., 2013). Probiotic lactic acid bacteria and bifidobacteria may be helpful in the
treatment of ulcerative colitis and synbiotics in the treatment of Crohn’s disease (Saez-Lara
et al., 2015). In celiac disease, probiotics seem to reduce inflammation as they restore the
balance of beneficial bacteria in the gastrointestinal tract (Marasco et al., 2016). It has
been argued that probiotics may even contribute to mental health (Selhub et al., 2014)
including the prevention of depression (Logan and Katzman, 2005).

4.2 Carbohydrates and Prebiotics
Carbohydrates, including sugars and starches, are major sources of energy in the
human diet. However, there are also many carbohydrates not catabolized by human
digestive enzymes, which thus remain intact until they reach the large intestine. These
include certain short-chain carbohydrates, or oligosaccharides, such as fructooligosaccharides (e.g., from certain vegetables) and galactooligosaccharides (e.g., from
human milk), and longer chain polysaccharides that include resistant starches and
nonstarch polysaccharides. These components of dietary fiber have been traditionally valued for their physical property of adding to fecal bulk and decreasing transit
time. However, many of the beneficial effects attributed to these humanly indigestible
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carbohydrates may also be a result of their fermentation and digestion by the colonic
microbiota. As an energy source, many microbial species are able enzymatically to
break down the dietary fiber molecules because of genes that encode carbohydrateactive enzymes (El Kaoutari et al., 2013). As these indigestible carbohydrates reach the
colon, they are fermented by commensal bacteria, so they are designated prebiotics.
The types and amounts of carbohydrates available are probably the factors that most
shape the composition of the microbiome (Cantarel et al., 2012).
One possible consequence of the microbial digestion of such carbohydrates is the
increased energy extraction from food. This relates to the discussion in the previous section
of the microbiome and obesity. In this case, the enhanced energy extraction from humanly
indigestible carbohydrates by bacteria may be beneficial to the human host in food-scarcity
situations, but obesogenic in many modern, food-rich environments.
Another consequence of microbial carbohydrate digestion is the production of
chemical compounds. In particular, bacterial metabolism of oligosaccharides leads
to the production of short-chain fatty acids (SCFAs) such as acetate, propionate, and
butyrate. Such SCFAs, particularly butyrate, seem to be important substrates for the
healthy maintenance of the colonic epithelium. In the normal colon, butyrate promotes the integrity of the mucosal barrier by regulating colonic motility, cell growth,
and differentiation, and it modulates the immune and inflammatory response (Fung
et al., 2012). In colorectal tumor cells, butyrate induces apoptosis by activating the
intrinsic and extrinsic apoptosis pathways and inducing autophagic cell death; inhibits histone deacetylation that arrests tumorigenesis; and reduces inflammation by
regulating inflammatory factors including nuclear factor NF-κB (Fung et al., 2012).
An adequate supply of SCFAs may be relevant for the prevention of conditions such
as inflammatory bowel diseases or colorectal cancer (Zampa et al., 2004; Toden et al.,
2007b). For example, SCFAs produced from the microbial fermentation of undigested
bean components inhibited the growth of a human colon cancer cell line (HT-29), and
they induced morphological changes and modulated expression of proteins related to
apoptosis (Campos-Vega et al., 2012). On the other hand, diets low in carbohydrates
(including fiber), may impact gut health by leading to a reduced production of SCFAs
(Duncan et al., 2007). These SCFAs also serve as substrate for synthesis of long-chain
fatty acids, cholesterol, and other substances (Den Besten et al., 2013).
Whatever the mechanisms by which they may affect human physiology, saccharides
seem to be important in shaping the gut microbiome. Fructooligosaccharides (FOS) and
β-galactooligosaccharides (GOS), two of the currently established prebiotics, stimulate
the gram-positive, strictly fermentative saccharolytic microorganisms, Bifidobacteria
and Lactobacilli (Goh and Klaenhammer, 2015). Some of the natural food sources of FOS
are Jerusalem artichoke tubers, chicory roots, onions, bananas, garlic, asparagus, jícama,
leeks, yacón, and blue agave. Lentils are a good source of GOS and resistant starches,
which also serve as prebiotics (Johnson et al., 2013). In an early study in rats colonized
with human microbiota, consumption of resistant starch led to a 10- to 100-fold increase
in Lactobacilli and Bifidobacteria and decreases in enterobacteria when compared to
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consumption of sucrose (Silvi et al., 1999). In a more recent human feeding study, a 60-g
daily dose of whole grains resulted in increased microbial diversity and a higher ratio of
Firmicutes to Bacteroidetes, while also leading to lower levels of plasma IL-6 and peak
postprandial glucose (Martinez et al., 2013).
Human milk contains prebiotic oligosaccharides that confer immuno-protective
effects, among many others, on the breastfed infant. Prebiotic supplementation of infant
formula shows some evidence of improvement in intestinal microbiota, metabolic activity,
stool consistency and frequency, and development of some immune markers (Vandenplas
et al., 2015); however, despite efforts to mimic human milk, evidence is insufficient to
equate the benefits of prebiotic-supplemented infant formula to those of human milk
(Vandenplas et al., 2014). During infancy, the period when brain cholesterol synthesis
is highest coincides with increased production of acetate in the gut during breastfeeding (Edwards et al., 1994; Mischke and Plosch, 2013), which indicates the possible role of
human milk prebiotics in the brain development of breastfed infants.
Prebiotics may also reduce serum triglycerides (Causey et al., 2000), improve treatment
of Clostridium difficile-associated diarrhea in adult patients (Lewis et al., 2005), and reduce
the incidence of atopic dermatitis (Baquerizo Nole et al., 2014), and eczema (Moro et al.,
2006; Osborn and Sinn, 2013). Intentional combination of probiotics with prebiotics (i.e.,
synbiotics) seems to favor the colonization and growth of beneficial bacteria in the gut.
Adhesion of the live bacteria to prebiotic granules in some synbiotic products may help
ensure the viability of the ingested probiotic when it reaches the large intestine (Topping
et al., 2003). In children, synbiotics improved the survival and proliferation of both the
beneficial allochthonous (i.e., probiotic) and autochthonous (i.e., commensals) bacteria
in the intestinal tract compared to probiotics alone (Piirainen et al., 2008). In an elderly
population, the ingestion of a probiotic followed by a prebiotic resulted in an increase of
beneficial types of bacteria and organic acid production compared to the probiotic alone
(Nyangale et al., 2014).

4.3 Fats
The quantity and types of dietary fat consumed appear to impact the gut microbiome.
In a mouse model, a high-saturated-fat diet resulted in reduced diversity of the microbiome and an increased ratio of Firmicutes to Bacteroidetes as well as weight gain and
liver fat accumulation, compared to a low-fat diet or to diets high in monounsaturated
or polyunsaturated fats (De Wit et al., 2012). Changes in the fecal microbiome from
high-fat diets may be linked to cancer risk. One explanation is the reduction in the
integrity of the intestinal mucosa due to an increase in gut microbes that secrete proinflammatory compounds (Moreira et al., 2012; Shen et al., 2014). This can result in the
diffusion of lipopolysaccharides or endotoxins from the gut to the circulatory system,
which can trigger an inflammatory response (Moreira et al., 2012). Diets high in longchain saturated fatty acids may lead to obesity due to a decrease in mucin-producing
bacteria shown (in a mouse model) to inhibit the development of diet-induced obesity
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and to the production of proinflammatory compounds that can enhance energy harvest (Shen et al., 2014). On the other hand, evidence from cell culture models suggests mechanisms by which diets rich in n-3 polyunsaturated fatty acids may protect
colonocytes from proinflammatory insults by reducing proinflammatory eicosanoid
production, inhibiting the activation of proinflammatory mitogen-activated protein
kinases (MAPKs) and oxidative stress pathways, and increasing peroxisome proliferator-activated receptor gamma (PPARγ) or G protein–coupled receptor 120 (GRP120)
(Shen et al., 2014). In mice susceptible to intestinal cancer due to a K-ras mutation, a
high-fat diet led to changes in microbiome composition, immune system modification, and tumor progression (Schulz et al., 2014). However, when butyrate was also
administered, some of the immune system function was restored and tumor progression attenuated (Schulz et al., 2014). This suggests that diets high in fiber, leading to
the production of butyrate, may be partially protective against the possible cancer
risks of high-fat diets, with both the risk and protective factors being mediated through
changes in the microbiome. In this same model, fecal samples from mice fed high-fat
diets were able to transmit the carcinogenic effect to mice not fed high-fat diets, and
antibiotic administration blocked the tumor formation associated with high-fat diets,
both of these facts underscoring the key role of the microbiome in carcinogenesis in
this model (Schulz et al., 2014). While high-fat diets cause important and consequential changes in the microbiome, these changes appear to be reversible over a period of
weeks in mice, when the dietary fats are returned to normal levels (Zhang et al., 2012).

4.4 Proteins
Dietary proteins provide colonic bacteria with the nitrogen needed for growth. Dietary
protein that escapes digestion in the small intestines increases the amount of nitrogenous
substrate in the colon, which can increase putrefactive fermentation, particularly if fermentable carbohydrate levels are low (Silvester and Cummings, 1995). The concentration
of a number of chemicals shown in animal and in vivo studies to be cytotoxic, genotoxic,
and carcinogenic—ammonia, phenols, hydrogen sulfide, amines, thiols, and indoles—
subsequently increases (Hughes et al., 2000). A high-protein, low-carbohydrate diet may
favor the growth of harmful proinflammatory bacteria that, combined with increased
amounts of putrefactive fermentation products, can lead to colonic epithelial damage and
mucosal inflammation (Yao et al., 2016). Excessive colonic protein fermentation—often in
the context of protein supplementation or high-protein diets with carbohydrate restriction—is associated with irritable bowel syndrome, ulcerative colitis, and colorectal carcinogenesis (Yao et al., 2016). High-protein, low-carbohydrate diets are also associated with
greater DNA damage in colonic mucosa (Russell et al., 2011). Both animal (Conlon et al.,
2009; Toden et al., 2007a) and human studies (Humphreys et al., 2014) show that resistant
starch, a fermentable carbohydrate, attenuates colonic damage brought about by highprotein intake. These studies also indicate that different types of protein differ in their
effects on colonocyte DNA.
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4.5 Phytochemicals
Phytochemicals are a wide variety of nonnutritive chemical compounds found in plant
foods, which may have health effects. A few examples of well-known phytochemicals are
the flavonoids, phenolic acids, isoflavones, curcumin, isothiocyanates, and carotenoids.
The many phytochemicals in common plant foods, herbs, and spices represent a broad
range of chemical compounds. Most phytochemicals have low bioavailability; thus, many
reach the large intestines and are acted upon by the gut microbiota. Given the diverse and
robust metabolic capabilities of microbes, we would expect that microbial metabolism of
phytochemicals would be complex, and potentially important. Microbial phytochemical
metabolism would be of interest in elucidating the health effects of phytochemicals.
Isoflavones and lignans are phytoestrogens found in soy and other foods, which may affect
breast cancer risk. In germ-free rats fed a diet high in soy isoflavones, both daidzein and genistein (both soy isoflavones) are well absorbed. However, the lignan enterolactone and the isoflavone metabolites O-desmethylangolensin and equol were not detected in urine (not absorbed)
in germ-free mice but were in mice with a human fecal microbiome, thus illustrating the
essential role of the microbial metabolism in the absorption of these phytoestrogens (Bowey
et al., 2003). Polyphenols have some degree of antimicrobial effect, which may help to modulate microbiome composition (Cueva et al., 2015), though the inhibitory effect appears to vary
greatly with the specific polyphenol and the type of intestinal bacteria (Duda-Chodak, 2012).
Conversely, the microbiome appears to play an important role in the metabolism of polyphenols (Duda-Chodak et al., 2015). Glucosinolates in cruciferous vegetables are converted to
more active isothiocyanates by enzymes that coexist in the plant but which are inactivated
by heat; in that case, conversion of glucosinolates to isothiocyanates is dependent on the gut
microbiome, and this conversion is blocked by antibiotics and varies largely among individuals (Fahey et al., 2012). The microbiome composition thus seems important in determining
the effective exposure to isothiocyanates. As with polyphenols, the glucosinolate–microbiome
relationship appears to be bidirectional. In human-microbiota-associated rats, consumption
of Brussels sprouts (a glucosinolate-containing crucifer) was shown to increase the production
of acetate by gut microbes (Humblot et al., 2005). In a human crossover feeding study, a high
cruciferous vegetable diet appeared to alter microbiome composition compared to a control
diet, but the nature of that alteration was individual specific (Li et al., 2009).

4.6 Artificial Compounds and Food Additives
Modern diets often contain a variety of food additives and artificial compounds. Microbial
metabolism of such compounds or the impact of such compounds on gut microbes may
be important in mediating any health effects. A potentially important example of the latter is that of dietary emulsifiers. These are detergent-like compounds added to many processed foods. There is concern that such emulsifying agents might disrupt the protective
intestinal mucus layers. In mice, common emulsifiers led to altered microbiome composition along with inflammation, obesity, and the metabolic syndrome (Chassaing et al.,
2015). In susceptible mice, the emulsifiers led to overt colitis (Chassaing et al., 2015).
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Another class of artificial compounds common in modern diets is that of the nonsugar sweeteners. These have seemed to be attractive alternatives to sugar, particularly
in the control of obesity and diabetes, since they cannot be catabolized by humans and
thus have no caloric value. Surprisingly, however, in some epidemiologic studies, diet
soft drinks made with artificial sweeteners are associated with obesity and diabetes to
a similar degree as sugar-sweetened soft drinks. How can this be the case? The microbiome may provide part of the answer. In mouse models, consumption of artificial
sweeteners caused changes in the composition and functions of the gut microbiome
and led to glucose intolerance (Suez et al., 2014). The glucose intolerance was transferrable by fecal transplantation. In a small number of healthy human subjects, artificial
sweeteners also led to microbiome changes and glucose intolerance (Suez et al., 2014).
Again, the glucose intolerance was transferrable to mice by fecal transplantation from
the affected human subjects. It thus appears that artificial sweeteners, despite having
no calories, may not provide a “free lunch,” and may in fact have adverse metabolic
effects mediated by alterations to the gut microbiome. Chronic exposure to artificial
sweeteners “may cause dysbiosis with loss of microbial genetic and phylogenetic
diversity”(Payne et al., 2012).

4.7 Dietary Patterns
Along with the specific nutrients, foods, and food additives already discussed, another way
to consider the impact of diet on the microbiome is at the level of broader dietary patterns.
Such dietary patterns can vary in their classification and definitions. Some are traditional,
such as the Mediterranean diet and the vegetarian diet. Some have been theoretically
constructed, such as the DASH diet. Others have been derived with data-driven methods.
In the next section, we will explore the relationship of vegetarian dietary patterns to the
microbiome.
The Mediterranean diet is patterned after certain traditional eating patterns of
southern European countries like Greece. It has been associated with numerous health
benefits and is often characterized by high amounts of olive oil, fruits, nuts, vegetables, and cereals; moderate amounts of fish and poultry; low amounts of dairy, red and
processed meats, and sweets; and moderate intake of red wine. In one observational
study, greater adherence to a Mediterranean diet pattern was associated with lower
levels of urinary TMAO, a microbially derived compound linked with cardiovascular
disease (De Filippis et al., 2015).

5. Vegetarian Diets and the Microbiome
We now turn our attention specifically to the relationship of vegetarian diets and the gut
microbiome. The scientific literature specific to this relationship remains quite small,
though growing. What is known about how vegetarian diets may affect the gut microbiome
is therefore much less than the questions that remain.
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5.1 International Comparisons
Studies of geographically and culturally distinct populations with widely differing dietary
habits suggest the potential for large differences. De Filippo et al. (2010) compared the
fecal microbiome of children in Europe (EU) with children in rural Burkina Faso (BF) and
found quite different microbiome patterns. Compared to the European diet, the BF diet
was described as “predominantly vegetarian” and “low in fat and animal protein and rich
in starch, fiber, and plant polysaccharides” (De Filippo et al., 2010). The BF children had
a much greater predominance of the phylum Bacteroidetes and far fewer bacteria of the
phylum Firmicutes. BF children had substantial amounts of Prevotella and Xylanibacter,
which were absent in EU children, whereas EU children had more Enterobacteriaceae
(Shigella and Escherichia). BF children had more SCFA than EU children (De Filippo et al.,
2010). Given the predominantly plant-based diets of the BF children, this study suggests
that such dietary differences could lead to pronounced differences in the gut microbiome. Similar studies have also noted major differences between typical “Western” populations and those of rural African and South American populations. One compared healthy
child and adult populations in an urban US environment, in rural Malawi, and in rural
Venezuelan Guahibo Amerindians. Among adults, the US population was again distinguished by a lower ratio of Bacteroidetes to Firmicutes and by a reduction in bacteria
from the genus Prevotella (Yatsunenko et al., 2012). Another group of Amerindians, the
Yanomami, was found to have a low abundance of Bacteroides and a high abundance of
Prevotella species compared to Western populations (Clemente et al., 2015). These studies demonstrate notable fecal microbiome differences between populations consuming
a typical modern Western diet and those consuming more traditional hunter-gather or
subsistence agrarian diets, which could be referred to as plant-based diets. However, many
other environmental factors differ between such populations. While they may give an indication of the potential for diet-induced microbiome variation, they do not necessarily predict what is likely to be the result of the voluntary adoption of a plant-based or vegetarian
diet in a modern Western context.

5.2 Feeding Studies
Another line of evidence relevant to vegetarian diets and the microbiome comes from
studies looking at the effect of short-term changes in diet along an animal-food to
plant-food spectrum. These suggest that the gut microbiome can be changed rapidly
by diet, though perhaps not in fundamental ways. David et al. (2014) examined the
ability of short-term changes in diet to alter the fecal microbiome. In 10 American volunteers, 5 days of ad libitum intake of an almost completely animal-based diet yielded
a significant change in microbial diversity compared to baseline. Twenty-two bacterial clusters were noted to have changed significantly. Notably, the abundance of biletolerant organisms increased, such as Alistipes, Bacteroides, and Bilophila including
Bilophila wadsworthia, which animal models suggest may be linked to IBD. When the
volunteers were placed on 5 days of ad libitum intake of an exclusively plant-based
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diet, changes were seen in only three bacterial clusters compared to baseline. One
subject, identified as a lifelong vegetarian, had a decrease in Prevotella abundance on
the animal-based diet (David et al., 2014). Similarly, Wu et al. (2011) conducted a controlled feeding study in 10 subjects randomized to 10 days of either a high-fat/low-fiber
or low-fat/high-fiber diet, which showed that microbiome abundances shifted significant and rapidly (within 24 h) in response to dietary alternation, but these changes
were modest and did not alter the enterotypes.

5.3 Early Studies of Vegetarians
The earliest scientific comparisons of fecal microbial composition in those consuming vegetarian and nonvegetarian diets date back to the 1975 study by Reddy et al. This
short-term crossover-design compared a high-meat, high-fat diet and a vegetarian diet
in eight volunteers. Using traditional culture-based methods, they found lower levels
of total anaerobes, Bacteroides, Bifidobacterium, Peptococcus, Bacillus, and anaerobic
Lactobacillus but higher amounts of Streptococcus and Staphylococcus on the vegetarian diet compared to the high-meat diet (Reddy et al., 1975). In a 1987 crossover feeding
study comparing a mixed Western (nonvegetarian), ovolactovegetarian, and vegan diet for
20 days each in 12 healthy males, van Faassen found reductions in bile acid concentrations
in the ovolactovegetarians and vegans and also found the vegans to have lower amounts
of fecal Lactobacilli and Enterococci. No significant difference was found in the amount of
total anaerobes, Clostridia, Bifidobacterium, Bacteroides, total aerobes, or enterobacteriaceae (Van faassen et al., 1987).
In the 1990s, Peltonen used chromatography of bacterial fatty acids as a global
marker of fecal microbial change in 53 patients with RA treated with a 1-year vegetarian diet and found significant alteration of the fecal flora between the different diets
(Peltonen et al., 1994). Using the same chromatography method in 43 RA patients randomized to usual omnivore diet or a raw vegan diet rich in lactobacilli, he again saw
evidence of change of the fecal microbial fatty acids on the vegan diet (Peltonen et al.,
1997). He found a similar change among 18 healthy volunteers on a raw vegan diet
(Peltonen et al., 1992).

5.4 Recent Studies of Vegetarians
Some more recent descriptive or intervention studies have examined the microbiome
of vegetarians. These are briefly described next, and their methods and findings are also
summarized in Table 24.1 for easy reference. In a small intervention in six obese subjects
with either hypertension or diabetes mellitus type II who were placed on a vegan diet
for 1 month, Kim et al. (2013) reported no change in microbial diversity or enterotype.
A reduction in the Firmicutes-to-Bacteroidetes ratio was observed, as was a reduction in
pathobionts such as Enterobacteriaceae and an increase in some commensals such as
Bacteroides fragilis and Clostridium clusters XIVa and IV. There was a reduction in SCFA
levels (Kim et al., 2013). In a study of the fecal microbial diversity of a vegan woman in

Table 24.1 Summary of Recent Studies on Vegetarian Diets and the Gut Microbiome
Author/Year

Population

Purpose

Hayashi et al.
(2002)

1 vegan Japanese
woman

Determine fecal
microbial diversity
of a vegan

Methods

Findings

16S ribosomal deoxyribonucleic • 29% of the 183 clones obtained were
acid (rDNA) library method,
from 13 known species, while 71% were from
terminal restriction fragment
novel phylotypes
length polymorphism (t-RLFP)
• isolates included Bacteroides, Bifidobacterium,
analysis, and culture-based
and predominately, Clostridium clusters IV,
method
XIVa, XVI, and XVIII (C. ramosum)
Liszt et al.
15 vegetarians
Compare the fecal
Quantitative polymerase chain • vegetarians had significantly higher counts
(2009)
(3 vegans + 12
microbiota of vegetarian reaction (PCR); PCR-DGGE
(12%) of bacterial DNA, significantly lower
ovolactovegetarians) and and nonvegetarian
(denaturing gradient gel
Clostridium cluster IV, and nonsignificantly
14 omnivores
groups
electrophoresis) fingerprinting
higher abundance of Bacteroides than
nonvegetarians
Wu et al.
98 healthy volunteers for Investigate association
DNA samples analyzed by 454/ • cross-sectional analysis: Bacteroides enterotype
(2011)
a cross-sectional study; 10 between short-term and Roche pyrosequencing of 16s
associated with protein/animal fat, while
individuals in a short-term long-term dietary factors ribosomal ribonucleic acid
Prevotella enterotype with carbohydrates
(10 days) controlled
and the gut microbiota (rRNA) gene segments (for
• controlled feeding study: changes in
feeding study for low-fat/
calculating pairwise UniFrac
microbiome composition were detected
high-fiber and
distances);
within 24 h, but no steady change in
high-fat/low-fiber diets
shotgun metagenomics for
enterotypes happened during the diets
selected samples
Kabeerdoss et al. 32 ovolactovegetarians Compare
Quantitative PCR (using
• compared to ovolactovegetarians,
(2012)
and 24 nonvegetarian
ovolactovegetarians
primers targeted at 16S rDNA
nonvegetarians had higher levels of
18–27-year-old Indian
and nonvegetarian
of several butyrate-producing
Clostridium cluster XIVa (C. coccoides-E.
women
fecal microbiota
bacterial species)
rectale group) with increases in Roseburia-E.
rectale but not R. productus, C. coccoides, and
Butyrivibrio
Zimmer et al.
144 ovolactovegetarians Compare fecal
Gram staining and colony
• compared with nonvegetarians, vegans
(2012)
and 105 vegans versus
bacterial counts of
morphologies, and API and
had significantly lower counts of
same number of ageovolactovegetarians,
VITEK systems (automated
Bacteroides, Bidifidobacterium, E. coli,
and-gender-matched
vegans, and
measurements of metabolism,
and Enterobacteriaceae spp., while
existing fecal samples of nonvegetarians
enzymatic activities, and
ovolactovegetarians had significantly lower
nonvegetarians and 46
antibiotic resistance)
counts of Bacteroides and Bifidobacterium
volunteer nonvegetarians
• vegans and ovolactovegetarians had lower
stool pH compared to nonvegetarians

Authors′ Conclusions
Unidentified bacteria
reside in the intestinal
tract of a vegan. Certain
phylotypes may be
associated with vegan
intestinal tract ecology
A vegetarian diet affects
the gut microbiota by
decreasing the amount of
Clostridium cluster IV
Enterotype clustering is
associated with long-term
diet only. Extreme dietary
changes result in rapid
alterations in microbial
composition but not in a
different enterotype
Clostridium cluster XIVa
and butyrate-producing
bacteria are significantly
more abundant in
nonvegetarians than in
ovolactovegetarians
Although total microbial
counts remain the same,
maintaining a vegan or
ovolactovegetarian diet
significantly changes
microbiota composition

Kim et al. (2013)

Matijasic et al.
(2014)

Ruengsomwong
et al. (2014)

6 obese subjects
Modulation of
assigned to a vegan diet microbial composition
for 1 month
with change in diet

454-Pyrosequencing of V1-V2
region amplicons of 16S rRNA
genes. Operational taxonomic
units (OTUs) determined
with sequence clustering,
and UniFrac distances were
calculated to assess OTUs
differences

• v egan diet nonsignificantly decreased
Firmicutes and significantly increased
Bacteroidetes; however, there was no change
in enterotypes
• vegan diet-related decreases in
Enterobacteriaceae and other pathobionts
and increases of commensals (Bacteroides
fragilis, Clostridium clusters XIVa and IV,
Lachnospiraceae, Ruminococcaceae)
31 vegetarian versus
Compare fecal
Relative quantification by
• vegetarians had significantly higher ratios
29 nonvegetarians
bacterial composition
real-time PCR; PCR-DGGE
of Bacteroides-Prevotella, Bacteroides
in Slovenia ages
of vegetarians and
fingerprinting of the V3 16S
thetaiotaomicron, Clostridium clostridioforme,
1.5–67 years old
nonvegetarians who
rRNA gene region
and Faecalibacterium prausnitzii but a
adhered to that diet
lower ratio of Clostridium cluster XIVa than
for ≥1 year
nonvegetarians
• DGGE bands for Bifidobacterium,
Streptococcus, Collinsella, and
Lachnospiraceae were higher in
nonvegetarians, while Subdoligranulum was
higher in vegetarians
6 nonvegetarian
Compare gut microbiota PCR-DGGE using HDA1-GC and • vegetarian microbiota was characterized by
and 7 vegetarian
of healthy vegetarian
HDA2 to amplify 16S rRNA gene
Clostridium colicanis, Eubacterium rectale,
(ovolactovegetarians and and nonvegetarian
and real-time PCR analysis
F. prausnitzii, M. funiformis, P. copri, and R.
lactovegetarians) Thais
seniors
intestinalis
ages 42–78 years
• nonvegetarians had different combinations
of Bacteroides uniformis, Bacteroides
vulgatus, Bacteroides ovatus, and Bacteroides
thetaiotaomicron, and F. prausnitzii.
• vegetarians had significantly higher
Prevotella but significantly lower Bacteroides
compared to nonvegetarians. No differences
in Bifidobacterium, Enterobacteriaceae,
C. coccoides–E. rectale, C. leptum, and
Lactobacillus

Increased dietary fiber
intake with vegan
diet altered the gut
microbiota composition
to one that could reduce
gut inflammation. This
in turn may reduce
metabolic risk
Shifts in the quantity
and diversity of fecal
microbiota composition
are associated with
differences in intake of
foods of animal origin
regardless of age, gender,
BMI, or social status

The microbiota
composition of the
subjects in this study
may reflect other healthy
Asians with similar diets

Continued

Table 24.1 Summary of Recent Studies on Vegetarian Diets and the Gut Microbiome—cont’d
Author/Year

Population

Purpose

Methods

David et al.
(2014)

6 males and 4 females
aged 21–33 years with
BMI of 19–32 kg/m2
subjected to crossover
feeding on both animalbased and plant-based
diets

Determine if short-term
exposure to animal- or
plant-based diet alters
gut microbiota

153 healthy vegan,
ovolactovegetarian,
or nonvegetarian men
and women aged
18–55 years old from
4 locations in Italy

Investigate differences
in the fecal
microbiota of vegans,
ovolactovegetarians,
and nonvegetarians

Feeding trial (crossover-design); • distal gut microbiota had changes within 1 day Gut microbiome can
16S rRNA gene sequencing
after animal-based diet ingestion and returned rapidly respond to dietary
used on daily distal gut
to original structure 2 days after
changes
microbiota samples
the diet ended
• animal-based diet had greater impact on gut
microbiota than plant-based diet.
• animal-based diet increased the
abundance of bile-tolerant microbes
(Alitipes, Bilophila, Bacteroides), decreased
levels of polysaccharide-metabolizing
Firmicutes (Roseburia, Eubacterium rectale,
Ruminococcus bromii), and increased
the abundance and activity of Bilophila
wardsworthia.
• fecal samples during animal diet reflected
bacteria associated with cheese and
cured meats (L. lactis, P. acidilactici, and
Staphylococcus)
• In 1 long-term vegetarian subject, Prevotella
significantly decreased during animal-based
diet
PCR and rRNA-DGGE;
Vegans,
• Viable counts comparisons: Pseudomonas
amplification at the V3 and
ovolactovegetarians,
sp. and Aeromonas sp. significantly
V9 regions of the 16S rRNA
and nonvegetarians
higher for ovolactovegetarians; coliforms
genes
have differences in
and Bifidobacterium significantly lower
fecal microbiota;
for vegans; Bacteroides and Prevotella
the type of foods
significantly lower but B. fragilis significantly
consumed have a
higher in nonvegetarians.
greater impact on
• V3 region shows Bacteroides salanitronis,
fecal microbiota than
B. coprocola, and Prevotella copri as
geography
characteristic bands for nonvegetarians,
Prevotella micans and Bacteroides vulgatus
for the ovolactovegetarians, and Bacteroides
salyersiae for the vegan group.
• characteristic bands in the V9 region
identified Veillonella parvula for the vegan
group, Faecalibacterium prausnitzii for
the vegetarian group, and E. coli for the
nonvegetarian group

Ferrocino et al.
(2015)

Findings

Authors′ Conclusions

Wu et al.
(2016)

15 vegans and 6
nonvegetarians in
urban US

Investigate the effect
of diet on the gut
microbiota and host
metabolome

16S rRNA-tagged
sequencing and plasma and
urinary metabolomics

• g
 ut microbiota between vegans and
nonvegetarians were not significantly
different.
• higher fecal short-chain fatty acid level was
not associated with increased intake of
fermentable substrate in vegans.
• plasma and urinary metabolome
significantly differed between vegans and
nonvegetarians. Plasma metabolome of
vegans was higher in bacterial but lower in
lipid and amino acid metabolites compared
to nonvegetarians

Diet influences
the bacterial
metabolome more
than gut microbiota
composition. Gut
microbial community
membership may be
affected more by place
of residence than by
diet alone
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Japan, common isolates included the Bifidobacterium group, the Bacteroides group, and
Clostridium clusters IV, XIVa, XVI, and XVIII (Hayashi et al., 2002).
A number of more recent studies have compared the gut microbiome of vegetarians
and nonvegetarians within similar geographic and cultural contexts. In a comparison of 15
vegetarians (3 vegans + 12 ovolactovegetarians) and 14 nonvegetarians in Austria, vegetarians were found to have reduced quantities of Clostridium cluster IV but a higher abundance of Bacteroides (Liszt et al., 2009).
A small study compared seven ovolactovegetarian and lactovegetarian and six nonvegetarian volunteers in Thailand. Vegetarians had higher abundances of the genus
Prevotella, whereas nonvegetarians had higher abundances of the genus Bacteroides
(Ruengsomwong et al., 2014). Significant differences were not found for Bifidobacterium,
Enterobacteriaceae, the Clostridium coccoides-Eubacterium rectale group, the Clostridium
leptum group, or Lactobacillus (Ruengsomwong et al., 2014). Notably, yogurt consumption was much higher among the ovolactovegetarians and lactovegetarians in this study
(Ruengsomwong et al., 2014).
A study among young women in southern India compared 32 ovolactovegetarians
with 24 nonvegetarians, matched for age, socioeconomic status, and anthropometric
measures (Kabeerdoss et al., 2012). Notably, total energy, calcium, and complex carbohydrate dietary intake was significantly higher among the nonvegetarians. Compared to the
ovolactovegetarians, nonvegetarians had higher abundances of Clostridium cluster XIVa,
and Roseburia Eubacterium rectale in particular. Other microbial abundances did not differ. A gene associated with butyrate production was higher among the nonvegetarians
(Kabeerdoss et al., 2012).
In a Slovenian population, 31 vegetarians (11 ovolactovegetarians and 20 vegans) were
compared with 29 nonvegetarians. Vegetarians (combined) had a higher abundance of a
group containing Bacteroides and Prevotella genera, of Bacteroides thetaiotaomicron, of
Clostridium clostidioforme, and of Faecalibacterium prausnitzii, but a lower abundance
of Clostridium cluster XIVa (Matijasic et al., 2014). F. prausnitzii is an important butyrate
producer, and it may be linked to reduced inflammatory reactions (Matijasic et al., 2014).
Because the PCR technique used in this study did not quantify Bacteroides and Prevotella
separately, the ratio of Bacteroides to Prevotella was not determined.
Wu et al. studied 98 individuals in a cross-sectional observational comparison of diet
and fecal microbiome. In this study, the Prevotella enterotype was associated with higher
carbohydrate intake, whereas the Bacteroides enterotype was associated with animal
protein and saturated fats. Eleven self-reported vegetarians were more likely to be in the
Prevotella enterotype than the Bacteroides enterotype, and the only self-reported vegan
was in the Prevotella enterotype (Wu et al., 2011). In a more recent study, Wu et al. compared both the fecal microbiome and plasma metabolome of 15 vegans and 16 nonvegetarians. They found statistically significant differences in the microbiome between the
two dietary patterns only in a few low-prevalence taxa and not in Prevotella. They also
did not find a difference in fecal SCFA concentrations between vegans and nonvegetarians. In contrast, they did detect substantial differences in the plasma metabolome, with
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28 metabolites significantly more abundant in vegans, a third of which were products of
microbial metabolism in the gut. Of note, 40% of vegans had detectable equol levels (see
prior section on phytochemicals) in the blood, which while more than the nonvegetarians
(none had detectable equol), who consumed little equol precursors, is less than in the
Asian populations (Wu et al., 2016).
In a somewhat larger study from 4 locations in Italy, 51 ovolactovegetarians and 51
vegans were compared to 51 nonvegetarians. Subjects were recruited though advertisements. They had to have adhered to their respective dietary patterns for at least 1 year.
Using traditional bacterial culture methods, little overall distinction was found between
the diet groups, but instead a high level of similarity. Ovolactovegetarians had more
Pseudomonas and Aeromonas than vegans or nonvegetarians; vegans had fewer coliforms
and Bidiobacteria than the other two groups; and nonvegetarians had higher counts of
B. fragilis (Ferrocino et al., 2015). When nucleic acids were studied (rDNA denaturing
gel gradient electrophoresis), again there was a high degree of similarity, with only a few
bands differing between the diet groups. Notably, F. prausnitzii was characteristic of the
ovolactovegetarian group (Ferrocino et al., 2015).
Zimmer et al. (2012) conducted a still larger study of vegetarian diets and the microbiome. They recruited 144 ovolactovegetarians and 105 vegans at the World Vegetarian
and Vegan Congress in 2008, in Dresden, Germany. They compared these with two control populations, one a random sample of equal size from samples routinely analyzed by
the Institute of Microecology in Herborn, Germany. A second control group was comprised of 46 persons attending a German Gastroenterology Society meeting; in this second
instance, the controls were compared with a random sample of 46 of the 144 ovolactovegetarians and 46 of the 105 vegans. Analysis was by traditional culture-based techniques.
Ovolactovegetarians had lower counts of Bacteroides and Bifidobacterium compared to
nonvegetarian controls; vegans had lower counts of Bacteroides, Bifidobacterium, E. coli,
and Enterobacteriaceae than nonvegetarian controls; there were no statistically significant
differences between the vegans and the ovolactovegetarians (Zimmer et al., 2012). Vegans
had a lower stool pH (6.3) than did nonvegetarian controls (6.8); ovolactovegetarians had
an intermediate stool pH (6.6), which was not statistically significantly different from the
nonvegetarians (Zimmer et al., 2012). This lower stool pH is thought to result from SCFA
production from the degradation of dietary fibers; it may in turn cause an inhibition of
certain bacteria such as E. coli and Enterobacteriaceae (Zimmer et al., 2012).

5.5 Summary
It is evident from this review of the literature that the relationship between vegetarian diets
and the nature of the gut microbiome is not yet well understood. There is evidence that the
fecal microbiome varies greatly between typical Western populations and certain tribal
populations that are more plant-based. However, the environments and diets of these
populations differ in many ways and generally to a much greater extent than the differences between vegetarians and nonvegetarians within the same culture and geographic
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setting. There is also evidence that the human fecal microbiome can be rapidly altered—
even within 24 h—in response to marked changes in dietary consumption. However, such
rapid, notable changes in the relative abundance of taxa may not indicate a change in the
structure of the gut microbiota that is likely to be persistent. Such short-term changes do
not seem to affect enterotype, and appear to be quickly reversible. However, little is known
about the consequences of long-term dietary intervention on the gut microbiota.
The studies of long-term vegetarians compared to nonvegetarians have mostly had
small sample sizes. Even some of the moderately larger and more recent studies have relied
on older culture-based methods, which have limitations. The results thus have been variable. There is some evidence that vegetarian diets tend to be associated with a lower ratio
of Firmicutes to Bacteroidetes. They may be more likely to be associated with Prevotella
and the Prevotella enterotype. They may promote certain commensals such as F. prausnitzii while inhibiting certain pathobionts such as E. coli and other Enterobacteriaceae.
There is some evidence that vegetarian diets may lead to higher production of SCFAs like
butyrate. They appear also to result in higher levels of certain bacterial metabolites of
phytochemicals. However, these findings are not consistent in the existing literature, with
some of the existing small-sample studies having contradictory findings.

6. Conclusions and Future Directions
The human microbiome is a fascinating area of inquiry, and the study of the microbiome has seen marked growth, enabled by developments in genomic sequencing technology and bioinformatics analysis. There is growing evidence that the gastrointestinal
microbiome in particular is an important contributor to human physiology and likely
has effects on human health. Obesity, cardiovascular disease, IBD, certain cancers, and
other conditions are likely affected by the gut microbiome. Diet is a complex, major
environmental exposure that clearly can be quite influential in the taxonomic and functional composition of the gut microbiome. Probiotics, prebiotic carbohydrates, and
many other dietary nutrients and other components may affect the microbiome and
thus impact health and disease risk. Overall dietary patterns, combining differences in
many dietary factors, may substantially affect the microbiome. This is reflected in comparisons of geographically distinct populations with substantially different diets and
quite different microbiome compositions. It seems entirely plausible that vegetarian
diets may lead to significantly different microbiome compositions, compared to omnivore diets. However, the published literature examining this question is thus far quite
limited and somewhat inconsistent.
Thus, much remains to be done in the study of vegetarian diets and the microbiome. Larger comparison studies of geographically similar vegetarians and nonvegetarians are needed. In particular, it would be helpful to have microbiome comparison
studies among well-studied populations of vegetarians and nonvegetarians, such as the
EPIC-Oxford cohort and the Adventist Health Study - 2. Much of the research examining
the microbiome and disease is cross-sectional or from animal models. There is a need
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for established prospective observational cohort studies to develop biorepositories of
samples suitable for fecal microbiome analysis. This would allow for prospective studies of the microbiome and disease risk; for example, a nested case–control analysis of
fecal microbiome patterns and incident CRC. Many of the studies of vegetarians and
the microbiome have used culture-based methods, often targeting a limited number of
culturable bacterial taxa. Future studies, while possibly using culture methods for validation or for other specific purposes or detailed investigations of particular microbial
species and strains, should take advantage of newer metagenomics methods, which can
identify the full range of microbes present. 16-S ribosomal subunit sequencing should
increasingly take the place of culture-based methods as a basic tool for microbiome
study. Where possible, WGS methods should be used because of the much richer data
they provide, including the ability to study gene prevalence and related metabolic and
functional capacities. The study of vegetarian diets and the microbiome is in its infancy.
We await with interest the important scientific knowledge that may be gained by further
developments in this field.
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1. Introduction
Gastroesophageal reflux disease (GERD) is a condition that develops when the reflux of
stomach content causes troublesome symptoms and/or complications (Vakil et al., 2006).
GERD is one of the most common gastrointestinal diseases in Western countries, where
its symptoms such as heartburn and acid regurgitation affect up to 20%–30% of people
at least weekly and about 60% of people at some time during the course of a year. Reflux
esophagitis is the most common sign of GERD on endoscopy. Its medical, personal, social,
and economic burdens are enormous and will be increasing. Additionally, it tends to
relapse frequently and may develop complications, such as hemorrhage, stricture, Barrett
esophagus, and adenocarcinoma (Vakil et al., 2007).
The prevalence of GERD and related disorders has been increasing worldwide. When
defined as at least weekly heartburn or acid regurgitation, the prevalence in Western populations generally ranges between 10% and 20%. The prevalence in North America has
been shown to be higher than in Europe (Vakil, 2010). In Japan, the overall prevalence of
reflux esophagitis among the adult population is around 10%–15% (Fujiwara and Arakawa,
2009). In Taiwan, the prevalence of reflux esophagitis in subjects evaluated for upper gastrointestinal symptoms is 15% (Yeh et al., 1997). The prevalence of reflux esophagitis in
Korean subjects undergoing health check-ups was reported at approximately 2%–5%
in the 1990s, 8% in 2006, and 11% in 2009 (Shim et al., 2009; Song et al., 2009; Inamori
et al., 2003). Widespread health check-ups, developments in endoscopic examination,
Westernized diet, and lifestyle may have contributed to the increased prevalence of reflux
esophagitis in Korea (Song et al., 2009).

2. Obesity and GERD Development
Risk factors for GERD include older age (Lee et al., 2011; Mold et al., 1991), male sex
(Sonnenberg and El-Serag, 1999), obesity (El-Serag, 2008a; El-Serag and Johanson, 2002;
Corley and Kubo, 2006), metabolic syndrome (Song et al., 2009; Chung et al., 2008), hiatal
hernia (Wilson et al., 1999; Iovino et al., 2006), cigarette smoking, and alcohol consumption
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(Stanciu and Bennett, 1972; Kaufman and Kaye, 1978). Obesity, typically defined as a body
mass index (BMI) >30 kg/m2, has risen to epidemic proportions in Western populations.
The prevalence of obesity has increased to 34% for adults in the United States, where
68% of the population is considered to be either overweight or obese (Flegal et al., 2010).
Moreover, a severe increase in overweight and obesity prevalence has also been reported
in children and adolescents over the last four decades (Ogden et al., 2010). Increased food
availability, larger serving sizes, higher energy density, and decreased physical activity are
the main causes responsible for the observed trends (Eusebi et al., 2012).
The mainstay of treatment in GERD is the proton pump inhibitor (PPI). But recently,
many adverse drug reactions of long-term PPI use have been identified, including B12 deficiency, iron deficiency, increased susceptibility to pneumonia, enteric infections, fractures,
and hypergastrinemia (Sheen and Triadafilopoulos, 2011). So, it is important to find correctable risk factors and correct them. Known correctable risk factors of reflux esophagitis
are obesity, metabolic syndrome, cigarette smoking, and alcohol consumption (El-Serag,
2008a; El-Serag and Johanson, 2002; Corley and Kubo, 2006; Song et al., 2009; Chung et al.,
2008; Stanciu and Bennett, 1972; Kaufman and Kaye, 1978).
Reflux esophagitis might be a part of the disease spectrum of the metabolic syndrome
showing significant relationship of reflux esophagitis to obesity, low HDL cholesterol, high
triglyceride, high blood pressure, and elevated fasting glucose (Song et al., 2009). Another
study reported that metabolic syndrome and abdominal obesity, especially visceral obesity, were important risk factors for reflux esophagitis (Nam et al., 2010; Chung et al., 2008).
It appears that a dietary pattern characterized by high fat and low fiber consumption and
lack of other beneficial elements is related to the metabolic syndrome, thus having the
potential to increase the risk for reflux. A study found a relative association between uninvestigated reflux and adherence to a pattern of consuming fast food, suggesting that this
contributes to the risk for developing reflux (Khodarahmi et al., 2016).
Since the incidence of obesity and GERD is increasing in parallel, it has been reasonably suggested that elevated BMI could be a contributing factor for development of GERD
and related disorders.
A large meta-analysis and systematic review of epidemiological studies mostly conducted in North America or Western Europe countries showed a statistically significant
association between obesity and an increased risk of GERD and related complications
among both men and women (Hampel et al., 2005). In particular, the increase in developing GERD symptoms and esophagitis was 1.43 [95% confidence interval (CI), 1.158–1.774]
for individuals with BMI from 25 to 30 and 1.94 (95% CI, 1.468–2.566) for BMI >30, as compared to individuals with normal BMI (Hampel et al., 2005).
The direct correlation between weight gain and the risk for GERD and its complications
has also been evaluated in a large population-based case–control study showing that a
BMI increase of >3.5 was associated with a 2.7-fold (95% CI, 2.3- to 3.2-fold) increase in
risk of developing reflux symptoms (Nilsson et al., 2003).
Similar results were reported in a large cohort of women by Jacobson et al. (2006) who
observed that the risk of developing GERD symptoms rises progressively with increasing
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BMI, not only in overweight or obese but also in normal-weight people. Interestingly, the
authors showed that even moderate amounts of weight gain may result in the development
or exacerbation of GERD symptoms, although the efficacy of weight loss as a therapeutic
measure in reflux disease showed conflicting results (Jacobson et al., 2006). Nevertheless,
avoiding weight gain in the first place has been associated with a lower risk of GERD symptoms (El-Serag, 2008b).
By performing a 24-h pH-metry in their patients, El-Serag et al. (2007) found that both
high waist circumference and BMI >30 were associated with a significant increase in short
and/or long reflux episodes. Similarly, Jacobson et al. (2006), who performed a study on
a cohort of more than 10,000 women, reported that both BMI and the waist-to-hip ratio
were associated with frequent GERD symptoms. However, when analyzing both factors
simultaneously, BMI appeared to have a more significant role in this association.
Especially, abdominal obesity seems to be more important than general obesity as
expressed by an elevated BMI (El-Serag et al., 2007; Kang et al., 2007). Several mechanisms
by which obesity may cause GERD-related disorders have been suggested, starting from
the role of abdominal obesity. A number of studies have indicated that the abdominal
diameter and/or the waist circumference represent important risk factors for developing
GERD symptoms, independent of BMI (El-Serag, 2008b). This is mainly due to a mechanical pathogenesis related to the extrinsic gastric compression caused by the abdominal adipose tissue. It may affect esophageal reflux through increased intraabdominal pressures,
impaired gastric emptying, decreased lower esophageal sphincter pressure, and increased
frequency of transient lower esophageal sphincter relaxation (Hampel et al., 2005).
Moreover, abdominal obesity promotes gastroesophageal reflux through the anatomical
disruption of the gastroesophageal junction causing an increased reflux across the lower
esophageal sphincter with subsequent increased esophageal exposure to gastroduodenal
contents (El-Serag, 2008b).
Together with the mechanical hypothesis, it has also been suggested that adipose tissue might contribute to the pathogenesis of GERD also through its hormonal, endocrine,
and paracrine activity. Indeed, the adipose tissue, apart from being cellular fat deposit, is
known to be an endocrine organ, producing several hormones and, in particular, estrogens. Two large population-based case–control studies indicated that the association of
obesity and GERD might be mediated by the effects of circulating estrogens since the
results showed that severely obese women had a higher risk (OR = 6.3; 95% CI, 4.9–8.0)
of GERD symptoms compared with obese men (OR = 3.3; 95% CI, 2.4–4.7). Such risk was
highest among premenopausal women and postmenopausal women on estrogen therapy
(Nilsson et al., 2003). The same studies showed a significant association between obesity
and esophagitis in women, an effect that was furthermore potentiated if the overweight
postmenopausal women underwent estrogen treatment. However, the estrogen hypothesis is in contrast with most of the epidemiological studies that generally report no significant association between gender and GERD development (Vakil, 2010).
Last, the metabolic activity of the adipose tissue has also been strongly associated
with increased release of several proinflammatory cytokines such as interleukin-1β,
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interleukin-6, and tumor necrosis factor-α, as well as with low serum levels of adiponectin,
an antiapoptotic and antiproliferative molecule. Therefore, abdominal obesity might be a
contributing factor that induces the increased inflammation and malignant transformation often reported in patients with GERD (El-Serag, 2008b).

3. Vegetarian Diet and GERD Prevention
A vegetarian diet typically excludes meat from all sources. It is characterized by the inclusion of grains, legumes, fruit, vegetables, and oils and may or may not include dairy products or eggs. A vegan diet excludes all animal products, including eggs, milk, and cheese.
There are variations to the vegetarian dietary pattern including lactovegetarian, ovovegetarian, ovolactovegetarian, and pescetarian, and there are also semivegetarian diets: see
Chapter 1 of this book for details. Individual reasons for following a vegetarian/vegan diet
vary (Craig et al., 2009).
Data document that individuals following a vegetarian dietary pattern typically have
lower cholesterol levels (Ferdowsian and Barnard, 2009), blood pressure (Appleby et al.,
2002), and lower BMI (Alewaeters et al., 2005). This places them at a lower risk for many
disease states including heart disease, diabetes, cancer, and hypertension (Fraser, 1999;
Orlich et al., 2015; Tonstad et al., 2009). Because of the strength of the relationship between
obesity and GERD, a lower BMI and a lower prevalence of obesity with vegetarian diet is
an important factor lowering the risk of GERD in people consuming a vegetarian or plantbased diet.
Several studies comparing vegetarian diets to other weight loss approaches have
reported success with the vegetarian diet (Burke et al., 2007; Barnard et al., 2006; Jenkins
et al., 2009; Dansinger et al., 2005), as it is reviewed in full in Chapter 18 of this book. It
appears that the vegetarian dietary pattern can naturally induce weight loss and also
maintain healthy weight status long term. A study showed that weight loss of at least 10%
is recommended in all patients with GERD to boost the effect of PPI on reflux symptom
relief and to reduce chronic medication use (De Bortoli et al., 2016). So, the patients who
lost weight using vegetarian diets could get a great improvement in typical GERD-related
symptoms; yet it is unknown to what extent this simply reflects the decrease in body
weight or if it could also be in part related to the vegetarian diet, if this diet is kept after
weight loss and the weight control period. If there is a specific interest in vegetarian diet
beyond weight control and the risk of overweight/obesity is the question at issue, which
we will analyze here.
Physiologically, GERD is caused by the abnormal reflux of the gastric contents into the
esophagus. Decreased lower esophageal sphincter, transient lower esophageal sphincter
relaxation, esophageal acid clearance, and delayed gastric emptying have been implicated
in the pathogenesis of GERD (Castell et al., 2004). In addition, oxidative stress caused by free
radicals may be an important factor in the pathogenesis of esophageal mucosal damage in
GERD (Olyaee et al., 1995; Oh et al., 2001). Oxygen free radicals can cause oxidative injury
to cells by damaging proteins, cell membranes, or DNA. Vegetarian diets are characterized
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by greater consumption of fruit and vegetables containing innumerable phytochemicals,
dietary fiber, and antioxidants than omnivores, while restricting their consumption of
animal-sources of food (Rauma and Mykkanen, 2000; Blomhoff, 2005). This type of diet
helps improve antioxidant status, lowers oxidative stress, and reduces blood lipid levels
(Szeto et al., 2004). Moreover, fatty meals decrease lower esophageal sphincter pressure,
which may aggravate gastroesophageal reflux. Vegetarian diet has lower fat components
compared with most conventional diet (Clarys et al., 2014). Several studies showed that
consumption of nonvegetarian foods was an independent predictor of GERD (Jung et al.,
2013; Bhatia et al., 2011; Ramu et al., 2011).
Jung et al. (2013) found that nonvegetarianism was significantly associated with reflux
esophagitis after adjusting for multiple confounding factors including smoking, alcohol
consumption, and waist circumference (OR = 2.08; 95% CI, 1.09–3.97). This study showed
that male sex and negative H. pylori IgG antibody were also associated with the presence of reflux esophagitis. Lifestyle factors, such as smoking and alcohol consumption,
were significantly associated with reflux esophagitis. However, in a multivariate analysis
adjusting for multiple potential confounding factors including diet, lifestyle factors were
not associated with reflux esophagitis (Table 25.1). This suggests that nonvegetarian diet
may be a more important risk factor for reflux esophagitis than other risk factors, such as
smoking, alcohol consumption, obesity, or metabolic syndrome. In this study, they could
not identify any significant relationship between reflux esophagitis and obesity indexes,
Table 25.1 Risk Factors of Reflux Esophagitis
Univariate Analysis
OR (95% CI)
P Value

Multivariate Analysisa
OR (95% CI)
P Value

1.89 (1.02–3.49)

.04

1.96 (1.04–3.71)

.04

3.33 (1.66–6.67)

<.001

3.44 (1.70–6.97)

.01

1
1.99 (1.06–3.74)

.03

1
2.08 (1.09–3.97)

.03

1
1.99 (1.06–3.74)

.03

1
1.23 (0.63–2.41)

.55

3.37 (1.44–7.88)
2.75 (1.38–5.48)

.01
.01

1.82 (0.69–4.79)
1.36 (0.56–3.31)

.23
.50

H. pylori IgG Antibody
Negative
Sex
Male
Diet
Vegetarianism
Regular diet
Waist Circumference (cm)
Male ≤90 cm, female ≤80 cm
Male >90 cm, female >80 cm
Lifestyle Factors
Current smoking
Alcohol consumption

CI, confidence interval; OR, odds ratio.
aAdjusted for H. pylori IgG antibody, sex, diet, waist circumference, HbA1c, smoking, and alcohol.
From Jung, J.G., Kang, H.W., Hahn, S.J., Kim, J.H., Lee, J.K., Lim, Y.J., Koh, M.S., Lee, J.H., 2013. Vegetarianism as a protective
factor for reflux esophagitis: a retrospective, cross-sectional study between Buddhist priests and general population. Dig. Dis. Sci. 58,
2244–2252 in n = 246, normal versus n = 50, reflux esophagitis.
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Table 25.2

Effect of Variables on Reflux Esophagitis
Univariate Analysis
OR (95% CI)

P Value

1
0.97 (0.53–1.78)

.92

1
1.25 (0.65–2.39)

.50

1
0.89 (0.37–2.16)
1.10 (0.47–2.60)
1.23 (0.52–2.87)

.79
.83
.64

1
1.60 (0.75–3.43)
1.86 (0.76–4.55)
2.09 (0.70–6.27)

.22
.17
.18

1.00 (0.49–2.04)

.99

Body Mass Index (kg/m2)
<25
≥25
Waist-to-Hip Ratio
<0.90
≥0.90
Visceral Adipose Tissue Area

(cm2)

Quartile I
Quartile II
Quartile III
Quartile IV
Subcutaneous Adipose Tissue Area (cm2)
Quartile I
Quartile II
Quartile III
Quartile IV
Metabolic Syndrome
Yes

CI, confidence interval; OR, odds ratio.
From Jung, J.G., Kang, H.W., Hahn, S.J., Kim, J.H., Lee, J.K., Lim, Y.J., Koh, M.S., Lee, J.H., 2013. Vegetarianism as a protective
factor for reflux esophagitis: a retrospective, cross-sectional study between Buddhist priests and general population. Dig. Dis. Sci. 58,
2244–2252 in n = 246, normal versus n = 50, reflux esophagitis.

including BMI (a marker of body fat percentage), waist-to-hip ratio, and abdominal adipose tissue area (a marker of visceral obesity), apart from waist circumference (a marker of
central obesity). Also, they failed to detect any association between reflux esophagitis and
metabolic syndrome (Table 25.2).
Another study also demonstrated that consumption of nonvegetarian foods was an
independent predictor of GERD (OR = 0.34; 95% CI, 0.21–0.55) (Bhatia et al., 2011). They
showed that frequent consumption of meat, fried food, and spices was higher among
subjects with GERD on univariate analysis. Tea/coffee consumption was more frequent
among subjects with GERD. There was no relationship between tobacco use or alcohol
consumption and GERD. However, on multivariate analysis, only intake of nonvegetarian
food was positively associated with GERD (Table 25.3).
Therefore, vegetarian diets may offer protective effect for reflux esophagitis. It is uncertain whether established health benefits for vegetarians are attributable to the absence of
meat in the diet, the increased consumption of particular food components, the pattern of
foods taken within the vegetarian diet, or other healthy lifestyle components often associated with vegetarianism (Mcevoy et al., 2012).
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Table 25.3 Factors Independently Associated With GERD on Multivariate Analysis
Multivariate Analysis
Adjusted OR (95% CI)
P Value (LR-Test)
Age >40 versus age ≤40 years
Female versus male
Nonspicy food versus spicy food
Nonfried food versus fried food
Nonaerated drink versus aerated drink
Tea/coffee: no versus yes
Vegetarian food versus nonvegetarian food

1.05 (0.75–1.47)
0.76 (0.53–1.08)
0.90 (0.60–1.36)
1.15 (0.80–1.64)
2.02 (0.84–4.89)
0.66 (0.29–1.50)
0.34 (0.21–0.55)

.79
.12
.62
.45
.12
.31
<.001

CI, confidence interval; GERD, gastroesophageal reflux disease; LR-test: likelihood ratio test; OR, odds ratio.
From Bhatia, S.J., Reddy, D.N., Ghoshal, U.C., Jayanthi, V., Abraham, P., Choudhuri, G., Broor, S.L., Ahuja, V., Augustine, P.,
Balakrishnan, V., Bhasin, D.K., Bhat, N., Chacko, A., Dadhich, S., Dhali, G.K., Dhawan, P.S., Dwivedi, M., Goenka, M.K., Koshy, A.,
Kumar, A., Misra, S.P., Mukewar, S., Raju, E.P., Shenoy, K.T., Singh, S.P., Sood, A., Srinivasan, R., 2011. Epidemiology and symptom
profile of gastroesophageal reflux in the Indian population: report of the Indian Society of Gastroenterology Task Force. Indian J.
Gastroenterol. 30, 118–127 in 245 (7.6%) GERD patients of 3224 subjects.

4. Conclusion
The association between obesity and the increase in GERD has been confirmed by both
epidemiological data and a large amount of evidence explaining the mechanisms of their
association. Abdominal obesity causing increased intragastric pressures and disruption of
the gastroesophageal junction, the hormonal release related to adipose tissue, and the visceral fat metabolic activity linked to the release of proinflammatory molecules have been
suggested as the main mechanisms linking obesity and GERD-related symptoms.
Weight gain rather than obesity itself seems to be the cause of the increase in GERD and
its related symptoms. Vegetarian dietary pattern can induce weight control and be helpful for
weight loss program, being favorable to maintaining a healthy weight status for a long time.
Oxidative stress to esophageal mucosa may also play a key role in the pathogenesis of
GERD. Vegetarian diets are enriched in antioxidants, which may reduce oxidative stress.
Antioxidant defense mechanisms work against different types of free radicals, which may
play a role in the development of reflux esophagitis. Therefore, vegetarian diet may reduce
the risk of GERD and its complications. Further study would be needed to confirm this
important effect and to decipher the underlying mechanisms.
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1. Introduction
Defecation is defined as the final act of digestion, by which organisms eliminate their
undigested waste material from the digestive tract via the anus. Bowel habits and stool
types vary considerably between different populations. Even individuals of a single
community have different defecation profiles. Both genetic and environmental factors
influence the pattern of defecation in a person. Among the environmental factors, diet
is the most important one. Today, there is a growing awareness and curiosity about the
health implications of vegetarian and vegan diet, and it is fast gaining recognition as a
healthy and potentially therapeutic dietary choice (Craig, 2009). Vegetarian diet does
have effects on each and every organ and system of the human body, and vegetarian
diets have been accepted as a dietary treatment strategy for good health. It also helps
in managing several diseases and conditions ranging from cardiovascular diseases to
malignancies (Craig, 2009). Vegetarian diets have also been proposed as medical nutrition therapy for treatment of conditions like metabolic syndrome, including obesity,
diabetes, nonalcoholic fatty liver disease, and cardiovascular diseases (Le and Sabaté,
2014; Tonstad et al., 2013; Jenkins et al., 2014; Kahleova et al., 2011). Some researchers have proposed that it may confer protection against chronic inflammatory conditions such as rheumatoid arthritis (Kjeldsen-Kragh, 1999; Peltonen et al., 1997). The
gastrointestinal tract happens to be the largest organ system of our body, and there
is a definite difference in motility of gut and the composition of human gut microbiota between people consuming plant-based vegetarian and ovolactovegetarian diets
and those taking a nonvegetarian diet (Kabeerdoss et al., 2012). Defecation, being an
important part of digestion, is also affected by the type of diet we consume. In this
chapter, we will discuss the defecation and stool patterns in vegetarians as compared
to nonvegetarians.
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2. Frequency of Bowel Movements
A plant-based vegetarian diet contains higher amounts of complex starch and dietary
fibers than a nonvegetarian diet. People who consume a vegetarian diet have usually a
higher number of average bowel movements per day than others (see Table 26.1). The
mean transit time is lower in individuals consuming a vegetarian diet. Vegetarian and
vegan diet consumers are less prone to develop constipation both in terms of bowel frequency and stool consistency. A study from coastal eastern India has shown that nonvegetarianism was associated with lesser daily bowel movements and harder stool forms;
however, on multivariate analysis, only female gender and older age (>35 years) were found
to be independent predictors of constipation (≤3 stools per week). In the same study, vegetarians and occasional nonvegetarians had higher daily stool frequency than nonvegetarians (11.8 ± 4.5 and 12.8 ± 4.7 vs. 11.3 ± 4.7, respectively) (Panigrahi et al., 2013). Davies
et al. (1986) too had observed that people of Kingston, Surrey, who adhered to vegan diet
had higher daily stool frequency (1.7 ± 0.9) than ovolactovegetarians (1.2 ± 0.5) followed
by nonvegetarians (1.0 ± 0.2). Similarly, in the Prospective Netherlands Cohort Study on
diet by Gilsing et al. (2013), 7% of vegetarians had more than two stools per day, which
was higher than pescetarians (5%), followed by meat consumers (3%). The proportions of
individuals with stool frequency fewer than three per week in the three groups were 2%,
3%, and 6%, respectively. This study clearly demonstrated an inverse dose relationship
between the amount of meat in the diet and frequency of defecation. Sanjoaquin et al.
(2003), in a large prospective study, had investigated the relationships between nutritional
and lifestyle factors and bowel movement frequency. They also observed that the odds of
having daily bowel movements for vegans compared with meat eaters were 2.49 (95% CI:
1.33–4.64) for men and 3.59 (95% CI: 2.50–5.16) for women.

3. Form and Consistency of Stool
Stool form and caliber is an important part of assessment of defecatory disorder in
any patient, and the Bristol stool chart (Fig. 26.1) is the most widely accepted scale for
Table 26.1 Comparison of Stool Defecation Frequency (per Week) Among Different
Dietary Categories
Study

Nonvegetarian

Ovolactovegetarian

Davies et al. (1986)
Panigrahi et al. (2013)

7.0 ± 1.4
11.3 ± 4.7

8.4 ± 3.5

Sanjoaquin et al. (2003)

9.5 (men)
8.2 (women)

–

Vegans

11.9 ± 6.3
12.8 ± 4.7a
11.6 (men)
10.5 (women)

P Value
<0.001
<0.05
–

Ovolactovegetarian: taking dairy and eggs, but no meat, fish and seafood.
Vegans: taking no animal products at all. They also avoid the use of honey and animal-related products.
aIn the study by Panigrahi et al., the ovolactovegetarians and vegans were clubbed onto a single group (i.e., vegetarians).
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FIGURE 26.1 Bristol stool form scale.

assessment of stool form and consistency (Heaton et al., 1991). This stool scale has been
validated and has been found to correlate with transit time of the whole gut (O’Donnell
et al., 1988). Stool form is directly related to the amount of fiber and water in stool.
Decreased intake of dietary fluids and low fibers lead to hard stools. The resultant stool
often assumes the shape of a wide sausage with large cracks on the surface (Bristol score
2–3). On the contrary, a diet rich in high fiber and fluids helps in making the stool look
like a sausage or snake with smooth surface and soft consistency, sometimes as soft blobs
with clear-cut edges (Bristol score 4–5). Vegetarian diet is rich in dietary fiber. Davies et al.
(1986), in a group of 17 subjects (10 females and 7 males), assessed the amount of dietary
fiber in nonvegetarian, ovolactovegetarian, and vegan diets, and they found that the mean
fiber intake was 23, 37, and 47 g, respectively, in the three types of diet. They also observed
that there is a significant correlation between amount of dietary fiber intake and various
stool parameters. They used a linear scale to objectively assess the stool form and consistency in the study subjects. The scale had scores ranging from 1 to 8. A score of 1 represented the loose and watery stools. As the score advanced, the form of the stool became
harder. A score of 8 was used when stool took the shape of fragmented segments or pellets
like sheep droppings or corrugated formations and button-like discs. They observed that
the mean stool form in nonvegetarians, plant-based vegetarians, and ovolactovegetarians
was 5.7 ± 1.3, 5.0 ± 1.5, and 4.5 ± 1.2, respectively. This study reaffirmed that vegetarians differ a lot from their nonvegetarian counterparts in terms of stool form, shape, and consistency. Besides, as vegetarian diet contains a higher amount of fiber, this leads to increased
daily fecal wet weight. In vegetarians, the shape of the stool veers toward the lower end
of the fecal form scale (Davies et al., 1986); people who consume vegetarian diets tend to
have softer stools with fewer superficial cracks.
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4. Vegetarian Diet and Constipation
Studies by Panigrahi et al. (2013) and Davies et al. (1986) have shown that people who
consume a vegan or vegetarian diet have higher frequency of bowel movements, as mentioned earlier. Similarly, Gilsing et al. (2013) and Sanjoaquin et al. (2003) observed that
average bowel movement frequency is significantly higher in vegetarians, and they have
higher odds of having bowel movement daily. Besides, the consistency of stool is softer
than in nonvegetarians, with increased mean fecal weight (Davies et al., 1986). Intestinal
transit time is also comparatively faster in vegetarians than nonvegetarians. As a result,
vegetarians are less prone to suffer from straining during defecation.

4.1 Fecal Microbiota Composition in Vegetarians
After the newer molecular characterization of intestinal microbiota, there is growing interest in the relationship between diet, microbiota, nutrition, and human health. A study
has demonstrated that people consuming a vegan diet had decreased levels of Bacteroides
spp., Bifidobacterium spp., Escherichia coli, and Enterobacteriaceae spp. as compared to
controls (nonvegetarians), with vegetarians lying in between them (Zimmer et al., 2012).
Another study also observed that the animal-based diets increased the abundance of biletolerant organisms such as Alistipes, Bilophila, and Bacteroides, and decreased the level
of Firmicutes that helps in metabolizing dietary plant polysaccharides like Roseburia,
Eubacterium rectale, and Ruminoccus bromii (David et al., 2013). The interaction between
diet and gut microbiota and their relation to health and disease have been discussed in
detail in Chapter 24.

5. Vegetarian Diet and Gastrointestinal Diseases
5.1 Effect of Vegetarian Diet on Irritable Bowel Syndrome
Irritable bowel syndrome (IBS) is a common chronic gastrointestinal disorder that affects
about 5%–20% of the general population (Agréus et al., 1995; Hungin et al., 2003). This
condition impairs the quality of life considerably, though it is not known to progress into
any serious disease or to cause death (Whitehead et al., 1996; Gralnek et al., 2000). IBS
patients typically suffer from intermittent abdominal pain/discomfort, altered bowel habits, and/or abdominal bloating/distension (El-Salhy et al., 2012; Thompson, 2002).
To date, vegan and vegetarian diets as a whole have not been definitely linked to
IBS. However, certain vegetarian foods have been identified as predictors of symptoms
of IBS. In a study conducted in China, Guo et al. (2014) observed that people who consume fruits (OR = 3.08), vegetables (OR = 3.78), and legumes (OR = 2.11) at least once
weekly have higher risk of having IBS symptoms than those who consumed less than
once a week. For the rest of the food items, i.e., noodles, canned foods, pickled foods,
pastries (cakes, ice cream, and cream), milk, coffee, and carbonated drinks, there
were no significant statistical differences in food preference between the two groups.
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In other studies also, food items commonly implicated for IBS symptoms are wheat,
milk, dairy products, fructose, caffeine, certain meats, fatty foods, alcohol, spices, and
grains (Simrén et al., 2001; Williams et al., 2011; Nanda et al., 1989; Hayes et al., 2014).
However, data on the impact of different dietary practices on IBS is inadequate, and
more robust data is needed to establish a definite relationship between particular
foods and IBS symptoms.
From the previous studies, it has been seen that diets rich in FODMAPs (fermentable
oligosaccharides, disaccharides, monosaccharides, and polyols) result in symptoms of
IBS, whereas a low-FODMAP diet helps in relieving the symptoms. Both retrospective and
prospective open studies have shown that symptoms reduce after introduction of a lowFODMAP diet in IBS patients with suspected or proven fructose or lactose malabsorption
(Shepherd and Gibson, 2006; Roest et al., 2013). These findings have also been confirmed
by randomized controlled trials, which showed a significant improvement of overall symptoms, including abdominal pain and bloating in patients with bloating and/or diarrhea
(Staudacher et al., 2012).
We need more well-designed studies on the effect of food intake on symptom generation. The potential benefit of a low-FODMAP diet seems promising but requires further
study. However, dietary guidance is essential due to the complexity of the regimens and
risks of inadequate nutrient intake.

6. Impact of Vegetarian Diet in Inflammatory Bowel Disease
Inflammatory bowel disease (IBD) is a chronic immune-mediated disease of the intestinal
mucosa occurring in genetically predisposed individuals activated by environmental triggers. Ulcerative colitis (UC) and Crohn disease (CD) are the two major types of IBD. Among
the environmental triggers, diet plays an important role. Our bowel lumen is continually
exposed to numerous antigens, including the food that we consume and the enormous
population of microorganisms that compose the gut microbiome. There are several proposed mechanisms by which diet could influence the incidence and course of IBD; the
dietary antigens may alter the gut microbiome, and they may also affect gastrointestinal
permeability (Chapman-Kiddell et al., 2010). IBD patients frequently seek advice for food
and diet that can improve, or even cure, their disease. However, there is insufficient data
on the impact of diet on IBD.
There are a very few observational studies on the association of diet with the natural history of IBD. In the prospective study by Jowett et al. (2004) on patients with ulcerative colitis, it was observed that while patients with higher intake of meat, eggs, protein,
and alcohol consumption were more likely to have a relapse of UC, higher intake of fruits
and vegetables did not have any significant influence on disease relapse. The explanation given by the authors was that these foods have increased risk of relapse because of
higher content of sulfur and sulfate, which increase the concentration of fecal hydrogen
sulfide that is toxic to the colonocytes. Subsequently, Magee et al. (2005) too demonstrated
a correlation between dietary sulfite consumption and endoscopic disease activity in UC.
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They calculated a food sigmoidoscopy score for each food by amount of concerned food
consumed and sigmoidoscopic findings, and from the results the authors concluded that
sulfite and caffeine were harmful, while thiamin and resistant starch were potentially beneficial in patients of UC. This suggests that IBD patients on a vegetarian or vegan diet may
have an advantage over patients on a nonvegetarian diet with regard to the natural course
and relapses.
In a dietary interventional uncontrolled trial, food-specific IgG4 levels were used to
select which foods to exclude (Rajendran and Kumar 2011). Among all foods, eggs and
beef were found to be the most common foods with high IgG4 antibody levels and were
excluded in most of the patients. Patients on the exclusion diet had a significant reduction in IBD symptoms and ESR as compared to pretreatment levels. The absence of a
control group for comparison was a major drawback of the study. In another study by
Chiba et al. (2010), a semivegetarian diet demonstrated superiority over a nonvegetarian
diet in maintaining clinical remission over 2 years (94% vs. 33%). In a prospective cohort
study, Jantchou et al. (2010) observed that there is a strong association of high animal
protein intake with the development of IBD (HR 3.01). However, large randomized controlled trials are needed to prove these associations.

7. Vegetarian Diet and Diverticular Diseases
According to the hypothesis by Painter and Burkitt (1971), diverticular disease is a fiberdeficiency disease caused by a refined carbohydrate diet with low dietary fiber. In a study
on health professionals, Aldoori et al. (1994) observed an inverse relationship between
dietary fiber intake and risk of symptomatic diverticular disease. They also suggested
that certain dietary factors like a high intake of meat might increase the risk of developing diverticular disease. Lower rates of diverticular disease among vegetarians compared
with meat eaters have been reported in some cross-sectional studies (Gear et al., 1979;
Crowe et al., 2011). In these studies, a vegetarian diet with a relatively high intake of dietary
fiber (>25 g/day) was associated with a reduced risk of hospital admission and death from
diverticular disease. Vegans experienced even lower risk of diverticular disease, but the
size of the population was very small.
It has been observed that both a vegetarian diet and a high intake of dietary fiber
were positively correlated with rapid bowel transit time (Gear et al., 1981) and increased
daily frequency of bowel movements (Sanjoaquin et al., 2004). This could be the biological mechanism by which people with vegetarian diet and a high intake of dietary
fiber have an advantage over nonvegetarians in terms of reduced risk of diverticular
disease. A reduced transit time implies that lesser amount of water gets reabsorbed
from the lower gastrointestinal tract, especially in the colon, which results in larger,
softer stools that are easier to pass. The resultant lower intraluminal bowel pressure
offers a benefit by reduced likelihood of formation of the pouches or bulges through
the weakened intestinal wall leading to decreased incidence of diverticula (Stollman
and Raskin, 2004).
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8. Impact of Vegetarian Diet on Colorectal Carcinoma
It has been estimated that nutrition probably accounts for more than one-third of deaths
due to malignancies (Doll and Peto, 1981), and people consuming a vegetarian diet may
have lower incidence of colonic malignancies. This may be due to the fact that a vegetarian diet leads to softer stools with rapid colonic transit, which helps in decreased exposure
of the colonic epithelium to intestinal carcinogens in the gut (Cummings et al., 1992). The
relationship between diet and colorectal carcinoma has been discussed in a separate dedicated chapter (Chapter 19).

9. Conclusions
The hope of impacting health through diet is one of the oldest concepts in medicine. The
recent developments in medical science have paved the way for a better understanding
of human physiology and how it is impacted by individual dietary components and practices. Vegetarian and vegan diets offer a lot of health benefits, including those involving the
gastrointestinal tract. Vegetarians have lower incidence of constipation, hard stools, and
various gut disorders like irritable bowel disorders, IBD, diverticular diseases, and colorectal malignancies.
In the light of the available data, it would be reasonable to surmise that awareness
about the beneficial effects of vegetarian diet could have a beneficial impact on the incidence and burden of these different gastrointestinal disorders, as well as the overall quality of life in the general population. Large-scale interventional studies are necessary to
further validate and reinforce these conclusions and to justify promotion of adoption of a
vegetarian diet.
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Plant-Based Diets and Asthma
Motoyasu Iikura
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1. Introduction
Asthma attacks are induced by several factors, including allergen inhalation, viral infection, smoking, alcohol drinking, exercise, and the use of nonsteroidal antiinflammatory
drugs. Many investigators have reported relationships between various lifestyle factors and
asthma (Bakirtas, 2009; Frode, 2005; Hartert, 2001; Iikura, 2013; Radon, 2002; RodríguezRodríguez, 2010; Rönmark, 2005; Westermann, 2008; Young, 2001). Among many lifestyle
factors, changes in diet have been suggested to be responsible for the increase in allergies
(Devereux, 2005). Dietary patterns appear to be the most important of several lifestyle factors for disease modification (Barros, 2015). Dietary patterns are associated with asthma
prevalence, incidence, control, pulmonary function, and exacerbation. The intake of raw
vegetables is particularly important among several healthy diets.

2. Asthma Prevalence and Diet
Several observational studies have investigated the effects of dietary intake on asthma.
Frode (2005) reported that daily intakes of fresh fruit and vegetables in infancy was associated with a lower risk of asthma in school-age children. Rodríguez-Rodríguez (2010)
found that increased intakes of saturated fatty acids, myristic and palmitic acids, and butter appeared to be related to the risk of current asthma in children. Nagel (2010) reported
that more frequent consumption of fruit, vegetables, and fish was associated with a lower
lifetime prevalence of asthma, whereas high burger consumption was associated with
higher lifetime asthma prevalence. A survey of 32,644 Portuguese adults found that a
“high fat, sugar, and salt” dietary pattern was associated with high prevalence of asthma
[odds ratio (OR) = 1.13; 95% confidence interval (CI) = 1.03–1.24] (Barros, 2015). Data from
the International Study of Asthma and Allergies in Childhood revealed that an increased
risk of severe asthma in adolescents and children was associated with the consumption
of fast food more than three times per week (Ellwood, 2013). A study of French schoolchildren reported an inverse association between the consumption of fruit juice, meat,
and fish and the prevalence of asthma symptoms among children aged 9–11 years, while
fast food consumption and butter intake were associated with an increased prevalence of
asthma symptoms among atopic children (Saadeh, 2015). On the other hand, a study of
children aged 2–9 years in the United States reported that excessive intake of free fructose
Vegetarian and Plant-Based Diets in Health and Disease Prevention. http://dx.doi.org/10.1016/B978-0-12-803968-7.00027-7
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beverages, such as apple juice, fruit drinks, and soda, was significantly associated with
asthma (DeChristopher, 2016). An investigation of Brazilian adolescents reported that
consumption of stuffed biscuits and fried snacks three or more times a week was independently associated with asthma prevalence, while consumption of fruit three or more
times a week was associated with asthma as a protective factor (Gomes, 2015). Wong
(2004) reported that the consumption of fruit and raw vegetables was associated with high
asthma prevalence using data from 10,902 Chinese schoolchildren. Han (2015a,b) reported
that frequent consumption of vegetables and grains and low consumption of dairy products and sweets were associated with 36% decreased odds of childhood asthma in Puerto
Ricans with lower plasma levels of interleukin-17F. A study of Japanese preschool children
revealed that high intakes of vitamin C and E were associated with a reduced prevalence of
asthma (Nakamura, 2013). A meta-analysis revealed that the total intake of fruit and vegetables had an inverse association with risk of asthma in adults and children [relative risk
(RR) = 0.54; 95% CI 0.41–0.69] (Seyedrezazadeh, 2014). Among fruit, high intake of apples
or citrus was associated with lower asthma prevalence. In subgroup analysis, high raw vegetable consumption was inversely associated with risk of asthma (RR = 0.87; 95% CI 0.81–
0.94). Consuming fruit and vegetables during pregnancy showed no association with risk
of asthma in offspring (Seyedrezazadeh, 2014). Backer (2016) reported that dietary changes
may be important for the development of asthma regardless of genetically homogeneous
background. Two Inuit populations were recruited: one living in Greenland, and the other
in Denmark. Consumption of whale, seal, and wild meat was higher among Greenlandic
Inuit, while the consumption of fruit and vegetables was higher among Denmark Inuit.
Asthma prevalence was higher in Denmark (9%) compared to Greenland (3.6%, P < .0001)
and associated with increased expression of the IL-6 gene in adipose tissue and increased
BMI, possibly as a result of a differential dietary exposure (Backer, 2016). One of the mechanisms underlying the association between asthma and diet is the change in airway gene
expression in asthmatics (Li, 2016). This study reported differences in inflammatory gene
expression that may contribute to increased airway neutrophilia following a high-fat meal
in subjects with asthma (Li, 2016).
On the other hand, other investigators found no clear relationships between dietary
patterns and asthma incidence (Bakolis, 2010; Varraso, 2009). Varraso (2009) reported that
no association between dietary patterns and asthma prevalence was observed in 54,672
French females. Lv (2014) reported from a meta-analysis that no association between
dietary patterns and asthma prevalence in adults or between maternal diet and childhood
asthma was evident.
Concerning the maternal diet and asthma in children, pooling of the four randomized
controlled trials (Fälth-Magnusson, 1987; Lilja, 1989; Zeiger, 1989; Arshad, 1992) found
no significant differences between maternal restricted and unrestricted diets (RR, 0.95;
95% CI, 0.70–1.30; n = 619 children) on the development of asthma in children (Netting,
2014). Eighteen prospective studies reported wheeze or asthma in children as an outcome of maternal diet. Few associations between maternal diet and development of
asthma were seen in children in these studies (Netting, 2014). Maternal consumption of
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olive oil, vitamin D, apples, and oily fish or use of a Western dietary pattern was associated with lower risk of asthma in children from some studies (Netting, 2014).
Garcia-Larson (2016) summarized high-quality systematic reviews of dietary habit and
asthma. They used AMSTAR as a validated instrument to assess in detail the methodological quality of included reviews. Allen reported an increased overall risk of asthma with
decreasing intakes of vitamin C in 10 observational studies (OR = 1.12; 95% CI = 1.04–1.21)
and wheeze (OR = 1.10; 95% CI = 1.00–1.20) (Allen, 2009). No evidence was seen of any effect
of maternal vitamin C intake and infant wheeze (OR = 1.30; 95% CI = 0.47–3.62) (GarciaLarsen, 2016). Maternal intake of vitamin D was inversely associated with risk of recurrent
wheeze or wheeze in the last 12 months in children (OR = 0.56; 95% CI = 0.42–0.73) in four
cohort studies included in a meta-analysis (Nurmatov, 2011). Four cross-sectional studies
included in a meta-analysis showed that dietary intake of fruit (but not vegetables) correlated inversely with wheeze in children aged 10–14 years (OR = 0.75; 95% CI = 0.61–0.94),
with high evidence of heterogeneity (Nurmatov, 2011). Adherence to a Mediterranean diet
was related to a lower risk of current wheeze in children in a meta-analysis of nine crosssectional studies (OR = 0.85; 95% CI = 0.75–0.98) (Garcia-Marcos, 2013).

3. Asthma Control and Diet
Few reports have examined the relationship between asthma control and daily lifestyle
(Barros, 2011; Iikura, 2013). Barros reported that dietary intake of fruit (>300 g) was associated with better asthma control (Barros, 2011). They also reported that a dietary pattern
of “fish, fruit, and vegetables” was inversely associated with current asthma symptoms
(OR = 0.84; 95% CI = 0.72–0.98). Ellwood reported that fruit intake (more than three times
per week) had a protective effect against severe asthma in children and adolescents.
In our study of 437 stable Japanese asthmatic patients, younger age (<65 years old),
periodic exercise (>3 metabolic equivalent hours per week), and raw vegetable intake (>5
units per week) were significantly associated with good asthma control in multiple linear
regression analysis (Iikura, 2013). Asthma control test (ACT) score was significantly higher
among patients who consumed >5 units of raw vegetables per week compared to that among
patients consuming ≤5 units of raw vegetables per week (Iikura, 2013). Additional subgroup analyses stratified by sex and age group demonstrated that the association between
ACT and raw vegetable diet was present only in men (P = .001) and in patients >64 years
old (P = .005). Similarly, median ACT score was significantly higher among patients who
consumed more than one unit of vegetable juice per week compared to that in patients
consuming less than or equal to one unit of vegetable juice per week (P  = .02), but only in
patients ≤64 years old. No association was seen between asthma control and cooked vegetables, fresh fruit, or fruit juice intake in our study. In multiple linear regression analysis,
raw fresh vegetable intake remained significantly associated with higher levels of asthma
control (P  = .005) (Table 27.1). From the perspective of patient characteristics in our study,
patients were relatively old (mean age, 64 years), with relatively severe treatment steps
[asthma treatment steps as measured by Global Initiative for Asthma (GINA) 2007 in step
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Table 27.1 Association Between Asthma Control Test
and Vegetable, Fruit or Juice Intake

Cooked vegetables
Raw vegetables
Citrus fruits
Other fruits
Mixed juice
Vegetable juice
100% fruit juice

β

S.E

t

P

−0.051
0.133
0.025
0.004
−0.032
0.036
−0.027

0.027
0.031
0.033
0.036
0.063
0.063
0.084

−1.027
2.794
0.495
0.092
−0.671
0.763
−0.568

0.31
0.005
0.62
0.93
0.50
0.45
0.57

Multiple linear regression adjusted for gender, age, exercise, smoking status, second-hand smoke, alcohol
drinking, and asthma treatment steps (observational study, n = 437, Iikura, 2013).

1 (5.5%), step 2 (17.4%), step 3 (7.6%), step 4 (60.2%), and step 5 (9.4%)] compared to other
previous asthma studies. The conclusion of our study was that a raw vegetable diet plays
the most potent protective role in current asthma control among several plant-based diets
despite older age or severe treatment steps.
One Australian study demonstrated that increased consumption of antioxidant-rich
foods (>5 servings of vegetables per day, >2 servings of fruit per day, >81/2 servings of
grains (mostly whole grains) per day, and 3–4 servings of lean meat per week) for 12 weeks
improved maternal asthma control, compared to standard dietary intake during pregnancy (Grieger, 2014).

4. Asthma Lung Function and Diet
Asthma is characterized by air flow limitation. Romieu (2001) reported that the impact of
nutrition on obstructive lung disease was most evident for antioxidant vitamins, particularly vitamin C and, to a lesser extent, vitamin E or ω-3 fatty acids. Daily intake of vitamin C
at levels slightly exceeding the current recommended dietary allowance (60 mg/day among
nonsmokers, 100 mg/day among smokers) may have protective effects against decrements
in lung function. An increase of 40 mg/day in vitamin C intake led to an approximate 20-mL
increase in forced expiratory volume in 1 s (FEV1) (Romieu, 2001). A paper reported that
high dietary intake of vegetables as well as intake of arctic marine mammals had independent positive associations with FEV1 in the cohort of Greenlandic Inuit (Baines, 2015). Ng
(2013) reported that daily supplementation with vitamins A/C/E, daily fish intake at least
thrice weekly, and daily supplementary n-3 polyunsaturated fatty acids (PUFA) were individually associated with FEV1. Supplemental n-3 PUFA was also positively associated with
forced vital capacity. No significant associations with daily dairy product intake, vitamin
D, or Se supplements were observed (Ng, 2013). Asthmatic patients consuming a diet high
in antioxidants (five serving of vegetables and two servings of fruit per day) for 14 days had
a higher percentage predicted FEV1 and forced vital capacity (FVC) than those consuming
a low-antioxidant diet (Wood, 2012).
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5. Asthma Exacerbation and Diet
The “high fat, sugar and salt” dietary pattern was associated with a higher risk of emergency room visits for asthma attack within the previous 12 months from a Portuguese
survey (OR = 1.23; 95% CI = 1.03–1.48), while a “fish, fruit, and vegetables” dietary pattern may play a protective role against asthma independent of the level of physical
activity (Barros, 2015). The Western dietary pattern (pizza/salty pies, dessert, and cured
meats) was associated with an increased risk of frequent asthma attacks in French
females (OR = 1.79; 95% CI = 1.11–3.73), while a nuts and wine dietary pattern was
associated with a lower risk of asthma attacks (OR = 0.65; 95% CI = 0.31–0.96) (Varraso,
2009). The low-antioxidant diet intervention group was 2.26 times (95% CI 1.04–4.91;
P  = .039) as likely to show exacerbation compared to the high-antioxidant diet group
(Wood, 2012).

6. Relationship Between Plant-Based Diets and Asthma
Plant-based diets had a beneficial effect on asthma according to several studies, including
our own (Iikura, 2013). Raw vegetable intake was associated with low asthma prevalence,
good asthma control, and low asthma exacerbation (Barros, 2015; Iikura, 2013; Nagel,
2010; Wong, 2004). Nutrients from raw vegetable diets may exert effects involving antioxidant, antiinflammatory, and immunomodulatory mechanisms against asthma (Ng,
2013; Han, 2015a,b). Fresh vegetables contain large amounts of the supplementary vitamins A/C/E and n-3 PUFA, all of which have been positively associated with obstructive
pulmonary dysfunction (Ng, 2013). Intake of α-linolenic acid and a low ratio of n-6:n-3
PUFA were associated with lower exhaled NO and better asthma control (Barros, 2011).
A high n-6 PUFA diet may increase prostaglandin (PG) E2 and leukotriene B4 synthesis
and favor allergic inflammation, which may have led to the increase in asthma (James,
2000). A decrease in the consumption of diets containing n-3 PUFA, EPA, and DHA, which
inhibit the production of PGE2, may lead to an increase in the prevalence of asthma (Black,
1997). In general, flavonoids and related polyphenolic compounds in vegetables are lost
with heating, and flavonoids and related polyphenolic compounds reportedly exert significant antiinflammatory activity (González, 2011), including free radical scavenging,
modulation of enzymatic activity, inhibition of cellular proliferation, and inhibition of
Th2 type cytokine release (Tanaka, 2013). In addition, flavonoids may enhance the activities of endogenous antioxidants (Middleton, 2000), which may decrease airway inflammation by protecting the airways against oxidants from both endogenous and exogenous
sources. Recent reports mentioned the importance of antioxidant intake from vegetables
for asthma (Wood, 2012; Ng, 2013). In addition, raw vegetables are sources of dietary fiber,
which affect the gut microbiota balance, including propionate, which potentially reduces
airway hyperresponsiveness and the severity of allergic airway inflammation (Trompette,
2014). In general, citrus fruits contain higher levels of vitamin C than other fruits. Previous
studies have reported the relationship between consumption of citrus fruits and incidence

488 VEGETARIAN AND PLANT-BASED DIETS IN HEALTH AND DISEASE PREVENTION

of asthma (Forastiere, 2000; Patel, 2006), implying that ingestion of citrus fruit has an antiinflammatory effect (Hirota, 2010).
Based on several epidemiological and preliminary studies, several food intervention
studies in asthmatic subjects have been reported. Wood (2012) reported that increasing antioxidant intake maintained good lung function and reduced exacerbation. Adult
asthma patients were randomly assigned to a high-antioxidant diet (5 servings of vegetables and 2 servings of fruit daily) or low-antioxidant diet (≤3 servings of vegetables
and 1 serving of fruit daily) for 14 days. Decreases in predicted FEV1 and predicted FVC
from baseline were observed at day 14 compared with baseline in the low-antioxidant
diet group, and these values were significantly different from those in the high-antioxidant diet group, in which no change between baseline and day 14 was observed.
Subjects consuming a low-antioxidant diet displayed increased plasma levels of
C-reactive protein (CRP) on day 14. No change in CRP was found in the high-antioxidant
group. In addition, time to exacerbation was greater in the high-antioxidant diet
than in the low-antioxidant diet group, and the low-antioxidant diet group was 2.26
times as likely to experience an exacerbation at any time compared with the highantioxidant diet group. A small but significant decrease in scores from the Asthma
Control Questionnaire was seen in the high-antioxidant diet group compared with
the low-antioxidant group (Wood, 2012). In pregnant women, an intervention with a
Mediterranean diet is currently underway to test whether a net increase in dietary
antioxidants can reduce the risk of asthma in offspring (Sewell, 2013). Garcia-Larsen
(2014) reported the feasibility of undertaking a fresh fruit intervention to test for changes
in asthma-related symptoms in a pilot study of asthmatic children at 6–10 years old.
Further interventional randomized control studies are required to elucidate the effects
of plant-based diets on asthma.

7. Conclusion
Comparisons of dietary patterns between studies is somewhat complicated given the
different methodological approaches to assessing dietary intake, characterizing food
patterns, and the different socio-geographic characteristics of the studied populations.
However, a large amount of evidence supports the concept that plant-based diets, and raw
vegetable diets in particular, have beneficial effects on asthma.
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Vegetarian Diet and Possible
Mechanisms for Impact on Mood
Carol S. Johnston
ARI ZO NA S TAT E U N I V E R S I T Y, P H O E N I X , A Z , U N I T E D S TAT E S

1. Overview
The Merriam-Webster Dictionary defines mood as the predominant emotion. Mood and
cognitive processes are regulated by the action of the neurotransmitters serotonin and norepinephrine and by neuroplasticity (Wohleb et al., 2015; Poon et al., 2015; Rosenblat et al.,
2014). Factors that disrupt these signaling pathways or that hinder the brain’s restructuring capacity can worsen mood states. Mood disturbance can manifest as lethargy, apathy,
sleepiness, anxiety, and/or depression. Causes of mood disturbance include chronic disease, diet, inactivity, and genetic susceptibility, many of which are linked to inflammatory
states. Hence, much attention has focused on the role of proinflammatory mediators in
mood, specifically the inflammatory cytokines (e.g., IL-1β, TNF-α, IL-6, and IL-2), prostaglandins [mainly prostaglandin E2 (PGE2)], and the hormone cortisol (Myint and Kim,
2014; Su, 2008). These mediators play critical roles in times of fight-or-flight by eliminating
infectious agents, clearing tissue debris, and maintaining physiologic homeostasis, but
their actions spawn a neuro-vegetative state. This “sickness” behavior has physiological
relevance during acute illness and injury as it focuses resources on survival and resolves
once the threat is eliminated (Hart, 1988), but in the modern world where inflammatory
states are often long-lasting in association with chronic disease, poor lifestyles, and mental stress, mood disturbance is a disruptive force that jeopardizes health.
This chapter will focus on the aspects of vegetarian diets that would theoretically promote healthful mood states by minimizing the impact of proinflammatory mediators and
by promoting neurotransmitter action.

2. Evidences That Vegetarian Diets May Favorably Impact
Mood
Indeed, several controlled randomized trials have demonstrated that the adoption of a vegetarian diet improved mood significantly based on well-validated measures of mood states.
Kahleova et al. (2013) randomized 74 adult omnivores with type 2 diabetes to one of two
calorie-restricted diets (−500 kcal/day): a lactovegetarian diet (n = 37) or a standard diabetic
Vegetarian and Plant-Based Diets in Health and Disease Prevention. http://dx.doi.org/10.1016/B978-0-12-803968-7.00028-9
Copyright © 2017 Elsevier Inc. All rights reserved.
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diet (n = 37). All foods were provided to participants, and the study extended 24 weeks. The
vegetarian diet was composed of vegetables, grains, legumes, fruits, and nuts, and one serving of low-fat yogurt was allowed daily. The macronutrient distribution was 25% energy from
protein, 15% energy from fat, and 60% energy from carbohydrates. The diabetic diet followed the guidelines established by the Diabetes and Nutrition Study Group of the European
Association for the Study of Diabetes and was low fat (<30% energy) with 20% energy from
protein. At study week 24, mood (assessed using the Beck Depression Inventory) was significantly improved for participants in the vegetarian diet group (scores improved approximately 54% from baseline) compared to those following the standard diabetic diet (scores
improved approximately 12% from baseline) (Kahleova et al., 2013).
In the second study, 39 healthy adult omnivores were randomized to one of three diet
groups for 2 weeks: omnivore diet (meat and/or poultry consumed daily), pescetarian
diet (fish consumed three to four times per week while restricting all meat and poultry from diet), or lactovegetarian diet (all animal products restricted from diet with
the exception of dairy) (Beezhold and Johnston, 2012). Food frequency questionnaires
administered at baseline and at study week 2 indicated good compliance to diet instruction based on the change in the dietary levels of the long-chain fatty acids, arachidonic
acid, and eicosapentaenoic acid, over the course of the study. Mood was assessed at
baseline and at week 2 using the Depression Anxiety Stress Scales and the Profile of Mood
States questionnaire. Mental stress decreased significantly from baseline only for the
vegetarian group (within group comparison, P < .05), and confusion scores improved significantly from baseline only for the vegetarian group (within group comparison, P < .01)
(Beezhold and Johnston, 2012).
Although these data are intriguing and suggest that vegetarian diets improve mood
states in both the short- and long-term, biomarkers associated with mood and cognitive
processes were not measured in either trial, and it is still not clear whether the adoption
of a vegetarian diet can lower the concentrations of the proinflammatory mediators that
adversely impact mood and/or improve the concentrations of the neurotransmitters that
control mood and cognition.

3. Antiinflammatory Properties of Vegetarian Diets
There is some evidence that vegetarian diets possess “antiinflammatory” properties.
Patients with chronic inflammatory conditions, rheumatoid arthritis or fibromyalgia,
reported significantly reduced pain and other disease symptoms when adhering to vegetarian diets (Adam et al., 2003; Kjeldsen-Kragh, 1999; Kaartinen et al., 2000). The proinflammatory mediators associated with chronic diseases or other common environmental
stressors can induce brain inflammation as well as produce pain since they enter the brain
via humoral and neural routes (Poon et al., 2015). In the brain, these mediators may lead
to mood disturbance by disrupting serotonin production and altering brain structure. The
evidence for lowered circulating levels of the proinflammatory mediators in vegetarians is
outlined next.
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3.1 The Proinflammatory Cytokines
The proinflammatory cytokines (IL-1β, TNF-α, and IL-6) are released from systemic macrophages as well as from brain microglia in response to chronic stress including unresolved
disease states, obesity, smoking, and environmental pressures (Guarner and Rubio-Ruiz,
2015; Shi et al., 2010). These cytokines disrupt serotonin production by upregulating the
enzyme indoleamine-2,3-dioxygenase that catabolizes tryptophan, the sole substrate for
serotonin biosynthesis (Capuron et al., 2011). IL-6 has been shown to increase serotonin
catabolism as well (Wang and Dunn, 1998). The proinflammatory cytokines also stimulate the hypothalamic-pituitary-adrenal axis, and they release cortisol, which blocks the
biosynthesis of serotonin (Oxenkrug, 2013). Furthermore, these cytokines inhibit neurogenesis in the hippocampus by reducing the production, migration, and survival of new
neurons (Zonis et al., 2015). Oxidative stress is a major stimulus for immune system activation, which is a major source of the proinflammatory cytokines. Hence, antioxidant therapies may reduce the levels of these cytokines and have shown some promise for improving
mood states (Siwek et al., 2013; Scapagnini et al., 2012).
Vegetarian diets are primarily plant-based and rich in the antioxidant phytochemicals,
including phenolic acids, flavonoids, and carotenoids, and the antioxidant vitamins C and
E. As would be expected, biochemical assessments in vegetarian populations consistently
show high antioxidant concentrations in blood in comparison to matched omnivore controls (Rauma and Mykkänen, 2000; Haldar et al., 2007). In particular, vitamin C concentrations in blood are often reported to be 50% higher in vegetarians compared to meat eaters
(Kazimírová et al., 2006; Szeto et al., 2004), and carotenoids are consistently raised as well
(Haldar et al., 2007; Kazimírová et al., 2006). However, certain antioxidants are low in the
blood of vegetarians compared to meat eaters (e.g., selenium, Judd et al., 1997); hence, it
is important to measure the total antioxidant capacity of blood as opposed to single nutrient concentrations. The total antioxidant capacity (TAC) of plasma can be measured using
multiple methods, each focused on quantifying resistance to oxidation. Wang et al. (2012)
compared the commonly used TAC methods, vitamin C equivalent antioxidant capacity
(VCEAC), ferric-reducing ability of plasma (FRAP), and oxygen radical absorbance capacity, and they concluded that VCEAC best correlated with plasma antioxidant status as well
as with dietary antioxidant levels.
Several reports have examined the ex vivo antioxidant potential of vegetarians in comparison to omnivores with conflicting results, perhaps a reflection of the assay system
used to measure antioxidant status. Lim et al. (2012) reported a 25% higher plasma TAC
score in Malaysian vegetarians compared to their omnivorous counterpart using a modified VCEAC assay, and the significance was retained in both obese and nonobese subsets.
Yet, most investigators utilized FRAP to measure TAC and concluded that adherence to
vegetarian diets is not associated with a higher plasma TAC as compared to that of omnivores (Haldar et al., 2007; Kazimírová et al., 2006; Szeto et al., 2004; Kim et al., 2012). It is
important to note that high uric acid concentrations in blood influence TAC, particularly
when the FRAP system is used (Wang et al., 2012). Omnivores tend to have higher blood
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uric acid concentrations compared to vegetarians since dietary meat contributes to uric
acid formation due to its high purine content. However, Schmidt et al. (2013) reported that
strict vegans have higher blood uric acid concentrations than either meat eaters or vegetarians, which may relate to the absence of dairy in the diet since dairy products reduce
uric acid concentrations in vivo. The relevance of uric acid to health is disputed since,
although a strong antioxidant, it has been implicated in heart disease, hypertension, and
insulin resistance (Benzie and Strain, 1996). The data concerning the overall plasma antioxidant status in vegetarians remains therefore not very conclusive.
Since antioxidants combat free radicals and oxidative stress, reactive oxygen compounds can be measured in addition to TAC to assess overall oxidative balance. Utilizing
a population of Korean Seventh-day Adventists, Kim et al., 2012 reported that the levels of
free radicals in blood were significantly lower in 45 long-term vegetarians (diet followed
for a minimum of 15 years) compared to 30 omnivores. Additionally, lipid peroxidation
products, representing cellular damage due to oxidative stress, are commonly measured
to assess free radical damage in vivo. In separate cross-sectional analyses in South Indian
populations, investigators reported that the lipid peroxidation product, malondialdehyde (MDA), was significantly lower in the blood of vegetarians compared to omnivores
(Somannavar and Kodliwadmath, 2012; Manjari et al., 2001). In a Bratislava population,
Krajcovicová-Kudlácková et al. (2008) observed significantly lower concentrations of oxidative damage products (oxidized purines and pyrimidines) in the plasma of older vegetarians (aged 60–70 years) compared to age-matched nonvegetarians, and concomitantly,
concentrations of vitamin C and β-carotene were raised 40% and 130%, respectively, in
these vegetarians compared to the nonvegetarians. In a short intervention trial, Ji et al.
(2010) reported that adherence to a vegetarian diet resulted in 40%–50% reduction lipid
peroxidation products in urine after 5 days.
Several studies have assessed the concentrations of the inflammatory cytokines IL-2,
IL-6, and TNF-α, and the antiinflammatory cytokine IL-10, in vegetarians versus omnivores. In a cross-sectional investigation of male Chinese vegetarians (n = 89, minimum diet
adherence, 6 months) and nonvegetarians (n = 106), Yu et al. (2014) found no differences
between groups for blood concentrations of IL-1, TNF-α, or IL-10; however, IL-6 was significantly elevated in the vegetarians versus the nonvegetarians (+10%). In a separate study,
IL-6 did not differ between Italian vegetarians (n = 25, minimum diet adherence 3 years)
and nonvegetarians, yet IL-1 was significantly higher for the vegetarians compared to the
nonvegetarians (Montalcini et al., 2015).
Although the proinflammatory cytokines are strongly associated with brain inflammation and depressive disorders in the general population (Myint and Kim, 2014; Su, 2008),
the total antioxidant status and the cytokine profile of vegetarians do not appear to vary
significantly from omnivores and would not be expected to contribute to the improved
mood states or antiinflammatory properties attributed to vegetarian diets. However,
markers of oxidative stress are generally lower in vegetarians and may contribute to the
improved mood states noted for individuals adhering to vegetarian diet; but this reduction
in oxidative stress is not likely a function of an improved TAC or a consequence of lower
concentrations of circulating proinflammatory cytokines.
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3.2 The Proinflammatory Prostaglandin PGE2
The proinflammatory prostaglandins are derived from the fatty acid arachidonic acid that
is released from membrane phospholipids. The release of arachidonic acid is triggered by
the phospholipase A2 enzyme, activated by inflammatory signals or by free radical peroxidation of membrane lipids (Poon et al., 2015). The freed arachidonic acid is converted
to a series of prostaglandins including PGE2 by the cyclooxygenase-2 (COX-2) enzyme,
which is constitutively expressed in brain and also upregulated by inflammatory signals
in the brain and in endothelial and immune cells (Park et al., 2006). Elevations in PGE2
are implicated in neuronal pathology and memory disruption (Yui et al., 2015; Hein and
O’Banion, 2009), and COX-2 inhibitors are proven therapies for depression (Müller et al.,
2006; Na et al., 2014). Interestingly, PGE2 levels, as well as COX-2 levels, are lower in healthy
vegetarians compared to omnivores.
In the Yu et al. (2014) study mentioned earlier, PGE2 and COX-2 values were 13%–28%
lower in the vegetarians compared to the omnivores. Yet, plasma arachidonic acid (reported
as percent of total fatty acids) was 36% higher in the vegetarians compared to the omnivores. These data suggest that the high portion of arachidonic acid in plasma fatty acids
did not translate to higher PGE2 concentrations in this vegetarian population. In fact, the
correlation between the arachidonic acid percentage and PGE2 concentration in plasma
was low for the vegetarians and for omnivores, r = 0.106 and r = 0.163, respectively. Using a
single-group design in a 2-month feeding trial conducted at a private hospital in patients
with atopic dermatitis, the adoption of a vegetarian diet reduced PGE2 concentrations in
peripheral blood mononuclear cells by over 50% (Tanaka et al., 2001). Although only a few
reports have provided PGE2 data for vegetarian populations, the data suggest that a portion of the antiinflammatory properties attributed to vegetarian diets may relate to lower
PGE2 concentrations.
The mechanisms for lowered PGE2 concentrations in vegetarians are not known.
Several investigators have demonstrated that fecal water from vegetarians possessed
COX-2-inhibiting activity (Karlsson et al., 2005; Pettersson et al., 2008); however, neither
study included a meat eating control group to assess differences between diet plans. Fecal
water contains many metabolites, reflecting dietary intakes, and these results suggest
that components of vegetarian diets may contribute to COX-2 inhibition and lower PGE2
concentrations in vivo. Β-carotene and the carotenoids are dietary constituents known to
possess COX-2 inhibitory action (Palozza et al., 2005; Hadad and Levy, 2012) and are consistently elevated in the blood of vegetarians (Rauma and Mykkänen, 2000; Haldar et al.,
2007; Kazimírová et al., 2006; Markussen et al., 2015). Vitamin C is another nutrient consistently raised in the blood of vegetarians (Rauma and Mykkänen, 2000; Kazimírová et al.,
2006; Szeto et al., 2004) that inhibits COX-2(Liang et al., 2014; Lee et al., 2008).
The COX-2 inhibitory action of the carotenoids and vitamin C is likely a result of the
strong reducing potentials of these compounds. COX-2 expression is controlled by the
nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κΒ), a key cell signaling pathway for inflammatory processes. The activation of NF-κΒ is via oxidation and is
thus dependent on the redox status of cells (Flohé et al., 1997). Reactive oxygen species are
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generated during normal metabolism (e.g., the superoxide anion radical or the hydroxyl
radical) and during immune cell activation (e.g., singlet oxygen) as well as during other
metabolic processes. If the production of these radicals is not balanced by quenching by
reducing agents, either due to low antioxidant status or to accelerated production due
to stressful stimuli, oxidative stress predominates, NF-κΒ is activated, and inflammation ensues. The carotenoids are considered the most efficient singlet oxygen quenchers in vivo (Edge et al., 1997), whereas vitamin C is the premier water-soluble antioxidant
in vivo, a potent quencher of both the superoxide anion and hydroxyl radicals and capable
of regenerating vitamin E (Buettner and Jurkiewicz, 1993; May, 1998). Moreover, the strong
reduction potential of vitamin C regenerates the parent carotenoids further reducing the
oxidation state in tissue (Böhm et al., 2012). Vitamin C also inhibited cytokine stimulation
of NF-κB via a nonantioxidant pathway (Bowie and O’Neill, 2000). Hence, it is likely that
the high carotenoid and vitamin C statuses typical among vegetarian populations confer a
particularly robust protective shield to oxidative stress and, thus, the inhibition of COX-2
and an attenuated PGE2 response. Interestingly, vitamin C therapy (1000 mg/day) in acutely
hospitalized patients with hypovitaminosis C decreased total mood disturbance by 71%
(Wang et al., 2013). Although the specific mechanisms for this improvement in mood were
not identified, vitamin C is a known COX-2 inhibitor, and since COX-2 inhibition by manufactured drugs is currently under investigation as a therapy for mood disturbance, future
investigations should assess the therapeutic effects of vitamin C supplementation, if any.
If such effects are achievable at nutritional doses should also be studied.
Aside from the inhibition of COX-2 enzyme, the reductions in PGE2 concentrations
noted in vegetarians may also relate to reductions in lipid peroxidation. Both the carotenoids and vitamin C effectively reduce lipid peroxidation (Buettner, 1993), and as
previously discussed, adoption of a vegetarian diet resulted in 40%–50% reduction of
lipid peroxidation products in urine after 5 days (Ji et al., 2010). The inhibition of lipid
peroxidation will reduce the amount of arachidonic acid freed from membrane lipids,
thus reducing the substrate for PGE2. The high levels of these antioxidants in vegetarian
diets and the blood of vegetarians may indeed help to explain the better mood states of
vegetarians in comparison to omnivores. In nonvegetarians, cross-sectional investigations have demonstrated strong inverse associations between dietary Β-carotene and
vitamin C and mood disturbance in community-dwelling elderly and in male college
students (Oishi et al., 2009; Prohan et al., 2014).
In the Yu et al. (2014) trial discussed earlier, Chinese vegetarians displayed a significantly higher proportion of plasma total fatty acids as arachidonic acid compared to
omnivores. However, trials in the United States and Australia show that the portion of total
fatty acids as arachidonic acid in serum or in platelets was markedly lower in vegetarians
versus omnivores (−22% to −25%) (Li et al., 1999; Fisher et al., 1986). Low concentrations
of arachidonic acid in vegetarian blood samples might be expected since meat, fish, and
poultry are the main dietary sources of arachidonic acid. The only arachidonic acid in vegetarian diets is that from eggs; consequently, vegan diets do not contain arachidonic acid.
In vivo, arachidonic acid is synthesized from linoleic acid at very low rates (<0.1% of total
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body linoleic acid is converted to arachidonic acid) (Plourde and Cunnane, 2007). (Note
that, generally, the linoleic acid content of vegetarian diets surpasses that of omnivore
diets.) Since preformed arachidonic acid is low in the diets of vegetarians, it is not surprising that tissue concentrations are also low in this population. Low concentrations of
arachidonic acid in cell membranes may contribute to the low PGE2 concentrations noted
in vegetarians complementing the antioxidant-induced COX-2 inhibition and the lower
lipid peroxidation rates of vegetarian diets as discussed earlier. Hence, there are plausible
mechanisms to explain the 50% reduction in PGE2 concentrations noted by Tanaka et al.
(2001) in a patient population following the adoption of a vegetarian diet for 2 months and
to propose why positive mood states are noted in vegetarian populations. Much work is
needed to fully understand the impact of vegetarian diets on key proinflammatory mediators; however, the evidence to date warrants further investigations to examine the efficacy
of vegetarian diets for reducing neuroinflammation via reductions in PGE2.

4. Neurotransmitter Action and Vegetarian Diets
Mood and cognitive processes are regulated by the action of the neurotransmitters serotonin and norepinephrine, and almost all drug therapies currently available for mood
disturbance seek to enhance the activity of these neurotransmitters. A reduction in serotonin is linked to anxiety, obsessions, and compulsions, whereas reduced norepinephrine
is linked to decreased alertness, inattention, poor concentration, and reduced cognitive
ability (Nutt, 2008). The remainder of this chapter will focus on the attributes of vegetarian
diets that can increase serotonin and norepinephrine concentrations in brain.

4.1 Serotonin
The amino acid tryptophan is the substrate for serotonin synthesis; however, this process is
negatively impacted by (1) the activation of indoleamine 2,3-deoxygenase that catabolizes
tryptophan in various tissues including the brain and (2) the reduced passage of tryptophan
through the blood–brain barrier. The inflammatory cytokines and PGE2 are key activators
of indoleamine 2,3-deoxygenase, and they contribute to impaired mood and cognition
states via reduced serotonin concentrations in brain. Thus, as outlined earlier, adherence
to vegetarian diets lowers PGE2 concentrations in vivo, likely by several mechanisms. Lower
PGE2 concentrations have been associated with high levels of tryptophan (Iachininoto
et al., 2013). As outlined next, there is much evidence demonstrating the influence of diet
on the ability of tryptophan to pass the blood–brain barrier and thereby potentially allowing for enhanced serotonin synthesis and improved mood states.

4.1.1 Dietary Tryptophan
A diet rich in tryptophan contributes to higher circulating concentrations of tryptophan in
blood and to the greater likelihood of tryptophan passing into the brain to promote serotonin synthesis (Nishizawa et al., 1997). Schmidt et al. (2015) demonstrated a significant
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relationship between tryptophan intakes and blood concentrations in 392 men representing meat eaters, fish eaters, vegetarians, and vegans (r = 0.16, P < .001). Interestingly,
although tryptophan intake was slightly lower in vegetarians compared to omnivores
(−12%), plasma concentrations of tryptophan were significantly higher in the vegetarians compared to omnivores (+4%). Foods particularly rich in tryptophan include nuts,
seeds, cheese, legumes, fish, and chicken. A vegetarian meal plan that includes 6 ounces
of cheese, 1 cup legumes, 2 ounces seeds, and 6 servings of whole grain would contain
approximately 2 g tryptophan at minimum. In healthy adults, ingestion of a tryptophanrich egg white protein hydrolysate (4 g) increased blood tryptophan concentrations 33%–
45% after 90 min (Mitchell et al., 2011; Gibson et al., 2014). A smaller dosage (2 g) increased
blood tryptophan concentrations 12% (Gibson et al., 2014). Furthermore, wellbeing and
fatigue (measured using a validated computer-based mental and physical sensations rating system) were significantly improved at 90 min following ingestion of the egg white protein hydrolysate compared to the control treatment (casein hydrolysate) in elderly women
(Gibson et al., 2014). These data suggest that vegetarian diets are good sources of tryptophan, particularly with careful planning, and are associated with high circulating concentrations of tryptophan. The data are limited, however, and more investigation is required
to validate these results. It is important to note that vegan diets are lower in tryptophan
than ovolactovegetarian diets, and blood concentrations of tryptophan in vegans have
been reported to be lower than those of omnivores (Schmidt et al., 2015).
Other dietary constituents can impact the passage of tryptophan to the brain. High
circulating levels of the large neutral amino acids (LNAA), which include tryptophan,
compete for entry into the brain as they utilize the same transporter. Due to this competition among amino acids, the blood tryptophan to LNAA ratio (Trp:LNAA) impacts
the transport of tryptophan into the brain more so than the absolute blood tryptophan
concentration, with higher ratios favoring tryptophan passage into brain. Dietary
carbohydrates have a direct impact on insulin concentrations, and insulin promotes
the uptake of the LNAA into muscle cells in the postprandial period, particularly the
amino acids leucine, isoleucine, and valine, collectively termed the branched-chain
amino acids (BCAA), as well as tyrosine and phenylalanine, thereby effectively raising
the Trp:LNAA ratio (De Montis et al., 1978; Adeva et al., 2012). Thus, high carbohydrate diets favor a high Trp:LNAA ratio, which encourages tryptophan transport into
the brain. Teff et al. (1989) fed healthy participants an isocaloric carbohydrate beverage containing either 0%, 4%, 8%, or 12% protein on different occasions and observed
that only the 0% protein drink raised the plasma Trp:LNAA ratio (+26%). In women
diagnosed with premenstrual syndrome, Sayegh et al. (1995) demonstrated that a glucose-rich drink (dextrose + maltodextrin) significantly improved mood scores on days
during the late luteal phase of the menstrual cycle when premenstrual symptoms were
apparent in comparison to a casein + dextrose drink or a galactose + dextrose drink.
Furthermore, of the three drinks, only the glucose-rich drink raised the Trp:LNAA ratio,
as it elicited the greatest insulin response and did not increase amino acid concentrations in serum.
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Theoretically, a vegetarian diet (rich in tryptophan and generally characterized by a
high carbohydrate-to-protein ratio in comparison to meat-based diets) should promote
a greater brain uptake of tryptophan. To date, this possibility has not been examined.
However, an animal-protein-rich meal elicits a surge in BCAA concentrations in blood
(+90%), reflecting the high levels of BCAA in animal proteins (Aoki et al., 1976). Plant-based
proteins have lower concentrations of the BCAA, and expectantly, the plasma Trp:BCAA
ratio was significantly elevated for vegetarians compared to meat eaters (Schweiger et al.,
1986). In addition, the plasma Trp:BCAA ratio was significantly related to dietary protein
(r = −0.44, P < .05) not to dietary energy (r = −0.22) (Anderson and Blendis, 1981). In an
early report, Schweiger et al. (1986) observed a significant correlation between the plasma
Trp:LNAA ratio and global mood (r = −0.52) and that the mood state of the trial vegetarians only improved significantly. These data suggest that adherence to a vegetarian diet, in
comparison to the typical omnivorous diet, creates a blood amino acid pattern that favors
tryptophan passage into the brain.
Yet, marked differences in brain tryptophan concentrations as well as brain serotonin
synthesis rates were noted following the ingestion of proteins common to vegetarian diets.
Choi et al. (2009) fed fasted rats controlled meals differing only in protein content, casein,
lactalbumin (a whey protein), soy protein isolate, zein (a corn protein), or wheat gluten,
and at 2.5 h postmeal, rats were euthanized for blood and tissue analyses. The meals containing the lactalbumin or the soy protein isolate raised brain tryptophan concentrations
84% and 25%, respectively, relative to fasting levels, whereas the other proteins did not
raise brain tryptophan concentrations (Choi et al., 2009). Similar trends were noted for
brain serotonin synthesis rates (+58% and +20%, respectively, for lactalbumin and soy protein isolate vs. fasting levels) with no increase reported for the remaining proteins. Control
diets that substituted carbohydrate for the test protein also increased brain tryptophan
concentrations (+40% vs. fasting level) and brain serotonin synthesis rates (+41% vs. fasting level) (Choi et al., 2009). These data suggest that although vegetarian diets in general
appear to favor tryptophan passage into the brain, a specially formulated vegetarian diet
may maximize serotonin production in the brain. Specifically, adoption of a vegetarian
diet containing tryptophan-rich foods (nuts, seeds, and legumes), cow’s milk, tempeh,
and edamame may particularly improve mood states. Such a designer diet for improving
mood state is an intriguing concept, particularly considering the improvements in health
and longevity already attributed to vegetarian diets.

4.1.2 Vitamin B6
The biosynthesis of serotonin is a two-step process: the conversion of tryptophan to
5-hydroxytryptophan (required enzyme: tryptophan hydroxylase) followed by the conversion of 5-hydroxytryptophan to 5-hydroxytryptamine, also known as serotonin (required
enzyme: aromatic l-amino acid decarboxylase). Pyridoxal-6-phosphate, the cofactor form
of vitamin B6, is required for optimal activity of the decarboxylase enzyme, and plasma
vitamin B6 concentrations impact the serotonin synthesis rates in vivo (Kang and Joh,
1990; Hartvig et al., 1995). Once again, the importance of diet in the promotion of mental
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health is highlighted. Excellent sources of vitamin B6 include chickpeas, tuna, chicken,
turkey, potatoes, banana, and beef, while bulgur, nuts, spinach, and avocado represent
good sources. A survey of vegetarians and vegans in Switzerland showed that B6 deficiency,
based on plasma concentrations, was the most pronounced nutrient deficiency among
vegetarians (excluding iodine): the prevalences of vitamin B6 deficiency were 59%, 25%,
and 29% for the vegetarians (n = 53), vegans (n = 53), and omnivores (n = 100), respectively
(Schüpbach et al., 2015). Importantly, diet analyses did not reveal differences in vitamin B6
intake between the vegetarians and omnivores (2.0 and 1.9 mg/day, respectively) (average
requirement = 1.1–1.3 mg/day), whereas the vegans did report significantly higher intakes
compared to the other diet groups (2.9 mg/day) (Schüpbach et al., 2015). These data illustrate the importance of biochemical assessment for determining vitamin B6 status compared to reliance on dietary data.
Majchrzak et al. (2006) also reported better vitamin B6 status among Austrian vegetarians and vegans compared to other diet groups, yet vitamin B6 deficiency was surprisingly
high for all diet groups; roughly 30% of individuals displayed vitamin B6 deficiency based
on a functional measure of enzyme activity, the glutamic oxaloacetic transaminase activation coefficient. However, Huang et al. (2003) reported that the plasma vitamin B6 concentration was 32% lower among Taiwanese vegetarians compared to meat eaters although
dietary intakes were similar (0.94 and 1.05 mg/day, respectively). The investigators did not
report the prevalence of vitamin B6 deficiency, but a functional measure, the mean erythrocyte aspartate aminotransaminase activity coefficient (EAST-AC; a measure of vitamin
B6 activity with higher values indicating lower in vivo activity), indicated poor vitamin B6
status in both diet groups, with the vegetarians displaying a worse vitamin B6 status compared to the meat eaters. Vudhivai et al. (1991) also observed a higher level of vitamin B6
deficiency among a cohort of Thailand vegetarians compared to meat eaters, 29% versus
4% based on EAST-AC values. In a German vegetarian cohort, participants were classified
as “strict vegans” (vegans) or “moderate vegans” (ovolactovegetarians with modest intake
of dairy and/or eggs), and the prevalence of vitamin B6 deficiency, determined as EAST-AC
>1.85, was 18% in the “strict vegans” and 12% in the “moderate vegans” (Waldmann et al.,
2006). For comparison, the investigators cite others who report a 4% vitamin B6 deficiency
in the German population at large. For the entire cohort, EAST-AC was not related to
dietary vitamin B6 intake (r = 0.007), verifying the importance of biochemical assessment
for determining vitamin B6 status.
In the United States, based on the Second National Report on Biochemical Indicators
of Diet and Nutrition in the U.S. Population, vitamin B6 was the most common nutrient
deficiency, with nearly 11% of the Americans at risk for deficiency (Pfeiffer et al., 2013).
These data may seem perplexing since vitamin B6 is well distributed across food groups
with certain meats, vegetables, fruits, and nuts representing rich sources. Both meat eaters and vegetarians should be able to obtain adequate amounts of vitamin B6 from diet.
However, vitamin B6 bioavailability is dependent on a number of factors including degree
of thermal processing, fiber content, and the presence of pyridoxine glycosides. Although
vitamin B6 bioavailability is highest for animal products, the heating of meat can reduce
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vitamin bioavailability by 30% (Reynolds, 1988). In plant foods, fiber may reduce vitamin
B6 bioavailability up to 17% (Reynolds, 1988); moreover, in many plants, vitamin B6 may
be in a conjugated form known as pyridoxine glucoside, which reduces the bioavailability
of the vitamin by 10%–15% (Hansen et al., 1996). Broccoli, cabbage, carrots, orange juice,
cabbage, and soybeans are particularly high in pyridoxine glucosides (>40% of the vitamin
B6) whereas avocados, bananas, peas, and nuts have low levels of vitamin B6 as pyridoxine glucosides (<15%) (Reynolds, 1988). Shredded-wheat cereal and wheat bran contain
moderate amounts of vitamin B6 as pyridoxine glucosides (17%–36%) (Reynolds, 1988).
Thus, the high rates of vitamin B6 deficiency noted in many populations around the globe,
both omnivores and vegetarians, likely reflects thermal processing and the presence of
pyridoxine glucosides. In their survey of German vegetarians, Waldmann et al. (2006)
reported that vitamin B6 inadequacy, measured using EAST-AC, was directly related to
cereal intake (r = 0.252) and inversely related to fruit intake (r = −0.236). These data provide
insight regarding the bioavailability of dietary vitamin B6 in foods commonly consumed
by vegetarians.
Cross-sectional trials have demonstrated a strong correlation between plasma vitamin
B6 concentrations and depression in adults and the elderly (Hvas et al., 2004; Merete et al.,
2008; Pan et al., 2012). In a systematic review of vitamin B6 trials that examined the effect
of vitamin B6 supplementation on depressive symptoms, four met the quality criteria, and
three of the four trials demonstrated significant benefits of vitamin B6 supplementation on
symptoms of depression (Williams et al., 2005). Since some investigations have reported
a higher vitamin B6 status among vegans compared to omnivores (Schüpbach et al., 2015;
Majchrzak et al., 2006), serotonin synthesis rates may be high in vegans and contribute
to improved mood states. However, reports from different countries are revealing a high
prevalence of deficiency in vegetarians and nonvegetarians alike, as high as 60%. Given
that marginal or deficient vitamin B6 status may adversely impact mood, this connection
warrants investigation in the general population.

4.2 Norepinephrine
The role of norepinephrine in mood disturbances has not been studied to the same extent
as serotonin; yet, the noradrenergic pathways project into many regions of the brain,
including the amygdala, hippocampus, and hypothalamus, and they regulate emotion and
cognition (Moret and Briley, 2011). Although selective serotonin reuptake inhibitors represent the primary antidepressant therapy in the United States, norepinephrine-specific
reuptake inhibitors provided added benefits in some situations (Bradley and Lenox-Smith,
2013). Ingestion of carbohydrate, notably sucrose and glucose, stimulates the sympathetic nervous system (Rappaport et al., 1982). In a cross-sectional investigation, Toth and
Poehlman (1994) reported a higher fasting plasma concentration of norepinephrine in a
sample of vegetarian and nonvegetarian adults (216 ± 33 and 165 ± 18 pg/mL, respectively),
which they attributed to differences in carbohydrate intakes between the groups. However,
Sciarrone et al. (1993) did not observe a difference in fasting plasma norepinephrine
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concentrations in male subjects following a 6-week intervention that compared effects of
a vegetarian diet against an omnivore diet. Moreover, both of these trials reported significantly lower systolic blood pressures in the vegetarian groups compared to the nonvegetarians, an observation that does not support increased sympathetic activity in vegetarians.
In fact, Fu et al. (2006) demonstrated that vegetarian diets are associated with higher levels
of vagal activity compared to omnivorous diets, whereas sympathetic activity was similar
between diet groups.

5. Conclusion
Several randomized controlled intervention trials have reported improvements in mood
following the adoption of vegetarian diets. However, mechanisms contributing to this
improvement have not been investigated. Mood is regulated by the action of the neurotransmitters serotonin and norepinephrine, and the proinflammatory cytokines (e.g.,
IL-1β, TNF-α, IL-6, and IL-2) and eicosanoids (e.g., PGE2), as well as oxidative stress, are
known to inhibit these neurotransmitters. Moreover, food choices can impact the levels
of serotonin and norepinephrine and likely contribute importantly to mood states. This
chapter has outlined characteristics of vegetarian diets that may possibly improve mood
states. These diets, inherently rich in antioxidants, particularly vitamin C and β-carotene,
are associated with lower oxidative stress and PGE2 concentrations compared to meatbased diets. The high carbohydrate-to-protein ratio of vegetarian diets should facilitate
tryptophan entry into the brain and the production of serotonin. Given the health and
wellness impact of improving mood state, research examining the possible mechanisms
of vegetarian diet-induced mood improvement is warranted. Vegetarian diets are already
associated with healthful outcomes in terms of weight management, cardiovascular
disease, and certain cancers, and these diets are sustainable with a low environmental
impact. It is fun to speculate that vegetarian diets may make us happy as well as healthy.
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1. Introduction
Complementary feeding is the period of time when infants are introduced to food different
from milk in their diet, together with a gradual reduction of the intake of milk (either breast
milk or formula), to finally and gradually acquire their family’s diet model (Alvisi et al.,
2015). This definition is based on the one proposed by the European Food Safety Authority
(EFSA, 2009) and by the European Society for Pediatric Gastroenterology, Hepatology,
and Nutrition (ESPGHAN) (ESPGHAN Committee on Nutrition, 2015). The World Health
Organization (WHO) has described the complementary feeding period as ‘‘the period during which other foods or liquids are provided along with breast milk’’ and states that ‘‘any
nutrient-containing foods or liquids other than breast milk given to young children during
the period of complementary feeding are defined as complementary foods.’’
The ESPGHAN Committee on Nutrition, the American Academy of Pediatrics (AAP), and the
WHO consider that exclusive or full breast-feeding for 6 months is a desirable goal (ESPGHAN
Committee on Nutrition, 2015; Kleinman, 2000; WHO, 2003). The introduction of complementary foods should not be before 17 weeks but should not be delayed beyond 26 weeks. Around
the sixth month of life, breast milk becomes insufficient to meet requirements for macronutrients and micronutrients, as the infant’s age and weight both increase. Infants gradually lose
the extrusion reflex, and they develop the ability to swallow solids and start to show an interest
in adult family foods. A balanced number of factors let them gain a good relationship with food
and the achievement of nutritional requirements (Alvisi et al., 2015):
• acquisition of fundamental milestones in neuromotor development
• development of taste and personal inclinations
• maturation of renal and gastrointestinal functionality
• qualitative and quantitative implementation of nutritional intake
• interaction of cultural and socioeconomic factors with local and family traditions
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Enough attention should be paid to all these aspects: nutritional and developmental reasons drive this transition, which will influence later health. The AAP recommends that breast
milk should be continued for at least 12 months along with appropriate supplementary
foods (American Academy of Pediatrics, 2005). Important data point out that breast milk
has a favoring role in psychological and nutritional aspects and in the development of tolerance; thus, it might reduce the onset of allergies (Grimshaw et al., 2013). Exclusive breastfeeding by well-nourished mothers for 6 months can meet a healthy infant’s requirements
for water, energy, protein, calcium, and most vitamins and minerals (EFSA, 2013). The breast
milk of ovolactovegetarian women is similar in composition to that of nonvegetarians, and it
is nutritionally adequate too (Craig et al., 2009). For that reason, there are no evidences that
timing of solid foods introduction in vegetarian weaning should differ from nonvegetarians.
In the first year of life, if breast-feeding is not possible, the only alternative is infant formula, or soy formula for vegan infants. The introduction of cow milk should not be before
the 12th month of life, due to its high protein content, low iron concentration, and the risk
of iron deficiency (Domellöf et al., 2014). Fortified soy milk can be used as a primary beverage starting at age of 1 year or older, too (Mangels and Messina, 2001). Other preparations
including soy milk, rice milk, and homemade formulas should not be used to replace breast
milk or commercial infant formula, due to their poor nutritional quality. Different weaning practices have characterized this stage of life according to traditions, ethnical origins,
and scientific beliefs. Actually, there are not rigid schemes on timing of food introduction,
especially fruits and vegetables (Alvisi et al., 2015). In the latest suggestions issued by AAP,
ESPGHAN, and European Academy of Allergy and Clinical Immunology (De Silva et al.,
2014), it is recognized that there is no scientific evidence to justify the delayed introduction
of solid foods (after 6 months of age), even those recognized as more allergenic, to prevent
allergic diseases (Agostoni and Laicini, 2014). Vegetarian complementary feeding is widespread because vegetarian families are increasing and they want their children to share their
nutritional habits starting from complementary feeding: vegetarians and vegans have been
estimated to constitute 5% and 2%, respectively, of the US population, and in Italy, vegetarians are 7.1% of the total population (EURISPES survey; Appleby et al., 2016). Literature
informs that well-planned vegetarian diets are appropriate for individuals during all stages
of the life cycle, including pregnancy, lactation, infancy, childhood, and adolescence, and for
athletes (Craig et al., 2009). A vegetarian diet is characterized by the choice of a wide variety
of foods of vegetal origin and by the exclusion of animal foods (meat, fish, and their derivatives). The reader may read Chapter 1 of this book for a full characterization of the different
diets. The two main categories of vegetarian complementary feeding that will be discussed
in this chapter are ovolactovegetarian, which includes dairy and egg products, and vegan
weaning, which is characterized by the absence of any type of animal foods.
The period from birth to 1 year is a time of nutritional vulnerability when attention to
proper nutrition is critical to support the extremely rapid growth, including brain growth.
In this phase, particular attention should be paid because a regular growth and neurodevelopment are relevant goals. Ovolactovegetarian weaning can be adopted, but it must be
correctly designed, to favor a healthy diet and to prevent nutritional deficiencies that are
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a real risk of vegetarian diet. Foods in the vegan diet repertoire cannot alone cover energy,
macronutrients, and micronutrients requirements of the infant; consequently supplementations are needed (Amit, 2010; Chalouhi et al., 2008; Kaganov et al., 2015).

2. Vegetarian Complementary Solid Food, Macronutrients,
and Micronutrients Requirements
Differences between vegetarian solid foods and nonvegetarian ones are limited to replacement of meat with mashed or pureed tofu, legumes (pureed and strained if necessary), soy
or dairy yogurt, cooked egg yolk, and cottage cheese. Later, around 7–10 months, foods
such as cubed tofu, cheese or soy cheese, and small pieces of veggie burgers can be started.
A balanced use of foods out of the following alimentary groups—fruits, vegetables, cereals, dried fruits, legumes, water, and oilseeds—permit one to conduct a good vegetarian
complementary feeding (Craig et al., 2009).
In the second half of the first year of life, breast milk alone is not enough to supply a sufficient amount of calories, proteins, zinc, iron, and fat-soluble vitamins (vitamins A, D, K)
that are necessary to guarantee an adequate growth to the infant (ESPGHAN Committee
on Nutrition, 2015; EFSA, 2009). Complementary feeding is an important phase in the
growth of a child, and it can play a major role in a child’s future health and in its future
feeding behavior.
Early feeding contributes to prevent noncommunicable adult diseases (United Nations
System Standard Committee on Nutrition, 2006). The recommended intakes suggested
subsequently for infants in the second semester of life have been extracted from EFSA
Scientific Opinions on Dietary Reference Values for energy, micronutrients, and macronutrients and from a position paper by the American Dietetic Association (ADA) about
vegetarian diets (Craig et al., 2009).

2.1 Energy in Infants (7–12 Months)
EFSA: The recommended intake of energy is 76–79 kcal/Kg/day (EFSA, 2013).
The recommended energy intake should be correctly distributed among the various
macronutrients, both in terms of quantity and quality (Alvisi et al., 2015). It is known
that the energy content of human milk varies within a meal, with lactational stage, and
between individuals. Assuming an average energy content of human milk of 0.67 kcal/g,
mean energy requirements are met by exclusive breast-feeding during the first 6 months
of life and possibly longer (Butte, 2007). Also, the protein content of human milk changes
with lactational stage and is on average 13 g/L in the second week, 9 g/L in the second
month, and 8 g/L in the fourth month until weaning. In mature milk, there is a low content
of iron (0.2–0.4 mg/L) and zinc (about 0.5 mg/L at 6 months), and both decrease with the
length of lactation (EFSA, 2013).
The energy density of many vegetarian foods (cereals, fruits, vegetables) is low,
due to low fat and high fiber content, and infants may have difficulty consuming
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the necessary volume of diet to achieve adequate energy intake (British Paediatric
Association, 1988). Their stomach capacity is limited, and children from 1–3 years of
age are able to take 200–300 mL at each meal. Fiber and complex carbohydrates have a
higher water content, and this results in a lower energy density of the foods and favors
early satiation (Jacobs and JT, 1988).
Energy is needed to maintain physiological activities and deposition of tissues. Growing
is a dynamic and energy-consuming process that should be adequately supported: it is
about 5 kcal/g of new tissue (3.5 kcal energy “stored” and 1.5 kcal for cost of synthesis). In
the first month of life, energy requirements for growth are 40%, and they decrease to about
3% at the age of 12 months, due to the decrease of growth rate (Butte, 2007).
Growth during complementary feeding should continue to be monitored and plotted
on standard centile charts as part of health surveillance by the pediatrician, and mothers should be advised appropriately if growth deviates from the expected. It is important
that vegetarian parents know how to ensure an adequate intake of energy by their infants.
Doctors, dieticians, and nurses should give them practical tips on how to increase energy
density of foods (Mangels and Messina, 2001). The first practical trick is to feed their baby
at least four times a day, including energy-dense complementary foods at each meal. Ripe
bananas have 15%–20% carbohydrate, and avocados are rich in fat; thus both of them
are good sources of energy. Cereals and pulses are usually more energy-dense than fruits.
Adding fats such as extra virgin olive oil to cereal meals or peanut butter to bread improve
the energy density of the meal itself. Parents should promote water consumption, avoiding allowing the infant to drink any kind of energy-providing liquids.
Key point: Energy is needed to support growth. High-fiber and high-complexcarbohydrate diets lower the caloric density of the foods and favor an early satiety.

2.2 Protein in Infants (7–12 Months)
EFSA: The recommended intake is about 10% of total calories (1.1 g/Kg/day, average recommended intake 11 g/day for 6 months of age) (EFSA, 2012). ADA: Precautional protein
increase of 10%–15% of the recommended intake for age (Craig et al., 2009).
Recommended protein intake has been reduced in the past few years, due to the alignment on human milk content (EFSA, 2014a,b), falling in line with the hypothesis that hyperproteic diets in early life may favor the onset of obesity (Alvisi et al., 2015). An excess of
proteins would stimulate the secretion of insulin and IGF1, both responsible for adipogenesis and the differentiation of adipocytes. Data available in literature suggest that between
6 and 24 months of age, a protein intake of more than 15% of total energy can lead, in some
subjects, to early adiposity rebound phenomena, thus favoring the development of future
obesity (Agostoni et al., 2005; Rolland-Cachera et al., 2006). No association has been found
between a high intake of fats with complementary feeding and obesity in the following
ages; on the contrary, Rolland-Cachera et al. identified in a high-protein and low-fat dietary
pattern a hyperproteic and hypolipidic pattern of infants living in developed countries as
a possible contributing factor of early adiposity rebound and, later in life, of body fat and
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leptin resistance (Rolland-Cachera et al., 2013; Alvisi et al., 2015; Escribano et al., 2012). The
diet of infants in the general population is characterized by high protein and low fat intakes
(Michaelsen and Greer, 2014). Together with the attention to protein and fat intake, energy
has to be taken into account, since it represents the main determinant of fat deposition.
Nevertheless, the relation between protein intake during complementary feeding and later
risk of noncommunicable diseases is still unclear. Not only the quantity, but also the quality
of proteins seems to play a role in the association between early intakes and later fatness. The
longitudinal DONALD study reported that the protein sources that may be mostly responsible for the association with adiposity at 7 years old are animal protein, and more specifically dairy products at 12 months (Günther et al., 2007). However, in vegetarian infants the
risk is rather to fail reaching the recommended protein intake, and this risk can be reduced
by continuing the intake of breast milk or formula.
It has to be taken into account that many vegetable proteins are low in one or more
essential amino acids, and the total indispensable amino acid content in vegetable foods
is low when compared to animal protein sources (Craig et al., 2009). Because vegetable
foods have not the same quantity and quality of proteins, vegetarians’ dietary choices are
crucial to achieve the adequate protein intake. Plant proteins can meet protein requirements when a variety of plant foods are consumed and energy needs are met (Mangels and
Messina, 2001). Eating a huge variety of plant foods over the course of a day can provide all
essential amino acids and adequate nitrogen retention (American Academy of Pediatrics
Committee on Nutrition, 1998). Encouraging infants to continue to take about 500 mL/day
of breast milk or formula reduces the needs for other proteins sources. Mixing breast milk
or formula intake, which provides proteins rich in indispensable amino acids, with vegetable protein foods enhances the amino acid composition of the meal and improves net
protein utilization. Legumes and soy beans have a high proportion of proteins (over 20%
and about 36%, respectively), but a low biological value. Based on the protein digestibilitycorrected amino acid score, which is the standard method for determining protein quality,
a combination of legumes and wheat proteins enhances the nitrogen utilization efficiency
(Craig et al., 2009), and the choice of shelled beans minimizes the phytic acid intake. In
vegetarian infant diet, a precautionary increase of proteins is suggested, around 10%–15%
of the recommended energy intake for age. Attention should be paid to not to exceed the
15% and to avoid the risk of protein excess (Joint WHO/FAO/UNU Expert Consultation,
2007).
Key point: Proteins are crucial for growth. In not well-balanced vegetarian diets, there
is a consistent risk to not reach protein requirements.

2.3 Lipids in Infants (7–12 Months)
EFSA: Lipids: recommended intake is 40% of total calories (EFSA, 2010a,b).
Lipids are the main energy source in the infant diet and are necessary for normal growth
and physical activity. Lipids are also important structural components of neural and other
body tissues (Uauy and Dangour, 2009; Butte et al., 2010). The selection of dietary fat and
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fatty acid sources during the first years of life is now considered to be of critical importance (Uauy and Dangour, 2009).
Consumption of n-3 PUFAs eicosapentaenoic acid (EPA) and docosahexaenoic acid
(DHA) have demonstrated physiological benefits on blood pressure, heart rate, triglycerides, and likely inflammation, endothelial function, and cardiac diastolic function
(Aranceta and Perez-Rodrigo, 2012). DHA plays a major role in development of the brain
and retina during fetal development and the first 2 years of life (Uauy and Dangour, 2009).
When DHA-rich products are excluded, the recommended intake of total lipids and of ω-3
series cannot be achieved, and there is the risk of low DHA blood level and relative deficiency (Rosell et al., 2005).
The proposal that dietary DHA enhances neurocognitive functioning in term infants
is controversial. Theoretical evidence, laboratory research, and human epidemiological
studies have convincingly demonstrated that DHA deficiency can negatively impact neurocognitive development (Schwartz et al., 2009).
DHA deficiency may be the cause of many disorders, such as depression, inability to concentrate, excessive mood swings, anxiety, cardiac disease, type 2 diabetes, and dry skin (De
Mel and Suphioglu, 2014). Nutrient deficiency during development may have long-lasting
consequences for the central nervous system that range from devastating malformations to
subtle effects on neural functioning. DHA is enriched in brain and retina membranes, where
it functions in early development events, such as neurogenesis, neurite outgrowth, synaptic
plasticity, axonal elimination, and gene expression (Mulder et al., 2014).
One of the main considerations when trying to meet current recommendations for n-3
fatty acids is that current intake of PUFAs consists primarily of n-6 fatty acids. The competition for desaturases and elongases in n-3 and n-6 PUFA metabolism results in inverse
effects on tissue concentrations of these fatty acids. This is of even greater concern in vegetarians and vegans, who have relatively high intakes of linoleic acid (LA) combined with
low intakes of EPA and DHA (Aranceta and Perez-Rodrigo, 2012).
Vegetarians tend to consume a lot of n-6 but marginal amounts of n-3 fatty acids. To
restore n6/n3 balance, regular consumption of micro-algae (rich in DHA) and of walnuts, canola oil, flaxseed oil, enriched dairy products, seeds, peanut butter, soy beans,
and derivatives (rich in alfa-linolenic fatty acid, ALA) is recommended (Van Winckel
et al., 2011).
EFSA has not established recommended intakes for n3-PUFAs but for specific n-3 fatty
acids, namely ALA, EPA, and DHA. EFSA proposed not to set specific values for the n-3/n-6
ratio and to set an average intake of 100 mg DHA for infants (>6 months) and young children. In older infants, DHA intakes at levels of 50–100 mg per day have been found effective for visual function in the complementary feeding period and are considered to be
adequate for that period. EFSA has set the adequate intake value of 0.5% of total energy for
ALA in all population groups (EFSA, 2010a,b).
The FAO/WHO 2008 report defines 15% of total energy as upper AMRD (acceptable
macronutrients distribution rate) for infants 6–12 months old (Aranceta and PerezRodrigo, 2012).

Chapter 29 • Vegetarian Infants and Complementary Feeding

519

An increased intake of ALA, the precursor of endogenous DHA synthesis, has been supposed to be an (alternative) strategy to support infant DHA status. Few studies have tested
the effect of replacing LA-rich corn oil with ALA-rapeseed oil in complementary food. It
still seems to be a promising strategy, but it remains to be confirmed how this approach
affects the DHA status (Libuda et al., 2016).
Key point. Lipids are the main energy source (40% of total energy) for the infant, and
they are essential for growth and for neural tissue structure. Polyunsaturated and monounsaturated fats have to be preferred. A regular intake of DHA-rich foods is recommended
for both vegetarians and vegans.

2.4 Carbohydrates in Infants (7–12 Months)
Dietary carbohydrates are the major macronutrients for humans. Both adults and children in the Western countries obtain approximately half their daily caloric requirements
from dietary carbohydrates. In other countries, carbohydrate has been the major source of
energy, at least until the more recent introduction of “Western foods,” with higher proportions of fat and protein, to many developing countries.
There are not current recommendations for infants; EFSA has proposed 45%–60% of
total energy as the reference intake range for carbohydrates applicable to both adults and
children older than 1 year of age (EFSA, 2010a,b).
To decrease the risk of overweight, obesity, and tooth decay, a WHO guideline recommends adults and children reduce their daily intake of free sugars to less than 10% of their
total energy intake. A further reduction to below 5% would provide additional health benefits (WHO, 2015).
Based on the available evidence on bowel function, EFSA has considered dietary fiber
intakes of 25 g/day to be adequate in adults and of 2 g/MJ to be adequate in children from
the age of 1 year (EFSA, 2010a,b).
It is advisable to prefer starchy alimentary sources, if possible with a low glycemic
index, and above all, it is strongly recommended to limit the intake of simple sugars (such
as fruit juices, sugar, and sweeteners in general). Carbohydrates in foods with a low glycemic index are more slowly digested and absorbed; consequently, diets with a low glycemic
index are beneficial in controlling postprandial plasma glucose excursions. Diets with a
low glycemic index and glycemic load, but not low in total carbohydrates, are associated
with lower type 2 diabetes mellitus risk, cardiovascular disease risk, and levels of proinflammatory markers and fasting insulin (Blaak, 2016; Rouhani et al., 2016).
Recent literature failed to confirm that introducing gluten between week 17 and 26,
while the infant is still being breast-fed, would have a protective role on the onset of celiac
disease, type 1 diabetes, and wheat allergy (Vriezinga et al., 2014; Beyerlein et al., 2014).
Cereals are rich in starch, proteins, minerals, vitamins, and insoluble fibers. Amaranth,
quinoa, buckwheat, soy, and lupine have all the indispensable amino acids in sufficient
amounts. Other cereals are low in lysine but rich in methionine, whereas this is the opposite in legumes; therefore these protein sources are well known to complement each
other. Adding legumes to cereals is possible to obtain adequate biological protein value.
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Choosing refined and lower fiber cereals allows a reduction of phytic acid content, which
usually lowers the absorption of minerals (namely, iron, zinc, calcium, and magnesium).
ESPGHAN Committee on Nutrition recommends that iron-rich complementary foods
(iron-fortified cereals) should be given to all infants from 6 months of age (ESPGHAN
Committee on Nutrition, 2015). Both vegetarian and nonvegetarian infants should be
introduced to whole grains before the end of the second year of life.
Key point. Carbohydrates in starchy alimentary sources are preferred. Reducing free
sugars to less than 10% of their total energy intake is recommended.

2.5 Iron in Infants (7–12 Months)
EFSA: Iron: a daily intake of 11 mg is recommended (EFSA, 2015a,b,c). ADA: 1.8 times that
of nonvegetarians (Craig et al., 2009).
Iron is critical for normal growth, hematopoiesis, and neurologic development during
infancy.
When complementary feeding is not introduced in exclusive breast-fed infants, they are
at risk of developing an iron deficit in the second semester (Alvisi et al., 2015). Prevalence
of iron deficiency anemia among vegetarians is similar to that of nonvegetarians, and it
is approximately 2%–3% at 6–9 months and 3%–9% at 1–3 years of life (Domellöf et al.,
2014). Complementary foods have the important role to provide more than 90% of the iron
requirements in breast-fed infants (Domellöf et al., 2014). Between 6 and 24 months of age,
the infant becomes dependent on additional dietary iron, and because of rapid growth,
iron requirements per kilogram body weight are higher than during any other period of
life. It has been shown that infants have the ability to upregulate iron absorption when
iron requirements increase (Domellöf et al., 2002). This ability of each individual to be
able to adapt iron absorption to iron status is likely to make infants more resistant to iron
deficiency.
The ESPGHAN Committee on Nutrition states that meat products and iron-fortified
foods are the major dietary source of iron. Therefore an early introduction of iron-rich
complementary foods is highly recommended for preventing iron deficiency anemia in
infants (ESPGHAN Committee on Nutrition, 2015).
Foods containing iron are meat and fish (bovine: 1.9 mg/100 g; cod 0.7 mg/100 g) and
some vegetables (legumes, endive, green chicory, spinach). EFSA assumes a mean value of
10% of iron absorption in healthy and nonanemic infants; however, absorption depends
on iron bioavailability of different foods and on the infant’s iron storage. Iron found in fish
and meat (heme iron) is absorbed for about 25%, while the percentage of iron absorbed
from vegetables (nonheme) varies from 2% to 13% (EFSA, 2015a,b,c). Because of lower bioavailability of iron from a vegetarian diet, the recommended iron intakes for vegetarians
are 1.8 times that of nonvegetarians (Craig et al., 2009) (Trumbo et al., 2001).
The iron in plant foods is nonheme iron, which is sensitive to both inhibitors and
enhancers of iron absorption. Inhibitors of iron absorption include phytates, calcium,
and the polyphenolics compounds in tea, coffee, herb teas, and cocoa. Fiber only

Chapter 29 • Vegetarian Infants and Complementary Feeding

521

slightly inhibits iron absorption (Coudray et al., 1997). Some food preparation techniques such as soaking and sprouting of beans, grains, and seeds, and the leavening of
bread, can diminish phytate levels. Other fermentation processes, such as those used
to make miso and tempeh, may also improve iron bioavailability. Vegetable foods with
high iron content are dark green leafy vegetables, lentils, chickpeas, peas, and curry
powder (it is still unclear how efficiently the iron in curry powder is absorbed). Vitamin
C and other organic acids found in fruits and vegetables can substantially enhance
iron absorption and reduce the inhibitory effects of phytate and thereby improve iron
status (Hallberg and Hulthén, 2000).
Key point. Iron bioavailability of plant foods is low. Some food preparation techniques
diminish phytate levels. Vitamin C enhances iron absorption. Iron-fortified cereals are
recommended to all vegetarian and nonvegetarian infants from the sixth month of life.

2.6 Zinc in Infants (7–12 Months)
EFSA: Zinc: a daily intake of 2.9 mg is recommended (EFSA, 2015a,b).
The bioavailability of zinc from vegetarian diets is lower than from nonvegetarian
diets, mainly due to the higher phytic acid content of vegetarian diets (Hunt, 2003).
Zinc sources include soy products, legumes, grains, cheese, and nuts. Food preparation techniques are the same used for increasing iron bioavailability, which can reduce
binding of zinc by phytic acid and increase zinc bioavailability, too (Lönnerdal, 2000).
Organic acids, such as citric acid, can also enhance zinc absorption to some extent
(Lönnerdal, 2000). The reader may read the specific chapter about zinc intake and status in vegetarians to further develop the question. Zinc is important for growth and
the maintenance and development of immune cells of both the innate and adaptive
immune system (Maares and Haase, 2016). Breast milk provides sufficient zinc for the
first 4–6 months of life but does not provide recommended amounts of zinc for infants
aged 7–12 months, who need 2.9 mg/day. Thus, foods with zinc (fortified or natural)
should be introduced at 7 months. Vegetarian infants who grow slowly should be
assessed for zinc intake and status.
Key point. Zinc bioavailability of plant foods is low. As for iron, food preparation techniques and organic acids can enhance zinc absorption.

2.7 Calcium in Infants (7–12 Months)
EFSA: Average intake is estimated to be 280 mg/day. This is close to the value derived using
the factorial approach, 241 mg/day (EFSA, 2015a,b).
Calcium intakes of ovolactovegetarians are similar to those of nonvegetarians,
whereas intakes of vegans tend to be lower and may fall below recommended intakes
(Craig et al., 2009). Breast milk and infant formula both provide an adequate amount of
calcium. The bioavailability of calcium from soy infant formula fortified with calcium
carbonate is equivalent to infant formula (Messina et al., 2003). Ovolactovegetarian
babies can get calcium from low-oxalate greens (broccoli, cabbage, collards, and kale)
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that are sources of highly bioavailable calcium, and from calcium-set tofu and sesame
seeds, almonds, and dried beans that have a lower bioavailability (Weaver et al., 1999).
Many vegans meet their calcium requirements by using calcium-fortified foods (e.g.,
calcium-fortified cereals) or dietary supplements (Weaver et al., 1999). Factors present
in plant-based diets such as oxalic acid and phytic acid can potentially interfere with
absorption and retention of calcium and thereby have a negative effect on bone mineral density. As mentioned before, some food preparation techniques can diminish phytate level. Approximately 30% of calcium is absorbed from dairy products and fortified
food; almost twice as much is absorbed from some vegetables such as broccoli and kale
(Mangels, 2014). Another important source of calcium is mineral water that contributes
to reach the requirements. The daily recommended intake of liquids is 100 mL/Kg (Alvisi
et al., 2015). It is advisable to consume water and to avoid energy-providing liquids,
which present a high content of free sugars.
Key point. Dairy products and calcium-rich vegetables and fruits are recommended.
Water is a fundamental calcium source.

2.8 Sodium in Infants (7–12 Months)
EFSA: Data are not sufficient to establish an upper level from dietary sources; a reduction in
the sodium consumed in the diet is recommended for the whole population (EFSA, 2005).
Nonspecific recommendations are needed for vegetarian complementary feeding.
For the general infant population, it is advisable not to add salt to food until 1 year of
age, as the sodium content of some foods is enough to cover the daily requirement
(EFSA, 2005).
Key point. It is advisable not to add salt to food until 1 year of age.

2.9 Vitamin B12 in Infants (7–12 Months)
EFSA: Average intake is 1.5 μg/day in infants aged 7–11 months (EFSA, 2015a,b).
Plant foods do not contain a significant amount of active vitamin B12, thus the status
of vegetarians is less than adequate (Herrmann et al., 2001). Vitamin B12 must be obtained
from regular use of vitamin B12-fortified foods; otherwise a daily supplement is needed
(Craig et al., 2009). Ovolactovegetarian infants usually have sufficient levels of vitamin B12
from a regular consumption of dairy foods, eggs, and vitamin B12-fortified foods (fortified
soy formula and some cereals). Vegans are thus at great risk of B12 deficiency, and the infant
born to a vegan mother may be already deficient in B12 and may present neural defects at
birth (Peker et al., 2015). Breast-fed infants of nonsupplemented vegan mothers need to
take vitamin B12 supplementation. Infants should be given supplements as prescribed by
the health care provider (Craig et al., 2009).
Key point. Plant foods are not a source of vitamin B12. B12-fortified foods (for example,
cereals) have to be preferred. Supplements are needed both for vegan infants and vegan
breast-feeding mothers.
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3. Conclusion
Plant-based milk substitutes (such as soy, rice, or almond milk), homemade formulas,
cow’s milk, and goat’s milk should not be used to replace breast milk or infant formula
during the first year of life. These foods do not have the right amounts and quality of protein, fat, and carbohydrate. They do not have enough of many vitamins and minerals that
the infant requires.
A well-planned ovolactovegetarian diet can be completely adequate during infancy,
and complementary feeding should follow the same timing and principles as for nonvegetarian infants. As concerning growth and development, some descriptive cohort studies
have demonstrated an identical growth and weight evolution in ovolactovegetarian children and adolescents compared to their omnivorous peers, whereas vegan children tend
to be leaner and smaller (Van Winckel et al., 2011).
On the contrary, careful dietary planning is needed for infants who are weaned onto vegan
diet, who have to be supplemented with vitamin B12, with special attention to adequate
intakes of calcium and zinc and energy-dense foods containing enough high-quality protein. Vegetarian diets can be as diverse as omnivorous ones, but it is important to remember
that the more restricted the diet and the younger the child, the greater the risk for deficiencies (Yen et al., 2008) and the risk of later feeding behavior difficulties. Parents and caregivers
should be knowledgeable to provide an adequate vegetarian nutrition. The best advice for
parents who want their children to follow a vegetarian regimen is to ask informed pediatricians or dieticians, to find out how to create an optimal dietary menu for their infants. As in
the infant general population, monitoring weight changes, growth, and psychomotor evolution is indicated and part of the nutritional evaluation of vegetarian infants, too.
The period of life between birth and 2 years is important for the development of eating
habits and to shape infants’ preferences. The most important phase may be the beginning
of complementary feeding, when infants discover the sensory (texture, taste, and flavor)
aspect of the foods that will be part of their adult diet. In this period, eating preferences
emerge, and they depend on the foods offered and on the context of feeding (Nicklaus,
2015). Offering food variety is the best rule to ensure the achievement of both nutritional
requirements and the goal of teaching infants the different tastings of foods. If early experience includes exposure to a variety of foods and flavors, then a wider range of foods and
flavors will be accepted. Caregivers have the responsibility for making the decisions about
their infant’s feeding, and they may serve as a model for an infant’s eating, because much
of the early learning about food occurs in the family (Birch and Doub, 2014). Doctors,
nurses, and dieticians can play a key role in helping parents provide varied vegetarian
diets for their infants that contain adequate amounts of nutrients and energy and to identify the characteristics of the eating experience that will contribute to drive an infant’s
eating behavior.
Further studies are needed to assess the bioavailability of micronutrients in vegetarian
infants and relative supplementations and to tailor specific recommendations.
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4. Nutritional Advices in Vegetarian Infants (0–12 Months)
• E
 xclusive breast-feeding for 6 months is a desirable goal.
• The introduction of complementary foods should not be before 17 weeks or delayed
beyond 26 weeks.
• Vegetarian complementary feeding should be carefully planned by a pediatrician or
dietician. Infant growth, neurological development, and nutritional habits should be all
monitored.
• Continued breast-feeding or at least 500 mL of infant formula during complementary
feeding ensures reaching calcium requirements.
• Rice, almond, and soy “milk” are not suitable milk substitutes, even if supplemented
with calcium. Infant formula or soy formula are indicated.
• The introduction of cow or soy milk should not be before 12 months of life.
• Timing of solid foods introduction is the same as in nonvegetarians.
• Particular attention should be given to reach adequate energy, protein, and lipids
requirements.
• Iron-rich complementary foods should be given to avoid iron deficiency.
• Vitamin B12 supplements are recommended to ovolactovegetarians, and especially
vegans, to ensure adequate vitamin B12 intake to prevent deficiency.
• Caregivers should offer their infants a variety of foods to teach them different flavors.
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There are societies in which a vegetarian diet has always been a natural part of everyday
life due to their geographical location, economic status, or because of certain philosophical-religious beliefs (e.g., Buddhists and Seventh-day Adventists). However, for several
decades, there has been an increase in interest of potential health outcomes associated
with plant-based diets, thus increasing the number of supporters of organic and natural
foods, and increasing the number of vegetarians in the adult and pediatric population. In
the United States and England, 2%–4% of both adults and children reported that they were
vegetarian. Less than 1% reported following a vegan diet (Stahler, 2012; The Vegetarian
Society, 2000). There is no data recorded about how many children have been vegetarian
since their birth. Among young people aged 15–17 years, the percentage following a vegetarian diet is as high as 12% (Povey et al., 2001).
According to the position of the American Dietetic Association and Dietitians of Canada
on vegetarian diets, well-planned vegetarian diets are appropriate for individuals during
all stages of life, including childhood and adolescence (Craig and Mangels, 2009; Mangels
et al., 2003). Therefore, it can be assumed that a vegetarian diet can be considered a conventional type of diet. As a major positive implication on children’s health with a vegetarian diet, it is essential to point out its protective effect against obesity. Studies show that as
developing countries consume more meat in combination with refined foods high in sugar
and fat, they may find themselves having to deal with obesity before they have overcome
undernutrition, leading to an increase in healthcare costs that could otherwise be used to
alleviate poverty (Godfray et al., 2010). However, the consumption of plant foods (cereals,
legumes, and nuts) is associated with a lower risk of overweight children (Fig. 30.1).
There are a variety of reasons why people choose a vegetarian diet, as is reviewed in
Section 1 of this book. In contrast, vegetarianism in children is a decision of the parents to
implicate a vegetarian diet from birth or infancy. Consequently, nutritional status of
vegetarian children largely depends on the level of education and level of knowledge about
the diet of a parent or parents. For example, studies show higher scores for vegetarian patterns observed in children whose mothers had higher levels of education (Bhandari et al.,
2002; Northstone et al., 2014). Depending on whether the parents themselves were raised
as vegetarians or nonvegetarians, a different approach to a vegetarian diet in a child can
be observed. If the parents are “new” vegetarians, their fear of any nutritional deficiency in
Vegetarian and Plant-Based Diets in Health and Disease Prevention. http://dx.doi.org/10.1016/B978-0-12-803968-7.00030-7
Copyright © 2017 Elsevier Inc. All rights reserved.
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FIGURE 30.1 Odds ratios (with 95% CIs) of risk of overweight in school-aged children in the six food groups.
From Lousuebsakul, V., Sabate, J., 2009. The association between childhood obesity and dietary intake. Available
from: http://www.vegetariannutrition.org/5icvn_program.pdf (cited 20 August 2009).

eliminating animal products is higher; consequently, their children are at a relatively low risk
of inadequate dietary intake and inadequate nutritional status. In contrast, parents who have
been vegetarians since there were born are more experienced and may have better knowledge
of how to compose meals and when to use enriched products. Without a doubt, knowledge of
the rules of well-planned vegetarian diets is helpful for a parent when his/her child is avoiding
foods of animal origin because of sensory and taste preferences or a specific food allergy.
Particularly noteworthy is vegetarianism in adolescents. Adolescents often are not prepared to follow a vegetarian diet. Their knowledge of a vegetarian diet is often limited only
to the decision to use food products that are not of animal origin. In line with their wish
to be self-reliant and independent, they rarely read professional information sources, and
they are not interested in planning vegetarian meals. Studies show that vegetarian patterns are of better quality in girls than in boys (Northstone et al., 2014). Despite the fact
that adolescent vegetarians may experience the health benefits associated with increased
fruit and vegetable intake and benefit of decreased risk for overweight and obesity, in vegetarian teenagers, lower weight and body mass index (BMI) is more frequent than in nonvegetarians (Perry et al., 2001; Robinson-O’Brien et al., 2009; Smith et al., 2000). The very
decision to switch to a vegetarian diet does not mean that a teenager has an eating disorder. Although in vegetarian adolescents an increased risk for extreme unhealthful weightcontrol behaviors may be observed (Perry et al., 2001; Robinson-O’Brien et al., 2009), so
far there is no firm evidence that a vegetarian diet increases the risk of eating disorders.
Nevertheless, a young vegetarian who suddenly and greatly limits food choices requires
attention by healthcare and nutrition professionals.
A shared feature of many nutrients is that their deficiency results primarily in growth
disorders. Therefore, a balanced diet should result into a normal growth rate, which is
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extremely important in children. Carbohydrates, fats, and proteins are the most important
sources of energy. Proteins, vitamins, minerals, and trace elements are crucial for growth
and development of tissues. When foods of animal origin are excluded from diet, nutrients
contained in them should be provided from other sources that are naturally rich in those
nutrients, or are fortified.
To evaluate nutritional status requires anthropometric measurements: body weight
and height. If you examine research data concerning growth and weight of vegetarian children, some of the results from the 1980s showed low growth velocities of “new” vegetarians, vegans, or macrobiotic children (Dwyer et al., 1983; Shull et al., 1977). But since the
1990s, studies have demonstrated an identical growth and weight evolution in ovolactovegetarian children and adolescents compared to their omnivorous peers, whereas vegan
and macrobiotic children tend to be leaner and smaller (Dagnelie and van Staveren, 1994;
Nathan et al., 1997; Sabaté et al., 1990; Yen et al., 2008). Growth retardation was most commonly associated with deficiencies of energy, protein, vitamin B12, vitamin D, calcium,
and riboflavin. Now in supermarkets and vegetarian and natural foods stores, there is an
array of widely available fortified foods such as soy-based milks, meat analogs, juice, and
breakfast cereals. Also via the Internet and in cookbooks, one can find an abundance of
information on vegetarianism. The nutritional status of present-day vegetarians varies
considerably from that of a vegetarian one to two decades ago.

1. Energy
The basis of physical development and health is to maintain a sustainable balance between
the amount of energy ingested with food and that used for basal metabolism, physical
activity, and food-induced thermogenesis. A human body needs energy to operate, and a
child’s organism also needs energy to grow. Therefore, in children a negative energy balance leads to weight loss and development disorders.
Because studies show that the physical development (as assessed by body weight,
height, and BMI) of vegetarian children is not significantly different from their omnivores
peers, it can be concluded that energy intake in vegetarian children is mostly adequate
(Yen et al., 2008). Analysis of the dietary intake also shows that the supply of energy in vegetarian children is not different from the omnivores (Donovan and Gibson, 1996; Nathan
et al., 1996). This may be related to the fact that the diet of vegetarians and vegans contains
large quantities of high-energy products often added to various meals, including vegetable
oils, nuts, seeds, oil-baked cakes, and pastries. However, vegan diets, macrobiotic, and
raw-food vegetarian diets have lower energy intakes as compared to other diets.

2. Proteins
Proteins are a major structural component of all tissues and many biologically active compounds (e.g., enzymes and hormones) that regulate metabolism and many body functions. Antibodies of an immune system are proteins, which are responsible for defending
an organism against bacteria and viruses.
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The quality of proteins depends on the number of indispensable and dispensable
amino acids relative to the proportions of particular indispensable amino acids and
the protein digestibility. Good sources of protein include eggs, milk and dairy products,
meat, and fish. Among vegetable products, important sources of protein are cereal products and legumes. Whereas animal proteins are rich in all indispensable amino acids,
the plant-derived proteins are relatively lower in indispensable amino acids, and some
may have a slightly lower digestibility. In addition, lysine is the limiting amino acid for
cereals such as wheat, corn, and rice, and sulfur amino acid for legumes as in soy and
lentils (van Winckel et al., 2011). This will be discussed further in a dedicated chapter of
this book (Chapter 35).
Protein deficiency in children is manifested in fatigue, abdominal bloating, swelling, a
decrease in the level of plasma proteins, and in severe cases, kwashiorkor and marasmus
(protein and energy deficiency). Because infants have a higher annual body weight gain,
they are most likely to be affected by insufficient protein intake. In developed countries,
different sources of vegetable protein are available; therefore protein deficiency is
rare, and only presents with extremely inappropriate eating habits.
Vegetarian diets contain adequate protein to support nitrogen balance, provided that
a variety of foods are consumed. The most diverse, in terms of proteins, is a ovolactovegetarian diet, and the poorest is a vegan diet. A full range of amino acids will be consumed
if starches (e.g., rice, corn, potatoes) are eaten with legumes, such as lentils or beans, with
the addition of vegetables and fruits. The different types of plant proteins should be eaten
during the same day, but not necessarily within the same meal (Messina and Messina,
1996). However, we must remember that infants on a vegan diet, if not breastfed, are at risk
for protein malnutrition (Kirby and Danner, 2009).

3. Fats
Fats are one of the essential nutrients and are a concentrated source of energy. They are
required in building the structure of cell membranes and are also acquired for absorption
of fat soluble vitamins A, D, E, F, and K. Essential fatty acids are not produced by the body
and are acquired via diet. They are needed for cellular membrane functions (especially
retina and central nervous system cells) and the production of eicosanoids, which act in
inflammation processes, platelet aggregation, and blood pressure control.
The source of fats in diet are vegetable oils (received from seeds, fruits, oilseeds,
and cereals), fish and fish oils, butter and dairy products, eggs, and nuts. A significant
amount of essential fatty acids is provided by the consumption of plant products and
fish. Many linoleic acids (LA, C18:2n-6) are found in corn oil, sunflower oil, soybean oil,
and rapeseed oil. α-Linolenic acid (ALA, C18:3n-3) is generally present in membranes
of chloroplasts of plants and in smaller quantities in seeds, canola oil, and flaxseed
oil. A good source of eicosapentaenoic acid (EPA, C20:5n-3) and docosahexaenoic acid
(DHA, C22:6n-3) is marine fish fats. It is believed that at least one to two servings of
marine fish per week ensure adequate amount of EPA and DHA in the diet. The ability

Chapter 30 • Nutritional Status of Vegetarian Children

533

to synthetize long-chain polyunsaturated fatty acids in sufficient amounts from the
parent fatty acids (linoleic acid, α-linolenic acid) or from one track to the other remains
a matter of debate.
Significant inadequate intake of fats leads to a lack of satiety (fatty hunger) and weight
deficiency. Skin disorders are associated with low levels of linoleic acid deficiency. Also,
n-3 fatty acid deficiency is associated with abnormalities in visual and brain function.
For children, very restrictive diets that include little fat (20%–25% of energy) may lead to
delayed growth and development (Dagnelie and van Staveren, 1994). The dietary intake of
fat depends on the degrees of vegetarianism. Most commonly, a vegetarian diet results in
lower intake of saturated fatty acids, higher intake of n-6 fatty acids, and marginal intake
of n-3 fatty acids (Gorczyca et al., 2011). A similar lipid profile was found in omnivores who
consume little or no fish. Eggs and milk products contain a small amount of AA, EPA, and
DHA; hence, ovolactovegetarians receive a sufficient amount of saturated fatty acids as
well as essential polyunsaturated fatty acids. Intakes of α-linolenic acid and linoleic acid
of vegans and vegetarian children are often greater than those in omnivores, but the ratio
of ALA to LA is lower in vegetarians, and it is particularly low in vegans. To have an appropriate n-6/n-3 balance, regular consumption of micro-algae (rich in DHA) and of walnuts,
canola oil, or flaxseed oil is recommended (van Winckel et al., 2011).

4. Carbohydrates and Dietary Fiber
Carbohydrates are the main source of easily digestible energy for a human body. In developed countries, carbohydrates provide 45%–60% of the energy requirements, and in developing countries, it is 60%–85%.
The richest sources of monosaccharides are fruits, honey, refined sugar, and candy.
Lactose is the main carbohydrate of milk, which is the main source of nutrients for infants.
Cereal products (flour, cereal, pastas, bread, and cereals) are rich in carbohydrates, which
contain 50%–80% of starch. Many carbohydrates are found in pastries, cakes, processed
fruit products, and dry seed pulses. As for fiber, the largest quantities comprise nuts and
dry seeds of legumes. In the daily diet of an average European child, the largest amounts
of carbohydrates and fiber come from cereal products.
It is believed that if the diet covers the recommended allowance for protein and fat,
then carbohydrates should meet the remaining energy requirement. The intake of carbohydrates and the proportion of energy from carbohydrates in vegetarian children is similar
or higher than that of omnivores (Ambroszkiewicz et al., 2011; Yen et al., 2008). Insufficient
intake of carbohydrates in children may lead to a shortage of body weight. It is worth noting that if the diet provides less than 15% of carbohydrate products or if there is fasting,
a nondiabetic ketoacidosis develops. These situations can happen in adolescent vegetarians, who often have too little knowledge on food intake patterns or have disordered eating
behaviors.
Excessive intake of sucrose and monosaccharides together with low physical activity
lead to being overweight and an increase in cardiometabolic risk. Plant-based diets are
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low in energy density and high in complex carbohydrates, fiber, and water, which may
increase satiety and resting energy expenditure. This may explain why vegetarian diets
are associated with a lower BMI and a lower prevalence of obesity in children (Sabaté and
Wien, 2010). Moreover, plant foods (cereals, legumes, and nuts) are associated with a lower
risk of obesity. Excessive consumption of sweets between meals also causes tooth decay:
one of the most common oral diseases in children. Children eating a vegetarian diet had
significantly higher mean number of decayed teeth than children on mixed diets (Herman
et al., 2011; Shailee et al., 2012).
A high intake of fiber tends to reduce the absorption of minerals and increases the risk
of diarrhea. Because vegetarian and particularly vegan diets include a very high intake of
fiber, the nutritional status of some micronutrients such as zinc is a question at issue in
vegetarian children.

5. Sodium and Potassium
Sodium is responsible for osmotic pressure, acid–base balance, and water balance; it is
responsible for muscle contraction and nerve conduction. Potassium is responsible for
extracellular osmotic pressure and fluid balance, muscle contraction, heart rhythm, and
conduction of nerve impulses.
On average, one-third of dietary sodium comes from salt, the rest from bread, milk,
eggs, vegetables, and meat.
A rich source of potassium and sodium are legumes, nuts, potatoes, fish, tomatoes,
currants, and bananas. All of these products are frequently and regularly consumed by
vegetarians.
To maintain proper blood pressure the ratio of sodium to potassium is very important.
Because vegetarians and vegans, in particular, consume a lot of plant-based products,
which are poor in sodium, they use a variety of spices and not salt to enhance the taste of
food, so their supply of sodium intake is decreased (Clarys et al., 2014). Consequently, vegetarian diets were associated with lower systolic blood pressure and lower diastolic blood
pressure both in children and in adults.

6. Calcium
Calcium is the main building structure of bones and teeth (up to 99% of the envelope of
this element is designed to perform this function). In addition, calcium is involved in muscle contraction, cell membrane permeability, and regulation of blood clotting; it is also a
cofactor of many enzymes. The status of calcium in a human body is regulated by vitamin
D, parathyroid hormone, and calcitonin.
The main sources of dietary calcium are milk and milk products (yogurt, cheese, ice
cream). Others include canned, bone-in sardines, salmon, and oysters. A good plant
source of calcium is kale, beans, green leafy vegetables, broccoli, Chinese cabbage, and
collard greens.
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A short-term insufficient intake of calcium is asymptomatic since complex homeostatic mechanisms maintain its concentration. In the longer term, insufficient supply
of calcium and its absorption from the gastrointestinal tract as a result of vitamin D
deficiency in children, especially in infants and toddlers, leads to rickets, growth disorders, and abnormal calcification of growing bones. Unfortunately, calcium status is
impossible to assess in routine laboratory testing because the serum level is controlled
by different mechanisms.
Vegetarian and omnivorous children generally have a similar intake of calcium, but
differences emerge depending on the type of vegetarian diet. Greater calcium intake is
observed in ovolactovegetarians, whereas in vegans and in children following macrobiotic diets, calcium intake is often lower than recommended (Larsson and Johansson,
2002). Also, the intake of calcium varies with the child’s age: the older the child is, the
fewer milk and dairy products he/she eats (Wallace et al., 2013). To increase the intake
of calcium in many countries, calcium carbonate is added to flour, pasta, breads, and
rice. An alternative source of calcium in children’s vegetarian diets may be soy drinks,
almond milk, rice drinks (milk), and orange juice with added calcium. However, while
ensuring the proper supply of calcium, it is necessary to remember that calcium tends
to reduce the absorption of iron, zinc, and magnesium from the gastrointestinal tract
(Kambalia and Zlotkin, 2008).

7. Phosphorus
Phosphorus is an essential component of bones and teeth, nucleoid acids, and brain tissue, and it forms part of the structure of cell membranes. It is a major intracellular anion
and activator of many enzymes.
Sources of phosphorus are milk, dairy products, egg yolk, legumes (beans and peas),
nuts, and whole grains. Indeed, phosphorus is one of the most ubiquitous nutrients in
foods, so the supply of phosphorus from the vegetarian or nonvegetarian diets complies
with the recommendations, and deficiency is not observed.

8. Magnesium
Magnesium creates part of the structure of bones and teeth, participates in the metabolism of carbohydrates, and is responsible for muscle contraction and nerve conduction, as
well as activating a number of enzymes. It is an important intracellular cation.
The greatest sources of magnesium include cereals (e.g., buckwheat, oatmeal, and
brown rice), legumes, nuts, and milk.
Prevalence of inadequacy between vegetarian and nonvegetarian children for magnesium is similar (Craig and Mangels, 2009). Vegetarian diets are often richer in magnesium
than nonvegetarian diets (Farmer et al., 2011). Magnesium deficiency in children occurs
with poor absorption from the small intestine (mostly associated with diarrhea).
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9. Iron
Iron is an essential nutrient for all living organisms. It is present in hemoglobin and myoglobin, oxidative enzymes, cytochromes, desaturation of fatty acids, and iodination of
tyrosine.
Heme iron and nonheme iron sources can be distinguished in diet. Heme iron sources
include liver, kidney, mussels, red meat, chicken, processed meat, and fish. In contrast,
nonheme forms are found in legumes, egg yolk, green vegetables, whole grains, legumes,
and nuts.
Iron deficiency is associated with iron deficiency anemia, loss of appetite, pallor,
general lassitude and apathy, increased susceptibility for infection, and psychomotor
and cognitive development disorders. This will be discussed and reviewed in a specific
chapter for adults in this book (Chapter 39). The prevalence of iron deficiency and iron
deficiency anemia is high, especially in infants and young children (Borgna-Pignatti
and Marsella, 2008). The increased use of iron-fortified infant formulas has lowered the
iron deficiency prevalence in infants to 2% (Eussen et al., 2015), but breastfeeding for an
extended period of time and early introduction to cow’s milk still pose a risk for developing iron deficiency.
Iron deficiency mostly occurs when iron requirements cannot be met by iron absorption from the diet. It has been suggested that vegetarians could be at greater risk of iron
deficiency, although some research shows that eliminating meat leads to a higher intake of
whole grain and fortified cereals, legumes, nuts, seeds, and dried fruit, so total iron intake is
often greater than that of omnivores (Alexander et al., 1994; Nathan et al., 1996). However,
poorer iron status observed in vegetarian children is more common than in omnivores, at
least partly due to lower iron bioavailability since nonheme iron is not absorbed as well as
heme iron (Hurrell and Egli, 2010). This is presented in a dedicated chapter in this book
(Chapter 39). Many plant foods contain substances that positively influence nonheme
iron absorption (mainly vitamin C, and to a lesser extent β-carotene and organic acids) but
also substances that considerably lower nonheme iron absorption, among them phytates
and polyphenols, as you can see in Table 30.1.
Our own research showed that the main source of iron in vegetarian children is cereal
products, which usually form the base of the food pyramid in vegetarian diets in different populations, as demonstrated in Fig. 30.2. Cereals, especially whole grain foods, can
provide considerable amounts of iron, and this product type is allowed to be fortified with
iron, which increases the contribution of cereals to the iron supply. Published data reveals
that vegetarians eat fruits that are richer in vitamin C than omnivores, which enhances
nonheme absorption. However, the insufficient iron intake in vegetarians can lead to iron
deficiency despite a high intake of vitamin C (Gorczyca et al., 2013b). It can be connected
to both high consumption of phytate-rich foods such as cereal products and legumes. The
other inhibitors of iron absorption such as polyphenols from black tea and milk proteins
in lactovegetarian diets should also be taken into account.
As iron metabolism is very complex, the cover of demand may be provided even if there
is low supply for a long time, or there is the supply of iron with poor bioavailability. Therefore,
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Dietary Factors Affecting Nonheme Dietary Iron Absorption

Enhancers

Inhibitors

Fish and other seafood
Sugars
Fermented vegetables
Soy sauces
Vitamin C
Retinol
Carotenes

Polyphenols (list see Pérez-Jiménez et al., 2010)
Oxalic acid (e.g., rhubarb and spinach)
Phytates/phytic acid (e.g., cereals, legumes, oil seeds, nuts)
Iron-binding phenolic compounds
Calcium, calcium phosphate salts
Zinc, manganese, and nickel
Soy protein
Phosvitin (e.g., egg yolk)
Tannins (e.g., tea and red wine)
Coffee, cocoa, and some spices slightly impair absorption

Adapted from reference Hurrell, R., Egli, I., 2010. Iron bioavailability and dietary reference values. Am. J. Clin. Nutr.
91 (5), 1461S–1467S.
(16·0-65·1)
(12·2-42·7)

Cereal products
(0·0-7·6)

Meat and fish products and dishes
Vegetables and mushrooms
(fresh, processed and dishes)

Vegetarians

(4·3-28·9)
(3·9-28·1)

Fruit (fresh, dried and processed)

(3·4-11·5)

(12·4-26·5)

Omnivores

(3·5-37·2)

(3·4-18·8)
(3·4-18·8)

Groat, flour and potato dishes
Legumes

(1·1-20·7)

(0·0-9·6)
(0·9-7·1)
(0·0-6·6)

Nuts and seeds

(1·3-7·5)
(1·6-6·5)

Cakes and desserts

(3·7-14·8)
(6·5-16·3)

Others
0
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FIGURE 30.2 Food sources of iron and percent of total supplied iron in vegetarian and omnivore children. From
reference Gorczyca, D., Pas´ciak, M., Szponar, B., Gamian, A., Jankowski, A., 2011. An impact of the diet on serum
fatty acid and lipid profiles in Polish vegetarian children and children with allergy. Eur. J. Clin. Nutr. 65 (2), 191–195.

periodically, specific laboratory measurements should be used to monitor the status of
iron in vegetarian children (Zimmermann and Hurrell, 2007). Unfortunately, no single
measurement is currently available that will characterize the iron status of a child. An
accessible and relatively cheap way to diagnose iron deficiency is to measure serum ferritin in combination with C-reactive protein to eliminate false negative cases in the course
of inflammation.

10. Zinc
Zinc is a constituent for more than 300 enzymes. It is essential for the synthesis of protein
and nucleic fats, gene expression, protection against free radicals, humoral and cellular
immunity, and many other features.
The highest concentration of zinc is found generally in animal products, especially
meats. Dairy products, bread and cereal, nuts, and legumes are nonmeat sources of zinc.
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Table 30.2 Dietary Factors Affecting Dietary
Zinc Absorption
Enhancers

Inhibitors

Animal protein
Citric acid
Some amino acids

Phytates/phytic acid
Nonheme iron
Copper
Calcium at presence of phytates
Oxalic acid
Fiber

However, the bioavailability of zinc in the diet also depends on its composition. Zinc from
many plant-derived foods is less likely to be bioavailable owing to phytic acid, an inhibitor
of zinc absorption, as demonstrated in Table 30.2.
Symptoms of zinc deficiency in infants and children are skin lesions, diarrhea, loss of
appetite, alopecia, hypogonadism and sexual retardation in boys, and growth stunting, as
well as abnormal sense of taste and decreased immunity. In vegetarian children, IgG concentration correlates positively with energy, zinc, copper, and vitamin B6 intake (Gorczyca
et al., 2013a). Zinc deficiency is hard to define solely by serum levels because concentrations are markedly depressed in the severe states of deficiency, and moderate hypozincemia occurs in more moderate zinc deficiency states.
Existing data indicate no differences in serum zinc or growth between vegetarian and
omnivorous young children, although there is some evidence of low serum zinc concentrations in vegetarian adolescents (Gibson et al., 2014). Low zinc intake is unlikely to be a
problem for ovolactovegetarian children who consume dairy products and several readyto-eat breakfast cereals fortified with zinc. But vegans should be considered as children at
high risk for zinc deficiency. Additionally, some vegetarian immigrants from underprivileged households may be predisposed to zinc deficiency because of nondietary factors
including chronic inflammation, parasitic infections, and being overweight. To confirm
the diagnosis of zinc deficiency, clinicians should utilize a combination of serum zinc levels, presenting signs and symptoms (stunting, respiratory infections, diarrhea, and dermatitis), and dietary assessment (Willoughby and Bowen, 2014).

11. Selenium
Selenium is an essential component of glutathione peroxidase (involved in the body’s
defense against damaging impact of reactive oxygen species), is involved in thyroid hormone synthesis, and participates in immune function.
Concentrations of selenium in food varies with geographic region and soil content.
Also, concentrations depend on specific methods of food processing. Generally, seafood,
kidney, liver, and meat are the best sources of selenium. Whole grains are also good sources
of selenium, provided that soils in which they are grown are not low in the nutrient. Milk
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and dairy products provide 11% of dietary selenium. Vegetables and fruits, with the exception of garlic, provide little quantity.
Milder degrees of selenium insufficiency have not been associated with adverse clinical consequences. Selenium has a protective effect on some illnesses and regulates the
inflammatory mediators in asthma. Insufficient selenium intake in vegetarian children is
rare and depends on whether vegetarians consume eggs and milk products or other specific dietary selenium sources (Hoeflich et al., 2010).

12. Iodine
Iodine is necessary to produce thyroid hormones and is involved in normal mental and
physical growth and development.
Iodized salt, fish, and other marine products and cow’s milk are the main sources of
iodine in the diet.
Too little iodine and excessive intake leads to thyroid dysfunction. Goiter may occur in
children, as well as mental development disorders and growth stunting.
Ovolactovegetarian and semivegetarian children usually have adequate intakes of
iodine. However, vegans do not consume iodine-rich seafood and milk; therefore, their
intake of iodine is frequently lower (Craig and Mangels, 2009; Leung et al., 2011). Iodine
deficiency in pregnant vegan women may be dangerous for their unborn children’s health.
There have been case reports describing transient neonatal hypothyroiditis as a consequence of maternal diet (Shaikh et al., 2003).
It is believed that consumption of small amounts of iodized salt or seaweed in a vegan
diet prevents iodine deficiency. Iodine supplementation may be required in areas where
dietary fortification is not feasible.

13. Vitamin A
Vitamin A (retinol) is required for growth and normal development of tissues (bones, teeth,
and epithelium), vision, healthy skin, and in immunity.
The main sources of vitamin A are milk and dairy products, eggs, and fish (especially
herring, sardines, and tuna). In plant products, vitamin A is found mainly in the form of
provitamin A (carotenoids). The sources of carotene are green leafy vegetables and yellow/
orange vegetables or fruits. Red palm oil produced in several countries worldwide is especially rich in provitamin A. In contrast, grains are low in carotenes, but adequate levels are
found in fortified breakfast cereals. Quantity and quality of proteins and vegetable fats in
diet influence the bioavailability of vitamin A and carotenoids. A small quantity and poor
quality of protein reduces the intestinal absorption of vitamin A.
Insufficient supply of vitamin A in diet after a longer time leads to deficiency and
manifests in poor adaptation to see in darkness, blindness, xerophthalmia, conjunctivitis,
abnormal formation of epiphyses, damage to tooth enamel, actinic mucous membranes,
lowering body’s resistance to infections, and inhibition of linear growth in children. Vitamin
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A deficiency is a risk factor for iron deficiency anemia. Vitamin A-deficient children were
shown to have an increased risk of developing respiratory disease and an increased severity of diarrheal disease.
Excessive intake of dietary vitamin A, depending on individual sensitivity, can lead to
anorexia, slow growth, xeroderma pigmentosum, hepatosplenomegaly, long bone pain,
and even bone fracture.
Intakes of vitamin A in vegetarian children is generally adequate, and there is no significant difference when compared with omnivores (Thane and Bates, 2000). Vegetarian
and vegan diets are typically noted to be higher in carotenoids. Vegans receive retinol only
from fortified foods.

14. Vitamin B1
Vitamin B1 (thiamine) participates in various energy processes, oxidative decarboxylation,
and in neurophysiological processes.
The richest source of vitamin B1 are cereals, seeds, legumes (peas, beans), yeast, pork,
milk, and nuts.
Long-term deficiency of vitamin B1 can lead to beriberi disease, fatigue, irritability,
anorexia, constipation, headaches, insomnia, tachycardia, and neuritis. Today, beriberi
occurs only in regions of the world where diet is based on unenriched rice or white flour or
fish containing thiaminase is eaten in large amounts.
A vegetarian diet usually contains more grains and legumes, resulting in an intake
of thiamine that is higher in vegetarians than in nonvegetarians (Farmer et al., 2011;
Majchrzak et al., 2006).

15. Vitamin B2
Vitamin B2 (riboflavin) is a part of flavoproteins, which protects tissues against lipid peroxidation and plays a key role in energy production and in metabolism of lipids and amino
acids.
The main sources of dietary riboflavin are milk, cheeses, eggs, meat, fish, whole grain
products, leafy green vegetables, almonds, and enriched products.
The symptoms associated with riboflavin deficiency are stomatitis, dermatitis, keratitis, anemia, and neurological dysfunction.
Currently, data shows that intakes of riboflavin in Western vegetarians is higher than
for nonvegetarians (Farmer et al., 2011; Majchrzak et al., 2006). However, vegans must add
riboflavin-fortified foods to their diet (e.g., breakfast cereals and fortified drinks).

16. Vitamin B6
Vitamin B6 is a coenzyme in more than 100 enzymes that takes part in various metabolic
processes of the body.
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There are no particularly rich sources of vitamin B6. It is present in meat, liver, kidney,
whole grains, peanuts, and soybeans.
Continued vitamin B6 deficiency in children leads to excitability, convulsions, and
hypochromic anemia.
Intake of vitamin B6 in vegetarian children is comparable with omnivores (Huang et al.,
2003). In vegans, it is advised to include foods with high pyridoxine bioavailability, such as
beans, lentils, and bananas, daily.

17. Vitamin B12
Vitamin B12 is an essential cofactor in DNA and RNA synthesis, and it is involved in synthesis and maintenance of myelin sheaths.
Foods of animal origin are the only reliable dietary source of vitamin B12 or cobalamin,
e.g., meat and offal, fish, eggs, milk, and cheeses. Cobalamin present in algae and seaweeds has been shown to be a nonactive analog of vitamin B12 (Watanabe, 2007). The daily
requirement for vitamin B12 is 2 μg.
Vitamin B12 deficiency results in hematological (megaloblastic anemia) and neurological disorders (neurodevelopmental delay and regression, neuropsychiatric disorders).
The prevalence of B12 deficiency was estimated to be 55% among US children (67%
among children who followed a vegetarian diet all their life vs. 25% among other vegetarian children) and 50% among children of Asian Indian origin (macrobiotic diet)
(Miller et al., 1991; Rush et al., 2009). It is considered that people consuming fish or
meat less than once a week are at risk of vitamin B12 deficiency (van Winckel et al.,
2011). Infants breastfed by vegan or macrobiotic mothers can develop serious vitamin
B12 deficiency manifested by megaloblastic anemia and neurodevelopmental regression, especially between the age of 2 and 12 months (Dagnelie et al., 1989; Rasmussen
et al., 2001).
Vegetarian children, regardless of the type of vegetarian diet they adhere to, should be
screened for vitamin B12 deficiency. Vitamin B12 status is best determined by measurement
of serum B12 level. See Chapter 43 for more information regarding general B12 deficiency
in vegetarians.

18. Vitamin C
Vitamin C integrates and maintains intracellular structure in all tissues, helps absorption
of iron and folic acid metabolism, is involved in lipid metabolism, is a strong antioxidant,
and is related to several aspects of immune function.
Vitamin C is found in plant foods, mainly in raw vegetables and fruits: citrus fruits,
tomatoes, berries (fruit of wild rose, black currant, strawberry), peppers, brussels sprouts,
and broccoli.
Vitamin C deficiency among infants manifests in the form of bone abnormalities, hemorrhagic symptoms, and anemia.
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Since vegetarian children consume copious amounts of vegetables and fruits rich in
vitamin C, vitamin C intakes in vegetarian children are higher than in omnivorous children (Gorczyca et al., 2013b; Yen et al., 2008).

19. Vitamin D
The most important effect of vitamin D is in its participation in calcium and bone metabolism. In addition, the biologically active metabolite 1,25-dihydroxycholecalciferol
(1,25(OH)2D3) is involved in normal function of the immune system.
Vitamin D is present in most animal products and oily fish as well as eggs. From vegetable products, it is found in yeast and mushrooms. Other sources of vitamin D are fortified
products: breakfast cereals, soya drinks, all margarines, fat spreads, and milk.
Vitamin D deficiency in children is associated primarily with the development of rickets. In addition, current research shows that vitamin D insufficiency could be associated
with respiratory tract infections, diabetes, autoimmune diseases, hypertension, and even
cancer development.
Deficiency in vitamin D is frequent in all age groups, regardless of diet (Kaganov et al.,
2015). This may be related to the fact that foods rich in vitamin D are not very popular in
usual diets. Sunlight exposure provides vitamin D synthesis in the skin, but using creams
with ultraviolet filters to decrease risk of skin cancer reduces the synthesis of vitamin D to
zero. Therefore, studies show that a vegetarian diet does not directly lead to deficiency in
vitamin D (Wallace et al., 2013). Since vegans usually avoid consumption of foods fortified
with animal-derived vitamin D3, the risk of inadequate intake of vitamin D is high in vegan
infants and young children. Macrobiotic diets are also very low in vitamin D, and studies of
children under 6 years of age have shown high prevalence of rickets as the result of vitamin
D deficiency.
Numerous studies have used plasma 25-OH-vitamin D as a measure of vitamin D status. It is believed that the plasma 25-OH-vitamin D levels above 27 nmol/L indicates normal bone health (WHO and FAO, 2004).
Because suboptimal vitamin D status in children is widespread all around the world, it
is recommended that children take 10–20 mg (doses varying between countries) of vitamin
D supplement in tablet form per day, regardless whether they are vegetarians or omnivores.
Measurement of serum 25-OH-vitamin D concentration helps to assess vitamin D status.

20. Vitamin E
Vitamin E is a natural antioxidant that reduces oxidation of carotene, vitamin A, polyunsaturated fatty acids, and protects against tissue damage caused by lipid peroxidation.
Vegetable oils, whole grain products, nuts, and legumes are rich sources of vitamin E,
whereas vegetables and fruits supply only a moderate quantity.
Vitamin E deficiency is more common among premature infants and is characterized
by hemolytic anemia and neurological alterations.
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Intakes of vitamin E are generally adequate and are frequently higher in vegetarians
than in omnivores (Farmer et al., 2011; Thane and Bates, 2000; Yean et al., 2008).

21. Vitamin K
The main role of vitamin K is to participate in the formation of clotting factors. Vitamin K
is important for bone health and is also a cofactor for the synthesis of osteocalcin.
Vitamin K is commonly found in leafy green vegetables, which contain the largest
amounts (the more chlorophyll, the more vitamin K), as well as pig’s liver.
Vitamin K deficiency leads to bleeding and abnormal bone status.
Ovolactovegetarians and vegans generally consume more leafy green vegetables, such
as broccoli, spinach, brussels sprouts, and green tea; therefore, there is no risk of inadequate intake. It is worth mentioning that an adequate amount of vitamin K can contribute
to bone health or stronger bones in children (van Summeren et al., 2007).

22. Conclusion
According to long-term experience and opinions of expert nutritionists and pediatricians
from all over the world, well-planned vegetarian diets are appropriate for all stages of
childhood and adolescence, and they are comparable in this regard to conventional diets.
Assessment of nutritional status, regardless of whether the child is vegetarian or an
omnivore, first consists of monitoring physical, psychomotor, and puberty development. When vegetarian children are fed a well-balanced diet, they develop well. It is often
observed that vegetarian children have better nutritional status, and their diet appears
more aligned with guidelines than is the case observed in omnivores.
Dietary deficiencies are possible in any unbalanced diet. Parents of vegetarian children
face many of the same challenges as their omnivore peers in providing healthful foods.
However, some foods that play important roles in vegetarian diets are unpopular with
many children, posing more difficulties for parents of vegetarian children to compose an
appropriate diet.
Vegetarian diets in children may raise concern for inadequate intake of calcium, zinc,
iron, vitamin B12, vitamin D, fiber, calories, protein, and omega 3 fatty acids. That is why all
parents should be aware of the importance of identifying good sources of these nutrients
in their children’s diet. All children following a vegan diet should have a reliable source
of vitamin B12 and vitamin D (i.e., they should receive fortified foods or supplements).
Indications for vitamin D supplements for other types of vegetarian diets do not differ
from the guidelines for omnivore children.
To detect suboptimal iron, vitamin D, and vitamin B12 deficiency, a regular determination of serum ferritin, 25-OH-vitamin D, and vitamin B12 concentrations is recommended.
Healthcare and nutrition professionals can be helpful for parents to plan appropriate
vegetarian diets. Young vegetarians, especially, may require professional help to ensure
proper nutrition. Moreover, there is a need to educate parents and adolescents specifically
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on how to enrich their diet with good sources of macro- and micronutrients allowed in
a vegetarian diet and to increase absorption from the diet by adjusting food preparation
techniques, food selection, and food combinations.
Further investigation is required to assess the interaction of vitamin A, vitamin E, vitamin D, vitamin C, and iron with immune response in children. Further studies would also
interestingly investigate the association between biological markers of the status of some
particular nutrients in children and the risk of disease.
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1. Introduction
Little is known about food intake pattern in current vegetarian diets in children and
adolescents in Western societies, like in Europe. In adults, dietary surveys show that the
dietary intake patterns of individuals describing themselves as vegetarian are diverse
and quite distinct from the general population. On average, vegetarians consume more
grains, legumes, vegetables and fruits (Haddad and Tanzman, 2003; Elorinne et al., 2016),
nuts and seeds, potatoes, and avocados (Orlich et al., 2014), but less added fats, sweets,
snack foods, and nonwater beverages (Orlich et al., 2014), resulting in overall better dietary
eating pattern, e.g., measured by the Healthy Eating Index (Clarys et al., 2013, 2014). In
the subgroup of vegans, the consumption of dairy and meat substitutes is common, e.g.,
soy milk, soy yogurt, and soy groats, wheat protein seitan, and falafel (Orlich et al., 2014;
Elorinne et al., 2016).
A systematic review on vegetarian diets in infants, children, and adolescents in Western
countries analyzed 24 publications with sufficient information to define dietary habits
from 16 studies (not including studies on Seventh-day Adventists). Most of them were
from the 1980s and 1990s and covered small samples (Schürmann et al., 2017). Nowadays,
the food market is more diversified, including more and more special products for vegetarians. In Germany, foods of plant origin, which were uncommon during earlier decades,
e.g., pseudo-cereals as amaranth, quinoa, chia seeds, are easily available today. In addition, dairy substitutes based on soy, grain, or almonds, as well as meat substitutes based
on soy, wheat products, eggs, or milk protein have been developed by the food industry. Fortified foods became increasingly popular and contribute significantly to nutrient
intake in children and adolescents (Sichert-Hellert et al., 1999). Additionally, supplements
(Sichert-Hellert et al., 2006) are in use for these age groups. Last but not least, the Internet
yields novel opportunities for dietary information. A poll in Germany showed the World
Wide Web being the most important source of information about potential critical nutrients in vegans (Epp, 2016). However, it remains difficult for families to evaluate the background and the correctness of such information as well as to evaluate the relevance of food
labeling information.
Vegetarian and Plant-Based Diets in Health and Disease Prevention. http://dx.doi.org/10.1016/B978-0-12-803968-7.00031-9
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2. Food-Based Dietary Guidelines for Vegetarian Children
and Adolescents
2.1 Principles
In public health nutrition, it is recommended that food-based dietary guidelines (FBDG)
should be developed to translate nutrient-based dietary recommendations into foodbased guidelines, so they are understandable for the population (Scientific Opinion on
Establishing Food-Based Dietary Guidelines, 2010).
Existing dietary habits and health problems should be taken into account. FBDG
should cover the total diet, not only single foods. For Germany, the Research Institute of
Child Nutrition has developed FBDG for an omnivorous diet for children and adolescents
aged 1–18 years based on optimized 7-day menus (Kersting et al., 2005). In this so-called
Optimized Mixed Diet, three key messages guide food selection: consume plenty of plantbased foods, moderate amounts of food of animal origin, and sparingly of high-fat, highsugar food. By use of common, nonfortified food (except iodized salt) the current German
dietary reference intakes for energy and nutrients (Referenzwerte für die Nährstoffzufuhr,
2015) were achieved except for vitamin D.

2.2 Sample Menus for Vegetarian Diets
Some general guidelines for planning vegetarian diets have been given for the general
population (Haddad et al., 1999; Messina and Mangels, 2001) or children and adolescents
(Messina and Mangels, 2001).
In Germany, the principles of the omnivorous Optimized Mixed Diet (consideration
of existing dietary habits, total diet, conventional nonfortified food) were used to develop
7-day vegetarian sample menus for children and adolescents starting with an ovolactovegetarian diet (Table 31.1; Fig. 31.1), which was afterward modified and optimized similarly into a vegan diet. The sample menus were calculated for the reference age group of
4- to 6-year-old children assuming low physical activity [energy requirement: 1350 kcal/
day (Referenzwerte für die Nährstoffzufuhr, 2015)]. Subsequently, reference food group
intakes for ovolactovegetarian and vegan children and adolescents were calculated, and
nutrient intake was checked. Principles of food selection and food proportions can be
transferred to other age groups between 1 and 18 years, while total food amount differs
depending on individual energy requirements.
In the ovolactovegetarian diet, beverages account for 40% of daily dietary intake, followed by vegetables and legumes (16%), dairy (15%), fruit (10%), and the bread/grain/
potatoes/rice/pasta group (12%). The food groups fat/oil (1.3%), eggs (1%), and nuts/seed
(0.5%) and sweets (<2%) should be consumed in small amounts due to their high energy
content. Special vegetarian products such as soy tofu make up 1% of total dietary intake.
In the vegan diet (Fig. 31.2), the exclusion of dairy and eggs is made up by an almost
similar proportion of special vegan products, mainly plant-based milk alternatives in the
form of soy drinks. Therefore, the proportions of the other food groups remain almost the
same as in the ovolactovegetarian diet.

Breakfast

Snack
Lunch
Snack
Dinner

aAdditionally

Day 1

Day 2

Day 3

Muesli, pear, cow’s milk

Bircher muesli, fruit, Toast, jam,
cow’s milk
orange juice

Day 4

Bun with jam,
nectarine, hot
chocolate
Bread with cheese, carrot Bread, lentil spread, Vegetable sticks, Pretzel, orange
capsicum
crispbread
Bulgur vegetable
Pasta with lentil
Fried potatoes,
Chili con tofu
casserole, salad
Bolognese
egg, salad
Cake, kiwi fruit
Shortbread, yogurt, Fruit salad, ice
Orange, crisps
wine gums
cream
Quinoa salad with
Cucumber
Cheese
Bread, tomato,
capsicum
sandwich, grapes
sandwich, pear, mozzarella
lingonberry

Day 5

Day 6

Day 7

Oat flakes gruel,
Muesli, apple,
fruit, hot chocolate cow’s milk

Bread with
hazelnut spread,
apricot
Bread, camembert, Vegetable muffins Tea cake, carrot
grapes
salad
Millet burger,
Carrot stew, bread Eggs, rice, broccoli
vegetables
Fruit, nuts,
Pudding,
Yogurt, nectarine
chocolate
raspberries
Bread with cream
Minestrone
Tortilla, vegetables,
cheese, turnip
mozzarella
cabbage

water as beverage at meals.
the vegan sample menu, cow milk was replaced by soy drink (fortified with calcium, vitamin B2, and vitamin B12), cream was replaced by soy-based cream substitute, yogurt by a
vegan soy-based yogurt substitute, cheese was replaced by vegan bread spread, egg was replaced by textured soy flakes.
bFor
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Food groups

fat/oil sweets
vegetarian
products
potatoes/rice/
pasta

bread/grain
nuts/seeds
pulses

beverages

fruits

vegetables
dairy
eggs
FIGURE 31.1 Reference food group intake in 7-day sample menus for an ovolactovegetarian diet for children and
adolescents.

Food groups
sweets

vegan
products

fat/oil
potatoes/rice/
pasta

beverages
bread/grain

nuts/seeds
pulses

fruits
vegetables

FIGURE 31.2 Reference food group intake in 7-day sample menus for a vegan diet for children and adolescents.

2.3 Analysis of Nutrient Intake
In the ovolactovegetarian sample menus, the construction of the menus resulted in the
following macronutrient proportions that were in line with the German references: carbohydrates yields about 50% of energy intake (%E), fat 37%E, and protein 13%E; proportion
of polyunsaturated fatty acids is high (9%E) and of saturated fatty acids low (10%E). The
portion of added sugars is 6.5%E. Reference values for most vitamins and minerals are
reached or exceeded (Fig. 31.3).
The vegan sample menus provide similar levels of macro- and micronutrients as
the ovolactovegetarian menus with the exception of vitamin B12, which is absent in
the vegan diet (Fig. 31.4). In both menus, the iodine intake from food alone (without
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0

FIGURE 31.3 Energy and nutrient intake with the ovolactovegetarian sample menus (%reference values).

200

>200

>200

%reference

150
100
50
0

FIGURE 31.4 Energy and nutrient intake with the vegan sample menus (%reference values).

use of iodized salt) is well below the reference. Vitamin D intake was not examined
here, as it is well-known to be far below the reference even in omnivorous children
and adolescents, and vitamin D status in insufficient in large sectors of children and
adolescents in Germany (Hintzpeter et al., 2008). In optimized omnivorous and even
more in ovolactovegetarian and vegan diets in children and adolescents in Germany,
which consider all nutrients at the same time, it is not possible to achieve the reference dietary intake level of vitamin D by food alone, including the use of fortified food
available today.
The relatively low calcium intake in the vegan menus is a compromise to dietary
practice in children and adolescents. For a further increase in dietary calcium, more
specific plant food that is not common in Germany, like sesame or amaranth, would
be needed.
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3. Food Groups in Detail
3.1 Beverages
Water is the most essential nutrient (Manz et al., 2002). Mild dehydration can impair physical and cognitive performance (Popkin et al., 2010). Since body surface in relation to body
weight is higher in children than in adults, high intake of beverages is of particular importance during childhood (Popkin et al., 2010). In the sample menus, beverages account for
almost half of total daily intake. Children, regardless of vegetarian or omnivorous diet,
should be encouraged to drink regularly at meals and in between. Water is the optimal
beverage since it is free of energy. Tap water in industrialized countries is easily available
and cheap. For vegans who avoid dairy, which is otherwise the major dietary source of calcium, mineral water rich in calcium (at least 150 mg/L) can increase calcium intake. There
are indications that low water consumption seems to be associated with higher weight status in children and adolescents, and longitudinal studies suggest a weight-reducing effect
of water consumption (Muckelbauer et al., 2014). In contrast, sugar-sweetened beverages
may contribute to the development of obesity, since compensation for energy consumed
in liquid form is suggested to be incomplete (Libuda et al., 2008). This applies not only
to soft drinks or fruit juice drinks but also to 100% fruit juices, which all contain about
10 g sugar/100 mL. Therefore, at most one serving of fruit juice per day should replace one
serving of natural fruit.

3.2 Vegetables and Fruit
Vegetables and fruit provide plenty of vitamins and bioactive compounds, and they could
also be a source of iron and calcium in vegetarian diets. Iron-rich vegetables, e.g., spinach (3.4 mg/100 g), chard (2.7 mg/100 g), or curly kale (1.9 mg/100 g), are often not liked by
children due to their bitter taste. Vegetables and fruit can also indirectly contribute to iron
supply, since ascorbic acid and organic acids can significantly enhance the low absorption
of nonheme iron from plant foods in particular in iron deficiency (Domellöf et al., 2014).
Suitable meals are these, for example:
•	muesli from oat flakes (4.4 mg iron/100 g) and orange juice (40 mg vitamin C/100 g)
•	casserole from whole grain pasta (3.9 mg iron/100 g) and broccoli (70 mg vitamin
C/100 g)
  
Vegetables relatively rich in calcium are, e.g., savoy cabbage (64 mg/100 g), broccoli
(58 mg/100 g), and fennel (38 mg/100 g).
In spite of health advantages of a high consumption of vegetables and fruit, in reallife conditions the level of consumption of this food group is low in children and adolescents in Germany. This is mainly due to a low consumption of vegetables of no more than
half of the amounts as recommended in the Optimized Mixed Diet (Richter et al., 2008).
Several promising strategies can help to increase acceptance: early introduction of a variety of vegetables during complementary feeding (Foterek et al., 2015; Maier et al., 2008),
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repeated exposure to get familiar with the taste (Maier et al., 2007), flavor-flavor learning
by combining familiar with novel tastes (Birch and Doub, 2014), increasing availability of
vegetables and fruits in the family and school environment (Blanchette and Brug, 2005),
avoiding pressure to eat vegetables and fruits (Galloway et al., 2006), and role model of
parents and other caretakers (Pearson et al., 2009).

3.3 Nuts and Seeds
Nuts are energy-dense foods, rich in total fat, unsaturated fatty acids, and bioactive compounds, e.g., polyphenols (Ros, 2009). There is evidence that dietary pattern including nuts
and seeds (e.g., almonds, walnuts, cashews, sunflower seeds, sesame seeds) have positive
health effects (Mozaffarian, 2016). In spite of their high energy density, they appear to protect against chronic weight gain (Mozaffarian, 2016). The readers may refer to Chapter 18
for a detailed review. In vegan diets, these foods are suggested as alternatives of other high
protein foods (½ ounce of nuts or seeds can be considered as a 1-ounce equivalent from the
Protein Foods Group) (United States Department of Agriculture). In vegetarian as well as in
omnivorous diets, unsalted and unfried nuts and seeds are a good alternative for common
salty snacks, e.g., potato crisps, due to the lower content of salt and trans-fatty acids.

3.4 Legumes
Legumes from the botanical family Fabaceae include beans, peas, peanuts, lentils, and soybeans, whereas pulses exclude peanuts and soybeans (McCrory et al., 2010). Due to their slowly
digestible starch and resistant starch properties and their high dietary fiber and protein content, a higher consumption of pulses is suggested as helpful for weight management (McCrory
et al., 2010). Whereas in general dietary guidelines as the Optimized Mixed Diet in Germany or
MyPlate in the United States where pulses are assigned to vegetables, in guidelines for vegetarian diets, they should be mentioned separately. In such plant-based diets, pulses are important sources for a broad range of potential critical nutrients, e.g., iron and zinc. Due to the
high protein content, they are considered as alternatives to meat (United States Department of
Agriculture). Soy can be a valuable protein source in vegan diets for children and adolescents
as the protein content is higher than in other legumes, and the amino acid pattern is only
slightly inferior to that of cow’s milk (Singhal et al., 2016). Combining any legumes with cereal
results in complementation in amino acid pattern, but such a food selection is uncommon in
general dietary habits in children and adolescents in Germany.
Soy also differs markedly from other legumes due to the higher content of fat and the
lower content of carbohydrates (Messina and Messina, 2010). Isoflavones in soybeans may
be protective against different types of cancer (Chen et al., 2014; Qu et al., 2014; van Die et al.,
2014), osteoporosis (Wei et al., 2012), and metabolic syndrome (Zhang et al., 2013; Liu et al.,
2012). Also, potential harmful effects of high consumption rates especially in early childhood
are discussed. A review with meta-analysis on soy-based infant formula, however, showed no
strong evidence of adverse effects with regard to growth, mental development, reproductive,
endocrine, and immune function (Vandenplas et al., 2014). For adults, an optimal intake of
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soy would appear to be between two and four servings per day (Messina and Messina, 2010).
In our sample menus, consumption of legumes, i.e., pulses plus soy, was much lower and
therefore minimized potential for adverse health effects of soy consumption.

3.5 Whole Grains
Whole grain comprises all components of the kernel. Through milling the bran and germ
are removed, leaving only the endosperm of the kernel. Those refined grains are characterized by their fine texture and improved shelf life at the expense of dietary fiber, mineral,
and vitamin content. By exchanging refined grain product by the whole grain alternatives,
e.g., bread, flakes, pasta, and rice, the nutrient density of diets can be improved significantly (Table 31.2). Compared to refined grain, especially the content of nutrients that
may become critical in vegetarian diets is higher in whole grain products. Therefore, whole
grain consumption should be encouraged in omnivorous and vegetarian diets as well.
Generally a share of at least half of total grain consumption should be whole grain in the
German and US FBDG for children and adolescents (Kersting et al., 2005). However, in
dietary practice, this recommendation is often not met (Alexy et al., 2010). Oat flakes are a
traditional and easily available whole grain product in child nutrition, but consumption is
low at the expense of refined ready-to-eat cereals (RTEC). Muesli made from a mixture of
oat flakes and RTEC could increase the acceptance of oats by use of flavor-flavor learning.

3.6 Special Vegetarian Food Products
3.6.1 Dairy and Vegan Dairy Substitutes
In omnivorous and vegetarian diets, dairy is an important source of protein, calcium, vitamin
B2, and vitamin B12. The Optimized Mixed Diet contains only moderate amounts of dairy as
a food of animal origin in total. In particular, in young children a high consumption of cow’s
milk (>500 mL/day) is a risk factor for iron deficiency (Parkin et al., 2016). This applies in particular to vegetarian children, where meat as an important source for iron is lacking.
For vegan diets, there is an increasing supply of plant-based drinks, e.g., of soy, grain,
or almonds, which are marketed as cow’s milk alternatives. The protein quality of soy is
closer to protein of animal origin than the protein quality of the other plant-based ingredients. Infant formula and follow-on formula based on soy isolates are suited for vegan
diets in children also beyond infancy as their composition is prescribed in EU food law.
Otherwise, soy-based drinks fortified with calcium, vitamin B2, and vitamin B12 orientated
toward the contents of cow’s milk should be used. However, a sound selection of suitable
products is hampered because of the different fortification habits in products on the market as shown by the example of Germany (Table 31.3). Organic products are not allowed
to be fortified; therefore the food market offers several unfortified milk substitutes whose
regular consumption could hamper a sufficient intake of these dairy specific nutrients.
In ovolactovegetarian diets, dairy and eggs are sources of vitamin B12 [one glass of milk:
0.8 μg, one slice of cheese: 0.8 μg, one egg: 1.0 μg (Souci et al., 2008)]. Hence, provided a
sufficient consumption of these foods, intake of vitamin B12 can reach reference values

Wheat whole
meal floura
Wheat flour
type 405b
Rye flour
type 1370b
Rye flour
type 815b
Oat flakesb
Rice,
unpolishedb
Rice, polishedb
Millet, rawb
Buckwheat,
rawb
Pasta, whole
meala
Pasta, refinedb

Energy
(kcal)

Protein
(g)

Fat(g)

Carbohydrate
(g)

Dietary
Fiber (g)

Calcium
(mg)

Phosphorus
(mg)

Iron
(mg)

Zinc
(mg)

Folate
(μg)

Vitamin B1
(μg)

Vitamin
B6 (μg)

309

11.4

2.4

59.5

10

32

345

3.4

3.4

n.s.

470

460

335

10.6

1

71.8

4

15

74

1.4

0.7

10

60

180

313

8.9

1.4

66.7

9

31

170

2.6

n.s.

n.s.

300

n.s.

319

6.9

1

71

6.5

22

128

2.1

1.5

15

180

110

348
345

13.5
7.8

7
2.2

58.7
74.1

10
2.2

43
16

430
282

5.8
3.2

4.3
1.6

87
16

590
410

160
275

344
350
336

7.4
10.6
9.8

0.6
3.9
1.7

77.7
68.8
71

1.4
3.8
3.7

6.2
9.5
18

110
275
320

0.9
6.9
3.8

1.1
2.9
2.7

11
n.s.
n.s.

60
433
240

150
519
n.s.

323

13.4

2.5

60.6

11.5

34

370

3.9

3

40

670

200

348

12.5

1.2

70.5

5.1

22

165

1.5

1.5

31

90

170

n.s., not specified.
aBundeslebensmittelschlüssel, https://blsdb.de.
bSouci et al. (2008).
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Cow’s milk, 3.5% fat
Cow’s milk, 1.5% fat
Soy drink, plain
Soy drink, fortified with Ca
Soy drink, multifortified
Almond drink, plain
Almond drink, fortified
Oat drink, plain
Oat drink, fortified
Coconut milk, plain
Coconut drink, fortified
Infant formula based on
cow’s milk protein
Infant formula based on soy
protein isolates
n.s., not specified.

Energy
(kcal)

Fat (g)

Protein (g)

Carbohydrate
(g)

Calcium (mg)

Riboflavin
(mg)

Vitamin B12 (μg)

Vitamin
D (μg)

65
48
35
43
39
31
13
47
44
194
20
66

3.6
1.6
2.1
2.4
1.8
2.9
1.1
1.3
1.5
19
0.9
3.2

3.4
3.4
3.7
4.1
3
0.8
0.4
0.3
0.3
1.0
0.1
1.4

4.7
4.8
0.1
0.9
2.5
0.2
0.1
8.1
6.8
4.1
2.7
7.7

120
155
n.s
120
120
n.s.
120
n.s.
120
n.s.
120
59

0.18
0.18
n.s
n.s.
0.21
n.s.
0.21
n.s.
0.21
n.s.
n.s.
0.1

0.4
0.4
n.s
n.s.
0.38
n.s.
0.38
n.s.
0.38
n.s.
0.38
0.18

0.09
0.03
n.s
n.s.
0.75
n.s.
0.75
n.s.
0.75
n.s.
0.75
0.9

67

3.3

1.7

7.8

68

0.1

0.14

0.95
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Table 31.3 Nutrient Composition of Cow’s Milk, Variants of Plant-Based Drinks, and Infant Formula on the Market
in Germany (per 100 mL) (Effective July/August 2016)
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[1–3 μg/day (Referenzwerte für die Nährstoffzufuhr, 2015)] easily. However, the EPICOxford study showed a higher prevalence of vitamin B12 deficiency in adult ovolactovegetarians than in omnivores (Gilsing et al., 2010). The readers may refer to Chapter 43 for
a detailed review on B12 status. Therefore, vegetarian children and adolescents should be
aware of their vitamin B12 intake. In particular when consumption of dairy and eggs is
low, vitamin B12-fortified foods should be consumed at least occasionally. In vegan diets,
however, where vitamin B12 is absent, the regular consumption of vitamin B12-fortified
food and/or vitamin B12 supplementation is mandatory since vitamin B12 deficiency in
childhood may have lasting neurological impairments (van Dusseldorp et al., 1999). In
both fortified food and supplements, vitamin B12 is not bound to protein. Due to the limited capacity of intrinsic factor, single doses of vitamin B12 reach an absorption maximum
of approximately 1–2 μg (National Institutes of Health, 2016). Since with fortified food
repeated small doses of vitamin B12 are ingested, this application may be of advantage over
supplements. Up to now, no adverse effects have been associated with excess B12 intake
from food or supplements in healthy individuals (Staff, Institute of Medicine, 2000).

3.7 Meat Substitutes
There is a broad range of vegetarian meat substitutes on the market. Meanwhile major supermarket chains in Germany offer a selection of products such as vegetarian sausages, spread,
or burgers. The vegan variants are usually based on soy or wheat protein or, in case of burgers
and patties, on grain, while vegetarian variants often contain egg protein. Meat substitutes are
designed to equal the animal alternatives in taste and texture, among them convenience products such as vegetarian Bolognese or Gulasch or “crunchy” sticks. The nutrient composition
of the vegetarian products varies to a great extent similar to the correspondent meat products.
Products with a low to moderate fat content should be preferred, and the source of fat (plant
or animal) should be considered. An advantage of the plant-based substitutes is the usually
low amount of saturated fat. In addition, they may contribute to fiber intake depending on
the ingredients. Burgers and patties based on grains have a high content of carbohydrates and
thus may substitute for both meat and side dishes like rice or pasta in a traditional meal.
In contrast to dairy substitutes, meat substitutes are generally not fortified. Hence,
these vegetarian alternatives provide no compensation for vitamin B12 from animal products. Like many common meat products, the vegetarian alternatives often contain high
amounts of salt (about 2 g/100 g). Furthermore, convenience products often contain additives such as flavoring agents or preservatives. Therefore basic products like soy granules,
plain tofu, or seitan should be preferred.

4. Eggs
Eggs provide protein of a high biological value and a high content of specific nutrients,
especially in egg yolk, such as vitamin A, niacin, folate, selenium, zinc, and also bioactive compounds like carotenoids. In the omnivorous and ovolactovegetarian menus, the
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contribution of eggs to daily dietary intake is small (1%). Therefore, there is no obvious
risk for nutrient deficiencies by excluding eggs from an overall balanced omnivorous or
vegetarian diet in children and adolescents.

5. Sweets and Snacks
Sweet preference is common in children already in infancy and decreases during adolescence (Ventura and Worobey, 2013). In dietary practice, most children and adolescents
exceed the current recommendations of the WHO not to consume more than 10% of
energy from free sugar (Alexy et al., 2003). In the sample menus presented here, added
sugar accounts for 6% of energy, well below the WHO limit, although it would be higher if
considering free sugar. The total food group of sweets and snacks, called “tolerated food”
in the Optimized Mixed Diet, may contribute up to 10% of total energy intake if the consumption of the recommended food groups is balanced.

6. Supplements and Fortification
Ideally, natural foods should cover all nutrient requirements. However, in the general
nutrition of children and adolescents in Germany, this option is not achievable for vitamin
D and iodine and in a vegan diet additionally for vitamin B12.
In a vegan diet, vitamin B12 needs to be supplemented or supplied by fortified foods.
Supplementation provides the advantage of standardization and the disadvantage of limited
absorption capacity, whereas absorption is increased in smaller fortified dosage but evaluation
of provided amount is difficult for parents due to the variable fortification practice at present.
Foods with high vitamin D content are oily fish, liver, egg yolk, butter, and fortified
foods as margarine. However, most children and adolescents dislike foods like oily fish
or liver. Fortification of usual milk could be an additional dietary approach but is not in
general use in Germany. In contrast, vitamin D is added to some of the plant-based cow’s
milk alternatives (Table 31.3). Vitamin D can be supplied by endogenous production via
sunlight (UVB) exposure. However, in Germany, this is not sufficiently practiced as vitamin
D status is insufficient in large parts of children and adolescents. Vitamin D supplementation beyond infancy is suggested by pediatric authority and may be in particular advisable
for vegetarian children and adolescents (Wabitsch et al., 2011).
To achieve an adequate iodine supply, the use of iodized salt is needed in omnivorous and vegetarian diets, not only as table salt but also in salted food like bread and
convenience food (Johner et al., 2013). In a vegan diet where fish and milk as valuable
dietary iodine sources are absent, additional iodine supplementation may be necessary
as (iodized) salt should be used only sparingly to prevent high blood pressure. The readers
may refer to Chapter 42 for a detailed review of iodine in vegetarian diets.
To assure an adequate supply of preformed n-3 long-chain polyunsaturated fatty acids
(LC-PUFA) eicosapentaenoic acid (EPA), and docosahexaenoic acid (DHA) is difficult in
vegetarian diets since the primary source of these fatty acids is fish and the conversion of
plant-derived n-3 PUFA (fatty acids) to EPA and DHA is low (Harris, 2014). To support such
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conversion, a lower ratio of n-6 to n-3 fatty acids is considered useful and can be achieved
in vegetarian diets by the use of (plant) n-3 rich plant oils, such as rapeseed oil or walnut
oil. A novel approach is the consumption of foods such as plant oils enriched with preformed EPA and DHA from microalgae sources (Harris, 2014).

7. Conclusion and Perspective
Our sample menus showed that well-planned vegetarian diets including the necessary
nutrient supplementation or fortification can meet the nutrient reference values. However,
such a nutrient-based approach has been criticized since the emphasis on nutrient intake
may not capture important nutritional issues and may inhibit a focus on food (Jacobs
et al., 2009). However, the food group recommendations derived from our sample menus
are in good accordance with food-based strategies for the prevention of cardiovascular
disease, diabetes, and obesity (Mozaffarian, 2016).
The reference food group intakes from the ovolactovegetarian and vegan sample menus
for children and adolescents (Table 31.1) are similar to those for omnivorous counterparts
in Germany. General critical nutrients in the omnivorous and vegetarian menus are vitamin D and iodine, which need supplementation (vitamin D) or fortification (iodized salt).
Following an ovolactovegetarian diet, which avoids meat and fish, energy and nutrient
requirements can be fulfilled similar to the omnivorous menus, in particular when not
only vegetables and fruits but also whole grain and pulses are consumed regularly (Table
31.4). The latter food groups become increasingly important if a vegan diet is practiced.
Table 31.4 Key Food-Based Messages for the Nutrition of Children and Adolescents
Omnivorous and Vegetarian Diets
• U
 se water as regular beverage at meals and in between.
• Eat a variety and abundance of plant-based food, i.e., vegetables, fruit, grain (preferably as whole grain), legumes,
nuts, and seeds.
• Eat sweets, confectionaries, and cakes sparingly.
• Use iodized salt in the household and prefer ready-to-eat foods (e.g., bread, convenience products) produced with
iodized salt.
• Choose rapeseed oil or another oil with a high proportion of n-3 PUFA for food preparation.
• Use vitamin D supplements if sunlight exposure is insufficient.
Vegetarian Diets
• Include moderate amounts of dairy or dairy substitutes fortified with calcium, vitamin B2, and vitamin B12.
• Combine iron-rich plant-based food with a vitamin C source in a meal.
Vegan Diets
• C
 are for a sufficient vitamin B12 supply by supplementation or fortified food.
• Use regular pediatric check-up to evaluate as a first step besides growth curve and developmental status the
child’s food consumption and as second step to decide if and which nutrients could be “critical” and for which the
nutrient status should be examined.
Modified from Haddad, E.H., Sabaté, J., Whitten, C.G., 1999. Vegetarian food guide pyramid: a conceptual framework. Am. J. Clin.
Nutr. 70 (Suppl. 3), 615S–619S.
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In this case, the combination of pulses, soy, and whole grains contribute to an adequate
intake of protein and amino acids. In addition, the supplementation of vitamin B12 is necessary, and the use of cow’s milk substitutes enriched with dairy key nutrients would be
prudent.
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1. Background
“You are pregnant, you have to eat for two,” “You are pregnant, you have to eat meat,” “You
are pregnant you have to eat rich food.” All of us have heard such sentences and indeed
the idea that pregnant women have to be preserved from undernutrition (i.e., eat for two)
and from nutritional deficiencies (e.g., eat meat, eat rich food) is, generally speaking, quite
sensible. Meat and animal derivatives are rich in iron and vitamin B12, the most commonly
recognized micronutrients needed in pregnancy, while deficiencies in vitamin D are less
frequent in meat eaters than in vegetarians (Kaiser and Campbell, 2014; Kaiser and Allen,
2008; Ramakrishnan et al., 2012a; Procter and Campbell, 2014).
A healthy diet during pregnancy has been recognized for centuries as a key for the health
of the mother and the fetus. While this concept would protect mothers from undernutrition in times of limited resources, now it may be challenged by the abundance of food,
which characterizes the differing social strata of the Western world and is also increasingly
being found in the developing world (Kaiser and Campbell, 2014; Kaiser and Allen, 2008;
Ramakrishnan et al., 2012a; Procter and Campbell, 2014; Koletzko et al., 2013; Liu et al.,
2015; Lee et al., 2013; Blumfield et al., 2013). This abundance is often associated with lower
quality of food, at least in the lower social strata.
In fact, the definition of an ideal diet has progressively switched over the last few
decades from a diet at a low risk of nutritional deficiency to a diet that protects from diseases that can be induced or enhanced by overeating. If possible, this should also mean
that the diet meets some of the requirements of sustainability (Macdiarmid, 2013; Smith
and Gregory, 2013; Macdiarmid et al., 2012).
In this context, the rediscovery of the Mediterranean diet and of vegan or vegetarian
diets has gained a growing interest, mainly because they may protect from the most commonly encountered chronic diseases linked to “overeating” in the developed and developing world, including the array of cardiovascular diseases, diabetes, obesity, the related
Vegetarian and Plant-Based Diets in Health and Disease Prevention. http://dx.doi.org/10.1016/B978-0-12-803968-7.00032-0
Copyright © 2017 Elsevier Inc. All rights reserved.
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metabolic syndrome, and even several types of cancer (Estruch et al., 2013; Valls-Pedret
et al., 2015; Widmer et al., 2015; Ostan et al., 2015).
It is quite obvious that pregnancy is not a disease, but it may be associated with diseases, which can be different according to the setting and the availability of economic
resources. In high-resource countries, the increasing age of mothers bears in itself an
increased risk of hypertension and kidney disease, and the diffusion of medically assisted
conception and the obesity epidemics may increase the risk of the negative effects of overnutrition. On the other hand, in underresourced settings the high metabolic demands of
the fetus may create nutrient deficiency, with deleterious short- and long-term effects on
both mother and child (Table 32.1) (Jebeile et al., 2016; Gresham et al., 2014; Ruchat et al.,
2016; Laopaiboon et al., 2014; Jackson et al., 2015; Waldenström et al., 2014; Paulson et al.,
2002; Maness and Buhi, 2016; Aminu et al., 2014).
Table 32.1 Obstetric Definitions for the Main Outcomes and Their Analytical Limits
Term

Definition

Main Problems and Limits

At term

Delivery after 37 completed
gestational weeks (GW)

Preterm
Late preterm
Early preterm
Extreme preterm

Delivery before the 37 GW
Delivery after 34 and before
37 GW
Delivery before 34 GW
Delivery before 28 GW

Small baby
Very small baby

Weight at birth <2500 g
Weight at birth <1500 g

Small for gestational
age (SGA)

Below the 5th or below the
10th centile of weight
adjusted for gestational age

Intrauterine growth
restriction (IUGR)

Arrest or impairment of
intrauterine growth at the
growth curve

This term is usually agreed. It may be difficult if not
impossible to assess pregnancy duration in settings where
late referral is common, such as many developing countries
These are the most commonly agreed definitions. They may
not be consistently employed in particular in older studies.
Clinical relevance is high (Fig. 32.1). Early preterm and very
early preterm babies usually need also NICU (see later). While
late preterm incidence is also linked to the policy toward
caesarean sections, early preterm and extreme preterm babies
reflect better the presence of important clinical problems in
the mother or severe fetal growth impairment
These broad definitions have the advantage of simplicity,
but they do not discriminate babies who grew well and
were delivered preterm versus babies with intrauterine
growth impairment. These two conditions have different
pathogenesis and clinical implications for adult health and
should be distinguished as much as possible (see SGA-IUGR)
A more precise measure of intrauterine growth, it should
be interpreted together with weight and timing of delivery.
It depends upon the availability of growth curves of the
resident population and needs precise assessment of GW.
It does not discriminate between “small babies” growing
harmoniously on their own growth curve and IUGR. Caution
on the definition (5th or 10th centile)
This is the only way to discriminate between harmonious
growth of a small baby and impairment of intrauterine
growth in a previously normal or “large” baby; a precise
measure of intrauterine problems, associated with future
health problems; possible only when repeated measures are
available (not in late referrals)
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Table 32.1 Obstetric Definitions for the Main Outcomes and Their Analytical
Limits—cont’d
Term

Definition

Preeclampsia (PE)

Clinical syndrome of poor
placentation leading to
endothelial damage

Mild PE
Severe PE
Early PE
Late PE
Maternal PE
Placental PE

Need for neonatal
intensive care unit
(NICU)

Main Problems and Limits

Usually defined as new onset of proteinuria above 300 mg
and hypertension after the 20th gestational week in a patient
who was previously normotensive and without proteinuria or
kidney disease. Should resolve within 3 months from delivery.
New definitions include plasma creatinine increase, even in
the absence of proteinuria. This cannot apply to patients with
kidney diseases or on dialysis (see superimposed PE)
Several attempts to define,
PE is a complex syndrome, of various severity, ranging
none agreed
from a mild increase in blood pressure and proteinuria at
Cut-point usually set at 34 GW term to a stormy potentially deadly affection. None of the
subsets is presently agreed, but their presence underlines
With/without maternal
the heterogeneity of the disease. May be considered a
predisposing disease
continuum with pregnancy induced hypertension and HELLP
(hemolysis, increase in liver enzymes and low platelets), the
most severe expression of endothelial derangement
Usually needed for very early
This is an indirect marker of the severity of the intrauterine
preterm and very small babies problems or of preterm delivery; however, availability
depends upon the health care setting and upon the obstetric
policy

FIGURE 32.1 The phases of pregnancy and the risk of prematurity.
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In both cases, well-balanced plant-based diets may theoretically be welcomed: they are
rarely “too rich” and may protect from overnutrition in the “rich” countries. Plant-based
food is often less expensive than animal-derived food, and thus a well-balanced vegan or
vegetarian diet could be more easily affordable in “poor” countries.
While appealing, these are still ungrounded hypotheses, and the literature on vegan,
vegetarian, plant-based, and pescetarian diets in pregnancy is still very limited, highly heterogeneous, and not easily analyzed.
In this context, the following narrative review was undertaken to try to answer some of
the questions and highlight some of the unsolved problems of what we will call for clarity
and simplicity vegetarian diets in pregnancy (encompassing different types of vegetarian diets, including ovolactovegetarian and vegan diets; see Chapter 1 for the definitions),
as a complement to a wider discussion on plant-based diets in the prevention of several
diseases.

2. Vegetarian Diets in Pregnancy: The Reviews
In 2009, the American Dietetic Association (ADA) provided the following favorable, albeit
generic, statement: “appropriately planned vegetarian diets, including total vegetarian or
vegan diets, are healthful, nutritionally adequate, and may provide health benefits in the
prevention and treatment of certain diseases,” followed by an appreciation of its validity
across the entire lifecycle: “well-planned vegetarian diets are appropriate for individuals
during all stages of the lifecycle, including pregnancy, lactation, infancy, childhood …”
(Craig and Mangels, 2009).
However, these highly favorable statements are weakened by the short review available online, which summarized the data, from only seven papers, on fetal outcomes and
underlined the limitations of the studies and reported different outcomes and contrasting
results (Craig and Mangels, 2009).
Despite the great interest in this issue, when we were reviewing our experience with
vegetarian diets in pregnant women with chronic kidney disease, we were unable to find
any other reviews apart from the ADA Website, and for this reason, we undertook a systematic review, targeting the studies performed and reported outside of a context of malnutrition and limited resources (Piccoli et al., 2015a).
Our study was able to retrieve and analyze 13 papers on materno-fetal outcomes and
9 papers on vitamin or mineral deficiencies from 2329 references (Piccoli et al., 2015a;
Table 32.2). The results underlined a few key points: the first was the difficulty in discriminating between the effects of lifestyle and diet, considering the lack of randomized
controlled trials, which are questionable for the general population (as they would be too
intrusive in their daily lives) and almost impossible during pregnancy from an ethical
perspective.
The second point was the need for more studies on vegan diets in pregnancy, due to the
heterogeneity of studies, methods, populations, and results. A common limitation shared
by most of the studies was the lack of homogeneous control groups. Furthermore, no large
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Table 32.2 Characteristics of the Studies Included in the Previous Systematic Review
References

All Cases
(Vegans-Vegetarians)

Main Outcomes Reported in the Papers

Papers Reporting on Materno-Fetal Outcomes in Vegan/Vegetarian Pregnancies
Wen et al. (2013)

852 w (ns)

Robic et al. (2012)

27 w (9)

Alwan et al. (2011)

1257 w (114)

Stuebe et al. (2009)

1388 w (50)

North and Golding (2000)

7928 c (3211)

Lakin et al. (1998)

19 women (4)

Drake et al. (1998)
Fonnebo (1994)

25 (ovolacto) 29 (fish)
29 (omnivores)
7285 (most vegetarians)

Reddy et al. (1994)

144 w (48)

Ward et al. (1988)

73 Gujerat (53) 92 Harrow
(59)
775 women (775)
144 women (59)

Carter et al. (1987)
Campbell-Brown et al.
(1985)
Thomas et al. (1977)

32 women (14)

Vegetarian diet during second trimester associated
with lower fetal (−0.39 [−0.71, −0.08]) and placental
weight (−0.40 [−0.79, −0.01]) (abstract)
No significant differences between groups in
pregnancy mass gain and birth mass (abstract)
Vegetarians most likely to take iron-containing
supplements
To identify modifiable risk factors for excessive
gestational weight gain
Vegetarian mothers had an adjusted OR of 4.99 of
giving birth to a boy with hypospadias
Birth weight (g): 3673 ± 485 (omnivores), 3770 ± 500
(vegetarians), 3365 ± 302 (diabetic omnivores) (not
statistically significant)
No significant differences in any pregnancy outcomes
between groups
Birth weight length (cm): 50.7 (SDA), 50.4 (non-SDA)
(difference 0.3, 95% CI 0.1–0.5). RR of death from
28th week onward: 0.87 (95% CI 0.43–0.75)
Birth weight lower in vegetarians, head circumference
shorter
No significant differences in length/APGAR index at 1
and 5 min
Birth weight equal (in vegetarian and nonvegetarian)
One mother had four small for gestational age babies
No differences in Hindu vegetarian and meat eaters;
significant difference between Hindus and Europeans
(P < .001)
Birth weight (kg): 3.1 ± 0.8 (vegans), 3.3 ± 1.2
(nonvegans). Live births (%): 86 (vegans), 88
(nonvegans). Stillbirths/miscarriages (%): 14 (vegans),
12 (nonvegans)

Papers Reporting on Nutritional Deficiencies in Vegan/Vegetarian Pregnancies
Koebnick et al. (2005)

108 women (27)

Koebnick et al. (2004)

109 women (27)

Sharma et al. (2003)

1150 women (524)

Dietary magnesium intake (mg/day): 508 ± 14 and
504 ± 11 (plant-based diets), 412 ± 9 (controls)
(P < .001). No significant difference in serum and RBC
magnesium between groups. Lower occurrence of calf
cramps in plant-based diets versus controls
Vitamin B12 intake and serum vitamin B12 levels: lower
in plant-based diets than in controls (P < .001). Higher
plasma homocysteine versus controls
Anemia (%): 96.18 (vegetarians), 95.3 (halal meat
eaters), 96.2 (jhatka meat eaters) (ns)
Continued
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Table 32.2 Characteristics of the Studies Included in the Previous Systematic
Review—cont’d
References

All Cases
(Vegans-Vegetarians)

Koebnick et al. (2001)

109 women (27)

Sharma et al. (1994)

46 women (21)

Stammers et al. (1989)

47 women (28)

Abraham (1982)

60 women (20)

Jathar and InamdarDeshmukh (1981)

60 women (60)

King et al. (1981)

23 women (12 + 5)

Main Outcomes Reported in the Papers
Folate deficiency: OR = 0.1 (95% CI = 0.01,0.56) in only
vegetarians, OR = 0.52 (95% CI = 0.2,1.34) in low meat
eaters versus WD
Maternal Hb (g/dL): 9.64 ± 0.46 (vegetarians),
10.16 ± 0.35 (nonvegetarians) (P < .001). Maternal
ferritin (ng/mL): 40.4 ± 18 (vegetarians), 61.6 ± 32.2
(nonvegetarians) (P < .02)
Maternal plasma free fatty acid (mmol/L):
1.110 ± 0.157 (vegetarians), 0.964 ± 0.096
(nonvegetarians) (ns). Umbilical cord plasma free fatty
acid: ns
Zinc intake (mg/day): 7.35 ± 0.42 (vegetarians),
10.2 ± 0.55 (nonvegetarians), 11.5 ± 0.49 (controls)
(P < .001). Copper intake (mg/day): 1.38 ± 0.07
(vegetarians), 1.93 ± 0.25 (nonvegetarians), 1.72 ± 0.20
(controls)
RBC vitamin B12 (ng/L): 157 ± 30.4 (nonpregnant),
126 ± 12.5 (pregnant with Hb >10 g/dL), 81 ± 10.7
(pregnant with Hb <10 g/dL) (ns)
Zinc intake (mg/day): 12.6 ± 0.9 (pregnant vegetarians),
14.4 ± 0.6 (pregnant nonvegetarians) (P ≤ .01)

study had adjusted the model for the attainment of biochemical goals, such as ferritin or
hemoglobin levels, thus making it impossible to conclude if the differences, when present, were due to the overall dietary pattern or to the lack of attainment of the minimum
requirements of specific vitamins and minerals needed in pregnancy.
Within these limits, the third important point was that none of the studies reporting on
materno-fetal outcomes demonstrated, or even strongly suggested, a higher risk for severe
adverse pregnancy-related events in vegetarian mothers (Piccoli et al., 2015a). Prematurity
is one of the most studied outcomes, for its relevance throughout lifetime (Fig. 32.1).
Overall, the data available at that time suggested that vegetarian mothers could have a
slightly shorter duration of gestation as compared to omnivorous mothers. However, since
the mean and median data were in the “at term” range, this observation was substantially
devoid of clinical significance. Also, in keeping with a slightly lower duration of pregnancy,
birth weight was significantly lower in some studies. Once more, the clinical relevance is
of difficult interpretation, as no study discussed in detail whether the effect was due to
protection against large for gestational age (LGA) babies (which would have been favorable), or to the presence of more small for gestational age (SGA) babies (which could be
negative), or to a shift toward a lower normal birth weight (probably devoid of clinical relevance) (Piccoli et al., 2015a; Wen et al., 2013; Robic et al., 2012; Alwan et al., 2011; Stuebe
et al., 2009; Drake et al., 1998; Fonnebo, 1994; Carter et al., 1987).
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Conversely, a positive effect of a well-balanced vegetarian diet was suggested by some
studies that supported the idea that plant-based diets protect against “high weight gain”
in pregnancy. Likewise, the review did not detect any effect of the diet on the most important outcomes of pregnancy, including preeclampsia, preterm labor, and of caesarean section (Piccoli et al., 2015a; Wen et al., 2013; Robic et al., 2012; Alwan et al., 2011; Stuebe et al.,
2009; Drake et al., 1998; Fonnebo, 1994; Carter et al., 1987).
One note of caution was the finding, in one large study, of a higher incidence of
hypospadias in children from vegan mothers, which remained both unexplained and
unconfirmed at the time of the present review (North and Golding, 2000).
Deficiencies in vitamin B12, iron, zinc, and copper were described as being more frequent in vegetarians, again without clear evidence of the clinical meaning in both the
short and long term. Thus, our conclusions were the following: evidence regarding vegetarian diets in pregnancy is heterogeneous and influences lifestyle choices. Within these
limits, vegetarian diets are probably safe in pregnancy, provided that attention is given to
vitamin and trace elements (mainly vitamin B12 and iron) requirements (Reddy et al., 1994;
Lakin et al., 1998; Ward et al., 1988; Campbell-Brown et al., 1985; Koebnick et al., 2005,
2001, 2004; Sharma et al., 2003, 1994; Stammers et al., 1989; Abraham, 1982; Jathar and
Inamdar-Deshmukh, 1981; King et al., 1981).
Since the conclusion of our previous research strategy, and until the present update
of March 2016, no further broad systematic review has been made available on PubMed.
Conversely, a systematic review on zinc in vegan pregnancies is now available, together
with an in-depth, nonsystematic review on the advantages and drawbacks of vegetarian
diets in pregnancy (Foster et al., 2015).
Zinc is an essential trace element and is involved in several biological processes that
include enzyme action, stabilization of cell membranes, regulation of gene expression,
and cell signaling. Therefore, zinc deficiencies have protean effects, and an extreme deficiency is not compatible with life; severe deficiency may lead to immunologic deficits, bullous dermatitis, alopecia, diarrhea, emotional disorder, weight loss, and hypogonadism
(Foster et al., 2015).
The role of zinc in growth is important and a moderate deficiency may lead to
growth retardation and delayed puberty together with mental impairment, taste
abnormalities, and abnormal dark adaptation in sight. According to the study, based
upon six English language observational studies, the zinc intake of vegetarians was
lower than that of omnivores. However, overall, neither vegetarian nor omnivorous
pregnant patients fully satisfied the recommended dietary allowance for zinc in pregnancy (Drake et al., 1998; Ward et al., 1988; Campbell-Brown et al., 1985; King et al.,
1981; Abraham et al., 1985; Abu-Assal and Craig, 1984). In such a context, there is still
an open question regarding whether physiological adaptations in zinc metabolism are
sufficient to meet maternal and fetal requirements on overall zinc-poor diets in pregnancy (Foster et al., 2015).
The narrative review on diets, broadly defined as “Plant-Based and Plant-Rich,” in pregnancy analyzes in-depth their advantages and shortcomings, merging personal experience
and specific studies; we will refer to this extensive analysis on specific issues. However, it
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may be worth mentioning that the conclusions highlighted the need for further observational studies on a larger scale to investigate the relationship between “consolidated diets,
gestation, and health,” with the ultimate goal of providing targeted counseling for managing nutrition in each individual and for finding tailored interventions in each patient
(Pistollato et al., 2015).

3. Vegetarian Diets in Pregnancy: Four Major Categories,
According to the Reasons of Choice
Vegetarian and plant-based diets may have a different connotation in richer and poorer
countries, often being associated with higher educational levels and income in the former
and with poverty in the latter (Pistollato et al., 2015; Dwyer, 1999; Jacobs et al., 2009; Hu,
2003; Albert, 2005; Piccoli et al., 2014; Arora et al., 2011).
Furthermore, particularly in industrialized countries, the frequent association with
particular lifestyles, healthy habits, and religious groups makes it difficult to disentangle
the dietary effect from other elements, such as cigarette smoke, alcohol consumption, or
exercise (Goswmai and Das, 2015; Fraser et al., 2016; Appleby and Key, 2015; Ho-Pham
et al., 2009).
Anorexia and eating disorders are also associated with vegetarian diets, and their distinction from a “healthy lifestyle” suggests that these cases should be considered as a specific form of “malnutrition,” and that they may share more features with the vegan diets
observed in poor countries, even if the baseline trigger is unrelated to poverty (Leitzmann,
2014; O’Connor et al., 1987; Robinson-O’Brien et al., 2009; Bardone-Cone et al., 2012;
Klopp et al., 2003).
The increasing use of vegetarian diets in the care of different diseases may raise issues of
whether to continue these diets during pregnancy or not. This may be of particular importance in chronic kidney diseases (CKD), affecting up to 3% of women of childbearing age,
and in which vegetarian diets may be used in severe cases (Forestell et al., 2012; Barsotti
et al., 1996; Piccoli et al., 2015b; Cupisti et al., 2002; Chauveau et al., 2013; Piccoli et al., 2013).
Pregnancy is a peculiar situation in which, more than in other phases of life, socioeconomic and lifestyle (including dietary) choices merge. We will therefore discuss some
clinically relevant aspects, advantages, limitations, and risks of vegetarian diets in four
major situations: the “healthy and wealthy,” the “poor and obliged,” the “nutritionally disturbed,” and the “sick and controlled.”
Their intrinsic characteristics make each of these broad categories prone to display one
or more aspects of vegetarian diets. The study of the “healthy and wealthy” may allow
for the identification of the specific benefits of plant-based diets in settings in which the
lifespan is long, and degenerative chronic diseases are the main causes of morbidity and
mortality. The population of the “poor and obliged” highlights the main side effects due
to nutritional deficiencies, which are more frequently due to qualitatively poor food even
when in sufficient quantity, while the “nutritionally disturbed” individuals on vegan diets
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may help in understanding the risk of the dangerous combination of vegetarian and quantitatively limited alimentation. Even if obtained in a relatively small niche of cases, the
experience of “sick and controlled” patients with CKD, in which a vegetarian diet is prescribed in pregnancy to counteract the negative effect of renal hyperfiltration on damaged
nephrons, may highlight the potential of a tailored dietetic approach in the care of specific diseases in the most delicate phase of pregnancy (Garneata et al., 2016; Piccoli et al.,
2015c).

4. What Is a “Well-Balanced” Vegetarian Diet in Pregnancy?
There are three major issues in nutritional approaches to vegetarian diets, whose importance is obviously increased in pregnancy: energy, essential amino acids, and trace elements. The first one is easily fulfilled. The second may be more difficult, especially in
diets mainly or exclusively based upon vegetable proteins such as in the vegan ones, on
which our review is mostly focused. Minerals are the last issue, and they will be extensively
reviewed, considering once more the most “difficult” situation: strictly vegan diets.
Many papers on vegetarian or plant-based diets in pregnancy use the term “varied” to
identify suitable diets in pregnancy and “unvaried” to refer to vegetarian diets often associated with nutritional deficiencies of quality and quantity proteins, or of trace elements,
the most important (and studied in pregnancy) being iron, vitamin B12, and vitamin D.
However, zinc, iodine, and even calcium may also be below their required levels during
pregnancy, in particular in some settings (Craig and Mangels, 2009; Piccoli et al., 2015a;
Pistollato et al., 2015) (Table 32.4).
Vegan and vegetarian diets are, however, completely different with regard to nutritional
attention in pregnancy. While milk and dairy products and, where consumed, eggs (and
fish, in pescetarian diets) provide many trace elements and complement the vegetable
proteins, which are low in some essential amino acids, vegan diets require greater attention, in particular in the final phase of rapid fetal growth. In the latter, from the point of
view of integration among the different essential amino acids, a good rule of thumb is to
consume together in each meal, whenever possible, at least two different types of grains
and at least two different types of legumes, or protein-rich vegetables such as soy or quinoa, amaranth or buckwheat. The enormous quantity of papers published, however, bears
witness to how much we still have to discover about these complex issues (Piccoli et al.,
2014; Abugoch James, 2009; Alvarez-Jubete et al., 2009; Vega-Gálvez et al., 2010; Jukanti
et al., 2012).
Several case reports analyzed the effects of vitamin B12 deficiencies in children from
vegan and, less often, vegetarian mothers, mainly in those who were breastfed for a long
period. While severe deficiencies are rare, the important and disabling neurologic symptoms in early life are relatively well known. The clinical picture of other deficiencies may
be subtler and therefore more difficult to diagnose (Table 32.4) (Guez et al., 2012; Idris and
Arsyad, 2012; Erdeve et al., 2009; Schlapbach et al., 2007).
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In developing countries, nutritional deficiencies are common, and their correction
usually requires dedicated programs to improve the outcomes of the pregnancies, in particular in the poorer population groups. The efficacy of such approaches, however, is not
always clear, also probably due to the complexity of the underlying problems and to the
multifactorial interventions (Nahar et al., 2009; Pérez-Expósito and Klein, 2009).
Indeed, the millenary experience with vegetarian diets and the richness of fruits, vegetables, and plants may allow for safe, nonsupplemented vegan diets in pregnant women
in some settings and cultures. However, we also have to be aware that this is a rapidly
developing field and that we still know very little on these subjects (Saunders et al., 2014;
Grieger et al., 2014; Martin et al., 2015; Englund-Ögge et al., 2014; Hillesund et al., 2014;
Brantsaeter et al., 2009; Chatzi et al., 2012).
A further remark may be that, in most Western, industrialized “rich” countries, in which
the classical cuisine integrates a plant-based diet with at least small amounts of animalderived food (such as in the Mediterranean diet, or in the Okinawa diet, both heavily associated with longevity), pregnant vegan patients may face a dilemma. Is it preferable to use
specific supplements (for example, vitamin B12, calcium, iron, or vitamin D) that are perceived by some as a medicalization of a natural approach, or is it preferable to stay on this
classical diet, which is based on local food (a Zero Kilometer diet), but adjust with some
exotic products that often come from thousands of kilometers away.
While vegan and vegetarian diets are overall considered feasible and harmless when
well-balanced, controlled, and supplemented as needed, these considerations may warn
against “excessively committed” vegan patients in pregnancy, and the usual definition of
“varied diets” suggests paying attention to the possible association between vegetarian
choices and nutritional disturbances, whose combination may be particularly dangerous
in pregnancy (Klopp et al., 2003; Robinson-O’Brien et al., 2009; Neumark-Sztainer et al.,
1997; Zuromski et al., 2015; Micali et al., 2012).

5. The “Healthy and Wealthy”: The Benefits of the
Vegetarian Diet in Preventing Diseases
When vegetarian diets are chosen in a context of having full access to all kinds of food, they
may be taken as an example of dietary options that reflect attention and interest toward
health-related matters; in other words, we often deal with very committed individuals,
with respect to self-care and lifestyle (Piccoli et al., 2015a; Appleby and Key, 2015).
As previously mentioned, however, this favorable situation makes it difficult to disentangle the effects of lifestyle from those of diet, and once more because of the lack of large
randomized controlled trials, the studies reporting on these individuals may overestimate
the positive effects of vegetarian choices.
Furthermore, some large studies, such as the classic observational studies on the
Adventist population, not only merge various types of plant-based diets but are also performed in very particular “cultural islands” (Piccoli et al., 2015a; Fonnebo, 1994; Fraser
et al., 2016; Pettersen et al., 2012; Le and Sabaté, 2014).
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Due to the high level of heterogeneity of the populations studied, the periods of study,
the compared populations, and ethnic backgrounds, the previously mentioned systematic
review did not succeed in identifying any clearcut advantages of vegetarian diets in pregnancy (Piccoli et al., 2015a).
However, when we merge the limited experience of vegetarian diets and the growing
body of evidence that suggests correcting some potentially negative habits, such as excessive consumption of red meat or insufficient intake of vegetables and fruits, it is possible
to highlight some further advantages, including a lower incidence of calf cramps, which
is linked to a higher magnesium intake (Koebnick et al., 2005; Pistollato et al., 2015; Shiell
et al., 2001; Saito et al., 2010; Jedrychowski et al., 2012).
Furthermore, one of the very few randomized controlled trials, concerning 52 women
with gestational diabetes, found that the DASH (Dietary Approach to Stop Hypertension)
diet, while not being strictly vegetarian, is however enriched by fruits, vegetables, and
grains, and reduced the need for caesarean section and reduced the risk of LGA babies
(Asemi et al., 2014). Another interesting indirect suggestion comes from the large Nurses’
Health Study, which showed that a higher total intake of fiber (10 g/day) was associated
with a lower incidence of gestational diabetes (Gaskins et al., 2014).
The effects of vegetarian diets on fetal growth are very difficult to analyze from the current literature (Table 32.3). In fact, most of the older studies only provide information on the
mean and median values, which are unlikely to be significantly affected by well-balanced
plant-based diets, particularly in physiological pregnancies. On the other hand, the mean
and median values may not reveal information on two clinically relevant outcomes: the
incidence of SGA (associated with poor placentation or placental damage) and LGA (associated with maternal diabetes or glucose intolerance) babies. Interestingly, and almost paradoxically, the two conditions are associated with a higher risk of metabolic syndrome and
hypertension in adulthood, which in turn are associated with less favorable pregnancyrelated outcomes (Table 32.3; Nguyen and Wilcox, 2005; Fleischman et al., 2010).
The attempts to associate maternal diets and diseases in childhood and adulthood
have led to conflicting or nonconclusive results, due to the complexity of the diet issue,
the heterogeneity of the populations, and the differences in study designs (Gernand et al.,
2016; Milman et al., 2016). One exception is the association between high intake of dietary
folate (whose content is higher in plant-based diets) and the lower incidence of neural
tube defects and cleft palate/lip. Nothing is simple in pregnancy, and excessive folate
intake has been associated with epigenetic modification and with a higher probability of
twin pregnancies (Wilson et al., 2015).
Moreover, some evidence suggests that diets rich in fruits and vegetables are associated
with a lower risk of common allergic diseases, including asthma, and atopic dermatitis for
the offspring (Shiell et al., 2001; Saito et al., 2010). Furthermore, diets rich in fish and vegetables may have some effects on the incidence of childhood brain tumors (Jedrychowski
et al., 2012; Huncharek and Kupelnick, 2004).
Many pieces of the puzzle are, however, missing, as most of the studies that have been
conducted so far focused on macronutrients and vitamins. However the effects of additives, including taste enhancers, preservatives, and contaminants, including pesticides,
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Table 32.3 Pregnancy as a “Source” of Future Diseases: Main Risks of Overeating and
Undereating in Pregnancy
Mother

Child

Preeclampsia, hypertensive disorders
of pregnancy, linked to a higher risk of
developing chronic hypertension,
diabetes, CKD later in life

Prematurity, which is not only linked
to the known major neurological
risks depicted in Fig. 32.1, but also to
impaired kidney growth and deranges
adipocyte metabolism, increasing the
risk of CKD and of obesity-metabolic
syndrome later in life
See earlier

Overeating
Excessive weight gain

High consumption of refined
sugars

Besides increasing the risk of excessive
weight gain, diabetes in pregnancy
is associated with prematurity and
hypertensive disorders of pregnancy
High consumption of canned May be deficient in many micronutrients,
and preserved food
including vitamin D, whose deficit is
associated with an increase in risk of
hypertensive disorders of pregnancy
Usually rich in sodium, may increase
edema, and the risk of hypertensive
disorders of pregnancy
High consumption of red
Usually rich in sodium, may increase
meat
edema, and the risk of hypertensive
disorders of pregnancy

As for hypertensive disorders and
prematurity, see earlier
Little is known on the eventual longterm effect of trace elements, mainly
assumed as preservatives or additives,
and diseases occurring later in life
Little is known on the long-term effects
on the fetus; a pro-cancerogenic effect
of high red meat consumption has
been described in adults

Undereating
Low caloric intake
Low protein intake

Preeclampsia, hypertensive disorders of
pregnancy
Malnutrition, anemia, or edema

Unbalanced protein intake

Malnutrition, anemia, or edema

Vitamin B12

Anemia, fatigue, neurological problems

Vitamin D and calcium

Preeclampsia, hypertensive disorders of
pregnancy

Vitamin A
Iron

Blindness, malabsorption, immunologic
deficiencies
Anemia, fatigue, or edema

Iodine
Other trace elements (Zn…)
Water soluble vitamins

Impaired thyroid function, fatigue
Fatigue, neurological problems, dermatitis
Fatigue, dermatitis, impaired coagulation

Prematurity associated with other
deficiencies
Prematurity, intrauterine growth
restriction
Prematurity, intrauterine growth
restriction
Delayed neurological development,
failure to thrive, flaccid paralysis
Prematurity, intrauterine growth
restriction; however, some data suggest
that combining vitamin D and calcium
may increase the risk of preterm
delivery
Blindness, immunodepression, stunted
growth
Intrauterine growth restriction,
prematurity
Cretinism
Not completely known
Not completely known
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that may be avoided in a meat-free diet, but that may be present, for example, in vegetable canned food, are much less known (Huncharek and Kupelnick, 2004; Genuis, 2009).
For instance, the effect on the offspring of contamination of vegetables with pesticides
has not been adequately studied so far (Tyagi et al., 2015; Pathak et al., 2010; Yagev and
Koren, 2002; Perera et al., 2005; Rappazzo et al., 2016). An interesting paper with a captivating title, “Nowhere to hide: chemical toxicants and the unborn child” warns against
the dangers hidden in otherwise healthy food, such as large fish, because of the possible
contamination with mercury or other heavy metals, polychlorinated biphenyls, or dioxins
(Genuis, 2009).

6. The “Poor and Obliged”: The Main Side Effects of Low
Quality in Vegetarian Diets
The high incidence of clinical problems related to nutritional deficits in pregnancies in lowresource environments is not surprising, considering the increased nutritional requirements that are often hard to be met by omnivorous individuals even in high-resource
settings (Table 32.4).
The definition of a clinically relevant deficiency is, however, quite difficult, and its grading, of high importance in contextualizing the risks, is only rarely available. The case of
iron deficiency is emblematic: a subtle iron deficiency is common and widespread all over
the world; the “normal” levels of hemoglobin and hematocrit are usually set lower due
to the hemodilution of pregnancy, compared to those of nonpregnant individuals. Mild
anemia often develops in the final trimester, where it is reported in up to 30% of cases,
and its clinical relevance is unclear (American College of Obstetricians and Gynecologists,
2008; Peña-Rosas et al., 2015). However, higher degrees of anemia are associated with an
increase in adverse pregnancy-related outcomes, including SGA babies and preterm deliveries (American College of Obstetricians and Gynecologists, 2008; Peña-Rosas et al., 2015;
Haider and Bhutta, 2015).
However, iron deficiency may not stand alone, particularly in the context of low food
availability, as it could be associated with protein deficiencies (from a qualitative or quantitative view point) as well as calcium, zinc, vitamin B12, or vitamin D deficits. Therefore,
interpreting the findings may be difficult, and while pragmatic supporting programs with
multiple integrations may be useful in such contexts, these considerations may warn
against extrapolating results to “healthy and wealthy” vegetarian pregnancies (Gernand
et al., 2016; Peña-Rosas et al., 2015; Haider and Bhutta, 2015; West et al., 2014; Persson
et al., 2012; Ramakrishnan et al., 2012b).
Besides iron and vitamin B12 deficiencies, whose effects on pregnancy outcomes and
on brain development are well known, some evidence is accumulating regarding calcium, phosphate, and vitamin D balance in pregnancy (Jathar and Inamdar-Deshmukh,
1981; Guez et al., 2012; Idris and Arsyad, 2012; Erdeve et al., 2009; Schlapbach et al., 2007;
De-Regil et al., 2016; Bärebring et al., 2016; Achkar et al., 2015; Bodnar et al., 2014).
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Table 32.4 Nutritional Requirements in Pregnancy [WHO (nutrition)]
Daily Requirements

Note
First trimester
Second trimester
Third trimester
First trimester
Second trimester
Third trimester

Vitamin C
Thiamine
Riboflavin
Niacin
Vitamin B6
Pantothenate
Biotin
Folate
Vitamin B12
Vitamin A
Vitamin D
Vitamin E

85 Kcal/day
285 Kcal/day
475 Kcal/day
0.7 g/day
9.6 g/day
31.2 g/day
30 mg/day
200 μg/day
1200 mg/day
220 mg/day
11 mg/day
28 μg/day
30 μg/day
55 mg/day
1.4 mg/day
1.4 mg/day
18 mg NE/day
1.9 mg/day
6.0 mg/day
30 μg/day
600 μg DFE/day
2.6 μg/day
800 RE/day
5 μg/day
12 mg α-TE/day

Vitamin K

55 μg/day

Calories (added to the
“usual” intake)
Proteins (added to the
“usual” intake)
Iron
Iodine
Calcium
Magnesium
Zinc
Selenium

Second trimester
Third trimester

NE = niacin equivalent

DFE = dietary folate equivalent
1 μg retinol = 1 RE
No specific recommendation; no
evidence of vitamin E requirements different from
other adults

A deficit in vitamin D and a low calcium intake have both been associated with an
increased risk of hypertensive disorders of pregnancy. However, once more the results are
conflicting and nonconsistent, leading to the suggestion of targeting supplementation
toward confirmed deficiencies, at least in high-resource settings.

7. The “Nutritionally Disturbed”: The Main Side Effects of
Low Quantity in Vegetarian Diets
“Too healthy” may not in fact be “too good.” An obsessive attitude toward food often
merges with evident eating disorders and vegetarian patterns, and plant-based diets are
frequently in question when such cases are described (O’Connor et al., 1987; RobinsonO’Brien et al., 2009; Bardone-Cone et al., 2012; Klopp et al., 2003; Forestell et al., 2012).
Albeit rarely, pregnancy is also reported in patients with full-blown anorexia, but subtler
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imbalances may be difficult to identify; this is probably why data on pregnancies in women
who have previously suffered from anorexia has led to conflicting results (Langley, 2014;
Bulik et al., 2010; Solmi et al., 2014).
In such settings, the problem of low quantity food may add to the lack of variety in the
diet, and anorexic patients in high-resource settings may present with the same clinical
problems as those induced by poverty in low-resource settings.
From the point of view of research, while a high BMI is only rarely associated with plantbased diets, the association between plant-based diets, low BMI, and eating disorders may
suggest the exclusion of individuals with low to very low BMI from the studies, to avoid a
carry-over effect of alimentary disturbance in the analysis of the diets.

8. The “Sick and Controlled”: The Benefits of the
Vegetarian Diets in Counteracting Kidney Diseases
CKD is a heterogeneous condition in which low-protein diets have been a milestone
in postponing the onset of end-stage kidney failure, or delaying the need for dialysis
(Fouque and Laville, 2009; Mitch and Remuzzi, 2004). Pregnancy is increasingly frequent
in advanced CKD, a population in which low-protein diets are increasingly needed in a
growing number of settings (Piccoli et al., 2015d; Holley et al., 2015).
While some groups discontinue low-protein diets in pregnant CKD women, others
mitigate the restriction or propose specific schemas. This is the case of our group that
has adapted the moderately restricted vegetarian low-protein diets for pregnant patients,
increasing the protein intake from about 0.6 to 0.8 g/Kg/day and integrating the major
nutritional indications on calories, calcium, and oligo-elements prescribed in pregnant
patients without CKD (Appleby and Key, 2015; Piccoli et al., 2011). The diet was basically
vegan but was defined as vegetarian because it occasionally allowed milk and yogurt, and
at least one (and up to three) unrestricted meals per week. Supplementation of essential
amino acids and ketoacids was added, as has been described elsewhere in more detail
(Appleby and Key, 2015; Piccoli et al., 2011).
A reevaluation of the results obtained over the last 15 years allowed us to compare 36 ondiet CKD pregnancies with 47 CKD control cases on unrestricted diets. In spite of having
a similar baseline age, referral week, kidney function, hypertension, and proteinuria, the
incidence of SGA (<10th centile) and/or extremely preterm babies (<28th week) was significantly lower in singletons from on-diet mothers than in the control cases (on diet: 12.9%
vs. control cases: 33.3). This almost paradoxical finding of better fetal growth in on-diet
patients as compared to control cases on unrestricted diets (mostly because of late referral
or of milder disease) shifted our attention from the maternal kidneys to the maternal–fetal
exchanges, suggesting a potential effect of the diet on the utero–placental axis (Attini et al.).
Once more, at least theoretically, a positive effect of plant-based diets could be due to
a decrease in “vaso-toxic” elements or to an increase in “vaso-protective” factors; both are
present in the study diet. A growing amount of data suggests that red meat consumption
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is associated with an increase in cardiovascular risk, while diets that are rich in vegetables, legumes, and grains (especially those with a low glycemic index) may be protective
against endothelial dysfunction (Defagó et al., 2014; Nettleton et al., 2006; Lopez-Garcia
et al., 2004; Wang and Mitch, 2011; Messina, 2014; Flight and Clifton, 2006; van den Broek
et al., 2015). The specific advantage of vegetable proteins (soya) and of supplementation
with ketoacids has been suggested in experimental models (Gao et al., 2010, 2011; Cahill
et al., 2007; Bonacasa et al., 2011).
With the limitations of a small population, this data may suggest that vegetarian diets
are safe during pregnancy even in fragile individuals, such as those with CKD; while a
favorable trend was observed for all outcomes, it reached statistical significance for the
most robust predictors of future health. Such findings may raise awareness not only of the
specific issue of diet, CKD, and pregnancy, but also of the wider aspects of the interface
between vegetarian diets and fetal growth.

9. Conclusions
Well-balanced, varied, and controlled vegan and vegetarian diets in pregnancy are nutritionally safe, and they are not associated with clinical problems in either mother nor child.
However, the studies are still limited and highly heterogeneous, and the potential advantages of plant-based diets have to be balanced with the risks of protein malnutrition or
trace element deficiencies. The favorable experience in patients with CKD may further
stress this point. However, the problems described in low-resource settings, in which
vegan diets are often the marker of poverty, warn against generalization. In vegetarian and
in particular in vegan pregnant mothers, a close attention should be paid to the intake of
key nutrients, in particular vitamin B12, with a much varied diet, tailored control policies,
and surveillance for even subtle eating disorders that can precipitate clinically relevant
problems.
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1. Introduction
Noncommunicable diseases (NCDs) are increasing globally, and diet modifications, such
as reduced intake of fat, sugar, and salt and increased intake of vegetables, whole grains,
and nuts, are recommended (World Health Organization, 2004). Vegetarian diets are suggested to have benefits for reducing NCD risk (Mozaffarian et al., 2011), as reviewed in
Part Three of this book (see Chapters 17–28), and interest in vegetarianism is increasing.
Vegetarian diets limit animal-based foods, and avoid red meat, poultry, fish, and seafood
(see Chapter 1). On the one hand, vegetarians can obtain the benefits of abundant intake
of unsaturated fatty acids, dietary fiber, carotenoids, folic acid, vitamin C, and vitamin E,
minerals such as magnesium and potassium, and phytoestrogens, which are contained in
plant-based foods such as cereals, pulses, nuts, fruits, and vegetables. On the other hand,
vegetarian diets can lead to nutritional deficiencies from inadequate intake of energy
nutrients, long-chain n-3 fatty acid, retinol, vitamin B12, and zinc (Davey et al., 2003; Lee
and Krawinkel, 2009).
Long-term cohort studies in Western countries have reported that vegetarian diets
offer positive health benefits for cardiovascular disease, cancer, and type 2 diabetes,
among others (Crowe et al., 2013; Key et al., 1999, 2009; Tonstad et al., 2009). However,
it has also been reported that low vitamin B12 and omega-3 fatty acid intakes, which are
observed mainly for vegetarians, are related to increased serum levels of homocysteine
and aggregation of platelets, which might limit the benefit of vegetarian diets on cardiovascular disease risk (Li, 2014; Refsum et al., 2001). Therefore, it seems that differences in
the nutrients supplied by vegetarian and omnivorous diets can have favorable or unfavorable effects on the health and nutrition status of vegetarians, and this may depend on
the more specific population that is studied. Among postmenopausal women, estrogen
production declines, and there is concern over the increasing risk of osteoporosis, cardiovascular disease (CVD), and breast cancer. Some studies report on the risks of such
diseases among postmenopausal vegetarian women. Therefore, when we consider the
health changes spurred by a vegetarian diet and the role of estrogen on health, it is necessary to study the associations among vegetarian diets, bone health, CVD, and cancer
among postmenopausal women.
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2. Bone Health
The decline of estrogen after menopause increases the risk of osteoporosis. Osteoporosis
is the result of long-term altered bone metabolism, and it is affected by nutrient and
food intake, where intakes of calcium, protein, vitamin D, phosphorous, magnesium,
sodium, and phytoestrogens, among others, are reported to affect risk. The reader may
refer to Chapter 17 for a specific review on bone health and vegan diets. Vegetarian
and nonvegetarian diets can differ in food types and nutrients, so postmenopausal
vegetarian women may show differences in bone health compared to omnivorous
women.
Studies on postmenopausal vegetarian women and bone health have been conducted, for example, on postmenopausal Taiwanese women (Buddhist nuns), who
reported that long-term vegan diets were associated with a higher risk of lumbar spine
fracture (adjusted odds ratio (OR) = 2.48, 95% confidence interval = 1.03–5.96) and osteopenia of the femoral neck (FN) (3.94, 1.21–12.82) (Chiu et al., 1997). In addition, a community-based study by Lau et al. (1998) divided elderly Chinese women into vegetarian,
vegan, lactovegetarian and omnivore groups, analyzed their bone density, and reported
that the hip bone mineral density (BMD) of vegetarians was considerably lower than
that of omnivores, but there was no significant hip BMD difference between vegans and
lactovegetarians.
In another study on postmenopausal Caucasian women, no significant difference in
trabecular or cortical bone density was reported between ovolactovegetarians and omnivorous women and urine calcium levels were similar. No significant relation between a
vegetarian diet and cortical or trabecular bone density was also reported (Tesar et al.,
1992). A study on Vietnamese Buddhist nuns reported that although vegans have lower
calcium and protein intake compared to omnivores, a vegetarian diet was not associated
with differences in lumbar spine, FN, or whole body bone density nor differences in body
composition. In addition, the study of Kim et al. (2007) notes that given the observation
that there were no significant differences in spine and FN BMD between postmenopausal
vegetarians and omnivores despite lower weight, body mass index (BMI), and availability of minerals, such as iron, copper, and zinc, it is possible that high intakes of fruits,
vegetables, and pulses among postmenopausal vegetarian women explains in part the
bone health. Also, in a longitudinal study investigating veganism and bone loss in postmenopausal women, the rate of decline in FN BMD was −0.86±3.81%/year in vegans and
–1.91±3.45%/year in omnivores, showing no significant difference (P = 0.08), while bone
fracture incidence within 2 years was 5.7% in vegans and 5.4% in omnivores, which was
also not a significant difference (Ho-Pham et al., 2012). The study reported that weight loss
and high intake of animal protein and fat was associated with higher rates of bone loss,
while vegans had significantly higher prevalence of vitamin D deficiency (as assessed with
25(OH)D concentrations) compared to omnivores. Furthermore, a study in southwestern
Michigan conducted on 1600 women also reported that elderly women over age 80 who
maintained an ovolactovegetarian diet for at least 20 years showed an 18% loss in bone
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mineral, while omnivores showed a 35% loss, and there was a difference between diets
in the dietary calcium:phosphorus ratio (ovolactovegetarian diet 0.81 vs. omnivores 0.66)
and in the acid/base excesses of the diet (Marsh et al., 1988).
According to the results of these studies, the effects of vegetarian diets on bone
health in postmenopausal vegetarian women appears to vary according to the length
of the vegetarian diet and the type of vegetarian diet, as well as the race/ethnicity and
main dietary pattern of each race/ethnicity. For example, the main dietary patterns
of the East and West differ in their pulse intake. Pulses contains high levels of phytoestrogens, such as isoflavones and lignans, whose structures are similar to estrogen,
which are beneficial to bone density, and the osteoporosis incidence is higher in postmenopausal women whose estrogen production decreases (Scheiber et al., 2001). In
an investigation on the relation between phytoestrogens and bone health among postmenopausal women, it was reported that after adjusting for age and BMI, there were
no significant differences in FN BMD between postmenopausal women who were vegetarians for at least 20 years and omnivores (Kim et al., 2004). While in postmenopausal
vegetarian women there was a positive association between phytoestrogen intake and
bone density, there was no such relation in omnivores, which may be ascribed to the
low phytoestrogen consumptions in omnivores. In addition, nutritional status of protein can affect bone health in postmenopausal vegetarian women. A study investigating the protein nutritional status and bone metabolism in postmenopausal vegetarian
women did not find any significant difference in lumbar and femoral BMD between
vegetarian and omnivore groups, while in the case of vegetarians, intake of total protein and vegetable protein were inversely associated with urinary deoxypyridinoline,
suggesting that a sufficient intake of protein could be important for bone health in
vegetarians (Kim and Sung, 2003). Overall, a plan is necessary, so the various nutrients
that affect bone can be supplied at the recommended levels of intake to maintain the
bone health of postmenopausal vegetarian women.

3. Breast Cancer
The risk of breast cancer has been continuously increasing worldwide, while its incident rate is increasing rapidly, especially in East Asia, in line with the Westernization
of diets (Parkin et al., 2005). The risk factors for breast cancer include family history,
circulating levels of estrogen, alcohol intake, and certain diets. According to studies on
the associations between breast cancer and dietary factor, increased consumption of
meat leads to excessive iron intake, which can stimulate cancer development, while in
cohort studies conducted in Western countries, intake of meat or dairy products that
are related to insulin-like growth factor-1 (IGF-I) increases did not have a consistent
relation with breast cancer (Key et al., 2001; Missmer et al., 2002; Tappel, 2007). In addition, a plant-based diet was reported to be related to breast cancer because it provides
high levels of phytoestrogens (Bingham et al., 1998). According to a case–control study, a
high intake of pulses is negatively associated with breast cancer among all women, while
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among Asian women, there was no significant statistical relationship (Lee et al., 2003).
Regarding soy protein intake, a negative correlation with breast cancer was observed
only among premenopausal women (Trock et al., 2006).
Studies on breast cancer and dietary patterns reported protective associations between
prudent patterns (including fruits and nonstarchy vegetables) and breast cancer (OR third
tertile vs. first tertile = 0.56, 95% CI = 0.41–0.77) (Tumas et al., 2014), and Baglietto et al.
(2011) reported no significant relation between a vegetable pattern and breast cancer
but a significant negative association for a “fruit and salad” pattern (OR fifth quintile vs.
first = 0.81, 95% CI = 0.63–1.03). On the other hand, it has been reported that healthy patterns (including high vegetable and vegetable oil intakes) do not have significant associations with breast cancer risk in postmenopausal women (Buck et al., 2011). We examined
studies on postmenopausal vegetarian women and breast cancer because it is likely that
the relation between breast cancer and vegetarian diets will differ according to menopausal status, Western/Asian region, dietary pattern, and other factors.
The European Prospective Investigation into Cancer and Nutrition (EPIC-Oxford)
reported the results of a 7.4-y follow-up study of postmenopausal vegetarian women,
and the multivariable-adjusted hazard ratio of postmenopausal vegetarian women
compared to omnivorous women was 0.79 (95% CI = 0.54–1.16), which was not significant (Travis et al., 2008). In addition, in a population-based cohort study, after 20.3 y
of follow-up, the multivariable-adjusted hazard ratio of postmenopausal vegetarian
women was 0.70 (95% CI = 0.43–1.14), not indicating a significant relation between
breast cancer and a vegetarian diet (Gilsing et al., 2016). Of course, these results are
inconsistent with the preceding studies reporting an association between a vegetarian
diet and the incidence and mortality of breast cancer (Dos Santos Silva et al., 2002;
Key et al., 1999; Mills et al., 1989).
Thus, we examined association between hormone factors and breast cancer in the
postmenopausal vegetarian women. According to Thomas et al. (1999), there is no significant difference in circulating sex hormones (estradiol, SHBG) between vegetarian,
vegan, and meat-eating postmenopausal women, and the composition of vegetarian
diets was not associated with sex hormones. However, regarding high IGF-I levels,
which are related to an increase in breast cancer risk, one study observed significantly
lower IGF-I levels among vegans compared to both vegetarians and meat eaters. Vegans
avoid not only meats but also dairy products and eggs (Allen et al., 2002). In addition,
a study reports that the effects of dietary factors on breast cancer risk differ according to the breast cancer tumor type, and in a prospective cohort study, adherence to a
healthy/Mediterranean pattern was inversely associated with breast cancer risk only
for tumors that are estrogen receptor-positive/progesterone receptor-negative (hazard
ratio = 0.85, 95% CI: 0.75, 0.95; P = .003 for linear trend) (Cottet et al., 2009). Overall, data
regarding the possible effects of vegetarian diets on breast cancer risk in postmenopausal women are inconsistent, and the kind of vegetarian diet, hormones related to
breast cancer, and character of the breast cancer tumor may be part of the heterogeneity in the relation.
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4. Cardiovascular Disease, Diabetes
4.1 Cardiovascular Disease
Postmenopausal women have more CVD and diabetes than premenopausal women due to
the hormone changes caused by menopause (Colpani et al., 2014; Villablanca et al., 2010).
Related to these changes, postmenopausal women face unfavorable lipid panel changes,
such as HDL cholesterol declines and total cholesterol, triglyceride, and LDL cholesterol
increases, and a higher risk of metabolic syndrome (Arthur et al., 2013; Gravena et al.,
2013; Jouyandeh et al., 2013; Stevenson et al., 1993). However, vegetarians and plant-based
diets consist in a spectrum of different diets (e.g., vegan, ovolactovegetarian, or pescetarian), which makes it difficult to analyze consistently the findings of literature studies of
the associations between vegetarian diets and CVD and diabetes among postmenopausal
women (Su et al., 2006; Chiu et al., 2014; Fraser et al., 2015).
In healthy postmenopausal vegetarian women, lower blood pressure, total cholesterol,
LDL cholesterol, triglyceride, and fasting glucose concentrations have been reported compared to omnivores (Fu et al., 2008). One study reported that healthy postmenopausal vegetarian women do not exhibit considerable differences in carotid stiffness index values,
brachial artery compliance, or brachial artery distensibility compared to omnivores but
do have significantly lower brachial artery resistance, concluding that vegetarian diets
may have a favorable effect on cardiovascular health in postmenopausal women (Su et al.,
2011). However, Huang et al. (2014) reported that there was a positive association between
vegan diets and serum triglyceride concentration in premenopausal women (n = 2397),
but no relation with triglyceride was observed in postmenopausal women (n = 1154).
Vegetarian diets were related to lower HDL cholesterol in both pre- and postmenopausal
women.

4.2 Diabetes
Vegetarian diets favor glycemic control and insulin sensitivity. This has been proposed to
be due to dietary factors affecting diabetes, such as fat intake, low energy intake ratios,
and high vegetable protein, iron, and magnesium intakes (Barnard et al., 2009; Kahleova
et al., 2011). The readers may refer to Chapter 21 for a detailed review. A study of Taiwanese
Buddhist postmenopausal vegetarian women showed that vegetarian diet was negatively
associated with diabetes and impaired fasting glucose in menopausal women (OR for
diabetes: 0.25, 95% CI: 0.15–0.42; OR for IFG: 0.73, 95% CI: 0.56–0.95). After adjusting for
various potential confounding factors, there was a strong protective association between
vegetarian diets and impaired fasting glucose and diabetes, while there was no such significant relation in premenopausal women (Chiu et al., 2014). However, the study showed
that it was difficult to identify the effect of vegetarian diets on diabetes in pre- and postmenopausal women due to differences among the types of vegetarian diets, the duration of the vegetarian diet, and the BMI of study subjects. Overall, it is difficult to draw
consistent conclusions about the effects of vegetarian diets on CVD and diabetes risk in
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postmenopausal women. However, there is a need for accurate studies that can identify
the positive effects of vegetarian diets on many health risks based on the nutrient composition of the vegetarian diets and can determine the association between estrogen level
and CVD risk.

5. Conclusion
Research on the effects of a vegetarian diet on bone health, and the risk of breast cancer,
CVD, and diabetes in postmenopausal women, and the role of estrogen in health, has suggested that the effect of a vegetarian diet on health risk differs according to the duration
of the vegetarian diet, type of vegetarian diet, race/ethnicity, main dietary pattern, level of
intake of various nutrients, and other factors. Previous studies suggested that the effects
of a vegetarian diet can differ by duration and type of vegetarian diet but may still be helpful to reduce the level of health risk caused by menopause. However, when evaluating the
risk of noncommunicable diseases in postmenopausal vegetarian women, hormone levels
and the other nutrients that were consumed in insufficient amount in the plant-based
dietary pattern should be given a higher consideration. Therefore, there is a need for a systematic study of postmenopausal vegetarian women that considers the effects of the type
of vegetarian diet, the duration of the vegetarian diet, and the total nutritional intake on
each noncommunicable disease stratified by different hormone levels.
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1. Introduction
Diet continues to be important for good health even in the oldest old (Fraser and Shavlik,
1997), and meeting nutrient requirements becomes more challenging with increased age
as energy requirements decrease with age (Henry, 2005).
This chapter looks at published reports on the nutritional profiles and nutrient status of elderly vegetarians and considers whether the observations presented point to any
specific recommendations for elderly vegetarians or for further research. As there is very
limited specific data available for elderly vegetarians, we will briefly consider evidence for
vegetarians of all ages or for elderly people following all diets where this provides a useful
context for the limited direct studies on elderly vegetarians. For details regarding nutritional status for many nutrients in adults and the general population, readers can refer to
other chapters of this book (Section 5).
Studies are included on vegetarians with an average age greater than 65 that report
on nutrient intakes, nutrient biomarkers, or other outcomes influenced by diet, such
as body mass index (BMI), bone mineral density (BMD), blood pressure, and blood
cholesterol.

2. Overview of Studies on Elderly Vegetarians
The studies available fall into three clusters: North America (usually Seventh-day
Adventists), Western Europe, and Hong Kong and Taiwan Chinese (usually Buddhist or
Taoist). Unless otherwise stated, the studies include both men and women.

2.1 North America
Gibson et al. (1983) report on trace metal status in 36 Canadian women (28 ovolactovegetarians and 8 vegans) with an average age of 69. Three-day dietary records were collected
along with hair samples.
Vegetarian and Plant-Based Diets in Health and Disease Prevention. http://dx.doi.org/10.1016/B978-0-12-803968-7.00034-4
Copyright © 2017 Elsevier Inc. All rights reserved.

599

600 VEGETARIAN AND PLANT-BASED DIETS IN HEALTH AND DISEASE PREVENTION

A series of US reports focused on BMD. Marsh et al. (1980, 1983) presented BMD results
on Adventist ovolactovegetarian subjects in southwestern Michigan by decade of age.
These results included BMD values for 32 female and 18 male vegetarians over the age of
60 compared with age-matched nonvegetarians. Marsh et al. (1988) reviewed these results
and presented detailed diet comparisons, using a 7-day weighed diet record, comparing
10 ovolactovegetarians (average age 67) and matched Methodist nonvegetarians (average
age 66).
Hunt et al. (1988, 1989) reported on 144 female Adventist vegetarians (average age 67)
and matched nonvegetarians. A 24-h diet recall method was used. Tylavsky and Anderson
(1988) reported on 88 female Adventist ovolactovegetarians (average age 73) compared
with 287 nonvegetarians (average age 79). Reed et al. (1994) reported a 5-year follow-up
of 189 participants in this study (average age 81 at end of follow-up). A Food Frequency
Questionnaire (FFQ) was used.
Nieman et al. (1989) did not consider BMD but reported on the diet of 23 female
Adventist vegetarians (average age 72) compared with 14 female nonvegetarians (average
age 71) based on a 7-day food record.
Fraser and Shavlik (1997) reported on the oldest old (85 years or older) within the first
Adventist Health Study, exploring links between diet and lifestyle and mortality. More than
1400 people were observed at age 85 or older. Of 603 participants who were 85 or older at
baseline, 44% ate meat less than once a month. An FFQ was used.
Sarter et al. (2015) examined blood fatty acids and dietary intake in 165 vegans
recruited via the Internet. Results were reported by age group and included those for 23
men and 19 women between 60 and 69 years and for 10 men and 17 women between 70
and 85.

2.2 Western Europe
Brants et al. (1990) and Löwik et al. (1990) reported results from a single study of 44 Dutch
ovolactovegetarians or lactovegetarians (average age 82, 18 men and 26 women) living in
a “vegetarian community” compared with 108 nonvegetarian elderly in a national survey
(average age 72, 54 men and 54 women). Twenty-seven of the 44 vegetarians were institutionalized. Diet was assessed by a 2-week dietary recall. Comparative data for nonvegetarians was given as mean values without stating standard deviations or statistical significance.
For this review, statistical significance was estimated approximately by assuming that the
observed standard deviations for the omnivores are the same as for the vegetarians and
using a two-sided t-test for the difference in means.
Davey et al. (2003) presented baseline BMI information by diet group and decade of age
from the EPIC-Oxford cohort in the United Kingdom.
Deriemaeker et al. (2011) reported on 29 institutionalized ovolactovegetarians from
the Netherlands (average age 83, 7 men and 22 women) and matched institutionalized
nonvegetarians from the Dutch-speaking part of Belgium (average age 83, 7 men and 22
women). An FFQ was used to evaluate diet.
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2.3 Chinese Vegetarians
Four reports are available on elderly Chinese vegetarian women in Hong Kong. Woo
et al. (1998) reported on the nutritional status of 179 Chinese vegetarian women
(average age 81) compared with 250 nonvegetarians (average age 71). The vegetarians
were either Buddhist or Taoist and included a significant number of vegans. Nutrient
intakes were assessed by 24-h recall. Lau et al. (1998) reported on BMD in 76 Buddhist
vegetarian women (average age 79) compared with 109 nonvegetarians (average age 77).
Kwok et al. (2002) reported in more detail on vitamin B12 and hematological status in 119
vegetarian women (average age 78) from the study by Woo et al. (1998). Kwok et al. (2003)
focused on blood pressure and sodium and potassium intakes in 111 vegetarian women
(average age 78).
Wang et al. (2008) compared BMD in 872 vegetarians and 993 nonvegetarians by sex
and decade of age, based on observations in a Buddhist hospital in Taiwan. Two-thirds of
the vegetarians drank milk.
Huang et al. (2011) reported on vegetarians compared with nonvegetarians within
the Elderly Nutrition and Health Survey in Taiwan (all participants 65 years or older). The
classification of vegetarians and vegans in this study was problematic in that it classified
people as “vegetarians”/“vegans” (n = 269) if between a third and all of their meals were
vegetarian/vegan. There were also some results on “consistent” vegetarians (10 men and
31 women), who ate at least 90 vegetarian meals a month. Diets were assessed by 24-h
recall.
While to a very good approximation the studies of European and North American
elderly vegetarians are studies of ovolactovegetarians, the studies of Chinese elderly vegetarians include a significant number of vegans as well as ovolactovegetarians. The studies
provide some comparisons between the different types of vegetarians, but in some cases
the only result available is for all types of vegetarian combined.

3. Nutritional Profiles of Elderly Vegetarians
Based on studies of all age groups, typical vegetarian diets (Appleby et al., 2016; Clarys
et al., 2014; Davey et al., 2003; Elorinne et al., 2016; Orlich et al., 2014; Rizzo et al., 2013)
are higher in fruit, fiber, vitamin C, and folate than omnivorous diets but lower in EPA and
DHA. They are often lower in saturated fat and in vitamins B12 and D, and sometimes lower
in zinc, iodine, selenium, protein, or calcium. The bioavailability of iron and zinc may be
lower in a vegetarian diet.
Milk makes little contribution to vitamin D intake unless it is fortified, but it makes a
significant contribution to calcium, vitamin B12, iodine, zinc, and protein intakes, while
full fat dairy products make a major contribution to saturated fat intake (Bates et al., 2014).
Milk intake of lactovegetarians is often lower than that of nonvegetarians, though this
is not a consistent pattern. For vegans, calcium intake is sometimes low, and this has been
associated with increased risk of fracture (Appleby et al., 2007).
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The differences in nutritional profiles and diet-related biomarkers in general studies
of vegetarians may have a particular significance in elderly people as food intakes decline
and loss of muscle and risk of fracture become significant health issues.
This review starts with general health outcomes and then considers intermediate measures such as BMI and BMD before moving on to macronutrients and micronutrients.
Markers of nutrient intake such as hair or blood measurements will be considered alongside estimates of dietary intake. The review will focus on aspects of nutritional profile that
are considered potentially significant for health.

3.1 Diet and Death
Fraser and Shavlik (1997) examined diet, lifestyle, and death rates in Adventists aged
85 years or more. Dietary intakes suggested a health-conscious population: 90% of the
subjects used whole meal bread rather than white bread, and two-thirds ate two or more
servings of fruit a day. Three diet and lifestyle factors were significantly associated with allcause mortality: one or more doughnuts a week versus none was associated with increased
death rates [Relative Risk (RR) 1.24]; nuts 5 or more times a week versus less than once a
week was associated with decreased death rates (RR 0.82); moderate and high activity levels were both associated with decreased death rates compared with low activity (RRs of
0.81, 0.80).
These three factors were also found to play a key role in the overall Adventist population
(Fraser and Shavlik, 2001). Fraser and Shavlik (2001) also showed a significant advantage
for vegetarians over nonvegetarians that was not apparent in the older subgroup considered in Fraser and Shavlik (1997): red meat intake was not associated with all-cause mortality, though it was associated with death from coronary heart disease in men.
There was an increased risk of death in the lowest quartile of BMI versus higher quartiles, but this largely disappeared when the first 6 years of follow-up were excluded.
Unintentional weight loss in elderly people is often a marker of ill health.
Fraser and Shavlik (1997) confirm that at least some diet and lifestyle choices continue
to predict longevity in the oldest old.

3.2 BMI and Energy Intake
Reported BMI in European and North American studies is usually lower in vegetarians
than in nonvegetarians and lowest in vegans (Davey et al., 2003; Rizzo et al., 2013). Such a
difference was not apparent in Vietnamese vegans (Ho-Pham et al., 2012) but was seen in
South Korean vegetarians (Kim et al., 2007).
Estimated energy intakes are sometimes reported as notably lower in vegetarians than
in nonvegetarians (Davey et al., 2003). This may be partly attributed to the limitations of
FFQs in measuring diet, particularly portion sizes. The expected differences in required
energy intake based on the observed differences in BMI are too small to be reliably measured. Where large differences in estimated energy intakes appear when comparing diet
groups, these may point to a limitation in the measurement rather than a real difference.
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Woo et al. (1998) found a very similar BMI distribution in vegetarian and nonvegetarian
women in Hong Kong, with a median of 22.5 kg/m2 for the vegetarians and 22.3 kg/m2 for
the nonvegetarians.
Tylavsky and Anderson (1988) found significantly higher BMI in vegetarians (31.5 vs.
30.1 kg/m1.5). Note that they measured BMI as weight divided by height to the power of 1.5.
In the usual units the values would be 25 versus 23.9 kg/m2. The fact that the nonvegetarians were 6 years older than the vegetarians may have influenced the result.
Other studies reported BMIs in vegetarians that were numerically lower than nonvegetarians but mostly not significant (NS): Nieman et al. (1989), 22.8 versus 24.2NS kg/m2;
Löwik et al. (1990), 23.5 versus 25.5NS kg/m2 in men and 24.7 versus 27.1 kg/m2 in women;
Deriemaeker et al. (2011), 23.5 versus 25.2NS kg/m2 in men and 26.1 versus 26.8NS kg/m2 in
women. The differences in BMI in Löwik et al. (1990) may be in part due to the vegetarians
being 10 years older.
Löwik et al. (1990) reported body fat percentage and skinfold measurements. Body fat
followed the same pattern as BMI with vegetarians showing lower values (25.9% vs. 29.5%
in men and 34.7% vs. 39.9% in women). Skinfold measurements in vegetarians were also
lower than in nonvegetarians. Deriemaeker et al. (2011) reported waist-to-hip ratio and
skinfold measurements. Waist-to-hip ratio was consistent with BMI (0.91 vs. 0.94NS in men
and 0.90 vs. 0.90NS in women). The subscapular skinfold was significantly lower in vegetarian women (9.2 vs. 13.5 mm), but other skinfold measurements were similar in vegetarians
and nonvegetarians.
Davey et al. (2003) report BMI by diet group and age group for the EPIC-Oxford cohort
at baseline (Fig. 34.1). This shows a clear trend toward lower BMI both with age and with
increasing exclusion of animal products.
BMI by age category and diet group
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FIGURE 34.1 BMI by sex, age, and diet group, in the EPIC-Oxford cohort at baseline (Davey et al., 2003).
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It is noteworthy that the difference in BMI between the various diet groups does not
decline with age; instead, it appears to widen. In the EPIC-Oxford cohort, this would translate to a significant prevalence of underweight in vegans in old age. This is less likely to be
the case in Adventist cohorts, where the average BMIs are higher in all diet groups, ranging
from 28.3 in meat eaters to 24.1 in vegans (Rizzo et al., 2013).
In general, the studies of older vegetarians confirm the finding that BMI decreases with
increasing restriction of foods derived from animals at least in Europe and North America.
This effect may be conditional on other factors, since it does not appear as consistently in
Asian studies as in European and North American studies. While such a decrease is favorable against a background of overweight and obesity, it may not be desirable in all elderly
people.
BMI is a crude measure of body composition, and the use of additional and more direct
measures of body fat and its distribution is desirable.

3.3 Blood Cholesterol and Related Nutrients (Fats, Cholesterol, Fiber)
Vegans generally have the lowest intakes of saturated fat and the highest intakes of fiber
and show lower blood levels of cholesterol than other vegetarians who (usually) show
lower blood cholesterol than nonvegetarians (Bradbury et al., 2014).
Most studies of older vegetarians found the cholesterol levels of vegetarians to be lower
than those of nonvegetarians: Nieman et al. (1989), 5.62 versus 6.46 mmol/L; Löwik et al.
(1990), 4.3 versus 6.0 mmol/L in men and 5.5 versus 6.5 mmol/L in women; Woo et al.
(1998), 4.8 versus 5.9 mmol/L. Differences in the ratio of total to HDL cholesterol were less
consistent and often NS: Nieman et al. (1989), 3.66 versus 3.80NS; and Löwik et al. (1990),
4.83 versus 6.13 for men and 5.66 versus 5.17NS for women.
Deriemaeker et al. (2011) found slightly higher cholesterol levels in ovolactovegetarians
(5.5 mmol/L) than in nonvegetarians (4.9 mmol/L). The vegetarians in this study showed
slightly lower intakes of saturated fat (31.4 vs. 33.4NS g/day in men and 25.4 vs. 32.2 g/day
in women) and monounsaturated fat (28.8 vs. 39.1NS g/day in men and 22.8 vs. 37.1 g/day
in women) but similar intakes of cholesterol (181 vs. 208NS mg/day in men and 161 vs.
205NS mg/day in women), fiber (28 vs. 36NS g/day in men and 28 vs. 32NS in women), and
polyunsaturated fat (14.3 vs. 13.8NS g/day in men and 13.4 vs. 12.2NS g/day in women).
Differences in dietary factors influencing cholesterol levels were therefore modest and in
conflicting directions. In addition, the use of cholesterol-reducing drugs was not recorded
and could significantly affect the results.
Cholesterol intakes are usually lower in vegetarians than in nonvegetarians: Marsh
et al. (1988), 194 versus 294 mg/day; Tylavsky and Anderson (1988), 167 versus 305 mg/day;
Nieman et al. (1989), 89 versus 183 mg/day; Brants et al. (1990), 200 versus 355 mg/day in
men and 215 versus 294 mg/day in women; and Huang et al. (2011), 45 versus 182 mg/day
in men and 24 versus 164 mg/day in women.
Saturated fat intakes are usually lower in vegetarians than in nonvegetarians: Nieman
et al. (1989), 7.6% versus 10.9% (of energy); Brants et al. (1990), 15.0% versus 17.3% in men
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and 15.8% versus 17.2%NS in women; and Huang et al. (2011), 3.3% versus 7.1%NS in men
and 4.7% versus 7.7%NS in women.
The ratio of polyunsaturated fat to saturated fat (P/S) is usually higher in vegetarians:
Marsh et al. (1988), 0.75 versus 0.48; Nieman et al. (1989), 0.85 versus 0.5; Brants et al.
(1990), 0.65 versus 0.42 in men and 0.62 versus 0.40 in women; and Huang et al. (2011), 1.9
versus 1NS in men and 1.8 versus 1 in women.
Fiber intakes are usually higher in vegetarians than in nonvegetarians. Marsh et al.
(1988) found no significant difference in crude fiber intakes for vegetarians versus nonvegetarians (5.2 vs. 4.7NS g/day), while Tylavsky and Anderson (1988) found a significant
difference (5.6 vs. 4.2 g/day). Other reports refer to total fiber rather than crude fiber. Total
dietary fiber intake is approximately five times crude fiber intake. Total fiber intakes were
generally higher in vegetarians: Nieman et al. (1989), 21.5 versus 13 g/day; Brants et al.
(1990), 34 versus 27 g/day in men and 29 versus 24 g/day in women; and Huang et al.
(2011), 29.1 versus 16.6 g/day in men and 25.4 versus 16.6NS g/day in women.
Overall, the results on blood cholesterol in elderly populations are consistent with
those in younger adults in showing reduced cholesterol levels with restriction of animal
products, driven mainly by reduced saturated fat and cholesterol intake along with higher
P/S ratio and higher fiber.

3.4 Blood Pressure and Related Nutrients
Vegetarian and plant-based diets have been shown in randomized trials to reduce blood
pressure (Margetts et al., 1986; Appel et al., 1997). This effect occurs even if sodium intake
does not differ, and it is only partly explained by potassium intake.
There have been few comparisons of blood pressure between elderly vegetarians and
nonvegetarians: Löwik et al. (1990), 143/76 versus 151NS/85 mm Hg in men and 153/79
versus 156NS/88 mm Hg in women (differences in diastolic blood pressure were significant); and Woo et al. (1998), 150/76 versus 143/79.
The vegetarians studied in Woo et al. (1998) were further analyzed by Kwok et al. (2003),
who found that hypertensive vegetarians (64% of subjects with blood pressure > 140/90)
had higher urinary sodium to creatinine ratios, higher sodium to potassium ratios, and
lower calcium intakes than normotensive vegetarians. Comparing vegetarians with both
low sodium to potassium ratio and high calcium intake with those with both high sodium
to potassium ratio and low calcium intake showed a substantial difference in systolic
blood pressure (130 vs. 159) and prevalence of hypertension (78% vs. 25%). The prevalence
of hypertension was similar in vegans and lactovegetarians (70% vs. 56%NS).
Comparisons of elderly vegetarians and nonvegetarians have found that vegetarians have
similar or higher potassium intakes: Tylavsky and Anderson (1988), 2600 versus 2600NS mg/
day; Nieman et al. (1989), 2600 versus 2300NS mg/day; Löwik et al. (1990), 2700 versus
2600NS mg/day in men and 2500 versus 2200NS mg/day in women (based on 24-h urine samples); Woo et al. (1998), 7.7 versus 4.3 mmol potassium/mmol creatinine; and Deriemaeker
et al. (2011), 4000 versus 3100 mg/day in men and 3200 versus 3200NS mg/day in women.
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Most comparisons of elderly vegetarians and nonvegetarians have found that vegetarians have similar or lower sodium intakes: Tylavsky and Anderson (1988), 1900 versus
1900NS mg/day; Nieman et al. (1989), 1900 versus 1900NS mg/day; Löwik et al. (1990), 2000
versus 3400 mg/day in men and 1900 versus 2700 mg/day in women (based on 24-h urine
samples); and Deriemaeker et al. (2011), 4100 versus 4900NS mg/day in men and 2900 versus 4900 mg/day in women. In contrast, Woo et al. (1998) found higher urinary sodium in
the vegetarians: 30.3 versus 17.5 mmol sodium/mmol creatinine.

3.5 Bone Mineral Density and Related Nutrients
A meta-analysis by Ho-Pham et al. (2009) concluded that BMD in lactovegetarians was
about 2% lower than for nonvegetarians at both the femoral neck and the lumbar spine
and about 6% lower for vegans. Readers may refer to Chapter 17 for further review of vegan
bone health. Ho-Pham et al. (2009) categorize the vegetarians in most Asian studies as
vegans, though this is an oversimplification. In Wang et al. (2008), two-thirds of the vegetarians consumed some animal milk. In Lau et al. (1998) about half the vegetarians were
vegan, and separate results were provided for vegans and other vegetarians, but in the
meta-analysis all the vegetarians were treated as vegan. Although the meta-analysis indicated statistically significant differences, the magnitude of the estimated effect was small
and may be exaggerated slightly due to confounding by age differences, e.g., in Chiu et al.
(1997).
Most of the BMD studies discussed subsequently were excluded from the meta-analysis by Ho-Pham et al. (2009), which only considered BMD measurements at the hip or
lumbar spine. Most of the studies discussed in Ho-Pham et al. (2009) were excluded from
this chapter, as the average age was too low. Lau et al. (1998) and Wang et al. (2008) are
included in both the meta-analysis and this review.
BMD declines with age from about 30 years, with a particularly rapid decline in women
in the decade after menopause.
Marsh et al. (1980) reported much better BMD for the radius in elderly female vegetarians than in matched elderly nonvegetarians. For example, based on 19 pairs between 60
and 69 years old, the vegetarians showed a BMD of 0.623 versus 0.559 g/cm2. This large and
statistically significant difference was not observed in a later study of men (Marsh et al.,
1983), which reported 0.78 versus 0.77NS g/cm2 in the same age range.
Marsh et al. (1988) reported on a 7-day weighed dietary record for 10 vegetarians and
matched nonvegetarians. The ratio of calcium to phosphorus was higher for the vegetarians than the nonvegetarians (0.81 vs. 0.66), while calcium (900 vs. 710NS mg/day) and protein (56 vs. 68NS g/day) intakes were similar.
The work by Marsh et al. was followed by further studies on vegetarian diet and BMD
(Tylavsky and Anderson, 1988; Hunt et al., 1989; Reed et al., 1994), which found no significant differences in BMD or rate of change in BMD between vegetarians and nonvegetarians.
Tylavsky and Anderson (1988) found BMD for vegetarians compared with nonvegetarians
to be 0.32 versus 0.32NS g/cm2 at the distal radius and 0.546 versus 0.563NS g/cm2 at the
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mid-radius after adjustment for age. Hunt et al. (1989) found 0.570 versus 0.573NS g/cm2
at the cortical radius after adjustment for age. BMD values by decade of age showed no
significant differences. Reed et al. (1994) followed up on Tylavsky and Anderson (1988)
and found no impact of vegetarian diet or calcium intake on rate of change of BMD but
observed a protective effect of lean body mass.
In contrast, Lau et al. (1998) found lower BMD for elderly female vegetarians in Hong
Kong compared with nonvegetarians (0.70 vs. 0.72NS g/cm2 for the spine, 0.49 vs. 0.53 g/cm2
for the neck of the femur, 0.69 vs. 0.73NS g/cm2 for the intertrochantic area). The vegetarians were on average just 2 years older than the nonvegetarians, so age is unlikely to be a
confounding factor. BMD measurements of the 36 vegans were similar to those of the 40
lactovegetarians (0.72 vs. 0.68NS g/cm2 for the spine, 0.50 vs. 0.48NS g/cm2 for the neck of
the femur, and 0.69 vs. 0.69NS g/cm2 for the intertrochantic area). Total calcium intakes
were similarly low in both vegetarians and nonvegetarians (around 400 mg/day): vegetarians had both a lower energy intake (1142 vs. 1557 kcal) and a higher calcium intake relative to energy intake (338 vs. 221 mg/1000 kcal). The much lower reported energy intake
in vegetarians is not explained by age or weight and may well underestimate the actual
energy intake. Sodium excretion in urine was 50% higher in vegetarians compared with
nonvegetarians, and protein intake was much lower in vegetarians (35 vs. 60 g/day). A
regression analysis did not find any significant relationships between nutrient intakes and
BMD. Other reports (Woo et al., 1998; Kwok et al., 2002) have indicated low vitamin B12
levels in these vegetarians (see Section 6.2).
Wang et al. (2008) studied 872 vegetarians and 993 nonvegetarians who attended a
Buddhist hospital. Differences in BMD were NS in either men or women, though in both
cases the average BMD in the vegetarians was about 2% lower. Graphs of BMD by decade
of age for vegetarians and nonvegetarians tracked each other very closely, with both showing a drop in BMD of about 25% with age. Analyses of the risk of osteopenia or osteoporosis showed no difference in either men or women between the third of the vegetarians who
did not drink milk and the milk-drinking vegetarians.
Calcium intakes in elderly US and European ovolactovegetarians are generally similar to those in elderly nonvegetarians: Marsh et al. (1988), 900 versus 710NS mg/day;
Hunt et al. (1988), both slightly below the RDA; Tylavsky and Anderson (1988), 823 versus
902NS mg/day; Nieman et al. (1989), 628 versus 633NS mg/day; Brants et al. (1990), 1219
versus 1128NS mg/day in men and 1141 versus 1013NS mg/day in women; and Deriemaeker
et al. (2011), 1096 versus 969NS mg/day in men and 894 versus 858NS mg/day in women.
Huang et al. (2011) found higher calcium intakes in “consistent” vegetarians (consuming at least 90 vegetarian meals a month) versus nonvegetarians: 745 versus 423 mg/day
in men and 749 versus 439 mg/day in women. This result is unusual in showing calcium
intakes in Asian vegetarians comparable with those of European and North American
vegetarians.
Overall, studies of BMD in elderly vegetarians are consistent with those at younger ages
in showing at most a slight disadvantage to vegetarians. The results of Marsh et al. (1980)
suggesting a substantial beneficial effect of vegetarianism must be viewed as an outlier,
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given the results of later studies. Further studies of elderly and very elderly vegetarians who
consume little or no milk are needed to establish whether the study by Lau et al. (1998) is
an outlier in the other direction or highlights a real concern about certain vegetarian diets,
such as low protein or vitamin B12 or high sodium.

4. Energy Macronutrients
4.1 Protein Intake
Protein intakes are sometimes but not always lower in vegetarians, particularly in vegans,
and intakes of lysine may be particularly low (Schmidt et al., 2016). Low protein levels may
lead to low IGF-1 levels in vegans with low soya protein intakes (Allen et al., 2002; Fontana
et al., 2008). Some studies find protein intakes to be comparable regardless of the degree
of exclusion of animal products (Rizzo et al., 2013).
Most studies of the elderly report ovolactovegetarians to have slightly lower protein
intakes than nonvegetarians: Marsh et al. (1988), 56 versus 68NS g/day; Tylavsky and
Anderson (1988), 55 versus 70 g/day; Nieman et al. (1989), 12.9% versus 16.2% of energy;
Brants et al. (1990), 60 versus 82 g/day in men and 54 versus 70 g/day in women; and
Deriemaeker et al. (2011), 17.8% versus 21.0%NS of energy in men and 17.3% versus 19.5%
in women. Huang et al. (2011) report essentially no difference between consistent vegetarians and nonvegetarians: 16.3% versus 16.6%NS for men 15.7% versus 16%NS in women.
Lau et al. (1998) report a particularly large difference between vegetarians and nonvegetarians: 35 versus 60 g/day.
None of these studies indicated any functional consequences of the lower protein intake,
though the intakes reported by Lau et al. (1998) would not be expected to be adequate. In
general, the studies of elderly vegetarians are consistent with those of younger vegetarians.

4.2 Total Fat
Most studies of the elderly report vegetarians to have lower fat intakes as a percentage of
energy intake: Marsh et al. (1988), 36% versus 42%NS; Tylavsky and Anderson (1988), 33%
versus 39%; Nieman et al. (1989), 32% versus 36%NS; Brants et al. (1990), 37% versus 41%
in men and 37% versus 40% in women; Woo et al. (1998), 14% versus 19%; and Huang et al.
(2011), 16.6% versus 24.9%NS for men 21.3% versus 26.4%NS in women. Deriemaeker et al.
(2011) found no difference: 33% versus 33%NS in men and 35% versus 35%NS in women.
The differences between countries show a stronger effect than the differences between
vegetarians and nonvegetarians: vegetarians in the United States and Europe consume
more fat than nonvegetarians in Hong Kong and Taiwan.

4.3 Carbohydrate
Typically, carbohydrate intake as a percentage of energy is increased by 5%–10% in vegetarians at the expense of protein and/or fat: Tylavsky and Anderson (1988), 56% versus
46%; Nieman et al. (1989), 60% versus 50%; Brants et al. (1990), 51% versus 42% in men and
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50% versus 43% in women; Woo et al. (1998), 75% versus 64%; Deriemaeker et al. (2011),
48% versus 42%NS in men and 48% versus 43% in women; and Huang et al. (2011), 68%
versus 57%NS in men 61% versus 57%NS in women.

4.4 Sugar (Mono- and Di-Saccharides)
Studies on elderly vegetarians report sugar intake to be substantial and slightly greater in
vegetarians than nonvegetarians: Nieman et al. (1989), 21.5% versus 18.5%NS of energy;
Brants et al. (1990), 25.3% versus 21.1% in men and 26.8% versus 22.0% in women; and
Deriemaeker et al. (2011), 32.8% versus 26.5%NS in men and 33.8% versus 27.9%NS in
women.
It is not clear how much of this high sugar intake is contributed by free or added sugar,
which could be of importance for health. Deriemaeker et al. (2011) observed a considerable
intake of added sugar from biscuits and pastries in both vegetarians and nonvegetarians.

4.5 Omega-3 Fatty Acids
Sarter et al. (2015) found that the proportion of eicosapentaenoic acid (EPA, 20:5n-3) plus
docosahexaenoic acid (DHA, 22:6n-3) in red blood cells was slightly higher in older vegans
(about 4%) than younger vegans (about 3.5%), but this trend disappeared after adjustment
for dietary alpha-linolenic acid (ALA, 18:3n-3). This study reported the proportion in a
sample of US soldiers to be similar to that of the younger vegans (3.5%).
We found no other results on ALA, EPA, and DHA in elderly vegetarians. This is potentially an important omission as direct dietary intakes of EPA and DHA in vegetarians are
low so that vegetarians rely mainly on conversion of ALA. Poor zinc status may impair this
conversion (Knez et al., 2016).
Low EPA and DHA are hypothesized to have adverse effects on death rates, dementia,
and mood. However, none of these effects have been observed in vegetarians (Giem et al.,
1993; Beezhold et al., 2010; Orlich et al., 2013), suggesting that either the actual impact is
low or that other factors in vegetarian diets outweigh any adverse effect.

5. Minerals
5.1 Iron
Iron intakes can be higher in vegetarians and vegans than in nonvegetarians, but iron
stores (ferritin levels) are consistently lower in vegetarians (Hunt, 2003), as nonheme iron
is less absorbable, and its absorption is almost inversely proportional to ferritin levels:
as iron stores approach depletion, the absorption of heme and nonheme iron becomes
similar (Hallberg et al., 1997; Hallberg and Hulthén, 2000). The lower stores in vegetarians
do not seem to translate to increased iron deficiency (Hunt, 2003). The reader may refer to
Chapter 39 for a general review.
Guralnik et al. (2004) report that in the general population in the United States, prevalence of anemia increases substantially with age within the elderly population, and only
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about a third of anemia in people over 65 is explained by nutritional deficiencies. Nieman
et al. (1989) found no evidence of differences in iron status between vegetarian and nonvegetarian women. Average hemoglobin levels were above 14 g/dL in both groups, and no
participants had hemoglobin levels below 12.
Löwik et al. (1990) found lower hemoglobin levels in vegetarians, but based on a regression model included in this paper, this was accounted for by the vegetarians being about 10
years older. As expected, ferritin levels were much lower in the vegetarians (42 vs. 85 μg/L).
Based on the same study, Brants et al. (1990) reported that the percentage of women with
ferritin levels below 12 μg/L was similar in vegetarians and nonvegetarians (about 10%),
but three out of 17 vegetarian men showed low ferritin compared to one out of 54 nonvegetarian men. The difference for men was statistically significant (P = .04), but the difference
for men and women combined was not (P = .3).
Woo et al. (1998) found lower hemoglobin in vegetarian women compared with nonvegetarian women (12.3 vs. 13.4 g/dL), and 30% of vegetarians had levels below 12 compared with 10% of nonvegetarians. However, the prevalence of iron deficiency appeared
similar among vegetarians and nonvegetarians, and only 15% of the anemic vegetarians
showed confirmed iron deficiency. The vegetarians were about 10 years older than the
nonvegetarians, which may partly explain their higher levels of anemia.
Deriemaeker et al. (2011) found very similar hemoglobin levels in vegetarians and nonvegetarians. Average ferritin levels were much lower in vegetarians compared with nonvegetarians (66 vs. 159 μg/L), but incidence of abnormally low ferritin values was similar.
Taken as a whole, the comparisons between elderly vegetarians and nonvegetarians
suggest no clear difference in the prevalence of iron deficiency despite a clear difference
in ferritin levels. In looking at anemia in the elderly, it is particularly important that comparisons are made between age-matched subjects.

5.2 Zinc
Bioavailability of zinc may be lower in vegetarian diets, particularly if phytate intake is
high (Hunt, 2003). Vegetarian zinc intakes are sometimes also reported to be lower than
nonvegetarian intakes (Davey et al., 2003). A meta-analysis by Foster et al. (2013) found
serum zinc levels in vegetarians to be about 1 μmol/L lower than for nonvegetarians. This
is a modest effect set against a normal range of about 10–25 μmol/L but may be significant
for some people. Readers may refer to Chapter 38 for a detailed review of the general topic.
The ZINCAGE study, which included over 1000 healthy elderly people from the general population in five European countries, provides a useful picture of trends in fasting
plasma zinc with age. Linear regression indicated that levels fall from about 12.5 μmol/L at
65 to about 11.2 μmol/L at 90 (Giacconi et al., 2016). The scatter plot of plasma zinc versus
age is consistent with an accelerated decline at ages above 80, and Mariani et al. (2008)
note that almost half those over 90 had plasma zinc levels below 10 μmol/L.
The estimated decline in fasting plasma zinc level with age was reduced by a quarter on
adjustment for blood albumin and was only slightly further attenuated by adjustment for
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dietary zinc intake, though zinc intake also declined with age. This suggests that the decline
is more related to the physiology of aging than to changes in dietary intakes, though it is also
possible that variations in zinc bioavailability obscure the effect of changes in dietary intakes.
Marcellini et al. (2006), in an earlier report on the ZINCAGE study, presented fasting
plasma zinc levels by 5-year age band and country, showing a striking difference between
countries, ranging from Greece (average of 11.3 μmol/L) to France (average of 14.2 μmol/L).
Hotz et al. (2003) reported a median level of 13 μmol/L for 75-year-olds in the United States,
and De Paula et al. (2014) reported a median level of 15 μmol/L in people over 80 in Brazil.
There seems to be substantial variability in average levels between different populations.
Löwik et al. (1990) found average levels of serum zinc in vegetarians to be much lower
than in nonvegetarians (12.4 μmol/L vs. 16.4 μmol/L). Brants et al. (1990) further reported
that nine out of 40 vegetarians had zinc levels below 11.5 μmol/L compared with two out
of 108 nonvegetarians (P = .0001). As previously noted, the vegetarians were about 10 years
older than the nonvegetarians in this study, but this is not enough to realistically explain
such a large difference. The nonvegetarian average (16.4 μmol/L) seems rather high relative to the ZINCAGE study results discussed earlier, while the vegetarian levels seem
unexceptional.
Deriemaeker et al. (2011) found similar levels of serum zinc in vegetarians (9.5 μmol/L)
and nonvegetarians (9.9 μmol/L). These levels are strikingly low compared with other
reports on elderly people and are lower than the lowest result for 80- to 84-year-olds
among the five countries in the ZINCAGE study (11.2 μmol/L in Greece).
Zinc levels are known to decrease after meals (Hotz et al., 2003), but this does not
explain the difference between the two studies, as Löwik et al. (1990) used nonfasting
samples and Deriemaeker et al. (2011) used fasting samples. Brants et al. (1990) reported
zinc intakes of 8 mg/day in vegetarians compared with about 10 mg/day in nonvegetarians. Deriemaeker et al. (2011) reported zinc intakes of 13 versus 12NS mg/day. This, again,
does not explain the lower plasma levels in Deriemaeker et al. (2011), but the fact that all
subjects in Deriemaeker et al. (2011) were institutionalized may be relevant.
Zinc levels in elderly vegetarians deserve further study, as do zinc levels in the oldest
old population generally. In the absence of clear reference values for plasma zinc in the
oldest old, careful age matching is essential for comparisons between diet groups.

5.3 Selenium
Gibson et al. (1983) found hair selenium levels and dietary intakes of selenium to be similar between vegetarians and nonvegetarians. This study was carried out in Canada, where
wheat is a good source of selenium. Selenium is only an issue for vegetarians if most plant
foods used are grown in soil low in selenium. The reader may refer to Chapter 40 for a review.

5.4 Iodine
Iodine intakes are best measured based on urinary excretion rather than diet analysis as the iodine content of plant foods varies considerably depending on where they
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are grown. Iodine intakes are often low in vegans, but can be very high if seaweed is
consumed.
The studies of elderly vegetarians are largely silent on this, but Löwik et al. (1990) report
much higher iodine excretion in vegetarians both for men (765 vs. 122 μg/day) and for
women (660 vs. 101 μg/day), suggesting significant use of seaweed. The reader may refer to
Chapter 42 for a review.

6. Vitamins
6.1 Folate
In line with studies on younger vegetarians, most studies on elderly vegetarians report
that vegetarians have higher folate intakes and higher blood levels of folate than nonvegetarians: Nieman et al. (1989), 273 versus 215NS μg/day; Löwik et al. (1990), 12.7 versus
6.6 μmol/L in men and 14.2 versus 7.3 μmol/L in women; and Deriemaeker et al. (2011), 22
versus 16.5NS μmol/L.

6.2 Vitamin B12
Homocysteine levels in vegetarians, and particularly in vegans, are often found to be high
as a consequence of low vitamin B12 status (Elmadfa and Singer, 2009). Vitamin B12 status
in vegetarians is improved by use of animal milks, foods fortified with vitamin B12, or vitamin B12 supplements.
Nieman et al. (1989) found estimated intakes in US Adventist vegetarians to be similar
to nonvegetarians (2.3 vs. 2.6NS μg/day).
Löwik et al. (1990) found lower blood levels of vitamin B12 in vegetarians than nonvegetarians (205 vs. 278 pmol/L). Mean corpuscular volume (MCV) in the vegetarians studied was higher than in nonvegetarians (95 vs. 91 fL in men and 94 vs. 89 fL in women).
The vegetarian MCV levels were close to the top of the reference range (80–96 fL). Brants
et al. (1990) reported that 9 out of 40 vegetarians showed blood vitamin B12 < 138 pmol/L
compared with five out of 108 nonvegetarians (P = .002). The fact that the vegetarians
were 10 years older may play a part in these differences, as poor absorption of vitamin B12
becomes more common with increasing age.
In contrast, Deriemaeker et al. (2011) found no disadvantage in blood vitamin B12 levels
in elderly institutionalized vegetarians compared with nonvegetarians. The vegetarians in
this study had similar average vitamin B12 levels (430 vs. 340NS pmol/L). The prevalence of
low vitamin B12 values (<160 pmol/L) was also comparable in vegetarians (7 out of 22) and
nonvegetarians (7 out of 26, P = .76).
Brants et al. (1990) reported that dairy products contributed 87% of the vitamin
B12 intake of the vegetarians in their study population. Both Brants et al. (1990) and
Deriemaeker et al. (2011) found calcium intakes to be fairly high in both vegetarians (1170
and 940 mg/day) and nonvegetarians (1060 and 880 mg/day), suggesting important use of
dairy in all groups. Dairy intake as estimated through calcium intake therefore does not
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explain why blood vitamin B12 levels in vegetarians were twice as high in Deriemaeker
et al. (2011) as in Löwik et al. (1990).
Woo et al. (1998) and Kwok et al. (2002) found a high prevalence of biochemical vitamin
B12 deficiency in elderly Chinese vegetarian women and also a high prevalence of anemia.
Woo et al. (1998) reported that low vitamin B12 values (<150 pmol/L) were common
among the vegetarians, but not notably more common among anemic vegetarians (58%)
than among nonanemic vegetarians (52%).
Kwok et al. (2002) analyzed the same population but included an analysis of serum
methylmalonic acid (MMA). Elevated serum MMA is a marker of vitamin B12 deficiency.
Elevated MMA was associated with increased prevalence of anemia. The increase in anemia was statistically significant for serum MMA above 1 μmol/L, though even in this group
only a third of the anemia was macrocytic (the form associated with clinical vitamin B12
deficiency). Poor renal function can cause both anemia and elevated MMA, but subjects
with elevated serum creatinine were excluded to try to minimize this effect.
Subjects showing both vitamin B12 greater than 150 pmol/L and serum MMA below
0.4 μmol/L were classified as not vitamin B12 deficient (24%). Subjects with one indicator of
vitamin B12 deficiency were classified as possibly deficient (29%), while subjects with both
indicators of deficiency were classified as definitely deficient (47%). Hemoglobin levels were
higher in those who were not deficient in vitamin B12 (13 vs. 12.3 g/dL). Definite vitamin
B12 deficiency was associated with consuming neither animal milk nor vitamin B12 supplements, even though milk consumption by those who did use it was noted to be infrequent.
Calcium intake in this population was about 400 mg/day in both vegetarians and nonvegetarians, which is qualitatively lower than in North American and European populations.
In general, the picture for vitamin B12 for elderly vegetarians seems similar to that in
younger populations: vitamin B12 deficiency is more likely in vegetarians than nonvegetarians if and only if the intake from dairy products, fortified foods, and supplements is low.
The reasons for the large difference in vegetarian blood vitamin B12 levels between the
studies of Löwik et al. (1990) and Deriemaeker et al. (2011) are unclear.

6.3 Vitamin C
Vitamin C intakes are typically higher in vegetarians than nonvegetarians, reflecting higher
intakes of fruits and vegetables: Marsh et al. (1988), 92 versus 105NS mg/day; Tylavsky and
Anderson (1988), 184 versus 159 mg/day; Nieman et al. (1989), 155 versus 114NS mg/day;
Brants et al. (1990), 136 versus 94 mg/day in men and 149 versus 101 mg/day in women;
and Deriemaeker et al. (2011), 162 versus 96 mg/day in men and 149 versus 123NS mg/day
in women.

6.4 Vitamin D
Vitamin D levels are mainly driven by sun exposure, but diet becomes important whenever
sun exposure is limited. Vegetarian intakes of vitamin D from diet are generally lower than
nonvegetarian intakes.
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Löwik et al. (1990) found no difference in 25(OH)D blood levels between vegetarians
and nonvegetarians but their survey was carried out in June (and the authors note that it
was very sunny), so blood levels would be strongly influenced by sun exposure, and differences due to diet would be minimized.
Vitamin D intakes were reported in a few studies comparing elderly vegetarians with
nonvegetarians: Nieman et al. (1989), 2.2 versus 2.7NS μg/day; and Deriemaeker et al.
(2011), 0.31 versus 0.27NS μg/day in men and 0.11 versus 0.23 μg/day in women.

7. Conclusion
7.1 Nutritional Status
In general, vegetarian diets show a healthy profile for most nutrients in the elderly as well
as in younger adults. Blood cholesterol levels and BMI values are generally, but not always,
favorable. There may be a slight disadvantage in BMD.
Iron deficiency appears to be much less of an issue in practice than in popular perception, though iron stores are lower in vegetarians. Protein intakes range from higher than
recommended (particularly measured in terms of calorie density) to rather low. The inclusion of sufficient animal or soya milk or legumes avoids low protein intakes.
Sodium intakes are usually slightly lower in vegetarians than in nonvegetarians, but
were found to be higher in Hong Kong vegetarians. High sodium intakes should be avoided
to reduce risk of hypertension.
Low vitamin B12 intakes in those vegetarians with low intakes of milk and fortified
foods/supplements are an important concern, albeit one that can be easily addressed.
Low calcium levels can be a concern in those vegetarian diets with low intakes of milk
and fortified foods/supplements, and low intakes may impact fracture risk.
Low zinc levels and low EPA/DHA levels may be significant in elderly vegetarians, but
more research is needed. Sprouted seeds and legumes and whole meal bread are good
sources of zinc, since sprouting or leavening reduces phytate content.

7.2 Research Approach
The use of biomarkers of nutritional status and intermediate diet-related outcomes is very
helpful in complementing analyses of nutrient intakes, particularly when multiple factors
affect a relevant outcome (as in BMI, blood pressure, cholesterol, and BMD) or when bioavailability plays a critical role but cannot be predicted accurately from diet records (as in
iron and zinc).
The limited amount of research on elderly vegetarians is striking, given the aging of populations and the increased interest in vegetarian and plant-based diets. Further research
should look at elderly participants in ongoing large studies of vegetarians as well as looking
at samples drawn from vegetarian organizations or religious communities. To limit confounding by age, studies should use subjects matched for age and sex whenever possible.
Failing that they should adjust carefully for age, considering the possibility of nonlinear
trends.
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1. Introduction
This first chapter on plant protein will focus on the fundamental role of dietary protein:
to supply nitrogen and amino acids that ensure normal growth and the normal renewal
of body protein pools. This is the criterion that has always been used to evaluate protein
quality. In line with this viewpoint, this chapter will therefore deal with plant and animal
proteins as sources of amino acids, and not of the other nutrients and substances with
which they are commonly associated. As we shall explain, protein quality as defined here
mostly relates to the bioavailability of amino acids from dietary protein, the quantities of
individual amino acids and the amino acid profile, the utilization of these amino acids
for anabolic purposes, and their overall, final, although often theoretical, impact on body
protein pools. The myriad of functions related to specific body proteins are supposed to be
assured if protein pools are globally balanced by dietary protein intake. We shall be reviewing these relationships and different sources of information that range from theoretical
assessments to experimental results. We shall then turn to the complexity of amino acid
metabolism and the uncertainties attached to our understanding of dietary protein and
protein metabolism, while attempting to clarify the practical implications of using plants
as a major source of protein.

2. Initial Evaluations of Plant and Animal Protein Quality
Nearly 100 years ago, Mitchell described the basic concept used to estimate protein quality as being the fraction of a dietary protein that is lost during digestion plus the fraction
that is lost in metabolism, i.e., not retained in the body (the so-called “biological value”),
and proposed a method to measure the level of nitrogen losses beyond the obligatory
losses that could be accounted for by consumption of the protein (Mitchell, 1923, 1924).
Under this principle, the fundamental value of a dietary protein is to supply alpha-amino
nitrogen to be used for anabolic purposes, thereby ensuring optimum growth or, in an
adult, enabling the normal renewal of body protein with an equilibrated nitrogen balance
Vegetarian and Plant-Based Diets in Health and Disease Prevention. http://dx.doi.org/10.1016/B978-0-12-803968-7.00035-6
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(Sherman, 1920). This was judging protein quality on experimental grounds—a highly
pragmatic viewpoint—based on the basic criteria of metabolic indispensability, a very
fundamental viewpoint.
Much research has been based on this approach in rodents. Numerous studies have
measured the “protein efficiency ratio” (PER, weight gain divided by the amount of protein consumed) of different protein sources in rodent diets, or other similar indexes such
as the “relative protein efficiency ratio” or “(relative) net protein ratio,” to compare weight
gain between groups receiving a reference protein, or to compare the weight loss of a
group receiving a protein-free diet. For a review, readers can refer to the publication by
Boye et al. (2012). Based on these criteria, a series of studies in rodents concluded that
plant proteins were of poor quality. For example, protein efficiency ratios were found to
lie within the 1.2–2.4 range for plant proteins (including pea flour, soy protein, beans) and
could be as low as 0.95 for wheat flour, whereas animal proteins were in the 3.1–3.7 range
(Sarwar et al., 1984; Cruz et al., 2003).
These studies were also useful in demonstrating the concept of a limiting amino acid.
The protein efficiency ratio of soy flour in a rodent diet increases with the addition of
methionine to reach a ratio similar to that of casein, showing that the low level of sulfur
amino acid in soy protein limits the utilization of other amino acids for the most quantitatively important pathway, i.e., protein synthesis. Interestingly, while the PER of soy protein
and casein increase with the amount of protein in the diet, a difference between the two
sources remains whatever the level of protein, provided it is not too low. Therefore, in the
case of a single source of protein, the limiting amino acid is the key factor regarding relative protein utilization. From this literature, cereals have been established as being deficient in lysine and legumes deficient in methionine, or more generally speaking in sulfur
amino acids (Friedman and Brandon, 2001; Sarwar et al., 1978). In line with this concept,
it has also been demonstrated by experiments in rats that proteins can complement each
other (Sarwar et al., 1978).
Another key factor demonstrated by these approaches with respect to protein quality is
digestibility. The antinutritional factors found in many plant proteins may limit the digestion of protein, resulting in a reduction in its final global efficiency of utilization. This is
particularly important regarding the trypsin inhibitors found in many beans, the inhibitory
effect of which is markedly decreased by heat treatment or chemical reduction, resulting in
a structural change (via the disulphide bonds) (Friedman and Brandon, 2001; Friedman and
Gumbmann, 1986; Faris et al., 2008; Sarwar Gilani et al., 2012; Gilani and Sepehr, 2003).
As argued by Mitchell a century ago, and based on series of classic growth experiments
in rats, plant protein is more digestible when the protein fraction is purer, and poorer
digestibility estimates are limited to legumes, but this depends on previous heat treatment. With respect to legumes, including white bean, lima bean, and velvet beans, he
wrote “The value of these proteins in growth experiments on rats in large part depended
upon whether or not the proteins were cooked or uncooked” (Mitchell, 1923).
Assessing protein quality by measuring the efficiency of protein utilization in a rat
model has some important limitations. Protein requirements for rapid growth in animals
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are not the same as those in humans, which are mainly driven by maintenance, even in
young children (Young, 1991). Furthermore, individual amino acid requirements are not
the same in rodents and humans, due to the different metabolic demands of specific tissues. A higher sulfur amino acid requirement in rodents than in humans has long been
suspected, and it has been evidenced by the fact that the PER of animal proteins (or a
mixture of proteins) is not maximal and increases with the addition of methionine. These
initial evaluations based on rat growth had many limitations regarding their application to
the human diet, but together with the predominance of plant-based diets in a context of
protein-energy malnutrition, they have shaped the lasting view that plant proteins have a
very poor quality for human nutrition.

3. Protein Quality Based on the Nitrogen Balance in Humans
Because of the limitations of animal models, it has long been argued that protein quality
should be evaluated in humans. Based on the principle of nitrogen balance studies, the utilization of a protein can be assessed in humans by measuring fecal and urinary nitrogen
(N) losses. The results of such studies have confirmed that some plant proteins have a lower
utilization, in particular certain beans and wheat (FAO/WHO, 1973; Alford and Onley, 1978;
Young et al., 1975). When compared to egg protein, the net protein utilization of wheat was
estimated at 41% (Young et al., 1975). Lysine was confirmed as being the limiting amino acid
in wheat (Bailey and Clark, 1976). However, some plant proteins have produced good results,
comparable to those achieved with animal proteins. For instance, it was reported that amaranth had a net protein utilization that was 89% of that of cheese protein, and lupine a net
protein utilization that was 77% of that of egg protein, which is comparable to the value
found for beef (78%). Likewise, soy protein isolate has the same overall utilization as milk,
egg, or beef proteins (Young et al., 1984a,b). Contrary to the results found in rats, the addition of methionine does not improve the utilization of soy protein (Young et al., 1984a). A
mixture of plant protein sources, particularly including small amounts of animal protein
(such as milk) can result in an equilibrated nitrogen balance at a level of intake similar to that
of animal proteins, indicating their good utilization for body protein maintenance.

4. Digestibility
Investigations in animals and humans have also generated much data regarding the digestibility of plant protein, and helped us to understand the main factors at issue. Data in
humans have indicated a range of values for plant protein, with most plant sources exhibiting true digestibility within the 80%–90% range, although with some from specific sources
being lower (e.g., “rice, cereal”: 75% and “rice, polished”: 88%), and a few higher (e.g.,
“wheat, refined”: 96%, “soy protein isolate”: 95%) (FAO/WHO/UNU, 2007). The digestibility
of meat, fish, milk, or eggs reaches ∼95%. Digestibility is usually higher for refined products
(e.g., soy flour: 86% and soy protein isolate: 95%) (FAO/WHO/UNU, 2007; Boye et al., 2012).
The digestibility of protein in the traditional diets of developing countries is considered to
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be lower than that in Western diets, which is attributed to more unprocessed protein sources
and higher levels of antinutritional factors (Sarwar Gilani et al., 2012).
However, true fecal digestibility is not the best measure of the digestibility of dietary
protein. The amount of ingested protein nitrogen absorbed in the small intestine better
reflects the quantity of amino acids made available for body metabolism before the protein
enters the colon, and this measure is referred to as “ileal digestibility.” Further, the nitrogen
found after the colon or ileum originates from both endogenous and dietary sources, so the
digestibility calculation requires that an estimate of endogenous nitrogen losses should be
subtracted from the total losses. When basal (endogenous) losses are considered, this constitutes “true digestibility,” but when precise endogenous/dietary losses can be estimated
directly, this is called “real digestibility.” Real ileal digestibility has been assessed in humans
during the past 20 years. Using sophisticated methods, these studies reported that the real
ileal digestibility of various dietary proteins was within the 89%–95% range. For soy protein
isolate, pea protein flour or isolate, wheat flour, and lupine flour, the figures were 89%–92%;
these were similar to those found for eggs (91%) or meat (90%–94%), and slightly lower than
those reported for milk protein (95%) (Tomé, 2013). It is important to note that most of the
plant proteins studied came from raw, untreated (unheated, or minimally heated) sources,
and some were ingested in complex food matrices such as (unheated) flour. Data in rats
and pigs have shown that moderate heat treatment, which reduces trypsin inhibitor activity
in legumes and increases the accessibility of most proteins to proteolytic enzymes, tends
to improve digestibility (Van Der Poel et al., 1990; Gilani and Sepehr, 2003; Clemente et al.,
2000; Boye et al., 2012). Furthermore, it was shown that pea globulin alone—the major fraction of pea protein—has a high digestibility of 94%, whereas total pea protein (i.e., globulin plus albumin) had a digestibility of 90% (Mariotti et al. 2001). Given that the albumin
fraction contains all the trypsin inhibitors, that this protein displays the structure that is
the most resistant to hydrolysis, and that the proteins were untreated, this 4% difference
is finally very small. In this series of studies reporting a close range of values for different
proteins, one exception was rapeseed protein isolate, the digestibility of which was found
to be 84%, although there was marked interindividual variability in the results (84 ± 9%)
(Bos et al., 2007). Rapeseed contains proteins that are particularly resistant to hydrolysis
and whose structure is little affected by heat treatment. For rapeseed, as for other protein
sources, intense heat treatment tends to impair digestibility (Eklund et al., 2015). However,
the precise effects of different heat treatments on the structure and resulting digestibility of
proteins remains little documented (Samadi et al., 2013). Heat treatment may also decrease
the availability of some amino acids, and particularly lysine, depending on the conditions
and substrates available (Gilani et al., 2005), but the final impact in humans is difficult to
determine. The digestibility issue may be more specific to certain plant protein fractions,
and the extraction processes and subsequent treatments applied.
Finally, the differences found between the digestibility of plant proteins and animal
proteins appear to be small, contrary to historical findings in rats or pigs, or determinations using less precise methods in humans.
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For many years, it has been proposed that digestibility should be studied at the level
of each individual amino acid rather than the overall total nitrogen level (Gilani and
Sepehr, 2003). There are several reasons why the individual digestibility of some amino
acids may vary or be poorer than that of others, so overall digestibility is an imperfect
proxy for the bioavailability of each amino acid. Although individual amino acid levels may vary between and within protein sources, it remains difficult to delineate a
systematic bias in the evaluation of dietary protein quality that could be resolved by
means of ileal digestibility (Rutherfurd et al., 2015). One exception to this rule is the
reduction in available lysine due to food manufacturing processes such as Maillard
reactions (FAO/WHO/UNU, 2007). Indeed, the issue of lysine availability remains
unclear, and methodological advances will be necessary to determine clear estimates
(Rutherfurd, 2015).
Data on the digestibility of individual amino acids at the ileal level remain rare, and
the theoretical rationale for improving the evaluation of amino acid availability is plagued
by numerous methodological problems. FAO (2013) has suggested that this could be an
important opportunity to improve the evaluation of protein quality, but it is acknowledged
that until these data are available, fecal crude protein digestibility should be used as a
proxy for individual amino acid bioavailability. This will be further discussed next. In the
meantime, data to refine our understanding of the differences between plant and animal
proteins are scarce (Rutherfurd et al., 2015). In a study that compared the ileal amino acid
digestibility of soy and milk proteins, the average digestibility was 94% for soy, with individual amino acids within the 89%–97% range (89 ± 5%–97 ± 3%), while for milk the average
figure was 95%, and values ranged from 92% to 99% regarding the digestibility of individual amino acids (Gaudichon et al., 2002).

5. Amino Acid Profiles and Requirements
Theoretically, the amino acids available are used efficiently if they are supplied in
quantities and proportions that are optimal for their incorporation in protein synthesis. In line with the concept of limiting amino acids, when sufficient alpha-amino
nitrogen is consumed in the absolute, a protein of good quality should supply enough
of each of the nine indispensable amino acids. This is the concept of the amino acid
score (AAS). The AAS ascribes to a protein the lowest proportion of each indispensable
amino acid relative to the amount in a reference pattern that is optimal for protein
utilization. This reference pattern was initially that of a real protein (egg protein), but
since 1973 it has been based on an estimate of individual amino acid requirements
(FAO/WHO, 1973). Based on the AAS, a dietary protein that is consumed at a level
that covers the overall protein requirement (i.e., an average of 0.66 g/kg body weight)
and has an AAS of 1, supplies exactly the absolute amounts of individual amino acids
that meet metabolic demand, and at a proportion where no amino acid constrains
utilization of the others.
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6. Amino Acid Scores and Protein Digestibility Corrected
Amino Acid Score (PDCAAS) of Plant Proteins
When reviewing the AAS of plant protein, two amino acids often appear as being limiting: lysine in cereals and sulfur amino acids in legumes. A closer look at the data reveals
that the amounts of lysine are low or very low in cereals (and pseudocereals) such as
wheat, sorghum, triticale (49%, 47%, 62%), and rice (80%), and low in a few other sources
(almonds and walnuts: 60%), whereas it is high or very high in other sources and particularly in legumes (e.g., pea: 168%; fava bean: 152%; soybean: 134%) as in animal proteins (milk: 168%; beef: 193%; egg: 160%) (US Department of Agriculture – Agricultural
Research Service, 2013). The very low level of lysine in cereals has long been an important
aspect of protein quality, and there is an ongoing debate as to the implications of these
low levels (see later). Because of the very low lysine level in cereals, there have been major
concerns about whether diets mainly composed of cereals can cover protein and amino
acid requirements at a marginal level of total protein intake. This will be further discussed
subsequently.
As far as sulfur amino acids are concerned, small quantities are found in many legumes,
with a few being below the reference value, e.g., fava bean (95% of the reference value)
and some lupines (88%), although most have AAS that is >1 (e.g., pea, kidney bean, and
soybean at 112%–118%). Most cereals contain very high levels of sulfur amino acids (e.g.,
wheat: 160%; rice: 190%), similar to those in animal proteins (e.g., milk: 148%; beef: 167%;
egg: 235%). Before 1973 (because the reference pattern for the AAS was egg protein, which
is very high in sulfur amino acids), the AAS for legumes was dramatically low (FAO/WHO,
1973). Revision of the reference pattern between 1990 and 2007 also resulted in a further
lowering of the value for sulfur amino acids (from 25 mg/g to 22 mg/g), and although this
was a slight decrease, it resulted in most legumes being no longer “deficient” in sulfur
amino acids, with an AAS > 1.
Apart from virtually all cereals and a very few legumes, dietary proteins are not limiting in any amino acids when compared to the most recent reference pattern (FAO/WHO/
UNU, 2007); see Fig. 35.1. This figure also shows that the overall average plant protein AAS
is superior to one, and protein sources can easily complement each other. This is readily achieved once cereals and legumes are mixed together in the diet, or plant sources
are mixed with some animal sources (such as milk and eggs). This has practical implications for ovolactovegetarians and vegans, and for plant-based diets that incorporate small
quantities of animal protein. The low levels of lysine in cereals and sulfur amino acids in
legumes have long been acknowledged, but it is also known that cereals and legumes can
combine to yield a mix that is no longer deficient in these amino acids, as they complement each other. Combining cereals and legumes is also probably one of the oldest features of “cultural nutrition.” Numerous traditional dishes that are staples in many cultures
in large parts of the world combine cereals with legumes or dairy, such as couscous that
combines wheat and chickpeas, diverse bread or pasta with cheese, or the famous rice and
beans.
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Wheat
Sorghum
Tricale
Rye
Rice
Soy
Lupin
Fava bean
Kidney beans
Pinto beans
Lenls
Potatoes
Sunflower
Corn
Canola
Milk
Casein
Milk soluble protein
Beef
Cod
Egg
Walnuts
Almonds
Average (overall)
Average (plant)

FIGURE 35.1 Individual amino acid scores (calculated as the ratio between the amount of a given amino acid in
dietary protein and its value in the FAO/WHO (2007) reference pattern) for a broad range of plant and animal
proteins. Lines indicate the overall average for all protein sources (black) and the average for plant proteins only.
Data were calculated from the USDA database (USDA National Nutrient Database for Standard Reference,
Release 26).

7. PDCAAS as a Proxy for the Protein Quality of Single
Protein Sources
Because it only requires data on amino acid composition, the AAS approach has been
widely applied. It has long been combined with estimates of digestibility (such as protein digestibility measured experimentally in rats) to yield the well-known PDCAAS.
Interestingly, this score combines estimates of the two main factors for protein utilization:
digestibility and the amino acid pattern. It can be applied in the context of marginal protein intake when the overall protein requirement is covered, i.e., when the intake of “good
quality” protein is sufficient to secure the nitrogen balance. It has become the official
international consensus for the routine evaluation of protein quality. For plant proteins,
the PDCAAS is the result of the combination of what has been presented earlier. Briefly, the
slightly poorer digestibility of most plant proteins amplifies low or marginally adequate
amino acid patterns. A low PDCAAS (i.e., lower than 1) is still mainly found with cereals.
To understand this approach, it is important to note that the PDCAAS was proposed
as a method to assess the protein quality of both individual protein food sources AND
dietary mixtures. For a given protein, a PDCAAS higher than 1 does not mean that it has an
advantage over a protein with a PDCAAS of 1 if it were the only source of protein in the diet.
Therefore, when calculated for a diet, the PDCAAS and other indicators should be truncated to 1. If a protein has a PDCAAS higher than 1, this indeed indicates its clear potential
to be used to complement other protein sources with a PDCAAS lower than 1. Conversely,
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the PDCAAS system does not account for the fact that two proteins of “low(er) quality”
(PDCAAS < 1) may achieve a mix of adequate quality (PDCAAS = 1) when combined, a typical example being cereals and legumes.
Clearly, the PDCAAS therefore has limitations when it is used to communicate on
the protein quality of different foodstuffs, which may be important inasmuch as the
PDCAAS (and its current variation the DIAAS) is recommended for regulatory purposes.
All approaches that are designed to provide information on diet but are based on fragmented, reductionist information on individual foodstuffs are ultimately subject to such
limitations as they may disregard and finally hinder their integration at the dietary level, a
classic pitfall in nutrition (Mariotti et al., 2010).

8. PDCAAS of Mixed Protein Diets and Protein Intake in
Plant-Based Diets
It is important to understand that the evaluation of protein quality is based on the theoretical situation of a marginal protein intake. For populations in developing countries
where the protein intake is low, the issue of protein quality is of acute importance, particularly since the protein source may be insufficiently varied, but the general concern is
that of overall protein-energy malnutrition. Again, the problem is most important for diets
that are mainly cereal-based, because of the lysine limitation (Nuss and Tanumihardjo,
2011), as we shall discuss later in this chapter. In this context, evaluating the protein quality of diets comprising components from different protein sources could make a valuable
contribution to analyzing the specific constraints of different models on the supply of an
equilibrated amino acid pattern to meet protein requirements (Suri et al., 2014; Nuss and
Tanumihardjo, 2011).
As a corollary, if protein quality is still inadequate when assessed at the level of the diet
(and as estimated by the PDCAAS), this means that the total protein intake needs to be
higher than the standard requirement (based on good quality protein). It is a matter of
opinion whether this will mean compensating for quality by quantity, or simply recognizing that there is no quality issue when the protein intake is high. In Western countries,
this option is preferable inasmuch as protein intakes are indeed considerably higher than
the needs of the general population, where even vegetarians (including vegans) have protein intakes above the recommended dietary allowance (or population reference intake,
to use the EU wording). In an analysis of the nutrient intake of the Adventist cohort of the
AHS-2 study, Rizzo et al. reported median protein intakes of 75 g/day for nonvegetarians
and 71 g/day for both ovolactovegetarians and vegans, even though the vegetarians were
relying on plant protein to meet >83% of their total protein needs. When only considering the groups with the lowest protein intakes (i.e., the 5th percentile of protein intakes),
the values were 54 g/day in nonvegetarians, 53 g/day in ovolactovegetarians, and 52 g/day
in vegans. These results clearly illustrate the fact that the risk of an inadequate protein
intake may little differ as a function of the plant protein content in the diet of communities
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of Western adults. Based on absolute protein amounts, i.e., without information on body
weight, a rigorous estimate of the prevalence of inadequate protein intake in these populations is not possible, and this would be necessary for an in-depth analysis. However, if
54 g is considered as the reference value to comply with the population reference intake (of
0.83 g/kg body weight) with a body weight of 65 kg, the data indicate that this prevalence
of inadequate intake, even among those with the lowest intake (5th percentile), is virtually null. The fact that vegans achieve a sufficient protein intake is also corroborated by
a protein:energy ratio >10% at the 5th percentile. These conclusions are in line with data
from other studies reporting on the protein intakes of vegetarians and nonvegetarians in
Western countries (Clarys et al., 2014; Halkjaer et al., 2009; Millward and Garnett, 2010).
In these countries, concerns regarding protein nutrition may be limited to older adults
because of their lower protein intake, lower energy intake, and possibly higher absolute
requirement (Mariotti, 2016; Berner et al., 2013). This situation also involves a peculiar
metabolic constraint, linked to their resistance to postprandial anabolism. This will be discussed in further detail subsequently.

9. Limitations of the AAS, PDCAAS, and DIAAS Approaches
The theoretical and practical limitations of AAS-based methods are numerous. The
PDCAAS has been widely criticized as being ineffective in predicting the nutritional quality of certain specific sources containing high levels of antinutritional factors (including
trypsin inhibitors or growth-depressing factors such as glucosinolates), which have been
proved to impair growth in rats. However, these sources are quite specific and tested as
raw, and it is thought that these limitations to PDCAAS should only concern novel and single sources of protein (Gilani, 2012). It has also been thought that, depending on the conditions such as high temperatures, processing can reduce the levels of bioavailable amino
acids (although this improves their digestibility) by degrading these amino acids (Boye
et al., 2012). Lysine is particularly sensitive processing. Finally, AAS-based approaches,
including PDCAAS, come in for criticism at two ends of the theoretical spectrum: they are
too general to assess the value of highly specific proteins, but they are too specific to reflect
the real utilization of complex combinations of broad protein sources.
It should also be remembered that PDCAAS also suffers from the practical limitations
of amino acid analysis in terms of how amino acid contents are expressed relative to protein, either as “crude protein” (i.e., using the classic N × 6.25 factor) or as a sum of amino
acids (using specific conversion factors or direct comprehensive analysis). We have shown
that using crude protein for plant protein (which has a real conversion factor <6.25) underestimates the AAS of plant protein, and it equally overestimates the quantity of protein in
the food source (Mariotti et al., 2008); this concern was recently reiterated (Rutherfurd
et al., 2015). It is a good example of how, in practice, it is difficult to disentangle protein
quantity and quality.
To account for variations in the digestibility of individual amino acids, the DIAAS
approach was proposed by the FAO as an improvement to the PDCAAS estimate. However,
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the DIAAS targets a more specific and individual ileal amino acid balance (as discussed
earlier), but for practical reasons it is calculated using the amino acid content of a protein
multiplied by the overall protein fecal digestibility, as estimated in rats. In short, where
the PDCAAS typically multiplies digestibility by the AAS, the DIAAS directly considers the
quantities of amino acids and their overall digestibility to calculate the ratios of digestible
indispensable amino acids against the value in the reference pattern, ultimately retaining
the lowest. DIAAS values are therefore slightly lower than those of the PDCAAS, but the
differences are very similar among protein sources (4 ± 2% lower) (Rutherfurd et al., 2015).
As discussed later, applying estimates of individual amino acids available at the ileal level
also results in lowering the index for all proteins, with some slightly more important differences between protein sources (in the study by Rutherfurd et al., −4 ± 3%).
Clearly, although the PDCAAS and DIAAS are theoretically sound methods to estimate
protein quality, it is doubtful whether the differences in estimates between the indexes
and different protein sources are meaningful from a human nutritional standpoint, given
all the methodological uncertainties and constraints and the theoretical limitations that
affect our understanding of protein requirements, as we shall be discussing next.

10. Uncertainties Affecting Protein Quality Evaluation
The indirect approaches used to assess protein quality are based on a separate accounting of the total protein (i.e., nitrogen) requirement and that of each individual amino acid,
and the define quality as the minimum amino acids that will permit the best efficiency of
utilization, based on fragmentary information. For example, they do not account for the
influence of each amino acid on the metabolism of others, nor their complex influence on
background/endogenous metabolism. As can be expected, the metabolic reality is much
more complex.
First, it has repeatedly been argued that the dietary protein requirement model is
adaptive (Millward and Rivers, 1988), or in other words the metabolic demand for amino
acids increases in line with amino acid intake. However, this is not usually taken into
account by studies that are too short-term to show any adaptation in the amplitude of
the diurnal cycling of fasting losses and postprandial gain according to protein intake
(WHO/FAO/UNU, 2007). On this basis, it has been argued that the lysine requirement
(the value of which is included in the amino acid reference pattern) has been overestimated, which is a matter of long-standing controversy (Young, 1998). Furthermore, studies in humans have shown that some dietary proteins are better retained/utilized than
might be predicted by their AASs. For example, this has been shown for wheat protein
(Millward et al., 2002) and pea protein fractions (Mariotti et al., 2001). It is not surprising
that the real utilization of dietary proteins, in both the acute and adaptive settings, will
not be readily predicted by amino acid scoring that assesses the minimum required based
on individual amino acid requirements. Amino acids are both the substrates and signals
for protein metabolism. As is well-known for leucine, a higher intake increases its oxidation at the same time as positively regulating the utilization of all amino acids for protein
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synthesis (Millward et al., 2008). The utilization of a mixture of amino acid is not the same
as that of a protein (Daenzer et al., 2001). The numerous ramifications of such questions
are beyond the scope of this paper, but in short, neither the utilization of a dietary protein
not its metabolic impact can be reduced to just the separate amounts of the individual
amino acids they convey, so once again, the whole is more than the sum of its parts.
A final example of the uncertainties that still affect our understanding of nitrogen and
amino acid conservation in humans is the existence of nitrogen cycling in the lower gut. It
has long been acknowledged that some amino acids are synthesized in the lower gut and
then made available to the body, and this includes indispensable amino acids. It is also
known that this synthesis may operate de novo, i.e., using nonalpha-amino nitrogen, and
the NH3 used to synthesize amino acids (including lysine) is supplied by the hydrolysis of
urea (“urea N salvage”) (FAO/WHO/UNU, 2007). The level of urea N salvage seems to vary
according to the conditions, and it occurs as early as the postprandial period. It has been
reported that the degree of urea hydrolysis increases when urea production increases as a
result of a lower efficiency of postprandial utilization, in the case of plant protein (Fouillet
et al., 2008). We therefore know that all the mechanisms that might modulate differences
in the quantity and quality of protein are present and operational. What remains unknown
is the degree of impact, and if this causes a nutritionally important effect.
Uncertainties concerning protein and amino acid requirements in the long term, taking account of the adaptive component, still limit estimates of adequacy based on comparing intakes from a plant-based protein diet and estimated requirements. On the other
hand, as we will discuss further, we lack relevant markers for protein status that can be
used directly to assess protein adequacy in adults. There is certainly little evidence that
a low protein intake from a plant-based diet in well-nourished populations has adverse
effects on health. This type of argument has a long history and still persists. In 1950,
Mirone argued against the recommended daily allowance for protein (which was set at
70 g/day, with 50% of animal origin) after reporting that a group of vegetarians consuming 50 g total protein plus ∼6 g animal protein was in apparent good health, as indicated
by normal blood hematology and chemistry markers (including serum albumin); this was
taken as an indication that a plant protein combination could substitute for animal protein (Mirone, 1950; Albanese, 2012).

11. When Might Protein Quantity and Quality Be Limiting
With Respect to Protein Requirements?
An inadequate protein intake can be estimated in a population by comparing the protein
intake and the distribution of requirements. This statistical estimation provides the percentage of individuals in the population whose protein requirements are not met by their
protein intake. Another way to address this question is to calculate the protein:energy
requirement ratios for different groups of individuals. This approach is based on the
fact that when sufficient food is eaten to meet energy needs, those for protein will also
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be satisfied if the ratio of protein to energy is appropriate (FAO/WHO/UNU, 2007).
Accordingly, different population groups are not at the same risk of insufficient intake.
The mean and reference protein:energy ratios increase with age, being higher in women
than in men, higher in small as opposed to large adults, and markedly lower in active individuals. It is therefore not surprising that the risk of inadequacy is very low in the general population but higher in older and inactive females of small stature. Likewise, in the
general population with a high energy intake whose diet contains substantial amounts
of protein, the intake of protein is indeed very high. As shown earlier, this has been confirmed in the general population in Western countries, and it is also the case for ovolactovegetarians. The protein intake of most vegans is lower than that of other vegetarians, but
there are few concerns regarding insufficient intake among adults. Some elderly people
with a low animal protein intake may have a marginal protein intake when compared to
their requirement, and as predicted by the protein:energy approach, this is probably the
case among elderly vegan women of small stature who have an inactive lifestyle (Millward
and Garnett, 2010; FAO/WHO/UNU, 2007). It may be considered that the total protein
requirement should be indeed be slightly higher with plant-based diets, to “compensate”
for the slightly lower digestibility of plant protein sources or an imperfect supplementation in amino acids (mostly lysine) in some mixed protein diets. On this basis, and using
the rough estimate of differences in digestibility between plant and animal sources, it may
seem reasonable to consider a safety margin of an additional 5%–10% protein intake in
diets that are predominantly or exclusively based on plant protein. This could be further
increased if the diet is based exclusively on plant protein and is insufficiently varied to
supply sufficient lysine. In line with this reasoning, the American Dietetic Association has
proposed that “protein needs might be somewhat higher than the recommended dietary
allowance in those vegetarians whose dietary protein sources are mainly those that are
less well digested, such as some cereals and legumes” (Craig et al., 2009). However, this
remains highly theoretical and approximate, and, importantly, it was refuted by a metaanalysis of nitrogen balance data, which did not find any influence of the type of protein
(Rand et al., 2003). In their analysis, Rand et al. considered the protein sources in the study
diets as being divided into three groups: animal, vegetable, and mixed, and they found
no effects on this metaregression (slope and intercept), indicating that the total protein
requirement is similar with plant-based or animal-based diets (Rand et al., 2003; FAO/
WHO/UNU, 2007). When interpreting this analysis, however, it is important to note that
the “vegetable” diets included complementary mixtures of plant proteins (cereals and
legumes) or good quality soy protein.
In contrast with the inactive elderly, protein intake is high in well-nourished children,
because of their high energy requirements whatever the dietary level of animal protein
intake, and there is no risk of insufficiency based on requirements (AFSSA, 2008). In other
words, the protein requirement of well-nourished children is high but their energy requirement is even higher, so that energy intake is the most limiting factor for protein adequacy.
That the protein quality of a plant-based diet is insufficient to meet the protein requirement may also be relevant, but only in situations of low total protein intakes and high
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requirements. In this context, as we have discussed before, consuming a variety of plant
proteins is key to ensuring the adequacy of overall amino acid intake, and plant protein
sources that are low in lysine (such as cereals) will not make the most important contribution to the protein intake.
Likewise, it is clear that the adequacy of a plant protein-based diet remains an issue
in some developing countries: where total energy and protein intakes are low, the diet
is based on complex plant sources with poorer digestibility, and these plant sources are
insufficiently varied to supply adequate quantities of certain indispensable amino acids.
For example, an insufficient intake of tryptophan has typically been shown in cases of pellagra in a population receiving a very monotonous diet of untreated maize that combines
a very low protein and energy intake, insufficient niacin, B2, and B6 intakes and poor overall health status. The addition of groundnuts, fish, or eggs as sources of tryptophan and
niacin can markedly reduce this risk (Seal et al., 2007; Malfait et al., 1993). By contrast, the
level of available lysine is a primary concern regarding the quality of plant-based diets in
some developing countries. There remain concerns about the amount of available lysine
in some cereal-based diets in certain regions because its intake is lower than the estimated
requirement; even in a mixed protein source, lysine levels appear to be insufficient when
the protein (and energy) intake is low (Nuss and Tanumihardjo, 2011; FAO, 2013). As shown
by Heck et al. (2010) in a rural area of Bangladesh, a larger share of animal protein (such
as fish) in a mostly rice-based diet enabled an adequate protein and lysine intake, but the
low BMI values seen in this population classically indicates a degree of (protein)-energy
malnutrition. As we have discussed earlier, there are some very important limitations
to our characterization of the risk of inadequacy in many situations of low lysine intake
because we lack a specific and objective measure of protein deficiency that is independent
of energy intake.

12. Refining With Metabolic Aspects: the Timing of Protein
and Amino Acid Intake and Protein Metabolism,
Especially Among Older People
It is usually considered that dietary proteins that complete each other do not need be consumed at the same meal, and that an assortment over the course of day may be appropriate. Expressing recommendations on a daily basis, because balances are the result of
integrated changes over days, is a classical approach in nutrition, and indeed stems from
our lack of information on how the metabolism may be regulated more precisely, particularly during the key window for protein utilization that is the postprandial period. The
specificity of protein metabolism, compared to that of other energy nutrients, is that no
inactive form of protein exists that can be used to store dietary protein in the postprandial
state, so the precise regulation of postprandial metabolism is critical to protein homeostasis (Fouillet et al., 2003; Millward et al., 1996; Waterlow, 1999). Likewise, there is no true
reservoir of certain specific amino acids that could be used between meals to smooth the
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variable intakes of each amino acid. Such buffering operates in a limited manner, and in
part, through the total free amino acid pools. It has been suggested that the relatively large
free lysine pool (as compared to leucine and other indispensable amino acids) enables
lysine recycling during diurnal cycling, which in turn enables the conservation of lysine
between meals, to some extent at least (Millward et al., 2000). This falls in line with an
earlier study in rats that showed that the utilization of a lysine supplement added to a
deficient diet over 24 h was similar to that of lysine given 12 h after feeding with a deficient
diet (Yang et al., 1968). However, evidence that this would operate over more than 24 h
remains scarce. It has also been suggested that variations in cysteine intake may be buffered because of its involvement in other pathways, and notably the existence of a large
pool of cysteine in the form of glutathione (Mariotti et al., 2001). By contrast, tryptophan is
known to be tightly regulated and has a small pool that is rapidly turned over, thus impairing its potential to buffer variations in intake (Yang et al., 1968).
However, our knowledge of postprandial metabolism is insufficient to understand
how intakes between two meals or 2 days may be integrated. What we do know is that factors other than amino acid composition impact postprandial protein metabolism (such
as the speed of amino acid availability), irrespective of this composition (Beaufrere et al.,
2000; Dangin et al., 2001; Fouillet et al., 2009), and we suspect that this influence may differ depending on the amino acid studied (e.g., lysine vs. leucine) (Daenzer et al., 2001).
Overall, protein turnover in skeletal muscle is highly responsive to amino acid intake in
healthy adults (Groen et al., 2015). What is still little studied is how a difference in amino
acid composition between two meals may impact the overall nitrogen balance or regional
protein metabolism in adults. The influence of the rate of absorption and the specific
effect of certain amino acids is different in older adults, a feature that offers an interesting refinement of the question at issue. Our current understanding of dietary protein and
amino acids in the context of aging is that older people are resistant to postprandial anabolic stimulation by dietary protein, a resistance which can be overcome by supplying
daily protein in the form of protein-rich meals (Paddon-Jones and Leidy, 2014; Rodriguez,
2014; Wall et al., 2015). A higher level of postprandial anabolism has been evidenced in
older people (but not in younger adults) following a single large protein meal versus several smaller ones (Arnal et al., 1999, 2000; Mamerow et al., 2014). There is now consensus
that a protein-rich meal in this context contains more than 30 g protein, which is considered to be the amount necessary to pass the “anabolic threshold” and to optimize
postprandial anabolism (Paddon-Jones and Leidy, 2014; Paddon-Jones and Rasmussen,
2009). Similarly, in older people, proteins that are absorbed and delivered rapidly elicit
a better postprandial amino acid balance than those which are absorbed slowly, while
the reverse holds true in younger adults (Dangin et al., 2003; Fouillet et al., 2009; Beasley
et al., 2013). This argues in favor of an age-related decrease in the ability of available amino
acids to stimulate anabolism, lending further credence to the “anabolic threshold” paradigm (Dardevet et al., 2012). However, the rate of absorption is not the only factor involved
in postprandial anabolism: the concomitant ingestion of carbohydrates, which delay
amino acid absorption, does not reduce postprandial protein anabolism in older adults
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(Churchward-Venne et al., 2015; Gorissen et al., 2014). When testing for protein consumed
within a mixed meal, the overall daily level of protein in the diet, and not its distribution
over the day, was reported to impact postprandial protein synthesis and the net protein
balance (Kim et al., 2015). Indispensable amino acids, and particularly branched-chain
amino acids, are considered to be key in eliciting the optimum anabolic response in the
postprandial state, so a threshold (at 3 g) for peak anabolism has also been proposed for
meal leucine (Gryson et al., 2014), triggering a signal for the anabolic utilization of the bulk
of amino acids (Magne et al., 2012; Dardevet et al., 2002). In line with this, at a relatively
low dose (20 g), whey protein (a leucine-rich, “fast” protein) causes a greater increase in
postprandial anabolism in older people than casein (slow and lower in leucine) and casein
hydrolysate (fast, but lower in leucine) (Pennings et al., 2011). Note should also be made of
the possible long-term benefits of leucine-rich protein and/or high-protein diets in older
people, probably because of their lower rates of muscle proteolysis (Mosoni et al., 2014).
These metabolic aspects have implications for protein nutrition in the elderly beyond
the basic requirement for amino acids and our consideration of the potential of protein
from different sources with respect to protein nutrition. To achieve optimum benefits in
the elderly, it is not sufficient that the diet should include enough BCAA (when compared
to what is required for a high PDCAAS), but it is important that the protein sources in a
meal should be rich in BCAA, i.e., rich in proteins that are rich in BCAA. Indeed, most
sources of plant protein are rich in leucine when compared to animal protein (e.g., an
average of 8 g/100 g, with a range of 6–14 in a set of 18 plant proteins selected from the
USDA database; an average of 9.5 g/100 g, with a range of 8–12 in a set of 6 animal proteins). Mixing different proteins is not expected to be key in this situation. However, it may
be beneficial to include large quantities of protein-rich foodstuffs/ingredients to compose
a meal that is rich in protein. In the current situation, protein-rich meals in the elderly
are clearly associated with a higher intake of animal protein (Tieland et al., 2015; PaddonJones et al., 2015).
Alongside the specific case of leucine, it is necessary to define the optimum amino acid
profile that will maximize postprandial anabolism in older individuals and could thus be
used to refine amino acid requirements and the reference amino acid profile by applying
more precise metabolic criteria. The usefulness of plant versus animal proteins in terms
of protein nutrition needs to be reassessed using these dynamic metabolic criteria; this
could lead to a further characterization of strategies for the enhanced use of plant protein,
including optimum mixes of these proteins (van Vliet et al., 2015). However, achieving this
goal is still a long way off.

13. Beyond Protein Metabolism? Functional Impacts
There remain numerous uncertainties regarding how different protein sources might
impact protein metabolism and even more about how ultimately this may result in changes
to muscle mass and function. If global protein homeostasis is considered alone, this may
mask the importance of the profound impact of protein and amino acid intakes on protein
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and amino acid metabolism and their associated functions. Metabolic adaptation and
accommodation to changes in the level of protein intake enable the final homeostasis of
body nitrogen, with important changes to protein metabolism (changes to protein fluxes
or reductions in lean mass) (Millward and Roberts, 1996). Likewise, while ensuring nitrogen homeostasis and muscle mass, the amount and nature of protein intake may impact
many aspects of protein and amino acid metabolism. For instance, during adaptation to
the protein reference intake, healthy adults experience changes in glutathione kinetics and
in the turnover of some specific proteins, suggesting a functional cost (Afolabi et al., 2004;
Jackson et al., 2004). In more specific populations such as older people at risk of developing sarcopenia, accommodating to a marginal protein intake may secure the nitrogen
balance, but the associated metabolic cost may have implications for the optimum maintenance of muscle function during aging (Campbell et al., 2002).
Finally, the benefits of different levels of protein and amino acid intake have been
addressed unsuccessfully using an indirect approach that compares intakes with theoretical requirements. However, we also lack relevant markers of protein status in adults who
are not undernourished. In older individuals, where this becomes an important question,
it is necessary to generate data to determine whether the quantity and nature (notably
plant vs. animal) of dietary protein influences long-term markers of muscle mass and
function and ultimately the risk of sarcopenia. Metabolic data alone have indeed proved
insufficient to clarify an optimum level (toward the lower end of the range of intakes) to
which the body can adapt or accommodate, nor to establish whether a different pattern of
amino acids might have real implications for health. We need a more detailed characterization of the metabolic processes involved and their relationships with physiological and
pathophysiological impacts.
As well as determining their impact on musculoskeletal health, it is also important to
understand how the changes to amino acid metabolism that occur following the intake
of plant or animal protein might affect other health-related endpoints. There is evidence
that consuming plant or animal proteins does not result in the same configurations in
the underlying metabolism (Poupin et al., 2011, 2014), and systems biology should help
to improve our knowledge of the influences of dietary amino acids on both the overall
metabolism and the precise pathways that might explain their physiological effects (He
et al., 2011). This will be dealt with in the next chapter, but the importance of this area
of research is well illustrated by the finding that the profile of some amino acids in the
plasma is central to the metabolomic profiles that are associated with obesity and cardiometabolic health (Ho et al., 2016; LeMieux et al., 2013).

14. Conclusion
Many uncertainties remain in terms of how human metabolism can adapt to or accommodate a lower intake of some individual amino acids when compared to the overall set of amino
acid and protein requirements, even when considering a theoretically simple criterion such as
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protein homeostasis. Amino acid metabolism is a much more dynamic and complex process
that is still only appreciated from fragmented information. Nonetheless, based on our current
knowledge, proteins from plant sources are wholly adequate to ensure protein nutrition in
healthy adults, even at the exclusion of animal protein, provided the sources are mixed in a
varied, high-quality diet. This might not be the case among elderly people, but this remains a
research question that awaits studies to depict the final functional impacts (e.g., on fitness, in
the short/medium term, and the long-term risk of sarcopenia). When plant protein sources
are not mixed and mostly arise from cereals, in a diet that is associated with low protein and
energy intakes (as in some developing regions), a low lysine intake remains a concern whose
impact needs to be further characterized. More generally, the effects of plant/animal protein
intake on the background metabolism of amino acids remains largely unexplored, although
this is expected to be the rationale for studies on the impact of dietary protein sources on
numerous functions and health outcomes. In Western countries, the standard view of “protein
quality” is now outdated. We need to further study the metabolic impact of plant and animal
protein sources with respect to amino acid–related metabolic pathways that have key relationships with functional impact. Last, different proteins (animal vs. plant) are not consumed in
isolation but in association with the foodstuffs that contain them, and they will together build
the final nutritional characteristics of a diet. This is part of the bigger picture that we shall try
to analyze in Chapter 36, as this is important to deciphering the relationships between plant
protein, animal protein, and health.
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1. Introduction
This chapter follows on naturally from the previous chapter dedicated to plant/animal
protein and protein quality. The basic role of dietary protein is to ensure adequate
growth and the renewal of body proteins, and it has been the focus of protein research
for many years. However, as explained in the previous chapter, debate continues on
certain unresolved issues. Refining our understanding of the protein nutritional system under different conditions remains an important area of research. In particular, it
is necessary to clarify the specific conditions that cause changes to the protein nutritional system with aging, since this has important impact on musculoskeletal health
and the risk of sarcopenia. It is also essential to fully characterize the detailed metabolic effects of changes to protein and amino acid intakes that do not apparently affect
the classic rough criteria applied for protein quality. It is still largely unknown how the
metabolic fluxes concerning virtually all amino acid pathways are affected by changes
to protein sources, although it is expected that this will mediate both the physiological and pathophysiological impacts. When broaching this topic, we indeed need to
consider the relationship between dietary protein and disease prevention from a metabolic standpoint. The fact that the type of protein may modify disease risk is a longstanding issue that can be dated back to 1908 and the pioneering work by Alexander I.
Ignatowski on animal protein, cholesterol, and experimental atherosclerosis in rabbits
(Kritchevsky, 1995).
In this chapter, we will be reviewing the broad topic of plant and animal proteins
and their relationships with cardiometabolic health from a variety of standpoints,
which include basic science such as amino acid metabolism, clinical trials on the
intermediary endpoints of cardiovascular health, and nutritional epidemiology to
decipher the potential effects of plant/animal protein intakes. These different issues
will be addressed at different levels of understanding, from specific amino acids to
overall diet adequacy.
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2. Plant Protein, Amino Acids, and Underlying Metabolism
2.1 Overall Changes to Background Amino Acid Metabolism
As well as supplying indispensable amino acids to ensure body protein growth/turnover,
dietary proteins also affect amino acid metabolism. It has been shown that animal versus
plant proteins (milk and soy proteins), which can both meet the requirements for maintenance and growth in rodents, do indeed leave a footprint, as identified from their natural isotopic abundance in tissues, demonstrating that the utilization of these proteins in
response to metabolic demand is not assured by the same arrangements in the underlying
metabolism (Poupin et al., 2011, 2014). In turn, changes to the underlying metabolism
may have a physiological or pathophysiological impact in the longer term. Systems biology should help to increase our knowledge of the influence of dietary amino acids on both
the overall metabolism and the precise pathways that are candidates to explain a physiological effect (He et al., 2011). This is important because alterations to the profiles of some
amino acids in plasma have been demonstrated to be central to the metabolomic profiles
that are associated with obesity, cardiometabolic risk factors, and the risks of cardiovascular
disease (CVD) and diabetes (Ho et al., 2016; LeMieux et al., 2013). It remains unclear how these
metabolomic characteristics are affected by protein and individual amino acid intakes
(Cavallaro et al., 2016; Schmidt et al., 2015). Dietary intakes and plasma concentrations of
amino acids were assayed in a subsample of the EPIC cohort, and the differences analyzed
across the spectrum of vegetarian diet types (Schmidt et al., 2015). The data showed that
plasma methionine, tryptophan, and tyrosine levels were higher in ovolactovegetarians
than in meat eaters, but the values were the lowest among vegans. In contrast, plasma glycine concentrations were higher in vegans, followed by ovolactovegetarians and pescetarians, than in meat eaters. Lysine levels were lower in vegans than in ovolactovegetarians,
followed by meat eaters. These differences between dietary groups were, in general, little
or not explained by differences in dietary intakes, although there was a general correlation
between the intakes and concentrations of lysine, methionine, tyrosine, and tryptophan
(Schmidt et al., 2015). Currently, the health consequences of the background metabolic
changes induced by changes to amino acid intakes remain unknown.

2.2 Could Some Amino Acids in Plant Versus Animal Protein
Procure Specific Benefits?
As well as their utilization for protein synthesis or oxidation, amino acids enter specific
metabolic pathways that lead to the synthesis of metabolites that play key roles in physiology and pathophysiology. Mention should be made of two amino acids that are present at
varying levels in plant and animal proteins and have been widely studied for their probable impact on physiology: arginine and cysteine.
Arginine, a conditionally indispensable amino acid, has attracted attention since
the discovery that it provides the substrate for the synthesis of nitric oxide (NO), a mediator involved in a series of pivotal physiological functions (Moncada and Higgs, 2006).
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Epidemiological studies have closely related CVD risk with an impairment of endothelial
function, and have shown that endothelial dysfunction precedes and predicts atherosclerosis (Juonala et al., 2004; Flammer et al., 2012). Endothelial dysfunction primarily
results in alterations to NO metabolism, the critical modulator of vascular homeostasis
(Maxwell, 2002; Moncada and Higgs, 2006). Indeed, an impairment of NO production
and/or bioactivity is largely reported as a central feature associated with cardiometabolic risk, including that of coronary artery disease, stroke, and diabetes (Reriani et al.,
2010). As shown by a meta-analysis, arginine supplementation improves endothelial
function when it is low at baseline (Bai et al., 2009). The beneficial effects of arginine
supplementation on endothelial function may be achieved with a low intake, such as
that seen by modifying the amount or type of protein in the diet, as shown by its ability
to blunt postprandial endothelial function after a high-fat meal (Borucki et al., 2009;
Deveaux et al., 2016b). The kinetics of arginine bioavailability may also play an important role inasmuch as arginine that is slowly made available—as dietary, protein-bound
arginine—is directed more toward NO synthesis than arginine that is rapidly available
(for example, in a dietary supplement) (Deveaux et al., 2016a). The potential of arginine-rich proteins to prevent alterations to postprandial endothelial function has been
demonstrated (Westphal et al., 2006; Magne et al., 2009). It has also been suggested that
arginine has a beneficial impact on many other metabolism systems and functions.
For instance, animal data have shown that arginine supplementation can affect body
composition (Jobgen et al., 2009; Tan et al., 2009; Wu et al., 2012). In humans, it has
been concluded that arginine may mediate some of the beneficial effects of including
25 g/day lupine protein (which is very rich in arginine) in the diet (Bahr et al., 2015).
Improvements to metabolic health with arginine may be concomitant with the possible
effect of NO modulation of the physiology of adipose tissue (Roberts, 2015). Low plasma
arginine levels have been associated with obesity, as well as inflammation and oxidative
stress in obese humans (Niu et al., 2012).
The benefits of a high arginine intake have also been studied for many years in connection with lysine levels. Indeed, the early historical relationship between plant and animal proteins, plasma cholesterol, and atherosclerosis in animal models has largely been
attributed to varying amounts of arginine and lysine, and the lysine:arginine ratio; a high
lysine:arginine ratio has been associated with these adverse effects (Debry, 2004a, 2004b).
More recently, in a closely controlled trial, Vega-Lopez et al. found that a low (vs. high)
lysine:arginine ratio lowered postprandial plasma levels of triglycerides, VLDL cholesterol,
and C-reactive protein (CRP) in moderately hypercholesterolemic subjects. This study did not
demonstrate any effects of changes to the lysine:arginine ratio on fasting endothelial function, but postprandial endothelial function was not tested. The addition of 25 g/day lupine
protein (which is very rich in arginine) to the diet of hypercholesterolemic subjects also
resulted in lower plasma triglyceride and LDL cholesterol levels (Bahr et al., 2014). Overall,
the effects of arginine on health and disease is an ongoing topic, but further controlled
and longer term studies are necessary to clarify the benefits of different arginine levels in
dietary proteins.
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Sulfur amino acids, and particularly cysteine, have also been studied for their potential
effects on cardiometabolic risk, because of their links with homocysteine (a probable risk
factor for CVD) and glutathione (a pivotal molecule in redox homeostasis). The relationship between cysteine intake, glutathione metabolism, and cardiometabolic risk has been
widely studied and reviewed elsewhere (Wu, 2009; McPherson and Hardy, 2011). In brief,
dietary cysteine supplementation has been reported to reduce diet-induced oxidative
stress and insulin resistance in rats (Blouet et al., 2007). This protective effect was notably
accompanied by an alteration of glutathione redox status, which has been reported to be
an early marker of atherosclerosis in healthy humans (Ashfaq et al., 2006). In humans,
variation in sulfur amino acid intakes affect fasting plasma free cysteine concentration
and the redox status, as shown by the Cys/CySS redox potential (E(h)CySS) (Jones et al.,
2011). The effects of modulating cysteine intake on the synthesis and status of not only
glutathione but also hydrogen sulfide and taurine, on redox status and, in turn, on the
pathobiology of insulin resistance, inflammation, and atherosclerosis, remain an important area of research (Yin et al., 2016).
Other amino acids have been studied for their links with cardiovascular risk factors
and identified as candidates for mediating the effects of protein intakes, based on experimental studies in animal or humans, or associations found in epidemiological studies. For
instance, oral glycine was shown to be particularly efficient in potentiating the action of
insulin in a series of controlled trials on the effects of adding amino acids to a glucose load
(Gannon et al., 2002; Gannon and Nuttall, 2010). Intakes of glutamic acid have been associated with lower systolic blood pressure, independently of other amino acids (Stamler
et al., 2009). Other candidates include histidine, tyrosine, or leucine itself (Jennings et al.,
2015; Niu et al., 2012). It would be interesting to study the separate and combined effects
of amino acid intakes, to identify the most influential amino acids and try to determine
how they might account for the effects of plant proteins. In the study by Jenning et al. the
association between the intake of several amino acids and blood pressure was found to
depend on whether they originated from plant or animal protein sources, which is indicative of the complexity of this issue.
Although it is much too soon, this area of research may eventually have important implications for our evaluation of protein quality based on the level of specific amino acids,
and it should stimulate study of the effects of certain plant proteins on cardiovascular/
cardiometabolic health. According to the USDA database (US. Department of Agriculture –
Agricultural Research Service, 2013), legumes are generally rich in arginine, with high values being found in soy protein (7.6 g/100 g), lentils (8.4 g/100 g), peas (9.3 g/100 g), fava
beans (9.9 g/100 g), and lupine (10.6 g/100 g), as well as in nuts (e.g., almonds: 11.2 g/100 g).
High levels are also found in rice (8.3 g/100 g). By contrast, animal proteins contain moderate (beef, fish, and eggs: 6–6.6 g/100 g) or low amounts (milk protein: 3.5 g/100 g). When
expressed relative to other amino acids, arginine is that which is the most consumed by vegans when compared to nonvegetarians (Schmidt et al., 2015). Cysteine content also varies
considerably between protein sources, in particular in plant versus animal proteins. Sulfur
amino acids are mostly cysteine in plant protein but mostly methionine in animal protein.
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Cysteine levels are high in cereal protein (wheat: 2.1 g/100 g), moderate in bean protein (peas:
1.6 g/100 g), low in meat and fish (1.1–1.2 g/100 g), and very low in milk protein (0.9 g/100 g).
Among animal proteins, the exception is egg protein (2.3 g/100 g). Plant proteins are the
main contributor to cysteine intake in an omnivorous population, whereas animal proteins
contribute most histidine, tyrosine, and leucine (Jennings et al., 2015). In plant proteins,
cereals are rich in glutamic acid (and/or glutamine) (wheat: 35 g/100 g), and much more so
than animal protein (average: 16 g/100 g).
Nevertheless, it can be hypothesized that the beneficial effects of plant proteins on cardiovascular risk might not be ascribable to a specific amino acid but rather to a different
amino acid pattern. Some effects may result from the combined intake of some of the
amino acids we have mentioned as good candidates, such as arginine and cysteine, or of
a larger set of amino acids.
This would explain the beneficial effects of some specific proteins, such as rapeseed protein. In rats, adding both cysteine and arginine to a meal was seen to reproduce most of the
beneficial effects of replacing milk protein by rapeseed proteins on postprandial endothelial
function (Magne et al., 2009). A combined effect of certain amino acids might also explain
the beneficial effects of a plant-based diet, as found in vegetarians. Based on the nonvegetarian, ovolactovegetarian, and vegans groups in the study by Schmidt et al. (2016) the
more the diet avoids animal protein, the more it is relatively rich in arginine and dispensable
amino acids (such as glutamate and aspartate or the amides), and the lower it is in lysine and
methionine, the methionine:cysteine ratio, and branched-chain amino acids.
Clearly, there are hypotheses that need to be further tested to delineate the effects of
plant proteins and their mediation by different amino acid intakes. However, it remains
difficult to specifically ascribe the effect of a protein to that of certain amino acids, or conversely, extrapolate the effect of a specific amino acid to that of a protein. Further studies
might interestingly consist in manipulating the dietary amino acid content with different
protein sources during controlled trials, as proposed elegantly by Vega-Lopez et al. (2010),
or to simulate the addition of amino acids using sustained release forms that mimic slow
dietary absorption kinetics and thus synchronize this supplementary supply to the natural
dietary intake of all amino acids, as we did (Deveaux et al., 2016a,b). Furthermore,
epidemiological studies should try to determine which patterns of amino acid intake are
associated with cardiovascular health across different animal protein intakes, adjusting
for the usual confounding factors that are associated with consuming a plant versus animal-based diet.

3. Clinical Trials and Interventional Studies
With Plant Protein
The literature proposes a large body of studies that have examined the effects of specifically manipulating plant proteins on intermediary endpoints to estimate their benefits in
terms of cardiovascular health. This type of study mainly consists in adding a specific protein source, using foodstuffs, to a standard diet, with appropriate controls. The endpoints
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are either established risk factors, such as plasma cholesterol or blood pressure, or markers that are strongly associated with cardiovascular risk (e.g., hyperhomocysteinemia,
low-grade inflammation). A few interesting studies have also proposed an integrative
assessment of vascular health using measurement of endothelial function.

3.1 Plant Protein and Plasma Cholesterol
Clearly, the most prominent set of data of this type concerns the effect of soy protein
intake on plasma cholesterol. While the dataset that was analyzed at the end of the 1990s
concluded that soy protein intake lowered LDL cholesterol levels in humans, the evidence
until then had been mixed, leading to less conclusive statements (Sacks et al., 2006).
Although they remain controversial (Anderson and Bush, 2011), findings have mainly
agreed that a soy protein intake per se (i.e., when compared to other proteins) has little
effect on LDL cholesterol except at very high levels (>40–50 g/day, i.e., half the average total
protein intake), leading to an estimated reduction in LDL cholesterol of ∼3% (Sacks et al.,
2006; Reynolds et al., 2006). To judge the practical implications of such levels of intake, it is
worth mentioning that the high soy protein intake of Adventist vegans in the United States
averages only 13 g (Rizzo et al., 2013). A study found no differences in the plasma cholesterol levels of hypercholesterolemic subjects when testing 25 g/day soy protein versus the
wheat protein contained in muffins (Padhi et al., 2015). By contrast, products rich in soy
protein may be beneficial to cardiovascular health insofar as their utilization results in a
displacement of nutrient intake that results in a higher intake of polyunsaturated fats and
fiber and a lower intake of saturated fats (Sacks et al., 2006; Reynolds et al., 2006).
It has always been difficult to ascertain the mechanism underlying the effects of soy
protein, which may be linked to its amino acids, bioactive peptides, or other substances
tightly associated with the protein fraction, as has been debated with respect to isoflavones, for instance (El Khoury and Anderson, 2013).
Other plant proteins have been investigated in rats and humans, such as lupine, whose
cholesterol-lowering potential was reported in rats (Spielmann et al., 2007) and humans
(Weisse et al., 2009). Recently, the hypocholesterolemic effect of lupine protein in humans
was confirmed in a trial using 25 g lupine protein (vs. milk protein) in a variety of complex food products (Bahr et al., 2015). Interestingly, based on data obtained in rats, it has
been suggested that lupine protein, like soy protein, may exert its effect by regulating the
metabolism of fatty acids and triglycerides in the liver (Torres et al., 2006; Spielmann et al.,
2007; Bettzieche et al., 2008).
It should also be noted that dietary protein may also have effects that are little specific and consist in improving lipid metabolism by slowing lipid absorption and synthesis (El Khoury and Anderson, 2013). This effect may not be more attributable to plant or
animal protein per se, but rather depend on several factors that include the food matrix
containing them and their specific physicochemical interactions (Mariotti et al., 2015).
It may therefore not be surprising that trials using legumes, like those on soy foods, have
found reductions in plasma cholesterol. A meta-analysis of these data reported mean net
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decreases in LDL cholesterol of 8 mg/dL and triglycerides of 0.2 g/L, in subjects receiving
a legume-rich diet (from 80 to 440 g/day lentils, beans, lupine, etc.) (Bazzano et al., 2011),
which confirmed earlier findings (Anderson and Major, 2002). It is also important to note
that these studies equilibrated the amounts of energy nutrients in the legume and control
diets, including the levels and types of fatty acids (Bazzano et al., 2011). However, other
nutrients differ, such as fiber, associated micronutrients, and other substances, so it is not
possible to ascribe the effect to the protein per se.
Many researchers have therefore chosen to focus their trials on more marked changes
to the diet, where modulating the protein type is only part of the intervention. The wellknown portfolio approach combines several foods with cholesterol-lowering properties.
Thus Jenkins et al. (2003, 2011) showed that combining soy protein, plant sterols, viscous fibers, and almonds in an intervention diet, or in dietary guidelines, resulted in an
important reduction in LDL cholesterol that was much greater than that seen with the
low-fat control diet or guidelines. This intervention diet also benefited other cardiovascular risk factors, such as blood pressure and low-grade inflammation (Jenkins et al., 2005,
2008). Approaches that rely on simultaneous changes to several foods in a diet, like a more
food-based and dietary pattern method, are useful to clarify dietary recommendations to
achieve a reduction in cardiovascular risk (Kris-Etherton et al., 2002).

3.2 Plant Protein and Other Cardiometabolic Factors
Plant protein sources have been studied for their effects on blood pressure. According to a
meta-analysis published in 2011, a soy protein isolate reduces systolic and diastolic blood
pressures by 2.2 mm Hg and 1.4 mm Hg, respectively (Dong et al., 2011; Hooper et al., 2008).
This could be explained by the isoflavones present in soy protein (Liu et al., 2012; Hooper
et al., 2008). However, as with the effect on plasma cholesterol, these trials involved large
quantities of soy protein (∼35 g/day on average). Furthermore, many of them did not use
soy protein isolate but soy-containing foods versus control foods, and those using a protein isolate did not all compare their findings with a reference animal protein (such as
casein) but rather with carbohydrates, thus hindering interpretation of the entire dataset.
Again, soy-containing foodstuffs have been reported as exerting a clearer effect than soy
protein isolates (Hooper et al., 2008). Other plant proteins have also been studied, but the
evidence remains inconclusive.
Whether plant protein affects other parameters related to metabolic syndrome remains
unknown, but many of them have been reported to be modulated in subjects with metabolic syndrome of type 2 diabetes (Zhang et al., 2016). The favorable effects of soy protein
products on insulin sensitivity have also been reported following the replacement of meat
in the diet with mixed protein sources (from meat, dairy, and bread, mainly) (van Nielen
et al., 2014b). During this meticulous study, the macronutrient intakes (including SFA,
MUFA, PUFA, cholesterol, and fiber) were matched, so most of the effect could be ascribed
to the protein fraction itself, although the role of subtle differences in the whole-food package could not be ruled out. Products containing lupine protein have been shown to exert
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favorable effects on different characteristics of both metabolic syndrome and oxidative
stress (Belski et al., 2011; Yang et al., 2010), but the role of the protein per se could not be
determined because the lupine-containing foodstuffs were also rich in fiber, and the control treatment consisted in high-carbohydrate foods. Last, plant protein does not appear
to affect plasma CRP, an important marker of low-grade inflammation and a risk factor for
CVD, even in studies that reported benefits and/or used protein foodstuffs (Deibert et al.,
2004; Teede et al., 2004; Hilpert et al., 2005; Matthan et al., 2007; Winham and Hutchins,
2007; Winham et al., 2007). Likewise, plant protein apparently has little effect on plasma
TNF-α, IL-6, and sICAM-1 (Steinberg et al., 2003; Deibert et al., 2004; Hilpert et al., 2005;
Fanti et al., 2006; Azadbakht et al., 2007).
Interestingly, some studies have tried to determine whether plant protein can modify
vascular function. Trials to assess the effect of soy protein diet on endothelial function
mostly produced negative results (Teede et al., 2001; Steinberg et al., 2003; KreijkampKaspers et al., 2005; Dettmer et al., 2012; Matthan et al., 2007; Azadbakht et al., 2007; Evans
et al., 2007; Beavers et al., 2012). A favorable effect might be limited to specific populations
at higher risk (Liu et al., 2013b; Cupisti et al., 2007) or related to the intake of isoflavones
(Beavers et al., 2012). The addition of soy protein to a high-fat meal prevented postprandial endothelial dysfunction, but so did casein (Westphal et al., 2006). As discussed earlier, this effect may have been linked to the amount of arginine in the meal, and it can be
hypothesized that both sources might have supplied sufficient quantities to prevent acute
postprandial endothelial function, although soy protein is far richer than casein (Westphal
et al., 2006; Borucki et al., 2009). In this regard, it would be interesting to conduct further
studies to investigate the potential of different protein sources to prevent postprandial
endothelial dysfunction and systemic inflammation, in line with their arginine content
(Borucki et al., 2009; Deveaux et al., 2016a,b).

3.3 Interventional Studies With Whole Diets
Major interventional studies have manipulated the diets of several hundred volunteers by
changes their contents in plant and animal proteins. The best known studies applied the
DASH diet (Dietary Approaches to Stop Hypertension) and its variations diet, such as the
OmniHeart diet (Optimal Macronutrient Intake Trial to Prevent Heart Disease). These trials demonstrated the benefits of these diets with respect to blood pressure and plasma LDL
cholesterol (Harsha et al., 1999; Saneei et al., 2014; Obarzanek et al., 2001). The DASH diet
is based on a healthy eating pattern that includes a large share of plant-based foods such
as fruits and vegetables, but the amount of total protein, and the proportion of plant protein, in the original DASH diet (37% plant protein) is only slightly higher than that found
in the average diet in Western countries (∼30%) (Richter et al., 2015; Camilleri et al., 2013;
Halkjaer et al., 2009). By contrast, in the high-protein (lower carbohydrate) OmniHeart
diet, plant protein contributes almost half of the total protein intake, so the benefit of
this diet is often taken as being indicative of the benefits of plant protein (Richter et al.,
2015). This is important because the benefits of OmniHeart have been proved to be more
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pronounced than those of the DASH diet, achieving further reductions in blood pressure, LDL cholesterol, and the overall CVD risk (Miller et al., 2006). However, compared to
DASH or standard diets, the OmniHeart diet is by construction very high in protein and
lower in carbohydrates, and the latter feature may be sufficient to account for the reduction in triglyceride levels, whatever the protein type. Furthermore, being high in protein,
the OmniHeart diet supplies very high absolute amounts of animal protein (Swain et al.,
2008; Richter et al., 2015). Another trial tested variations of the DASH and OmniHeart
diets that contained a high proportion of animal protein from lean beef (only 13%–19%
of protein from plant sources) and showed some short-term benefit when compared to
a standard healthy diet (Roussell et al., 2014), indicating that plant protein versus animal
protein was probably not key to the improvement in cardiovascular risk factors during
these interventional studies (Richter et al., 2015). More generally speaking, it remains difficult to interpret the diets used during these trials in terms of plant proteins. The diets were
designed to increase the levels of nutrients that are thought to affect blood pressure (such
as potassium, magnesium, and fiber), and are based on an overall healthy dietary pattern
that includes fruits and vegetables and low-fat versions of dairy and meat products (Miller
et al., 2006). The levels of plant versus animal proteins per se were secondary to the design
of these diets.

4. Observational Studies
An increasing number of studies have examined the relationship between the type (animal or plant) of protein in the diet and cardiometabolic risk. One of the most widely studied outcomes is probably blood pressure. In 2006, an analysis of the INTERMAP study
by Elliott et al. reported that an intake of plant protein was associated with lower blood
pressure. This association was attenuated but persisted after adjustments for height and
weight. An inverse association between plant protein intake and blood pressure was confirmed in other studies (Altorf-van der Kuil et al., 2012; Wang et al., 2008). Longitudinal
data have also reported associations between plant protein and changes to blood pressure
or the risk of hypertension (Stamler et al., 2002; Wang et al., 2008; Tielemans et al., 2014).
However, total protein intake has been shown to be inversely associated with blood
pressure in many studies, and some studies reported inverse associations between animal
protein intake and blood pressure or the risk of hypertension (Umesawa et al., 2009; Liu
et al., 2013a; Iseki et al., 2003). Some of the heterogeneity affecting these findings may be
linked to the background dietary context, and the type of animal protein consumed, which
would explain the contrasted findings in Asian versus Western populations. Yet, overall,
the difference between the effects of plant or animal protein intakes on blood pressure do
not appear to be so marked, as reported in a meta-analysis (Tielemans et al., 2013).
There have been few reports on the specific association between plant or animal protein sources and the risk of overweight or obesity using longitudinal design. After adjustments that included total energy and energy nutrient intakes, Bujnowski et al. reported a
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strong, consistent, and positive association between animal protein intake and the risk of
overweight and obesity [highest vs. lower quartile, OR: 4.62 (2.68–7.98)], while the association for plant protein was generally more marginally significant [only relative to the
risk of obesity between extreme quartiles, OR: 0.58, CI: 0.36–0.95)]. However, the risk of
residual confounding in these studies was high, with, for instance, no account being taken
of dietary variables (such as fiber) and, importantly, of physical activity. Nevertheless, their
findings were interesting because they offered an insight into this relationship in the general population, by including participants with a normal weight in good metabolic health,
whereas interventional trials have mostly been conducted in overweight or obese individuals with impaired insulin sensitivity (a mechanism by which protein intake may affect
weight control), and in the context of controlled energy intakes.
A few studies have specifically examined the association between dietary plant protein
(vs. animal protein) and the cardiovascular or diabetic risk, and they have produced a mixed
picture. When analyzed in the context of low-carbohydrate diets, plant-based (vs. animalbased) diets were associated with lower rates of mortality from CVD in US cohorts, but the
evidence for such a contrast was low in European cohorts (Fung et al., 2010; Lagiou et al.,
2012). This difference could thus be ascribed to countries with different background diets
and metabolic status of individuals, and different types of dietary substitutions between
dietary proteins and carbohydrates (Willett, 2007). Basically, the limitations of these studies in terms of our understanding of plant protein is that the models were adjusted to take
account of numerous potential confounding factors (such as physical activity, BMI, energy
intake, alcohol intake, smoking) but to take marginal or no account of the dietary factors
associated with animal versus plant protein intakes. Their results are therefore not interpretable in terms of specific amounts of plant or animal proteins, but rather as different
levels of protein (and fat) arising from plant-based or animal-based diets.
Other studies have considered more specific protein sources, but most of them concerned highly specific protein sources such as red meat. We are left with a final picture
that is little conclusive as to the role of plant proteins per se (Richter et al., 2015). However,
a study, which we will comment on further later on, reported significant associations
between plant versus animal protein intake and CVD mortality in combined large cohorts,
with risk estimates of 1.08 with animal protein and 0.90 for plant protein in models adjusting for many dietary intakes and fatty acid intakes. The authors could also analyze the
associations with the main contributors of higher risk with animal protein, and they found
that substitutions of plant protein for protein from red meat (unprocessed and processed)
were the most effective in changing hazard ratio in the models (Song et al., 2016).
The relationship with type 2 diabetes that has been highlighted and appears to be more
conclusive. The results of a recent study improved our understanding of the relationship
between plant versus animal protein intakes and the risk of diabetes. In a very large cohort
of type 2 diabetics in eight European countries (EPIC-InterAct), it was found that animal
protein was associated with a higher risk of diabetes, after adjusting for dietary and nutrient intakes. The relationship persisted after adjustment for BMI and waist circumference,
suggesting that the effect of animal protein intake was not entirely mediated by its effect
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on body weight and composition (van Nielen et al., 2014a). The relationship between plant
protein intake and the risk of diabetes was inconclusive. The authors could not find a specific association between the precise source of animal protein (i.e., meat, dairy, or fish,
etc.). In another analysis of US cohort studies including a large number of diabetics, the
relationship was confirmed for animal protein, but it was also found that plant protein
was associated with a reduced risk, which persisted even after adjustment for dietary
characteristics such as the intake of energy, fatty acids, cholesterol, or fiber and the glycemic index (Malik et al., 2016). The results were mutually adjusted for animal and plant
protein intakes. When modeling the effect of replacing a serving of animal protein food
with a serving of vegetable protein food, the reductions in risk were 21% for processed
meat, 13% for fish, 11% for red meat and eggs, 9% for poultry, and not significant for dairy
products (Malik et al., 2016).
The results of these observational studies can also be interpreted in the context of the
usual plant protein intake pattern of the general population in Western countries. Indeed,
in this population, plant protein mainly arises from grain proteins in bread, pasta, or rice,
and only marginally from protein sources such as legumes and nuts. For instance, in France,
two-thirds of plant protein intake comes from grains, whereas legumes, seeds, and nuts taken
together only account for ∼6% of this intake (Camilleri et al., 2013). Similar figures have been
found for the United States, but with a clearly important contribution from refined grains
and foods containing added sugar (Pasiakos et al., 2015). It is not possible to extrapolate the
potential effects of changes to plant protein intake—and likewise to animal protein intake—
from the different profiles of contributory factors. A higher contribution of whole grains, nuts,
and beans in the Nurse Health Studies and Health Professional Follow-up study, used for the
analysis by Malik et al. (2016) was suggested to explain the significance of plant protein in the
analysis.

5. Plant Protein, Nutrient Profile, and Overall Diet Quality
It is an ongoing challenge to analyze the relationship between plant protein and health
because plant protein intakes are closely associated with dietary patterns. Indeed, the
intake of plant protein is closely linked to total plant intake and thereby to the overall
level of plant products in the diet. Nutritional epidemiology has characterized “prudent”
or “healthy” dietary patterns as showing strong relation to health, and it is well known
that the constant components of these diets are vegetables, legumes, fruits, and whole
grains, together with fish and seafood, while other components (such low-fat dairy products, chicken, plant oils, fruit juices, or moderate wine consumption) differ depending on
the study (Hu, 2003; Rodriguez-Monforte et al., 2015; McEvoy et al., 2014; Sherzai et al.,
2012; Gerber, 2001). The Mediterranean diet is also based on these same components. As
pointed out recently by Katz and Meller, “A diet of minimally processed foods close to
nature, predominantly plants, is decisively associated with health promotion and disease
prevention and is consistent with the salient components of seemingly distinct dietary
approaches.” It is therefore not surprising that plant intake, and therefore plant protein
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intake, compared with animal protein intake, is a marker of a healthy dietary pattern, and
it is now advocated as one of the key components of a healthy aggregate diet (Forman and
Bulwer, 2006). For instance, in French adults, plant protein intake, and not animal protein
intake, is associated with the Mediterranean score (Camilleri and Mariotti, unpublished
data), and the contribution of plant and animal proteins to total protein intake is associated positively and negatively, respectively, to the score for adherence to French dietary
guidelines (Estaquio et al., 2009). Animal protein is also often found to be characteristic of
unhealthy dietary patterns (Gadgil et al., 2015; Murtaugh et al., 2007).
More specifically, plant and animal protein intakes form clusters that indicate overall dietary patterns. For instance, in France, the intake of fish and low-fat dairy proteins
is largely associated with that of fruits and vegetables, while, in terms of contributing to
protein intake, cheese is associated with red meat and processed meat, and (total) grains
(Camilleri and Mariotti, unpublished data).
Despite the strength of the association between plant or animal protein intakes and
healthy dietary patterns, it is still possible to study the more precise relationship between
plant/animal protein and health-related outcomes. In observational studies, as in most
of the examples to which we have referred, modeling can reveal associations with healthrelated outcomes by adjusting for dietary intakes. Alternatively, nutrients typical to dietary
patterns, such as fiber or SFA, can be used for the adjustment. As we have discussed, such
an adjustment will reduce the strength of the association, but in most cases, this will remain
significant, indicating that the dietary pattern is a partial confounder. Interventional trials
can simplify the analysis when the intervention consists in supplying a specific protein
foodstuff alongside a controlled diet, but the limitation lies in the addition paradigm and
the selective protein foodstuff used does not facilitate generalization to plant/animal protein. Conversely, interventional trials that involve complete manipulation of the diet, such
as the DASH, OmniHeart, or BOLD diets discussed earlier, cannot easily be reduced to
the single plant/animal protein characteristic that accounts for their effects. Nevertheless,
these longer term studies are useful to identify whether, and to what extent, the growing
paradigm for plant protein intake as a lever for a healthy diet remains relevant.
Plant and animal protein intakes are also closely related to patterns of nutrient intake in
the general population. This is not surprising since we have shown that plant/animal protein intakes are associated with dietary patterns and overall diet quality. Another reason
for this association is also the “whole-food package”: foods that supply plant protein or
animal protein are also intrinsically rich in other nutrients (Hu, 2003). Obvious examples
are fiber (which is not associated with animal protein in foodstuffs and therefore absent or
marginally present in foods that are a source of animal protein) and saturated fatty acids,
which are found in foods containing plant proteins but only when animal fats are added
intentionally.
Despite the growing number of processed foods that contain numerous ingredients
and their importance in the diet of developed countries, animal and plant protein intakes
are associated with a differential pattern of nutrients. This has long been known and forms
the basis for concerns about a diet that is too rich in animal proteins, supplies excessive
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levels of saturated fatty acids and insufficient fiber, or too poor in animal proteins and
therefore does not provide sufficient vitamin B12 and zinc. These are standard concerns,
and indeed, they are central issues when studying plant-based versus animal-based diets
(Hu, 2003; Rizzo et al., 2013).
As nicely reviewed by Phillips and colleagues in the United States, animal-based protein sources such as meat contribute more to the intake of protein and several “positive”
nutrients (notably, zinc and vitamin B12, and highly bioavailable iron) as well as several
“negative” nutrients (cholesterol and SFA) than do plant-based protein foods, which contribute more to the intake of other nutrients (notably, dietary fiber, vitamin E, magnesium,
and PUFA) (Phillips et al., 2015). Animal-derived nutrients are an important component of
the overall pattern of nutrient intake (Pisa et al., 2015).
To gain further insight into the importance to nutrition and health of a nutrient profile
that is differently associated with plant and animal protein intakes, their relative contributions should be expressed in terms of satisfying nutritional references. For instance,
that animal protein is associated with phosphorus is of minor importance because the
entire population has a sufficient intake of phosphorus. Other (positive or negative) nutrients where nutritional adequacy is limited in the population are of greater interest, all the
more so as they have been associated with health-related outcomes. In a recent work, we
studied in detail the association between plant and animal protein intakes and the nutrient adequacy of the diet of French adults (Camilleri et al., 2013). This adequacy was measured using an integrative index that combined 35 probabilities of adequate intake for 24
nutrients. We showed that plant protein is strongly associated with nutrient adequacy. The
association was very robust, inasmuch as it held true for all types of plant proteins (cereals,
legumes, nuts, and grains, etc.) and both genders. Using partial-least-square regression,
we showed that the association between plant/animal protein intake and overall nutrient
adequacy was not explained by a few nutrients but by virtually all of them taken together.
This was particularly true for intakes of SFA, sugars, potassium, sodium, folate, vitamin
C, manganese, cholesterol, and fiber. So this list includes nutrients that are of particular
interest in terms of the CVD risk, namely fiber, AGS, magnesium, potassium, and sugars.
Our analysis was able to account for the associations between plant/animal protein that
were explained by both the nutrients associated with these proteins in the “whole-food
package” (such as fiber, magnesium, potassium, and SFA) and the dietary context in which
they were consumed, i.e., what they may replace or displace (namely, sugar). It should
be noted, however, that the associations were considered after adjustment for potential
confounding factors (such as energy, alcohol intake, age, and socioeconomic factors)
(Camilleri et al., 2013).
Furthermore, we indeed found in this population that animal protein intake (considered independently of plant protein intake) was not associated so simply with nutrient
intakes and adequacy. From other reports, we knew that animal proteins were not associated with similar nutrient profiles, e.g., meat as compared to fish or dairy (Okubo et al.,
2011; Phillips et al., 2015). We found that the associations with overall nutrient adequacy
varied depending on the specific type of animal protein, with important contrasts between
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protein from fish and low-fat dairy (positively associated with the nutrient cluster related
to global nutrient adequacy) and protein from processed meat, cheese, and eggs (negatively associated). Associations also varied according to gender, with a negative association of red meat protein in men only. By contrast, plant proteins, whatever the source (i.e.,
grains, legumes, seeds, and nuts) and gender were consistently associated with nutrient
adequacy (Camilleri et al., 2013).
It is still not certain whether the association between plant protein intake and overall
nutrient adequacy should be ascribed to the intrinsic characteristic of the foods in our
basic diet, as depicted with the “whole-food package,” or if it might also be confounded
by the healthy behaviors of people seeking a more plant-based diet. Dietary diversity is an
overarching factor of diet quality associated with healthy behaviors that is well known for
being associated with dietary quality and nutrient adequacy, and which we proved to be
associated with plant protein intake in French adults (Bianchi et al., 2016). However, we
also found that the association between plant protein intake and nutrient adequacy was
independent of overall dietary diversity (Bianchi et al., 2016). This result further strengthens the view that plant protein intake is a robust marker of the nutritional adequacy of the
diet (Camilleri et al., 2013). Satija et al. (2016) found that the negative association between
a plant-based diet and a risk of diabetes in three cohorts in the United States was stronger
when the plant-based diet was considered to be healthy, as measured using a plant-based
diet index that positively counts plant groups that are not fruit juices, sweetened beverages, refined grains, potatoes, and sweets/desserts. When looking more closely at the data,
it can be seen that the plant-based diet index is negatively associated with total protein
intake, whereas a healthy plant-based diet is positively associated with total protein intake,
apparently because of a higher intake of plant protein and a moderately lower intake of
animal protein (Satija et al., 2016). Therefore, plant/animal protein intake appears to be
associated with diet quality, even across different levels of intake of a plant-based diet in
the general population.
We also consider that although these data are still limited and fragmented, they lend
credence to the idea that a large part of the association between plant and animal protein intakes and cardiometabolic risk could be ascribed to the large cluster of nutrients
and others substances (e.g., phytochemicals) that they directly or indirectly convey
(Mariotti and Huneau, 2016; Richter et al., 2015). Nonetheless, we also consider, as we
have argued earlier, that the type of a protein per se (i.e., the relative amounts of amino
acids that it supplies) may affect CVD risk. One interesting observation that may emerge
from reviewing the epidemiological data is that the strength of the association decreases
when models include nutrient intakes for the purposes of adjustment. For example, during the INTERMAP study, when further adjusting for calcium, SFA, PUFA, cholesterol,
magnesium, and fiber, estimates of the strength of the association between plant protein intake were approximately halved and no longer significant (Elliott et al., 2006). Yet
many studies have reported a significant association with health-related outcomes, even
when fully adjusted models were used, i.e., including dietary/nutrient intakes, and despite
classic confounding factors related to behaviors and socioeconomic status. For example,
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this was the case for the report on plant/animal protein intake and the risk of diabetes,
which used a model that adjusted for a family history of diabetes, smoking, alcohol intake,
physical activity, race/ethnicity, total energy intake, use of postmenopausal hormones/
oral contraceptives, percentages of energy from trans fats, saturated fats, monounsaturated fats, and polyunsaturated fat, dietary cholesterol, dietary fiber, and the glycemic
index (Malik et al., 2016). Song et al. (2016) also found significant relations between CVD
mortality and plant versus animal protein intakes when adjusting for dietary intakes (e.g.,
whole grains, fruits, and vegetables, glycemic index) and the intake of types of fatty acids.
Likewise, in the Adventist health study-2 cohort, we analyzed the relation between the
contributing factors of patterns of dietary protein intake and cardiovascular mortality, and
we found that the strong association between factors of protein intake were not modified
when accounting for potential confounders such as the vegetarian diet category and the
intake of a series of nutrients considered as relevant to cardiovascular risk (e.g., PUFA, SFA,
sodium, and vitamins A, C, E, B6, B9, and B12) (Tharrey et al., unpublished results). The relation between animal and plant protein products and CVD mortality seems to be mostly
contributed by meat: processed red meat and red meat (compared to plant protein) made
the clearest association in the study of Song et al. (2016) and, in our study, animal protein factor weighing on meat products was very strongly associated with risk. Conversely,
we identified a protective association with a plant protein factor weighting on nuts and
seeds and not with other plant protein components of patterns of dietary protein intakes
(Tharrey et al., unpublished results).
Finally, these results make a strong suggestion for a specific effect of protein per se, and
they also suggest the effect of more specific protein sources, within a diet consisting of animal
and plant proteins that are probably heterogeneously associated with cardiovascular health.

6. Conclusion
There are numerous possible reasons why plant protein, or certain plant proteins, may
affect cardiometabolic health, starting with their composition in particular amino acids.
Our review has shown that plant protein intake could well be beneficial to cardiovascular
health, but the final picture remains very unclear. Because protein is an energy macronutrient, and dietary proteins are intricately embedded in different foodstuffs, the results
of controlled trials have some important limitations. Closely controlled trials using supplementation with a specific protein source given as selectively as possible are still little
conclusive regarding the true impact of plant protein on intermediary endpoints of cardiometabolic risk such as plasma lipid levels. Although trials using plant protein foodstuffs rather than purified proteins have yielded more conclusive results, it is still difficult
to disentangle the effect of protein per se from that of changes to other nutrients and substances associated with the protein. Furthermore, studies have mostly been restricted to
specific protein sources, so that any extrapolation to “plant protein” in general, and versus animal protein, remains problematic. Likewise, the effect of interventional protocols
comparing diets that differ markedly in many respects cannot be ascribed to the pattern
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of protein sources. Observational studies have been very useful in revealing an association between plant/animal protein intakes using hard outcomes of cardiovascular health
and under real-life conditions, although the risk of residual confounding is important. We
have argued that a large part of the association between plant and animal protein intakes
and cardiometabolic risk could be ascribed to the large cluster of nutrients and other
substances that they directly or indirectly convey. However, plant protein intake has consistently been proven a robust marker of a healthy diet in developed countries, and this
appears to be a good basis for recommending the sourcing of more protein from plant
foods. As this review has emphasized, plant protein is a key nutritional characteristic of
a plant-based diet, which can be advocated as being healthy provided it is well balanced.
We still lack much information to analyze the role of plant proteins versus animal proteins and that of the different types of plant proteins that could be used to optimize diet
quality at different levels: foods, foodstuffs, and ingredients. Further research is now necessary to understand the potential benefits of manipulating protein sources in our diet,
and thereby provide opportunities to refine dietary recommendations and consider perspectives for development of this agricultural sector and food supply.
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1. Introduction
There are two series (omega-6 and omega-3) of polyunsaturated fatty acids (PUFA) derived
from the essential fatty acids linoleic (18:2n-6) and α-linolenic acid (18:3n-3; ALA), respectively. Both linoleic and ALA undergo alternating chain elongation and desaturation to
form longer chain derivatives using the same enzyme system (Fig. 37.1). The abundance
of the respective omega-6 and omega-3 metabolites is dependent on the relative amounts
of dietary linoleic and ALA as well as the absolute intakes. Linoleic acid is an essential
nutrient that has a specific role in the maintenance of the water permeability barrier as a
component of acylglycosyl ceramides and the transport of cholesterol in blood. However,
its major physiological role is as a precursor to arachidonic acid (20:4n-6), which is an
important component of structural lipids found in membranes and gives rise to the major
active series of eicosanoids (prostaglandins, prostacyclins, thromboxanes, and leukotrienes) and anandamides (compounds involved in sensory regulation). Dose-dependent
increases in the proportion of arachidonic acid (20:4n-6) in phospholipids occur with
intakes of linoleic acid up to 1%–2% dietary energy, and thereafter levels plateau or even
fall with increasing intakes. The minimum requirement for linoleic acid is estimated as
being close to 1% of the dietary energy. Usual dietary intakes are well in excess of this
amount (WHO/FAO, 2010). Dietary reference values for linoleic acid range from 3% energy
to an upper limit of 10% energy.
Docosahexaenoic acid (22:6n-3; DHA) is the major metabolite of omega-3 series found
in the phospholipids of mammalian tissues especially in the brain, retina, cardiac muscle, and testis. ALA is regarded as a dietary essential nutrient because it is converted into
DHA, which plays an important physiological role in neurotransmission. There has been
a debate surrounding how efficiently ALA is converted to DHA in humans. Diets lacking
ALA but containing adequate intakes of linoleic acid have the effect of replacing DHA
with the omega-6 homologue docosapentaenoic acid (22:5n-6; omega-6 DPA), which
results in impaired retinal and cognitive function. In mammals, including primates, the
requirements for omega-3 PUFA for visual and neurological development can be met
Vegetarian and Plant-Based Diets in Health and Disease Prevention. http://dx.doi.org/10.1016/B978-0-12-803968-7.00037-X
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FIGURE 37.1 The omega-6 and omega-3 polyunsaturated fatty acids and their metabolites. 5-LOX,
5-lipoyxygenase; Δ6D, Δ6 desaturase; Δ5D, Δ5 desaturase; COX, cylco-oxygenase; PG, prostaglandins. Taken from
Sanders, T.A., 2015. Functional Dietary Lipids. Woodhead Publishing Series in Food Science, Technology and
Nutrition: Number 24. Elsevier, Amsterdam.

by ALA (WHO/FAO, 2010). The estimated human requirement is between 0.2% and 0.5%
of the dietary energy intake. High intakes of linoleic acid relative to ALA competitively
inhibit the conversion of ALA to DHA and result in its partial replacement with omega-6
DPA. Plasma and erythrocyte lipids are often used as indicators of tissue DHA status but
may not always accurately reflect DHA status of brain and retinal tissues, which retain
DHA even when intakes of linoleic acid are high (Roshanai and Sanders, 1985). However,
dietary DHA is probably required to meet the needs of the preterm infants as rates of
synthesis from ALA may be insufficient to meet the needs of the developing brain. Many
infant formulas are now supplemented with both arachidonic acid and DHA to provide
similar amounts to those present in human breastmilk. Although some studies suggest benefit in terms of increased cognitive function in infants receiving the long-chain
PUFA, a meta-analysis shows no overall benefit in infants (Simmer et al., 2011). Human
infants can convert linoleic acid to omega-6 DPA and ALA to DHA (Jensen et al., 1997;
Makrides et al., 2000), but proportions of DHA are lower in breastmilk, cord blood, and
arterial lipids of vegetarians compared to omnivores (Sanders and Reddy, 1992; Reddy
et al., 1994) (Figs. 37.2 and 37.3). Studies of DHA supplementation in omnivore pregnancy have failed to demonstrate beneficial effects on cognitive function of the offspring
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FIGURE 37.2 Proportions of polyunsaturated fatty acid in breast milk lipids of vegans, ovolactovegetarians,
and omnivores. Asterisk denotes P < .01 compared with omnivores using unpaired t-test. Data are from samples
collected in 1980 and taken from Sanders, T.A., Reddy, S., 1992. The influence of a vegetarian diet on the fatty
acid composition of human milk and the essential fatty acid status of the infant. J. Pediatr. 120, S71–S77.

FIGURE 37.3 Differences in the proportions of docosahexaenoic acid (22:6n-3) and omega-6 docosapentaenoic
acid (22:5n-6) in cord blood and cord artery phospholipids obtained at delivery from vegetarians compared with
omnivores. Asterisk denotes P < .01 for comparisons between groups using a t-test. Data from Reddy, S., Sanders,
T.A., Obeid, O., 1994. The influence of maternal vegetarian diet on essential fatty acid status of the newborn. Eur.
J. Clin. Nutr. 48, 358–368.

(Gould et al., 2013, 2014; Makrides et al., 2014). While the consumption of DHA in pregnancy and lactation augments the supply to the infant, there currently is no evidence of
benefit in terms of meaningful clinical outcomes such as cognitive function in vegetarian
infants. Furthermore, there is a lack of sound experimental data to support the need for
dietary DHA beyond the 6-month age of life.
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Many current dietary guidelines advocate the inclusion of oily fish in the diet to supply
an intake of long-chain omega-3 PUFA (0.2–0.5 g/day) because of an association of fish
intake with a reduced risk of cardiovascular disease (CVD). Long-chain omega-3 PUFA,
particularly eicosapentaenoic acid (20:5n-3; EPA), have several pharmacological effects
when consumed in relatively high amounts (usually in excess of 3 g/day). Both dietary EPA
and DHA displace arachidonic acid from cell membranes and have the effect of reducing
the production of active eicosanoids from arachidonic acid and have antiinflammatory
effects. They also give rise to some novel compounds termed resolvins and neuroprotectins, but the physiological importance of these is at present uncertain. This chapter discusses the PUFA status in vegetarians compared with omnivores and addresses the issue
as to whether vegetarians need to supplement their diets with long-chain omega-3 PUFA.

2. Dietary Sources of Polyunsaturated Fatty Acids
Human diets contain much more linoleic acid than ALA. Linoleic acid accounts for more
than half of the fatty acids in cereals and in many nuts and seed oils (Table 37.1). ALA is less
widely distributed but found significantly in some of the major oilseed crops such as soybean and rapeseed (which contain about 7% and 10%, respectively, by weight), but most
other vegetable oils such as corn, sunflower, olive, and palm oils contain less than 1%. ALA
is also found in high proportions in the lipids of flaxseed, hempseed, walnuts, and dark
green leafy vegetables. However, the fat content of green leafy vegetables is very low, so
the contribution from this source is small. However, it does contribute significantly to the
dietary intake of herbivores. Grass-fed ruminants (cows, sheep, and goats) produce milk
with a higher content of ALA than those that are stall-fed on cereals (Larsen et al., 2010).
Dairy produce also contains small amounts of the longer chain PUFA of the omega-6 and
omega-3 series, but significantly higher amounts are found in eggs.
The partial hydrogenation of soybean and rapeseed oil reduces the amount of ALA to
make frying oil more stable to high temperatures used in deep frying. Partial hydrogenation was used to increase the melting points of oils, so they could be used to make margarine. However, the practice of partial hydrogenation is being phased out in many countries
because industrially produced trans fatty acids increase risk of CVD. Modern margarines
are generally virtually free from trans fatty acids. The industry also has new varieties of
rapeseed and soybean oil with a reduced content of ALA for deep fat frying. While these
oils may have a niche as deep-frying oils, the widespread use of such oils have the potential to have deleterious impact on the intake of ALA particularly for vegetarians. Margarine
is currently potentially an important source of ALA for vegans and vegetarians. In the past,
many margarines were made from corn or sunflower seed oil and contained very little
ALA. Nowadays, most modern margarines/yellow fat spreads contain significant amounts
of ALA, especially if they are made using rapeseed and soybean oils or are fortified with
richer sources of ALA such as flaxseed. Several supplementary sources of omega-3 fatty
acids are also acceptable to vegetarians such as linseed (flaxseed), hempseed, and borage
oils, which contain ALA. Research is in progress to develop genetically modified strains of
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Table 37.1 Polyunsaturated Fatty Acid Content (g/100 g) of Major Contributors to Fat
Intake in Vegetarians
Food

18:2n-6

18:3n-3

Oatmeal, quick cook, raw
Brown rice, raw
Wheat flour, whole meal
Bread, whole meal
Muesli
Soya flour, full fat
Chick peas, hummus
Almonds
Brazil nuts
Peanuts, plain
Walnuts
Corn snacks
Avocado
Coconut oil
Corn oil
Olive oil
Palm oil
Rapeseed oil
Safflower oil
Soya oil
Sunflower oil
Butter
Margarine: UK 1998
Margarine: UK 2015 (Flora)a
Whole milk, pasteurized, average
Cheddar cheese
Chicken eggs

3.52
0.94
0.83
1.08
1.69
11.68
4.55
10.19
25.43
12.75
39.29
5.11
1.53
1.50
50.40
7.50
10.10
19.70
73.90
51.50
63.20
0.95
26.30
19.0
0.07
0.31
1.60

0.19
0.04
0.06
0.08
0.05
1.66
0.40
0.27
0.00
0.35
7.47
0.67
0.07
0.00
0.90
0.70
0.30
9.60
0.10
7.30
0.10
0.46
0.20
4.60
0.02
0.23
0.08

aData

supplied by Unilever PLC, London.
Data from Royal Society of Chemistry, 1998. Fatty Acids. The Seventh Supplement to McCance and Widdowson’s the Composition of
Foods. Royal Society of Chemistry, Cambridge.

oilseeds that can make long-chain omega-3 PUFA. However, at present, only single-cell
oils provide an acceptable source of DHA for vegans and vegetarians (Table 37.2).
Marine lipids contain high amounts of EPA and DHA, which are derived from synthesis
by marine algae not necessarily from ALA but from the polyketide synthase pathway (Metz
et al., 2001; Uttaro, 2006). Single-cell oils that are not genetically modified by recombinant
DNA technology have been developed for human consumption and are mainly used in breastmilk substitutes, especially oils derived from Crypthecodinium cohnii (DHASCO-C) but are
also marketed as dietary supplements for vegetarians. These single-cell oils contain mainly
DHA but can be cultured to produce EPA in addition to DHA. The oil from Schizochytrium spp.
(DHASCO-S, DSM Nutritional, Heerlen, the Netherlands) contains 15% by weight the omega-6
homologue of DHA, n-6 DPA (Sanders et al., 2006a) as well as about 38% DHA.
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Table 37.2 Oil Sources of Omega-3 Fatty Acids Acceptable Used in Supplements/
Fortified Foods That Are Acceptable to Vegetarians (g/100 g)

Hempseed oila
Borage oilb
Linseed oilc

18:2n-6

18:3n-3

20:5n-3

22:6n-3

57.7
35.3
14.33

18.6
20.6
53.37

–
–
–

–
–
–

0.2
1.3

–
–

6.0
Trace

41.2
43.9

Microalgae Single-Cell Oils
Schizochytrium spp.d
Crypthecodinium cohniid
aData

from T.A.B. Sanders and F. Lewis (unpublished data).
from Royal Society of Chemistry (1998).
cData from the US Nutrient Composition Data base (http://ndb.nal.usda.gov/ndb/nutrients).
dData from DSM Nutritional Products, Heerlen, the Netherlands.
bData

As the diets of most land-based animals contain much higher proportions of linoleic
acid than ALA, the major long-chain PUFA metabolites found in eggs, milk, and meat are
derived from the omega-6 series with only small amounts from the omega-3 series being
present predominantly as DHA. Fish accumulate substantial amounts of EPA, docosapentaenoic acid (22:5n-3; omega-3 DPA), and DHA from marine algae. Thus fish consumption,
especially oily fish, can make a substantially contribution to long-chain omega-3 PUFA
in omnivores. Consequently, vegan diets are usually devoid of long-chain omega-3 PUFA
(Roshanai and Sanders, 1984), and vegetarian diets only supply trace amounts (<0.05 g)
from eggs and dairy products (Welch et al., 2010), as shown in Table 37.3. Most omnivore
diets contain small amounts of DHA, typically less than 0.2 g/day (Sanders et al., 2006b;
Welch et al., 2010; WHO/FAO, 2010). There are no specific recommended daily intakes
for long-chain polyunsaturated acids for adults. However, as mentioned earlier, several
dietary guidelines advocate the consumption of fish once/twice a week that provide in the
range of 0.2–0.4 g of long-chain omega-3 fatty acids daily.

3. Biomarkers of PUFA Intake
Linoleic acid and ALA accumulate in adipose tissue and the levels in these stores are a good
indicator of long-term intake. Higher levels of both have been reported in vegans compared
with omnivores (Sanders et al., 1978). Adipose tissue stores also make a contribution to the
composition of breastmilk and higher proportions of linoleic acid and ALA have been reported
in breastmilk from vegans and vegetarians (Finley et al., 1985; Sanders et al., 1978; Sanders
and Reddy, 1992). The absence of long-chain omega-3 fatty acids from diet is reflected in the
lower proportions of EPA and DHA in blood lipids in vegans and vegetarians compared to
omnivores in several populations (Sanders et al., 1978; Sanders and Reddy, 1992; Kornsteiner
et al., 2008; Lee et al., 2000; Mann et al., 2006; Melchert et al., 1987; Phinney et al., 1990; Yu et al.,
2014; Sanders, 2014), as illustrated in Table 37.4. In the European Prospective Investigation
into Cancer (EPIC) study, the proportion of DHA in the plasma lipids of vegans and vegetarians
was 59% and 31% lower, respectively, than that in omnivores (Rosell et al., 2005).

Table 37.3 Dietary Intakes in g/day of Polyunsaturated Fatty Acids in Vegans, Vegetarians, and Omnivores
Method

Gender

n

Roshanai and Sanders (1984)
Vegan
Vegan
Omnivores
Omnivores

3-d Chemical analysis
3-d Chemical analysis
3-d Chemical analysis
3-d Chemical analysis

M
F
M
F

10
10
12
12

7-d Weighed intake
7-d Weighed intake
7-d Weighed intake
7-d Weighed intake

F
F
F
F

21
18
21
22

22:6n-3

34 (15–50)
30 (5–43)
11 (5–26)
9 (2–15)

1.8 (0.7–3.6)
1.2 (0.5–2.3)
1.0 (0.4–2.5)
1.1 (0.1, 1.5)

0
0
0.02 (0–0.38)
0.09 (0–0.25)

0
0
0.42 (0–2.77)
0.04 (0–0.75)

20.4 ± 2.49
14.6 ± 1.69
14.2 ± 1.25
11.8 ± 1.22

1.2 ± 0.28
1.5 ± 0.17
0.9 ± 0.10
1.0 ± 0.08

0
Trace
Trace
0.08 ± 0.024

0
Trace
Trace
0.10 ± 0.02

1.25 ± 0.57
0.97 ± 0.45
1.25 ± 0.41
1.01 ± 0.35

0.02 ± 0.02
0.01 ± 0.01
0.13 ± 0.16
0.11 ± 0.13

0.0007 ± 0.004
0.0004 ± 0.005
0.19 ± 0.22
0.15 ± 0.19

2.2 ± 0.16
1.3 ± 0.05

0
0.2 ± 0.02

0
0.3 ± 0.03

7-d Food record
7-d Food record
7-d Food record
7-d Food record

M
F
M
F

25
51
2257
1891

14.78 ± 6.9
10.96 ± 6.02
12.41 ± 4.8
9.52 ± 3.75
Mean ± SE

7-d Weighed intake
7-d Weighed intake

M
M

57
138

24.8 ± 1.82
12.6 ± 0.31
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Mean ± SD

Sanders (2009)
Vegans
Omnivores

20:5n-3

Mean ± SE

Welch et al. (2010)
Vegetarians
Vegetarians
Omnivores
Omnivores

18:3n-3

Mean (range)

Sanders and Reddy (1992)
Vegans, lactating
White vegetarians
Indian vegetarians
Omnivores

18:2n-6
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Study

Country

Gender

Lipid Fraction

n

Sanders et al. (1978)
Melchert et al. (1987)
Melchert et al. (1987)
Miller et al. (1988)
Phinney et al. (1990)
Sanders and Roshanai
(1992)
Reddy et al. (1994)
Lee et al. (2000)
Rosell et al. (2005)
Mann et al. (2006)
Kornsteiner et al. (2008)
Sanders (2014)
Yu et al. (2014)

UK
Germany
Germany
UK
USA
UK

M+F
M
F
M
M+F
M+F

RBC lipids
Plasma PC
Plasma PC
Plasma PL
Plasma PL
Platelet PL

18

UK
Hong Kong
UK
Australia
Austria
UK
China

F
M+F
M
M
M+F
M
M

Plasma PL
Serum
Serum
Plasma
RBC PE
Plasma
Plasma

Mean ± SD.
PC, phosphatidyl choline; PE, phosphatidyl ethanolamine; PL, phospholipids.
aP < .001.
bP < .01.
cP < .05 compared with control.

Vegan
Mean ± SEM

20

1.9 ± 0.23a
–
–
–
0.8 ± 0.07a

232
18
37
124

–
–
0.7 ± 0.05a
2.0 ± 0.09b
1.59 ± 0.09a
0.98 ± 0.09a

n

Vegetarian
Mean ± SEM

n

Control
Mean ± SEM

40
62
18
25

–
0.98 ± 0.15a
1.37 ± 0.15a
2.69 ± 0.24a
3.19 ± 0.29
–

18
38
70
19
100
20

5 ± 0.38
2.85 ± 0.08
2.25 ± 0.11
4.65 ± 0.28
3.59 ± 0.11
2.1 ± 0.10

21
60
231
43
25

1.2 ± 0.09a
1.7 ± 0.32c
1.16 ± 0.05a
2.2 ± 0.11b
2.35 ± 0.15c

89

1.59 ± 0.09a

22
133
196
60
23
141
106

2.26 ± 0.19
3.4 ± 0.19
1.69 ± 0.05
3.3 ± 0.10
3.18 ± 0.23
2.66 ± 0.0.07
4.66 ± 0.15
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Table 37.4 Proportions of Docosahexaenoic Acid (22:6n-3) in Red Blood Cell (RBC), Platelet, and Plasma Lipid
Fractions in Vegans and Vegetarians Compared With Omnivores (Control)
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3.1 Influence of Omega-3 Supplementation on Biomarkers
Supplementation of vegans (Sanders and Younger, 1981), vegetarians (Li et al., 1999; Wien
et al., 2010), and omnivores with ALA results in the synthesis of EPA but does not influence the proportion of DHA in blood lipids. In a dose response study (Sanders et al., 2011)
comparing doses of 0.18 g, 0.36, and 0.72 g DHA/day or placebo in omnivore participants
who were advised to avoid the consumption of oily fish, the proportion (mean ± SD)
of DHA in plasma lipids increased from 2.07 ± 0.52% on placebo to 2.63 ± 0.65%, 3.07 ± 0.48%,
and 3.84 ± 0.61%, respectively, after 6 months and in erythrocyte lipids from 6.2 ± 1.3 to
7.3 ± 1.0, 7.8 ± 1.1%, and 8.6 ± 1.2% after 12 months in men and women. Supplementing
vegans with 0.2 g DHA/day derived from algae versus placebo significantly increased
the concentration of DHA (mean ± SD) in their plasma lipids by 43% from 23 ± 12
to 33 ± 12 mg/L (Sanders, 2009) and in erythrocytes phosphoglycerides by 47% from
1.9 ± 0.6% to 2.8 ± 0.8% (Sanders, unpublished data). However, the values still remained
lower than in omnivores from our laboratory. Geppert et al. (2006) reported a 2.9-fold
increase in the proportion of DHA in plasma phospholipids in a randomized controlled
trial of 0.94 g DHA/day versus placebo in German vegetarians. Burns-Whitmore et al.
(2014) compared the effects of supplementing US ovolactovegetarians for 8 weeks with
walnuts (28.4 g/day for 6 days/week), a source of ALA or omega-3 enriched eggs (6 eggs/
week) on erythrocyte lipids: the enriched eggs increased the percentage of DHA in erythrocyte lipids from 2.72 (95% CI 2.57, 2.87) to 3.15 (3.0, 3.32) in erythrocyte lipids, whereas
walnuts decreased DHA from 3.12 (95% CI 2.90, 3.34) to 2.71 (2.55, 2.87). Thus, although
there is a basal rate of DHA synthesis from ALA in humans, the proportion in blood lipids
is greatly augmented by small amounts of dietary DHA.

4. Differences Between ALA and Long-Chain n-3 PUFA
on Cardiovascular Risk
4.1 Serum Lipids and Lipoproteins
Intakes of EPA and DHA in excess of about 1 g/day lower plasma triacylglycerol (TAG) concentrations in a dose-dependent manner (Sanders et al., 2011); ALA does not produce this
effect even at high intakes (Pan et al., 2009). This difference is probably related to differences in fatty acid chain length because C20-22 fatty acids are poor substrates for mitochondrial β-oxidation, compared with ALA, which is rapidly oxidized. The process that
induces extra-mitochondrial chain shortening and subsequent β-oxidation is induced by
the C20-22 fatty acids activating peroxisome proliferator receptor alpha (PPARα) nuclear
hormone receptor. Activation of PPARα also has the additional effect of inhibiting hepatic
TAG synthesis, which explains why long-chain omega-3 PUFA decreases plasma TAG synthesis and ALA does not.
Pharmacological intakes of EPA and DHA (the dose used in prescription medications
is about 3 g/day) decrease very low-density lipoprotein (VLDL) synthesis and secretion
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(Harris, 1997). As well as decreasing TAG concentrations, long-chain omega-3 fatty acids
reduce postprandial lipemia, probably by reducing competition by VLDL with chylomicrons for lipoprotein lipase. Another consequence of reduced serum TAG concentration is to decrease in exchange of TAG from VLDL to low-density lipoprotein (LDL) and
high-density lipoprotein (HDL). This results in the formation of slightly larger LDL and
HDL particles, which may be less atherogenic. However, marked increases in LDL apolipoprotein B and LDL cholesterol (LDL-C) occur with long-chain omega-3 supplementation in some individuals, especially those exhibiting the relatively common Fredrickson
lipoprotein IV phenotype (raised VLDL triglycerides and low HDL-cholesterol) as well as
the less common type V phenotype. This effect is believed to result from less dense VLDL
(as a result of a lower TAG content) being converted more efficiently. This potentially
adverse effect is relevant to individuals with the metabolic syndrome and people with
type 2 diabetes where the type IV phenotype is highly prevalent. However, low intakes
of fish oil or oily fish providing mixtures of EPA + DHA generally do not affect total cholesterol (TC) or LDL-C in normolipidemic subjects. In contrast, relatively low intakes of
algal DHA, as little as 0.8 g/day, increase LDL-C and apolipoprotein B concentrations
in normolipidemic subjects (Theobald et al., 2004). In another study, supplementation
of vegetarian diets (Geppert et al., 2006) with algal DHA at 0.9 g/day increased LDL-C
by about 0.28 mmol/L. A meta-analysis (Bernstein et al., 2012) confirmed that LDL-C is
increased by algal DHA on average by 0.23 mmol/L but showed that HDL-cholesterol
(HDL-C) was increased in parallel, so the net effect on TC:HDL-C ratio was null. While
this increase in LDL-C caused by DHA may increase risk of cardiovascular risk, it has
been argued that this effect may be mitigated by an increase in the lighter LDL particles
and HDL-C (Kelley et al., 2007). However, drug trials designed to increase HDL-C do not
find risk to be reduced. Furthermore, Mendelian randomization studies comparing individuals with higher HDL-C than average also show no effect on risk. This is in contrast to
LDL-C, which is strongly related to risk both in drug trials and Mendelian randomization
studies. Although lighter LDL particles may be less atherogenic, the higher proportion
of DHA in LDL lipids renders the particles more susceptible to oxidative modification.
As the average increase in LDL-C with DHA supplementation is of a similar magnitude
to that from increasing the intake of saturated fatty acid by 6% energy, this fact should
be considered in any risk/benefit analysis of supplementing vegetarian diets with DHA.

4.2 Blood Pressure, Hemostatic, and Inflammatory Risk Markers
High intakes of EPA + DHA normally in excess of 3 g/day but not ALA (Kestin et al., 1990),
lower blood pressure (Appel et al., 1993). However, intakes in the range of a normal diet
have no effect on blood pressure (Sanders et al., 2011). Generally, besides their documented
effects on blood pressure and fasting and postprandial lipids, they have no influence on
clotting factors or fibrinolysis, but they do decrease the production of thromboxane A2,
leukotriene B4, and interleukin-6 and tumor necrosis factor alpha; thus they have potential antiinflammatory effect at high intakes (WHO/FAO, 2010).
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4.3 Effects on Arterial Aging
As it has not been possible to discern effects on blood lipids, blood pressure, and inflammation within the range of intakes normally encountered in Western diets, other mechanisms have been proposed to explain how low intakes of long-chain omega-3 PUFA may
influence CVD risk. Arterial stiffness is emerging as a significant predictor of cardiovascular death in older people and is a robust index of arterial aging and correlated with
increased carotid intimal media thickness. There have been suggestions that EPA/DHA
intake may be associated with decreased arterial stiffness. If this were to be the case, then
vegetarians and vegans, in particular, might have stiffer arteries. However, a comparison
of arterial stiffness in vegan compared with omnivore men found no evidence to indicate
that vegans had stiffer arteries. Indeed, there was a trend for their arteries to be less stiff
(Sanders, 2014).

4.4 Results From Prospective Cohort Studies With Clinical Endpoints
Some but not all meta-analysis of prospective cohort studies show risk of CVD to be lower
with higher intakes of linoleic acid, ALA, and long-chain n-3 PUFA. Pan et al. (2012)
found some evidence for an association of ALA intake with a lower risk of CVD. However,
Chowdhury et al. (2014) found no relationship with total omega-6 or omega-3 intake
and risk but reported a lower risk to be associated with high proportions of long-chain
omega-3 fatty acid in blood. A further meta-analysis (Farvid et al., 2014) including previous unpublished data reported that the replacement of 5% energy as saturated fatty acids
with linoleic acid was associated with reductions of 9% in CVD incidence and 11% CVD
mortality. Prospective studies, however, only show associations and do not prove causality. A lower rate of deaths and hospital admission for ischemic heart disease (IHD) among
vegetarians and vegans compared with omnivores was reported in the UK Oxford cohort
of the EPIC study (Crowe et al., 2013). However, Appleby et al. (2016) found no difference
in IHD mortality up to the age of 90 in vegans and vegetarians compared to the omnivores.

4.5 Intervention Trials With Clinical Endpoints
Several randomized controlled trials conducted in the 1960–70s compared replacing saturated with PUFA (mainly linoleic acid but also containing omega-3 PUFA) on IHD incidence
and mortality. A Cochrane review (Hooper et al., 2012) concluded that there was evidence
of reduced IHD incidence but not mortality. The Mediterranean diet study (de Logeril et al.,
1999) is often cited as evidence to support recommendations to increase the intake of ALA,
but although this dietary intervention trial reduced CVD mortality, it also modified several
other dietary components simultaneously. The Indo-Mediterranean diet trial reported that
ALA reduced CVD, but it emerged that this claim was fraudulent, so its findings should be
ignored (Horton, 2005). Only one sufficiently powered study (the Alpha-Omega trial) has
compared EPA/DHA with ALA versus placebo supplementation in secondary prevention, and
this showed no difference in the primary or secondary outcomes (Kromhout et al., 2010).
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Several other large trials have been conducted with equivocal outcomes, and a meta-analysis
(Rizos et al., 2012) concluded there to be no evidence of a reduction in total mortality or CVD
events with omega-3 supplementation, although there was a trend for cardiac death to 9%
lower (95% CI 15, −2). However, it is important to emphasize that blood pressure and lipids
were well controlled by medication in the more recent trials, and this may have obscured
any dietary effect. Consequently, the impact of long-chain omega-3 fatty acids on CVD risk
may be greater in those with elevated LDL-C and raised blood pressure.

5. Conclusion
Vegetarians generally have higher intakes of linoleic and ALA compared with omnivores
but usually have negligible intakes of long-chain omega-3 PUFA compared with omnivores
who consume fish. DHA concentrations in plasma and erythrocyte lipids are lower in vegetarians, especially in vegans, than in omnivores, primarily attributable to the absence of
DHA from the diet. The regular consumption of eggs or single-cell oils increases DHA levels in blood lipids and breast milk. However, there is a lack of evidence based on meaningful clinical outcomes to support supplementing pregnant and lactating vegetarian women
with DHA. Long-chain omega-3 fatty acids have pharmacologic effects different from ALA
on CVD risk factors, but these effects are only seen at intakes well above the amounts likely
to be consumed in most human diets. Prospective cohort studies find higher intakes of
linoleic acid, long-chain omega-3 PUFA, and less consistently ALA are associated with a
lower risk of fatal CVD, especially when they replace saturated fatty acids. Randomized
controlled trials show that the replacement of saturated fatty acids with PUFAs decreases
risk of CVD events but not mortality. However, there appears to be no clear benefit of additional ALA or long-chain omega-3 PUFA in secondary prevention of CVD. Despite the lack
of EPA and DHA in their diets, vegetarians are at lower risk of premature CVD compared
with omnivores. Further research is needed to ascertain whether any long-term benefits to
health might accrue from including DHA in the diets of vegetarians and vegans.
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1. Introduction
Zinc is the second most abundant trace metal (after iron) in the human body. It performs diverse structural, catalytic, and regulatory roles in numerous biological processes
(Table 38.1). The ubiquitous nature of zinc highlights its importance in human health
and contributes to the recognition of zinc deficiency as a global public health concern
(Wuehler et al., 2005).
Human zinc deficiency was first discovered in the Middle East in young men consuming predominantly plant-based diets that were high in wheat and low in animal protein (Prasad et al., 1961, 1963). Populations in low- and middle-income countries (LMIC)
who follow predominantly plant-based diets continue to be at risk of diet-induced overt
zinc deficiency, which is characterized by severe growth retardation, delayed sexual and
bone maturation, impaired immunity, and diarrhea (Samman, 2012). In high-income
countries (HIC), severe zinc deficiency is rare; however, based on population estimates
of zinc intake, zinc deficiency in a less obvious form is believed to be highly prevalent
(Wuehler et al., 2005). The scientific literature suggests that in HIC vegetarians are one
of the populations that are most at risk of subclinical zinc deficiency. Although plantbased diets are reported to provide a variety of health benefits (Craig and Mangels, 2009),
zinc is less bioavailable when obtained from plant-derived compared with animal food
sources.
The present chapter aims to (1) explore dietary zinc requirements, zinc intake, and
the factors that complicate the determination of zinc status and deficiency in vegetarian
populations across the life cycle and (2) identify areas that require further investigation
to support the translation of zinc research in vegetarians into clinical and public health
applications.
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Table 38.1 Select Structural and Biochemical Roles of Zinc
Zinc Functions
Structural roles

Stabilization of cell membranes
Structural component of various proteins and
protein complexes, including >3000 transcription
factors
Catalytic roles
Enzyme cofactor in >50 types of enzymes across
all six enzyme classes
Regulatory roles Modulates numerous zinc-responsive genes and
proteins
Endogenous signaling ion

Examples
Erythrocytes
Copper, zinc superoxide dismutase; zinc fingers
(i.e., retinoic acid and calcitriol receptors)
Carbonic anhydrases; angiotensin converting
enzymes; nucleotide polymerases
ZnT and Zip family zinc transporters;
metallothionein; NF-κβ
Modulator of neuronal excitability

2. Plant-Based Diets
A diversity of dietary patterns can be described broadly as “plant-based.” However, the
term is used commonly in scientific literature to refer to semivegetarian and vegetarian
diets. In classic terms, vegetarians abstain from eating all flesh foods, including meat,
poultry, fish, and shellfish, whereas semivegetarians occasionally include meat and/or
fish. Vegetarian populations are categorized as ovolactovegetarians, ovovegetarians, or
lactovegetarians, depending on whether their dietary pattern includes egg (ovo) and/
or dairy (lacto) products, or vegans for those who exclude all foods of animal origin.
Within these patterns, considerable variation may exist in the extent to which animal
products are excluded. Chapter 1 of the book explains vegetarian dietary practices in
detail.
The composition of plant-based diets is influenced by numerous factors, including
food choice motivations, product availability, produce growing conditions, and economic
considerations. Particular care must be taken when comparing the composition of LMIC
and HIC diets. Due to the limited availability or accessibility of animal foods, vegetarian
diets in LMIC are often more similar in zinc content and bioavailability to their nonvegetarian counterparts than to HIC vegetarian diets. On the other hand, as sectors of an LMIC
population increase in wealth, their dietary patterns are subject to change in a direction
that aligns more closely with HIC diets (Gerbens-Leenes et al., 2010).

3. Food Sources and Bioavailability of Zinc
3.1 Zinc in Foods
Zinc is widely distributed in foods (Table 38.2). In HIC, meat, fish, and poultry are the
major contributors of zinc in the adult omnivorous diet (Lim et al., 2013); however, dairy
products and many vegetable foods provide amounts of zinc similar to those found in
animal tissues. Vegetarians, to varying degrees depending on their dietary pattern, obtain
a substantial amount of zinc from dairy foods, cereals, grains, legumes, pulses, nuts, and
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Table 38.2 Zinc and Phytate Content and Phytate:Zinc Ratio of Selected Foods
Food
Beef, ground, raw
Chicken meat, raw
Oysters, Pacific, raw
Egg, whole, raw
Cheese, cheddar
Milk
Tofu, raw
Tempeh, raw
Breakfast cereal
Kellog’s All Bran, originalc
Kellog’s Cornflakes
Quaker Instant Oatmeal
Quaker Puffed Rice
General Mills Wheatiesc
Oat, whole meal flour
Rye, whole meal flour
Wheat bran
Lentils, raw
Split peas, green, raw
Chickpeas, raw
Beans
Baby lima, raw
Red kidney, raw
Pinto, raw
Peanuts, raw
Sesame seeds, whole

Zinca (mg/100 g, EP on FW
Basis)

Phytateb (mg/100 g,
FW)

Phytate:Zn Molar
Ratio

4.55
1.54
16.62
1.29
3.64
0.37
0.83
1.57

0
0
0
0
0
0
171.6
122.5

0
0
0
0
0
0
20.4
7.7

12.40
1.00
3.07
1.10
27.80
3.20
2.17
7.27
3.27
3.55
2.76

2158.6
9.8
776.2
9.1
551.2
726.0
712.8
3161.4
588.7
471.1
458.2

17.1
1.0
24.9
0.8
2.0
22.3
32.4
42.8
17.7
13.1
16.3

0.78
2.79
2.28
3.27
7.75

718.4
888.0
802.0
771.5
1525.0

90.7
31.3
34.6
23.2
19.4

EP, edible portion; FW, fresh weight.
aUS Department of Agriculture, Agricultural Research Service, Nutrient Data Laboratory, 2015. USDA National Nutrient Database for
Standard Reference, Release 27 (revised).
bIP5 + IP6 content, calculated using HPLC method (Lehrfeld, 1989; Sandberg and Ahderinne, 1986). Note: phytate data is derived from
a range of countries [Ethiopia (Abebe et al., 2007), Indonesia (Chan et al., 2007), Sweden (Sandberg and Svanberg, 1991), and United
States (Morris and Hill, 1995, 1996)] due to the limited availability of quality phytate data for US foods.
cUS product fortified with zinc; fortification levels differ depending on country of production (Lim et al., 2013).

seeds. In the plant-based diets of numerous LMIC populations around the world, staple foods such as wheat, maize, rice, and lentils are the primary sources of dietary zinc
(Wessells and Brown, 2012).

3.1.1 Zinc Fortification
The zinc content of the diet can be augmented by the fortification of foods with zinc. Food
fortification is defined as “the addition of nutrients to commonly eaten foods, beverages, or
condiments at levels higher than those originally found in food, with the goal of improving
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the quality of the overall diet” (Ruel, 2007). Voluntary zinc fortification is widespread in
HIC, with variation across countries in the types of foods that are permitted to be vectors
for fortificant zinc and the allowable levels of fortification. Cereals and cereal products
(such as breakfast cereals, bread, pasta, biscuits, and cereal flours) and meat analogues
(such as textured vegetable protein and quorn) are common vehicles for zinc fortification
(Food Standards Australia New Zealand, 2013). Fortified foods may make an important
zinc contribution to the diets of vegetarians generally, and vegans in particular, given that
the latter group do not consume any animal products including dairy and eggs.
In the predominantly plant-based diets of LMIC, fortification increasingly is recognized as an important strategy for reducing the risk of zinc deficiency; efficacy trials
indicate that zinc fortification can increase both total daily zinc consumption and the
amount of absorbed zinc in children and adults (Brown et al., 2007). Widespread fortification of staple foods (commonly wheat or maize flour) with zinc has been mandatory
for at least a decade in Mexico, Indonesia, Jordan, and South Africa (Brown et al., 2010;
Food Fortification Initiative, 2015). As of November 2015, the practice of zinc fortification
of one or more types of wheat or maize flour or rice is occurring in 39 LMIC (Personal
Communication, Food Fortification Initiative, November 4, 2015).

3.2 Zinc Bioavailability
There is no standardized definition of the term “bioavailability” in the context of nutrition. A broad definition refers to the proportion of an ingested nutrient that is absorbed
and utilized (Forbes and Erdman, 1983; Wood, 2005): in other words, the accessibility of
a nutrient to normal metabolic and physiologic processes (Institute of Medicine (IOM),
2001). Accordingly, factors that may affect the bioavailability of a nutrient include dietary
factors, such as the presence or absence in the food matrix of promoters or inhibitors of
absorption; and host factors, including age, gender, nutritional status and health. A broad
concept of bioavailability is often used also to encompass factors that appear to affect
bioavailability but which, more accurately, trigger or result from regulatory responses
designed to maintain optimal homeostasis, such as changes in absorption and/or excretion (Hambidge, 2010; Hambidge et al., 2010). The two principal factors that influence zinc
bioavailability, in a broad sense, are the quantity of zinc ingested and the dietary level of
inositol phosphate (IP), also known as phytic acid, or phytate when in salt form (Oberleas,
1983; Sandberg et al., 1982).

3.2.1 Phytate
Phytate is the principal storage form of phosphorus in cereals, legumes, and oleaginous
seeds. It is therefore abundant in the plant-based diets of numerous populations around
the world due to its presence in staple foods, such as cereals, beans, and lentils. Phytate
in food is composed of a mixture of different phosphorylated forms of IP, with inositol
hexaphosphate (IP6) usually the major form. IP6 and inositol pentaphosphate (IP5) form
poorly soluble complexes with zinc in the gastrointestinal tract, resulting in reduced zinc
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absorption or reabsorption (Oberleas, 1983; Sandberg et al., 1982). Mathematical modeling of zinc absorption suggests that phytate and the total intake of dietary zinc together
account for more than 80% of the variability in the quantity of zinc absorbed (Hunt et al.,
2008; Miller et al., 2007).
Food groups vary in their phytate content, which is undetectable in animal foods, high
in grains and legumes (Table 38.2), and very low in roots and tubers (∼0.1% dry weight)
(Phillippy et al., 2003). The phytate content of a specific food may vary depending on the
location from which it is sourced, due to inherent differences in soil composition, climatic
or environmental conditions, crop plant cultivars, and agricultural management practices;
the different stages of seed maturation and the use of food processing techniques, such as
milling and flour extraction, are additional factors that influence the phytate concentration (Schlemmer et al., 2009). Further, the hydrolysis of phytate by microbial phytases during certain food preparation practices, including germination and fermentation, results
in the formation of tetra- and lower phosphate derivatives, which have little influence on
zinc availability (Sandström and Sandberg, 1992). A study of major foods consumed in
central Iran reported that the IP6 concentration was significantly lower in polished rice
compared to rice samples that were abrasively ground but unpolished, and the concentration of IP6 was decreased in all rice varieties after cooking (Roohani et al., 2012). In cereals,
phytate is located predominantly in the aleurone layer and the germ, whereas in legume
seeds it largely occurs in the protein bodies of the endosperm or cotyledon (Schlemmer
et al., 2009); removal of the hull or seed coat therefore could result in a higher phytate concentration in legumes.
There is wide variation in estimates of the daily phytate intakes of different populations, depending on gender, age, dietary patterns, country of origin, and the methods
that are used to determine the phytate content of the diet. In adults, phytate intakes
have been reported to range from approximately 200–5000 mg/day (Schlemmer et al.,
2009). Vegetarian adults in India reportedly ingest phytate in amounts that are comparable to healthy women consuming a mixed diet in Australia (1290 ± 300 mg/day vs.
1316 ± 708 mg/day, mean ± SD, respectively) (Foster et al., 2012; Khokhar and Fenwick,
1994). Similar mean phytate intakes of 1487 ± 791 were observed in ovolactovegetarian
Asian immigrants residing in Canada (Bindra et al., 1986). In Sweden, the median phytate intake of vegetarian adults was estimated to be 1146 mg/day compared to 369 mg/
day in adults consuming nonvegetarian diets (Brune et al., 1989). Differences between
the mean phytate intake in rural (1342 mg/day/reference man) and urban (781 mg/day/
reference man) populations are evident in China, which is likely to reflect an evolution
from traditional toward more Western-type dietary patterns in metropolitan areas (Ma
et al., 2007).
The distribution of phytate in the diet also differs among populations. Breads and
breakfast cereals appear to contribute a substantial proportion (40%–61%) of the dietary
phytate in HIC (Amirabdollahian and Ash, 2010; Foster et al., 2012; Prynne et al., 2010),
suggesting that a large amount of the daily phytate intake is consumed at the morning
meal. In contrast, 39% of the phytate intake in a South Korean population was derived
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from rice (Kwun and Kwon, 2000), while 84% was derived from grain products in the diets
of Guatemalan women, of which 48% was from tortillas (Fitzgerald et al., 1993).

3.2.2 Phytate:Zinc Molar Ratio
The inhibitory effect of phytate on zinc absorption can be estimated by the molar ratio of
phytate to zinc in the adult diet. Examples of the phytate:zinc ratios of specific foods are
provided in Table 38.2.
Based on data mainly from single meal studies, the World Health Organization (WHO)
determined that dietary phytate:zinc ratios less than 5 correspond to 50% zinc absorption (described as “high” bioavailability), ratios in the range 5–15 are consistent with 30%
zinc absorption (moderate bioavailability), and ratios greater than 15 correspond to 15%
absorption (low bioavailability) (WHO, 1996). Vegetarian and vegan diets are described
as being of moderate zinc bioavailability provided they are not based primarily on unrefined, unfermented, and ungerminated cereal grains or high extraction rate flours or, if
more than 50% of the energy intake is derived from such cereal grains and flours, the
phytate:zinc molar ratio of the total diet does not exceed 10 (WHO/Food and Agriculture
Organisation of the United Nations (FAO), 2004). The findings of a meta-analysis conducted
as part of the European Micronutrient Recommendations Aligned (EURRECA) program
of work concur with the WHO’s adjustments for diets of moderate and low bioavailability; compared to control meals with phytate:zinc ratios <15, test meals with phytate:zinc
ratios >15 resulted in a reduction of fractional zinc absorption (FZA) by a mean of 0.14,
representing a fall in FZA of almost half (45%) from the mean for the control meals of 0.31
(Bel-Serrat et al., 2014).
The International Zinc Nutrition Consultative Group (IZiNCG) notes that the effect
of phytate on zinc absorption may be exaggerated when measured from single test
meals compared to typical total diets (Brown et al., 2004). Preferring to follow a total diet
methodology (excluding data from semipurified formula diets), IZiNCG classified diets
into two types: mixed diets or refined vegetarian diets characterized by phytate:zinc
molar ratios of 4–18 (corresponding to 31% zinc absorption); and unrefined cerealbased diets with phytate:zinc molar ratios greater than 18 (23% zinc absorption) (Brown
et al., 2004).
The inhibitory effect of phytate on zinc absorption is a key consideration in dietary
zinc intake assessment and planning for individuals and in estimating population requirements for dietary zinc.

4. Dietary Zinc Recommendations
Due to differences in expert opinions, types and availability of evidence, and assumptions employed in establishing requirements, the daily amounts of dietary zinc that are
recommended to meet the physiological requirements of practically all healthy people at
each stage of the life cycle vary throughout the world (Table 38.3). While it is generally
agreed that vegetarians require higher amounts of zinc than nonvegetarians due to the

Table 38.3 Examples of Differences Worldwide in Recommendations for Dietary Zinc Intake (mg/day) by Life Stage and Gender
Adolescents
Female

Region/Organization

Infants

Children

Male

Australia/New
Zealand

2 (0–6
months)e
3 (7–12
months)

3 (1–3 years)

6 (9–13 years)

6 (9–13 years)

4 (4–8 years)

13 (14–18 years)

7 (14–18 years)

RDI
(age)

Adults
Male

Female

Pregnancy

Lactation

14 (≥19 years)

8 (≥19 years)

10 (14–18 years) 11 (14–18 years)
11 (≥19 years)

12 (≥19 years)

References
NHMRC
(2006)l

India

RDA
(age)

–
–

5 (1–3 years)
7 (4–6 years)
8 (7–9 years)

9 (10–12 years)
11 (13–15 years)
12 (16–17 years)

9 (10–12 years)
11 (13–15 years)
12 (16–17 years)

12 (≥18 years)

10 (≥18 years)

12

12 (0–12 months PP) ICMR
(2010)

Nordic
countries

RI
(age)

–
5 (6 months–
<2 years)

6 (2–5 years)
7 (6–9 years)

11 (10–13 years)
12 (14–17 years)

8 (10–13 years)
9 (14–17 years)

9 (≥18 years)

7 (≥18 years)

9

11

United
Kingdom

RNIa
(age)

–
5 (7–12
months)

5 (1–3 years)
6.5 (4–6 years)

9 (11–14 years)
9.5 (15–18 years)

9 (11–14 years)
7 (15–18 years)

9.5 (≥19 years)

7 (≥19 years)

7

+6 (0–4 months PP) COMA
+2.5 (>4 months PP) (1991)

11 (≥19 years)

8 (≥19 years)

12 (≤18 years)

13 (≤18 years)

11 (≥19 years)

12 (≥19 years)

EFSA
(2014)

7 (7–10 years)
United States/
Canada

IZiNCG (refined
vegetarian or
mixed diets)a
IZiNCG
(unrefined,
cereal-based
diets)b

RDA
(age)

RDA
(age)

2 (0–6
months)g

3 (1–3 years)

8 (9–13 years)

8 (9–13 years)

3 (7–12
months)

5 (4–8 years)

11 (14–18 years)

9 (14–18 years)

–

3 (1–3 years)

6 (9–13 years)

6 (9–13 years)

4 (6–11
months)
–
5 (6–11
months)

4 (4–8 years)

10 (14–18 years)

9 (14–18 years)

3 (1–3 years)
5 (4–8 years)

9 (9–13 years)
14 (14–18 years)

9 (9–13 years)
11 (14–18 years)

13 (≥19 years)

8 (≥19 years)

11 (14–18 years) 10 (14–18 years)
10 (≥19 years)

19 (≥19 years)

9 (≥19 years)

IOM
(2001)m

Brown et al.
(2004)

9 (≥19 years)

15 (14–18 years) 11 (14–18 years)
13 (≥19 years)
10 (≥19 years)

Continued

Table 38.3 Examples of Differences Worldwide in Recommendations for Dietary Zinc Intake (mg/day) by Life Stage and
Gender—cont’d
Region/Organization
WHO/FAO
(high BA)c

RNIf
(age)

Adolescents
Female

Infants

Children

Male

1.1 (0–6
months)h
2.5 (7–12
months)i

2.4 (1–3 years)

5.1 (10–18
years)

Adults
Male

Female

Pregnancy

Lactation

References

4.2
(≥19 years)

3.0 (≥19
years)

3.4 (T1)

5.8 (0–3 months PP)

WHO/FAO
(2004)

4.2 (T2)

5.3 (3–6 months PP)

6.0 (T3)

4.3 (6–12 months PP)

5.5 (T1)

9.5 (0–3 months PP)

4.8 (4–6 years)

7.0 (T2)

8.8 (3–6 months PP)

5.6 (7–9 years)

10.0 (T3)

7.2 (6–12 months PP)

11.0 (T1)

19.0 (0–3 months PP)

9.6 (4–6 years)

14.0 (T2)

17.5 (3–6 months PP)

11.2 (7–9 years)

20.0 (T3)

14.4 (6–12 months PP)

4.3 (10–18 years)

2.9 (4–6 years)
3.3 (7–9 years)

WHO/FAO
(moderate BA)d

WHO/FAO
(low BA)e

2.8 (0–6
months)j
4.1 (7–12
months)
6.6 (0–6
months)k
8.4 (7–12
months)

4.1 (1–3 years)

8.3 (1–3 years)

8.6 (10–18
years)

17.1 (10–18
years)

7.2 (10–18 years)

7.0 (≥19
years)

14.4 (10–18 years) 14 (≥19
years)

4.9 (≥19
years)

9.8 (≥19
years)

BA, bioavailability; COMA, Committee on Medical Aspects of Food Policy; EFSA, European Food Safety Authority; ICMR, Indian Council of Medical Research; IOM, Institute of Medicine; NHMRC, National
Health and Medical Research Council; PP, postpartum; RDA, recommended dietary allowance; RDI, recommended dietary intake; RI, recommended intake; RNI, recommended nutrient intake; RNIa, reference
nutrient intake; T, Trimester; WHO/FAO, World Health Organisation/Food and Agriculture Organisation of the United Nations.
aAssumed bioavailability of dietary zinc, 31%.
bAssumed bioavailability of dietary zinc, 23%.
cAssumed bioavailability of dietary zinc, 50%.
dAssumed bioavailability of dietary zinc, 30%.
eAssumed bioavailability of dietary zinc, 15%.
fAssuming body weights (kg) of 6 kg for infants 0–6 months, 9 kg for infants 7–12 months, 12 kg for children 1–3 years, 17 kg for children 4–6 years, 25 kg for children 7–9 years, 49 kg for adolescent boys, 47 kg
for adolescent girls, 65 kg for adult males, 55 kg for adult females.
gAdequate intake (AI; used when an RDI cannot be determined).
hExclusively human milk–fed infants (bioavailability of zinc from human milk assumed to be 80%).
iWith the exception of exclusively human milk–fed infants (7–12 months), who require 0.8 mg/day.
jFormula-fed infants fed whey-adjusted milk formula and infants partly human milk fed.
kFormula-fed infants fed a phytate-rich vegetable protein-based formula with or without whole grain cereals.
lThe NHMRC suggests that vegetarians, particularly vegans, may require zinc intakes that are 50% higher than those set.
mThe IOM notes that the dietary zinc requirement may be as much as 50% greater for vegetarians and particularly vegans whose major food staples are grains and legumes and whose dietary phytate:zinc molar
ratio exceeds 15:1. In later summary dietary reference intake tables, the IOM of the National Academies (2015) documents that the zinc requirement for those consuming a vegetarian diet is approximately
twofold greater than for those consuming a nonvegetarian diet; however, this incongruity in the summary tables appears to be in error as the tables are adapted from the original IOM recommendations
published in 2001.
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lower bioavailability of zinc from plant compared to animal foods, the recommendations
of expert committees as to the extent of the increase are inconsistent due in part to heterogeneity in the definitions and categorization of vegetarian diets.
IOM (2001) suggests that vegetarians may need to consume as much as 50% more
zinc to maintain health than amounts recommended for the general population, which
equates to a recommended nutrient intake for zinc in the United States and Canada of
16.5 mg/day for males and 12 mg/day for females. The IOM notes that the higher recommendation is relevant particularly for vegans whose major food staples are grains and
legumes and whose dietary phytate:zinc molar ratio exceeds 15:1. In line with the IOM, in
Australia and New Zealand it is likewise suggested that vegetarians, particularly vegans,
will need intakes that are approximately 50% higher than those set (NHMRC, 2006); this
results in recommendations of 21 mg/day and 12 mg/day for male and female vegetarians, respectively. In contrast, two levels of recommended intakes have been set in France,
depending on the dietary content of products of animal origin. A daily intake of 9 mg/
day for men and 7 mg/day for women is recommended for balanced diets rich in animal
products, including meat products (estimated intestinal zinc absorption, 30%). For predominantly plant-based diets (estimated intestinal absorption, 20%), an increased daily
intake of 14 mg/day for men and 12 mg/day for women is proposed (Agence française de
sécurité sanitaire des aliments (AFSSA), 2001; European Food Safety Authority (EFSA),
2014).
The zinc intake recommendations of the international agencies WHO and IZiNCG are
set according to the phytate:zinc ratio of the diet; however, inconsistencies in the categorization and estimated zinc absorption efficiencies of diets with varied phytate:zinc
ratios have resulted in varied recommendations (Table 38.3). For example, the WHO recommends a zinc intake of 14 mg/day for men and 9.8 mg/day for women who consume
diets of low zinc bioavailability, such as those that are high in unrefined, unfermented,
and ungerminated cereal grain and contain negligible amounts of animal protein (WHO/
FAO, 2004). In contrast, IZiNCG recommends 19 mg/day for men and 9 mg/day for women
consuming unrefined, cereal-based diets (Brown et al., 2004).
Indian Council of Medical Research (ICMR, 2010) has suggested that, at least in India,
the adjustments for plant-based diets that are proposed internationally by many expert
committees result in higher recommended dietary zinc intakes than those indicated from
actual observations. According to the ICMR, data from the National Nutrition Monitoring
Bureau show a habitual zinc intake of 9–11 mg/day from the typical cereal- and lentilbased Indian diet, with local zinc balance studies indicating an expected absorption of
approximately 25% and marginal risk of zinc inadequacy. After considering the available evidence, the ICMR recommended a daily zinc allowance of 12 mg/day for men and
10 mg/day for women consuming traditional Indian diets. The observations of the ICMR
highlight one of the primary challenges in estimating zinc requirements for humans: the
strong homeostatic regulation of zinc in the body complicates our understanding of
the effects of diet on zinc nutriture.
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5. Whole-Body Zinc Homeostasis
Adaptations in zinc absorption, resorption, and excretion along the gastrointestinal tract
are the primary means of maintaining a constant zinc state. FZA is dependent on dietary
zinc content; a number of studies have shown that when zinc intakes are decreased,
fractional absorption increases (King et al., 2001; Taylor et al., 1991; Wada et al., 1985).
Superimposed on the relationship between intake and fractional absorption is the effect
of enhancing and inhibiting components in the diet. Beyond the immediate influence of a
low zinc dose, fractional absorption has been shown to be upregulated further (from 49%
to 70%) after several weeks of equilibration to a diet low in zinc and of high bioavailability
but not to a diet low in zinc and of low bioavailability (Hunt et al., 2008).
Despite adaptive increases in fractional absorption, the absolute amount of zinc
absorbed on a low-zinc diet has been shown to be lower than the amount absorbed when
zinc intake is adequate (Wada et al., 1985): the reason being that the largest increases in
fractional absorption are applied to the lowest intakes of bioavailable zinc. In isolation, this
finding suggests that zinc balance will not be sustained in the presence of chronic exposure
to diets that are low in zinc. However, compared to adjustments in absorption, changes in
gastrointestinal zinc excretion have the potential to conserve substantially greater quantities of endogenous zinc for tissue use and are sustained in the presence of habitually low
zinc intakes (Hambidge and Krebs, 2001; Jackson et al., 1982). Shifts in endogenous fecal
zinc excretion occur in concomitant response to changes in zinc absorption and reflect
both a reduction in the amount of zinc secreted into the intestinal lumen and increased
distal reabsorption of endogenous zinc.
A study of healthy participants who switched from a mixed to a lactovegetarian diet
for 12 months illustrates the occurrence of physiological adjustments to a plant-based
diet; although the plasma zinc concentration decreased in response to the lower zinc bioavailability of the lactovegetarian diet, the zinc excretion demonstrated a compensatory
decrease (Srikumar, 1992). Whether homeostatic adaptations to a habitual vegetarian diet
are sufficient to maintain an adequate zinc status throughout the life cycle, particularly
during times of increased requirement, is an important subject of debate.

6. Zinc Status Throughout the Life Cycle
The plasma (or serum) zinc concentration and the dietary zinc intake are used, ideally in
combination, to indicate the zinc status of populations and to identify subgroups at risk
of zinc deficiency.

6.1 Zinc Status in Healthy Vegetarian Adults
It is estimated that approximately 3% of adults in the United Kingdom, Australia, and the
United States are vegetarian (Foster and Samman, 2015), with prevalence rates as high as
40% in India (Yadav and Kumar, 2006). A meta-analysis explored the association between
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habitual vegetarian diets and dietary zinc intake and/or serum zinc concentration in
vegetarian compared to nonvegetarian healthy adult populations (Foster et al., 2013a).
The dietary zinc intake of vegetarians overall was found to be 0.9 mg/day lower than that
of nonvegetarians, which represents a difference of approximately 8% of the RDA (IOM,
2001) for men and 11% for women. Similarly, the serum zinc concentration was 0.9 μmol/L
lower in vegetarians compared to nonvegetarian control populations. Combined analyses of the dietary zinc intake and serum zinc concentration support the possibility of a
gender difference in zinc status, with the difference in values between vegetarians and
nonvegetarians being wider in females than in males. Secondary analyses suggest that not
all vegetarian diets impact zinc status to the same extent. Vegans showed the largest differences in dietary zinc intake and serum zinc concentration compared to nonvegetarians
(Foster et al., 2013a), although it has been demonstrated that well-planned vegan diets can
be higher in dietary zinc than typical omnivorous diets (Abdulla et al., 1981). Differences
in the impact on zinc status of plant-based diets from HIC compared to LMIC are also
likely to exist.

6.1.1 High-Income Countries
Fig. 38.1 depicts the mean dietary zinc intakes of (A) male and (B) female ovolactovegetarians
(defined as excluding all flesh foods and including dairy and eggs), vegans, and nonvegetarians in studies conducted in HIC that were included in the meta-analysis (Foster et al., 2013a).
It is noteworthy that, regardless of gender, few vegetarian groups had a mean zinc intake
that met the increased requirements recommended for vegetarians by the IOM (16.5 mg/
day for men, 12 mg/day for women) (IOM, 2001), even accounting for variability of the data.
Although the RDA is not intended to be used to evaluate the adequacy of population intakes,
a mean nutrient intake of a group below the RDA likely indicates a nonnegligible prevalence
of insufficient intakes as compared to estimated requirements (Gibson, 2005).
In combination, the findings of the meta-analysis and the relationship in vegetarian
populations between recommended and mean zinc intakes suggest that vegetarians are
at greater risk of zinc deficiency than their nonvegetarian counterparts. However, there
do not appear to be any adverse health consequences in HIC adult vegetarians that are
attributable to a lower zinc status (Gibson, 1994), supporting suggestions that there is
an increase in the efficiency with which zinc is utilized in healthy individuals following
plant-based diets. Consistent with this conclusion, zinc balance has been shown to be
maintained in healthy men after exposure to a diet that supplied zinc of only 5.5 mg/day
(Wada et al., 1985); and in women following an ovolactovegetarian diet during an 8-week
crossover intervention study, despite decreases in zinc intake, absorptive efficiency, and
the plasma zinc concentration compared to the nonvegetarian diet (Hunt et al., 1998).

6.1.2 Low- and Middle-Income Countries
Three studies (Faber et al., 1986; Pohit and Pal, 1985; Raghunath et al., 2006) that compared the dietary zinc intake of vegetarian and nonvegetarian populations in LMIC were
included in the meta-analysis, but none that measured the serum zinc concentration.
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FIGURE 38.1 Comparison of dietary zinc intake in ovolactovegetarians, vegans, and nonvegetarians in high-income
countries (define as World Bank Income Group 1) in (A) men; and (B) women. The dashed line represents the RDA
for vegetarians suggested by the Institute of Medicine (2001). Results are expressed as mean ± SD. NV, nonvegetarian,
VN, vegan; V-OL, ovolactovegetarian.

One study was conducted in South Africa and reported significantly lower intakes of zinc
in ovolactovegetarians compared to controls in both males (11.1 and 16.2 mg/day, respectively) and females (7.4 and 9.7 mg/day, respectively); however, these findings may not
have been representative of the wider population as the study participants included vegetarians from a college for Seventh-day Adventists and nonvegetarians that were recruited
exclusively from students and staff of a National Research Institute (Faber et al., 1986).
The remaining two studies were conducted in India. The mean zinc intake was reported in
1985 to be 6.1 mg/day for Bengalee male vegetarians compared to 5.3 mg/day for nonvegetarians (Pohit and Pal, 1985). In a combined analysis of males and females in 2006, vegetarian adults in Mumbai were reported to have a mean zinc intake of 6.1 mg/day compared
to 6.9 mg/day for nonvegetarians (Raghunath et al., 2006). It was noted in both instances
that the vegetarian and nonvegetarian dietary patterns in these Indian populations are
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similar, with cereals and legumes being the primary contributors of zinc to both diets and
the latter diet differing only by the inclusion of small amounts of animal protein (Pohit
and Pal, 1985; Raghunath et al., 2006). Both the vegetarian and nonvegetarian Indian diets
reported in these studies therefore typify the low-zinc, high-phytate dietary composition that is believed to convey the highest risk of zinc deficiency. However, the extent of
homeostatic adaptation to the predominantly plant-based diets in LMIC that are low in
zinc and high in phytate remains to be established. Further, it is not the case that all plantbased Indian diets are low in zinc. It has been reported that the customary zinc intakes of
Indian adults consuming regional diets can be as high as 25 mg/day and that zinc balance
is maintained on these diets despite estimated zinc absorption of 6%–8% (ICMR, 2010).
It is likely that the higher zinc content of some high-phytate foods compared to products
lower in phytate may compensate for the less efficient absorption of zinc, resulting in a
greater absolute amount of zinc absorbed (Hunt, 2003).

6.2 Zinc Status in Pregnancy and Lactation
Pregnant and lactating women are vulnerable to a low zinc status due to the additional
zinc demands associated with pregnancy and infant growth and development. Estimates
of dietary zinc requirements in pregnancy take into account zinc accumulation in late
pregnancy, the period of greatest need (NHMRC, 2006). The recommendation for zinc
intake in lactation considers the additional needs for milk production counterbalanced
with estimates of zinc released for use as a consequence of decreasing maternal blood
volume after parturition (NHMRC, 2006). As with vegetarians generally, it is suggested that
pregnant and lactating vegetarians need to consume higher amounts of zinc than their
nonvegetarian counterparts, although recommendations of the extent of the increase vary
throughout the world (Table 38.3).

6.2.1 Pregnancy
To strictly conclude that a particular dietary pattern provides insufficient zinc to meet the
additional zinc demands of pregnancy, evidence of adverse effects either to the mother or
the fetus as a consequence of low zinc status is needed. Early prospective studies investigating maternal zinc status and pregnancy outcome in healthy primigravidae (Jameson,
1976b) and women with a history of pregnancy complications (Jameson, 1976a) reported
a significantly lower serum zinc concentration in women who had complications at delivery and/or gave birth to abnormally formed infants compared to women with normal
deliveries. The findings of later observational studies, including numerous surveys of the
association between maternal zinc status and the birth weight of infants, have been mixed
(King, 2000). There is some research that suggests altered zinc status in pregnancy is associated with the occurrence of anencephaly in infants (Cavdar et al., 1988); however, further
investigation is required to elucidate the role of zinc deficiency in the etiology of neural
tube defects. Overall, the relationship between zinc status and maternal or fetal health
outcomes in pregnancy is unclear.
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Limited evidence explores the relationship between zinc status and health outcomes
in pregnant vegetarian women. In a systematic review (Foster et al., 2015), the dietary
zinc intake of pregnant vegetarians (defined as excluding all flesh foods) was found, using
meta-analysis techniques, to be 1.5 mg/day lower than that of nonvegetarians, which represents a difference of approximately 14% of the RDA (IOM, 2001). Despite this, the balance
of available evidence evaluated in the systematic review suggests that there is no difference between vegetarian and nonvegetarian groups in the serum zinc concentration or in
functional outcomes associated with pregnancy (period of gestation, birth weight) (Foster
et al., 2015). It is therefore plausible that adaptations in zinc metabolism to a vegetarian
diet occur also in pregnant women, despite the increased zinc requirements of pregnancy.
The studies included in the systematic review (Foster et al., 2015) were too few to allow
comparison of HIC and LMIC data by meta-analysis; only three studies explored the relationship between dietary zinc intake, zinc status, and pregnancy outcome in pregnant
women consuming vegetarian dietary patterns that are typical in LMIC compared to
their nonvegetarian counterparts. In an investigation of the zinc status of Hindu vegetarian pregnant women compared to nonvegetarian controls (Campbell-Brown et al., 1985),
no differences were found over time between vegetarians and nonvegetarians in plasma
zinc measurements. The amount of zinc excreted in the urine and the increase in urinary
zinc excretion during pregnancy were both lower in the pregnant Hindu vegetarian compared to nonvegetarian women; taken together with the lower zinc intake in vegetarians
(7.5 vs. 10.2 mg/day) that was reported at the first antenatal visit, this finding may represent a constraint dependent on the lower availability of zinc from the vegetarian diet
(Campbell-Brown et al., 1985). Alternatively, it has been suggested that a degree of renal
zinc conservation may occur in pregnant women consuming 9 mg or less zinc per day
who do not demonstrate the significant increase in urinary zinc during pregnancy that is
observed in women consuming higher amounts of zinc (Donangelo et al., 2005). A second
study included in the systematic review supports the possibility that homeostatic adaptations occur in pregnant women from LMIC who consume low-zinc diets, whether or not
they are vegetarian; it was observed that birth weights were similar between the infants of
UK immigrant and indigenous Indian women, regardless of dietary pattern and notwithstanding zinc intakes in the Indian women that, at less than 6 mg/day, were almost half
those of the immigrant group (Ward et al., 1988).
As alluded to previously, the predominantly plant-based diets of many LMIC nonvegetarian populations are likely to be closer in composition to traditional vegetarian dietary
patterns compared to the omnivorous diets of HIC populations (Abraham et al., 1985). A
number of observational studies have explored zinc status during pregnancy in LMIC without differentiating between vegetarian and nonvegetarian eating patterns. Populations
who consume predominantly plant-based traditional diets during pregnancy are reported
consistently to have a high prevalence of dietary zinc intakes below estimated requirements, phytate:zinc ratios greater than 15, and plasma zinc levels below the cutoff values
specific for gestational age (Abebe et al., 2008; Fitzgerald et al., 1993; Huddle et al., 1998;
Pathak et al., 2004, 2008), suggesting that zinc is a limiting nutrient in the predominantly
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plant-based diets that are typical in LMIC populations. However, the relationship between
zinc status and birth outcome is rarely studied in LMIC, due in part to difficulties in obtaining data from customary village births (Huddle et al., 1998). The effects of a low zinc status in pregnancy on health outcomes therefore remain controversial. In addition, studies
that investigate zinc status in pregnancy need to take into account the well-documented
physiological adjustments in zinc metabolism during gestation, which include a decline
in the plasma zinc concentration, perhaps as early as the first trimester (Hambridge and
Droegemueller, 1974), and an increase in the concentration of urinary zinc (King, 2000).

6.2.2 Lactation
The concentration of zinc in breast milk is highest in colostrum and progressively declines
with the duration of lactation (IOM, 1991). The effects of a vegetarian diet on zinc status
during lactation are little studied (Foster and Samman, 2015); however, the zinc concentration of human milk is relatively resistant to changes in maternal zinc intake (Krebs,
2000), even in women with intakes that are chronically inadequate (Simmer et al., 1990),
suggesting that homeostatic mechanisms rather than an increase in ingested zinc compensate for the maternal contribution of zinc that is secreted into breast milk.

6.3 Zinc Status in Infants, Young Children, and Adolescents
Adequate zinc nutrition is necessary for child growth, immune function, and neurobehavioral development (Brown et al., 2004). Infants, young children, and adolescents are particularly vulnerable to suboptimal zinc status during periods of rapid growth that increase
requirements for zinc. As with adults, higher zinc intakes are recommended for vegetarian
compared to nonvegetarian children to account for differences in bioavailability between
plant and meat sources of zinc (NHMRC, 2006).

6.3.1 High-Income Countries
A narrative review (Foster and Samman, 2015) identified a number of observational studies that compared the effects of vegetarian compared to nonvegetarian diets on dietary
zinc intake and serum zinc concentration in HIC populations of children (Table 38.4). The
studies canvass populations of children from infancy to adolescence.
In healthy term infants, zinc requirements to support the very rapid growth of early
infancy generally are met by exclusive feeding of human milk; however, after the first 5 or
6 months of life, it becomes necessary to introduce complementary foods to meet infant
zinc requirements. A longitudinal observational study (Taylor et al., 2004) that investigated
the zinc status of infants consuming no meat with those consuming varying amounts of
mixed red and white meat reported no differences among groups in zinc intake, which was
assessed at four monthly intervals between the ages of 4 months and 2 years. Zinc bioavailability was not considered; however, no differences were observed at any time point in
serum zinc concentrations between nonmeat and meat-eating infant groups, suggesting
that zinc status is maintained in vegetarian and nonvegetarian infants to a similar degree.
No measurements were taken of zinc-related functional outcomes, such as growth,

Study (Author, Year) Country
Donovan and Gibson
(1995, 1996)
Gorczyca et al. (2013)

United States

Nathan et al. (1996)

United Kingdom

Taylor et al. (2004)e

United Kingdom

Poland

Thane and Bates (2000) United Kingdom

Treuherz (1982)

United Kingdom

Yen et al. (2008)

Taiwan, China

Diet Groups (V-OL,
VU, LoM, NV)
Agea (years) Gender (F/M) Nb

Dietary Zinc Intake
(mg/day)c
SD

Serum/Plasma
Zinc (μmol/L)

SD

LoM
NV
VU
NV
LoM
NV
V-OLf
NV(low)f
NV(medium)f
NV(high)f
LoM
NV
LoM
NV
VU
NV
V-OL
NV

6.7
7.8
4.02 (1.93–7.15)d
5.44 (4.68–6.98)d
5.9i
6.8
5.0
4.1
4.4
4.9
3.6/4.18 MJ
4.0/4.18 MJ
3.5/4.18 MJ
3.7/4.18 MJ
9.31j
7.57
6.2
6.6

11.6
12.0

1.7
1.6

14.1
14.2
14.3
14.5
13.1
13.0
13.1
13.0

2.2
2.5
2.3
2.3

17.7 ± 1.4
18.2 ± 1.4
1–17.6
2.3–17.8
9.1 ± 1.5
9.4 ± 1.4
24 monthsg
24 monthsg
24 monthsg
24 monthsg
2.3 ± 0.4h
2.3 ± 0.4h
3.7 ± 0.4h
3.7 ± 0.4h
10–16
Age-matched
5.2 ± 1.5
5.0 ± 1.1

F
F
F and M
F and M
F and M
F and M
F and M
F and M
F and M
F and M
F and M
F and M
F and M
F and M
F and M
F and M
F and M
F and M

78
29
22
18
50
50
13
33
40
45
25
668
19
639
15
12
21
28

2.1
3.0

1.4
1.6
1.6
1.2
1.1
1.5
1.0
0.9
0.6
0.9
2.1
2.4
1.0
1.1

F, female; LoM, low meat (populations that the study defined as vegetarian but who consumed meat, fish, or poultry on limited occasions, such as once per month); M, male;
NV, nonvegetarian; V-OL, ovolactovegetarian; VU, vegetarian undefined.
aMean ± SD where available, otherwise range unless otherwise stated.
bn-Values for dietary zinc intake.
cMean ± SD unless otherwise stated.
dMedian (range).
eLongitudinal study.
fDiet groups correspond to study definitions, as follows: V-OL (nonmeat eaters), NV (low, middle, and upper tertile meat eaters).
gParticipants were recruited before they were 4 months of age and were followed up until 24 months of age (n-values differ at each timepoint).
hLoM and NV combined in determination of each age group.
iP = .001 (dietary zinc intake lower in LoM compared to NV).
jP < .05 (dietary zinc intake higher in VU compared to NV when expressed per 4.18 MJ).
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Table 38.4 Characteristics of Observational Studies Comparing the Effects of Vegetarian Compared to
Nonvegetarian Diets on Dietary Zinc Intake and Serum/Plasma Zinc Concentration in Infants, Children, and
Adolescents
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neurocognitive development, and infectious morbidity, so it is not possible to comment
on whether any of the vegetarian and nonvegetarian dietary patterns contributed to zinc
deficiency in the population of infants under study.
In older age groups, one study reported a lower zinc intake in vegetarian compared
to nonvegetarian children in the United Kingdom with a mean age of 9 years (Nathan
et al., 1996). In contrast, the remaining studies suggest that zinc status is maintained to
the same extent in vegetarians and omnivores. No differences in energy-adjusted zinc
intake or plasma zinc concentrations were identified using the British National Diet and
Nutrition Survey 1992–93 in younger (1.5 to <3 years) or older (3–4.5 years) participants
who consumed no meat during the 4-day period of dietary record keeping compared to
those who ate meat. Neither were differences observed in the percentages of omnivores
and vegetarians with clearly insufficient intakes (below the lower RNI threshold) (Thane
and Bates, 2000). Similarly, no differences between vegetarians and omnivores were found
in zinc intake or in weight, height, or the weight-for-height index of preschool children
in Taiwan (Yen et al., 2008). A trend in the United Kingdom toward a higher zinc intake
was observed in a small number of vegetarian children aged 10–16 years compared to ageand sex-matched omnivores (Treuherz, 1982). In a study in Poland (Gorczyca et al., 2013),
zinc intakes were reported to be lower but not significantly different in male and female
vegetarians aged between 1 and 18 years compared to omnivores, and no differences
in height, weight, infectious disease morbidity, or serum immunoglobulin levels were
observed between groups. In a Canadian study, no differences in zinc intake, serum zinc,
or hair zinc concentrations were found in young vegetarian and nonvegetarian women
aged 14–19 years (Donovan and Gibson, 1995); despite a median phytate:zinc molar ratio
that was higher in vegetarians, with a higher proportion of vegetarians than omnivores
having ratios above 15, similar proportions of each group were observed to have serum
zinc concentrations below lower threshold levels.
Further studies are needed to confirm whether zinc status is similar in vegetarian and
nonvegetarian children. Regardless of dietary pattern, children and adolescents with measures of zinc intake or status below critical thresholds may benefit from strategies that
increase the amount of bioavailable zinc (Gibson et al., 1997; Harland et al., 1988). Targeted
zinc supplementation studies have demonstrated increases in height-for-age Z score and
height velocity in boys from the United States with low height percentiles (Gibson et al.,
1989; Walravens et al., 1983).

6.3.2 Low- and Middle-Income Countries
Children from LMIC who consume predominantly plant-based monotonous diets that
include limited intakes of flesh food and high phytate:zinc molar ratios are likely to be
at greater risk of suboptimal zinc nutriture than HIC children consuming a more varied
diet. Indian girls (10–16 years) with high intakes of cereals (199 g/day) and legumes/pulses
(43 g/day) and low intakes of meat, fish, and poultry (13 g/day) were found to have a mean
zinc intake of 3.6 mg/day, with almost all (99.5%) consuming zinc in amounts lower than
WHO recommended intakes (Tupe and Chiplonkar, 2010). A mean phytate:zinc molar
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ratio greater than 25 has been reported in India for children aged 4–9 years and adolescents aged 10–19 years (Khokhar and Fenwick, 1994). Elsewhere, 75% and 43% of children
in Papua New Guinea (aged 6–10 years) and Malawi (aged 4–6 years), respectively, were
reported to have zinc intakes below 80% of the WHO estimated requirements (Gibson
et al., 1991). Children (4–6 years) living in low socioeconomic areas in Mexico were
reported to consume predominantly plant-based diets that did not meet energy requirements and provided mean zinc intake of 5.1 mg/day, which was significantly lower than
the zinc intake of 14.9 mg/day in children from high socioeconomic areas who consumed
a greater amount of animal protein (Wyatt and Triana Tejas, 2000). The increasingly widespread practice of zinc fortification in LMIC has the potential to improve the zinc intake of
children who consume predominantly plant-based diets; while it appears that meals high
in phytate depress zinc absorption from zinc-fortified foods, the absolute amount of zinc
absorbed is still likely to be greater than if the foods were not fortified with zinc (Brown
et al., 2007). The success of such intervention programs in improving health outcomes is
yet to be determined and will depend on the population’s access to and consumption of
zinc-fortified foods (Brown et al., 2007).
The results of randomized controlled zinc intervention trials in children and adolescents illuminate the influence of zinc intake on zinc status indicators and on health. A
recent meta-analysis of 18 randomized controlled zinc intervention trials (13 of which
were conducted in LMIC) in apparently healthy children aged 1–17 years indicated that
for every doubling in zinc intake, the difference in serum or plasma zinc concentration
is 9% (Moran et al., 2012). The primary functional outcome that is most often associated
with serum zinc is growth (Raiten et al., 2011). Studies of preventive zinc supplementation have found that increasing zinc intake in at-risk populations increases children’s
weight gain (Brown et al., 2009) and linear growth (Abdollahi et al., 2014; Brown et al.,
2009), thereby reducing the prevalence of stunting. Based on the results of randomized
controlled zinc supplementation trials conducted in pediatric populations in LMIC, a
recent systematic investigation concluded that zinc deficiency in children younger than
5 years of age increases the risk of incidence for diarrheal disease by 28%, pneumonia
by 52%, and malaria by 56%. While it is estimated that the burden of disease due to zinc
deficiency is borne most heavily by countries in Africa, the Eastern Mediterranean, and
Southeast Asia, epidemiological evidence regarding the contribution of zinc deficiency
to morbidity and mortality is limited for all age groups other than children aged 0–4 years
(Caulfield and Black, 2004).

6.4 Summary
In studying zinc nutrition in any population, it is important to consider the relationships between intake, status, and health (Fig. 38.2). While concurrent measurement of
dietary zinc intake and the plasma zinc concentration may indicate a low zinc status, a
true determination of dietary-induced zinc deficiency requires adverse health effects to
be established. To conclude that adverse health consequences are attributable to a diet
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ZINC INTAKE
(Bioavailability)

ZINC STATUS
(Adaptation)

HEALTH
(Zinc deficiency)
FIGURE 38.2 Triad of considerations in the determination of zinc nutriture. To assess the zinc nutriture of
populations following habitual plant-based diets, it is important to consider the interrelationship among the
intake of bioavailable zinc (with reference to the dietary phytate:zinc ratio), zinc status (and the extent of
homeostatic adaptation to a plant-based diet), and health outcomes; to conclude strictly that the zinc intake from
a plant-based diet is inadequate (such that zinc deficiency is present), it is necessary to demonstrate an adverse
health outcome or disease that is consequent upon the level of zinc intake provided by the diet.

low in bioavailable zinc, confounding factors need to be considered, such as the potential
concomitant prevalence of multiple other nutrient deficiencies and nonnutritional factors
that affect zinc status.
Compared to nonvegetarians, adult male and female vegetarians, particularly vegans, tend to have lower dietary zinc intakes and serum zinc concentrations (Foster et al.,
2013a); however, there do not appear to be any adverse health consequences in adult vegetarians that are attributable to a lower zinc status, presumably because of homeostatic
mechanisms that allow adults to adapt to a vegetarian diet. In pregnant and lactating
women, infants, young children, and adolescents, further research is needed to determine
the effects of a plant-based diet on status and health. Research findings should take into
particular account the differences inherent in the various categories of vegetarian diets
and between the plant-based diets of HIC compared to LMIC populations.

7. Translating Research Into Practice
The ultimate aim of nutritional science is to translate nutrition research findings into clinical and public health applications. A range of strategies are available that promote zinc
nutrition in individuals and populations following plant-based diets; however, a number
of key areas require further investigation to maximize the ability of zinc research to impact
positively on health.

7.1 Meeting Zinc Recommendations in Individuals
RDI (or equivalent) values are intended to be used as intake goals (assessed over a period
of 3–4 days) for individuals; however, there is concern that the higher amounts of zinc currently recommended for vegetarians at each stage of the life cycle may not be achievable
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through diet alone without exceeding energy requirements. The Harvard Women’s Health
Watch (2009) has published online a 1-day menu devised by a clinical dietitian to meet
all of the dietary reference intake recommendations for healthy postmenopausal omnivorous women consuming 1500 kcal (6276 kJ) or less per day. Table 38.5 depicts estimated dietary zinc and phytate contents and the phytate:zinc molar ratio of the Harvard
Women’s Health Watch sample menu in its original form, and with an example adaptation
for ovolactovegetarians. At 8.9 and 10 mg of zinc for the nonvegetarian and vegetarian versions of the 1-day meal plan, respectively, both eating patterns exceed the dietary zinc
amount of 8 mg/day that is recommended in the United States for the general female adult
population. Although the latter sample menu does not meet the 50% higher dietary zinc
recommendation of 12 mg/day for vegetarian women (IOM, 2001), a greater zinc intake
does not appear to be required in this instance; the estimated phytate:zinc ratio is less
than 10 (moderate zinc absorption) for both the nonvegetarian and vegetarian versions of
the menu and both 1-day plans exceed the recommendations set by the WHO and IZiNCG
for diets of moderate bioavailability (Table 38.3). It is of interest to note that the sample
nonvegetarian menu includes only one meal that contains flesh food (salmon). This may
be increasingly representative of a typical nonvegetarian diet in women; it appears in HIC
that there is a trend toward a reduction in meat consumption, particularly in women (Fayet
et al., 2014; Foster and Samman, 2015), and an increase in the consumption of exclusively
plant-based meals in recognition that eating less meat (WHO, 2015) and more plant foods
improves health.
The sample menu of the Harvard Women’s Health Watch contains only one serving
of grain-based foods. An Australian study demonstrated that it is possible with careful
planning to design 7-day isoenergetic meal plans for ovolactovegetarians that meet both
nutrient reference values and food group recommendations, including the guideline to
consume at least four grain-based food servings daily (Probst and Tapsell, 2012). Three
meal plans were devised based on the type of grain (whole grain, refined grain, and a 50:50
mix of whole and refined grain) for males and females aged 9 years and older (excluding
pregnant and lactating women). The RDIs for the general population were used as the targets for zinc content, rather than the 150% RDI recommendations for vegetarians (Table
38.3); nonetheless, the daily zinc values for the ovolactovegetarian meal plans achieved
%RDI values that ranged from 233 to 260 for boys and girls aged 9–13 years, 136 to 155 and
217 to 233 for adolescent (14–18 years) males and females, respectively, and 125 to 133 and
185 to 200 for men and women, respectively. Phytate content and the phytate:zinc ratio of
the meal plans were not assessed, so it is difficult to evaluate whether the higher recommended zinc intakes for vegetarians would be warranted for the proposed meal plans. It
seems likely, however, that zinc requirements would differ between the whole grain and
refined grain dietary patterns; the former meal plan contained 30% more fiber than the
refined grain meal plan (Probst and Tapsell, 2012), indicating that it has a higher phytate
content (Foster et al., 2012). Further, it was noted in the study that the greatest contributors to zinc content were dairy products (cheese, milk, yogurt). Whether similar meal plans
could be devised for vegan diets is unclear.
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Table 38.5 Estimated Zinc and Phytate Contents and Phytate:Zinc Molar Ratio of
a Sample 1-Day Menu Devised to Meet the DRI for All Nutrients, Including Zinc, in
Healthy Postmenopausal Nonvegetarian Women Consuming 1500 Calories or Less per
Day (Harvard Women’s Health Watch 2009)a (in Its Original Form and Adapted for
Ovolactovegetarians)
Amount (EP) (g)b Zincc (mg) Phytated (mg) Phytate References
Breakfast
Nonfat yogurt, 8 oz.
Sliced papayae, ½ cup
Sliced kiwifruit, ½ cup
Walnuts, 14 halves

226.8
75
75
28.3

1.9
0.1
0.1
0.9

0
9.8
0
215.1

Skim milk, 4 oz.

113.4

0.5

0

Brown et al. (2004)
Umeta et al. (2005)
Brown et al. (2004)
Harland and Oberleas
(1987)
Brown et al. (2004)

28

0.4

47.3

Mameesh and Tomar (1993)

75
74
85
78
8
13.7
16.2
0.3

0.1
0.1
0.1
1.1
0.4
0
0
0

0.5
26.3
3.2
227.8
128.5
0
0
0

Frossard et al. (2000)
Joung et al. (2004)
Joung et al. (2004)
Kamchan et al. (2004)
Harland and Oberleas
(1987)

113.4

0.9

0

Brown et al. (2004)

17.8
5.2
6

0.1
0
0.1

0
0
19.2

Brown et al. (2004)
Brown et al. (2004)
Joung et al. (2004)

90.7
28.8
13.7
0.8
0.3
39

1.2
1.0
0
0
0
0.3

0
0
0
0
0
63.96

Brown et al. (2004)
Brown et al. (2004)

Cooked lentilsj (added spices), ¼ cup 50

1.6

27.2

Steamed baby bok choyk, 1 cup

0.1

Lunch
Whole wheat pita bread, 1 small
with green salad:
• dark green lettuce, 1 cup
• red capsicum, 1 small
• grape tomatoesf, 1 cup
• edamame beansg, ½ cup
• sunflower seeds, 1 tbsp
• olive oil, 1 tbsp
• balsamic vinegar
• ground black pepper
Dinner
Broiled wild salmon, 4 oz
with yogurt sauce:
• greek nonfat yogurt, 1 tbsp
• lemon juice, 1 tsp
• chopped garlic, 1 clove
or
Cheese omeleth
• scrambled whole egg, 2 large
• grated cheddar cheese, ¼ cup
• olive oil, 1 tbsp
• iodized salt
• ground black pepper
Cooked barleyi (added spices), ¼ cup

70

zincl

Nonvegetarian
Vegetarian

Total
(mg/day)
8.8n
10.0

7.5

Harland and Oberleas
(1987)
Davies and Warrington
(1986)
Kamchan et al. (2004)

Total phytatel
(mg/day)
776
757

Phytate:Zn
molar ratiom
8.7
7.5
Continued
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Table 38.5 Estimated Zinc and Phytate Contents and Phytate:Zinc Molar Ratio of
a Sample 1-Day Menu Devised to Meet the DRI for All Nutrients, Including Zinc, in
Healthy Postmenopausal Nonvegetarian Women Consuming 1500 Calories or Less Per
Day (Harvard Women’s Health Watch 2009)a (in Its Original Form and Adapted for
Ovolactovegetarians)—cont’d
DRI, dietary reference intake; EP, edible portion.
aAlthough the “percent daily values” featured on food labels in the United States are based on a diet of 2000 kcal/day, the Harvard
Women’s Health Watch (2009) recognizes that not all adults require this much energy to remain in energy balance, and others may
be wishing to achieve a healthy weight loss. The sample menu achieves all of the nutrient recommendations within a 1200 kcal mixed
diet; the inclusion of healthy drinks and snacks would allow the 1500 kcal target to be met.
bWeights are estimated based on the provided descriptions of foods.
cUS Department of Agriculture, Agricultural Research Service, Nutrient Data Laboratory, 2015. USDA National Nutrient Database for
Standard Reference, Release 27 (revised).
dIn all cases, the method used for measuring phytate either was not HPLC or was not described; Nb. phytate data is derived from
a range of countries [Ethiopia (Umeta et al., 2005), United Kingdom (Harland and Oberleas, 1987; Davies and Warrington, 1986),
Kuwait (Mameesh and Tomar), Korea (Joung et al., 2004), Thailand (Kamchan et al., 2004), United States (Harland and Oberleas,
1987)] due to the limited availability of phytate data for US foods.
ePhytate content estimated using values for fresh guava.
fPhytate content estimated using values for standard tomatoes.
gPhytate content estimated using values for young soy beans, cooked.
hOvolactovegetarian option (not provided in original menu; Nb. cheese omelet option adds approximately 150 kcal to the 1-day
menu and removal of salmon will reduce long-chain omega-3 fatty acid content of the diet; the conversion in humans of short-chain
omega-3 fatty acids is inefficient, so vegetarians may benefit from consuming microalgae-derived DHA supplements).
iCooking reduced phytate content from 739.2 g/100 g FW (McKenzie-Parnell and Guthrie, 1986) to 164 g/100 g FW (Harland and
Oberleas, 1987).
jCooking reduced phytate content from 588.7 g/100 g FW (Morris and Hill, 1996) to 54.4 g/100 g FW (Davies and Warrington, 1986).
kPhytate content estimated using values for Chinese cabbage, blanched.
lSum of values before rounding.
mCalculated using the following formula: [phytate (mg)/660]/[zinc (mg)/65.4].
nOriginal source (Harvard Women’s Health Watch, 2009) calculated zinc as 8.6 mg/day.

A second Australian dietary planning study succeeded in designing isoenergetic ovolactovegetarian meal plans for all age groups and both sexes that meet the nutrient reference
value recommendations, including the 150% RDI recommendation for zinc in vegetarians
(Reid et al., 2013). The study reports that the best vegetarian sources of zinc in the meal
plans included muesli, pumpkin seeds, sunflower seeds, wheat germ, tofu, and brown rice.
These foods are known to be high in phytate; however, the study did not assess the phytate
content or the phytate:zinc ratio of the meal plans. Although the authors comment that
phytate in food is minimized by modern food processing methods, little data is available
to confirm this assumption in foods commonly available in HIC. Even assuming a higher
zinc intake recommendation is justified in vegetarians and despite it being possible to
achieve the greater zinc content in a carefully planned diet, a related issue is how to ensure
adequate zinc intakes in individuals who may have decreased or selective appetites, such
as children, pregnant women, and the elderly.
In summary, an assessment of the phytate:zinc ratio is necessary to determine whether
higher zinc intake recommendations are justified in vegetarian compared to nonvegetarian individuals. It is possible to design an ovolactovegetarian meal plan that is similar in
zinc content and bioavailability to well-planned nonvegetarian diets. Dietary assessment
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and planning is needed to determine the typical zinc and phytate content and phytate:zinc
ratio of vegan diets and their ability (in both HIC and LMIC) to meet dietary zinc intake
recommendations, with or without the need to incorporate foods fortified with zinc. When
assessing the zinc status of individuals following plant-based diets, it is important for
health professionals to bear in mind that RDIs are not synonymous with requirements;
rather, they reflect the average daily dietary intake level of a particular nutrient that is sufficient to meet the nutrient requirements of nearly all (97%–98%) of the healthy individuals in a particular life stage and gender group, such that the majority of the group will
require less than the stipulated amount. In addition, at least in healthy adults, homeostatic
mechanisms appear to allow individuals to adapt to a vegetarian diet.

7.2 Research in Populations: Translational Implications
The ability to develop evidence-based and effective programs and policies to achieve
global health goals depends on the availability of valid and reliable data. To promote the
study of zinc nutrition across the life cycle in populations who consume plant-based diets,
further research of consistent design is needed at each level of the intake–status–health
triad (Fig. 38.2) in both HIC and LMIC.
In general, revised investigations of the zinc intake, bioavailability, and status of population groups throughout the life cycle are warranted; an increase in the availability and/
or use of supplements and fortified foods is likely to have affected positively the zinc status of some groups and modern methods of food processing are likely to have altered
the dietary phytate content of plant-based zinc sources. Plasma zinc concentration and
dietary zinc intake, which are the recommended biochemical and dietary indicators,
respectively, of zinc status in populations should be measured as part of nationally representative surveys, bearing in mind that the types of food consumed and the adequacy of
food intakes by young children may differ substantially from those of adults in the same
population. In addition, randomized controlled trials are needed to assess the relationship between plant-based diets and health outcome measures in both HIC and LMIC
populations.
To support these objectives, when designing studies research groups need to ensure
that definitions ascribed to vegetarian populations for research purposes are applied carefully and in a consistent manner; methodologies used to measure dietary zinc and phytate
intake are robust; the zinc supplementation practices of vegetarians and their nonvegetarian counterparts are taken into account; and laboratory assessment methods are appropriate and consistent. In relation to the last point, the International Zinc Consultative Group
protocols (Brown et al., 2004) are recommended for the measurement of serum/plasma
zinc, and methods of PA analysis need to quantify individual IP as only IP5 and IP6 appear
to affect zinc absorption (Sandberg and Ahderinne, 1986; Sandström and Sandberg, 1992).
In a related vein, a need exists for further development of accurate food composition
tables that include updated and country-specific measurements of the zinc and phytate
content of readily available local foods, ideally expressed as an index of zinc bioavailability. To compare results on a common basis, international standardization is essential to

706 VEGETARIAN AND PLANT-BASED DIETS IN HEALTH AND DISEASE PREVENTION

ensure that phytate data in food tables are comparable. Currently, food tables that include
phytate information often do not describe which IP have been measured, nor do they
appear to differentiate between the phytic acid and phytate contents of food items. All
analytical procedures determine phytic acid following acidic extraction from food, which
eliminates information on the phytate cations; it therefore has been suggested that results
should be given correctly as phytic acid even though it is not present in plants (Schlemmer
et al., 2009).
As with all zinc research, the identification of specific and reliable biomarkers of zinc
exposure, status, and function would be invaluable in the assessment of zinc nutriture in
vegetarian populations. Recent improvements in zinc-imaging techniques have afforded
a deeper understanding of the maintenance of zinc homeostasis at the cellular level,
which involves complex interactions between zinc sensors, such as metal responsive
element-binding transcription factor-1 (MTF-1), and cell signaling machinery; the transcriptional and/or posttranslational regulation of two recently discovered classes of zinc
transporters, the ZnT (SLC30) and Zip (SLC39) transporter families; and the trafficking
of zinc through the cell by metallothionein. The coordinated control of zinc transporters
in humans (Foster et al., 2011, 2013b) represents one promising direction in biomarker
research that should continue to be explored. In addition to biomarkers that show cellular response to short-term zinc depletion or supplementation, the identification of
biomarkers of zinc function across the life course and biomarkers that reflect short-term
changes in zinc function with marginal intakes would also be invaluable (Raiten et al.,
2011).
As new evidence becomes available that deepens our understanding of zinc nutrition,
future revisions of population reference intakes will be enhanced and refined to more
closely reflect the needs of specific groups. In the meantime, a cautious interpretation of
the amount of dietary zinc required in vegetarian populations throughout the life cycle is
merited, with the possible exception of healthy adults who appear to adapt to a wide range
of zinc intakes.

7.3 Strategies for Improving the Zinc Bioavailability of Plant-Based
Diets
A number of potential strategies are available for improving the zinc bioavailability of
plant-based diets. Examples include these:
1.	Increasing the zinc content of the diet through supplementation. Low-dose
supplements are the most appropriate for children and during pregnancy and
lactation until further information is available regarding safe and effective dose
ranges in populations with increased zinc requirements. Total zinc intake in excess
of the upper limit [40 mg/day (IOM, 2001; NHMRC, 2006)] may induce adverse
consequences, such as an interference with copper absorption (Samman and
Roberts, 1987). An understanding of patterns of phytate consumption in particular
populations may increase the effectiveness of low-dose zinc supplementation
regimes; for example, in HIC, given that the morning meal often has a high content of
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dietary phytate, it may be appropriate to recommend that zinc supplements be taken
away from breakfast.
2.	Increasing the zinc content of the diet through zinc fortification of widely consumed
foods, as discussed earlier. Monitoring and evaluation of the effectiveness of zinc
fortification programs are required.
3.	Reducing the intake of antagonists of zinc absorption. Phytase can be used either
during food processing to degrade phytate in foods that are important sources of
zinc or as an active food ingredient to degrade dietary phytate during stomach transit
time (Troesch et al., 2013). Further information is needed to determine phytase
concentrations that are optimal in improving zinc bioavailability from phytate-rich
foods.
4.	Promoting the intake of enhancers of zinc absorption. For LMIC populations
following predominantly plant-based dietary patterns, the addition of milk or yogurt
to the diet has been reported to increase zinc bioavailability (Rosado et al., 2005).
  
As zinc research progresses, novel solutions are likely to become available that further
assist policy-makers and nutritional science practitioners in improving the zinc status and
health of populations consuming plant-based diets.

8. Conclusions
To determine the prevalence of zinc deficiency across the life cycle in populations consuming plant-based diets, a more complete understanding is required of the relationships
among zinc nutriture, physiological adaptations in zinc metabolism during periods of
increased requirement, and health outcomes. Due to fundamental differences in dietary
composition, meeting zinc requirements is likely to be more difficult and require more
careful planning in vegans compared to ovolactovegetarians and in LMIC populations
that consume plant-based diets compared to HIC vegetarians. It is important that studies
investigating zinc nutrition in vegetarians consistently assess the bioavailability of dietary
zinc, particularly given the absence of reliable zinc biomarkers; however, to support this
objective, further development of accurate food composition tables that include the zinc
and phytate contents of locally available foods is required.
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1. Introduction
Iron is abundant in the geosphere, being the fourth most abundant element in the
Earth’s crust. Despite this, iron deficiency is estimated to affect up to 1.5–2 billion people
worldwide (Kassebaum et al., 2014; WHO, 2008). Anemia is estimated to contribute
to 8.8% of the total global disability arising from health conditions (Kassebaum et al.,
2014), and while the causes of anemia are multifactorial and depend on the geographical
setting, iron deficiency is estimated to account to ≈40% of the global prevalence of
anemia.
Iron deficiency anemia (IDA) during pregnancy is associated with higher risk of preterm delivery, predicts iron deficiency in 4-month-old children, and may cause deficits
in neurocognitive development in infancy and childhood. Further, it generally increases
susceptibility to infections (Zimmermann and Hurrell, 2007). In adults, manual laborers
afflicted by IDA are more productive if they are given iron (Zimmermann and Hurrell,
2007), and it has been suggested that iron deficiency, even without anemia, can reduce
work (Haas and Brownlie, 2001) and athletic performance (Brownlie et al., 2002). In a case
study in 2015, the economic and social costs of IDA in 6- to 59-month-old Indian infants
and preschool children were estimated to account for 1.3% of gross domestic product
(Plessow et al., 2015).
The reasons for the persisting high prevalence of iron deficiency worldwide are complex (Lynch, 2011b), and they include poverty as a limiting factor for dietary diversity but
also technical and programmatic challenges in addressing possible solutions, linked to the
lack of recognition of its economical and societal impact (Lynch, 2011b).

2. Iron Sources in the Diet, Iron Metabolism, and
Assessment of Iron Status
Iron deficiency arises when body iron needs cannot be met by iron absorption from
the diet (Zimmermann and Hurrell, 2007). Iron balance is achieved by compensating
obligatory iron losses through the gastrointestinal tract, airways, skin, and sweat, which
account for approximately ≈1 mg of absorbed Fe/day in an adult 75-kg man (Institute of
Medicine, 2001). Women of childbearing age need to compensate for additional losses due
Vegetarian and Plant-Based Diets in Health and Disease Prevention. http://dx.doi.org/10.1016/B978-0-12-803968-7.00039-3
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to menstruation, which can vary strongly between individuals but have been estimated
to account for an additional ≈0.5 mg Fe/day (Hallberg and Rossander-Hulten, 1991).
Increased needs for growth are required in infancy, childhood, adolescence, and during
pregnancy, and life stages with increased tissue growth correspond to the phases of highest risk for development of iron deficiency (Institute of Medicine, 2001).
Two main forms of iron can be found in foods: (1) nonheme iron and (2) heme iron.
Nonheme iron is present in significant amounts in plant-based foods, while animal foods
contain both nonheme as well as heme iron in dietary relevant amounts. In biological
systems, nonheme iron has two main oxidation states: ferrous (Fe2+) and ferric (Fe3+) iron.
Free iron is highly reactive (as in oxidoreduction reactions and as a catalyst in free radical
reactions), and it shows limited solubility at neutral pH, in particular in its ferric form.
For this reason, in biological systems, iron is typically associated with proteins and other
ligands to prevent reactivity and precipitation in biological fluids. This reactivity is likely
also the cause explaining why iron absorption is naturally restricted.

2.1 Iron Metabolism
The particular biological and molecular mechanisms required for iron absorption,
transport, and storage are highly conserved across the biological kingdoms (Frazer and
Anderson, 2014). The main site of heme and nonheme absorption is the duodenum,
where nonheme iron can be reduced to ferrous iron by apical duodenal cytochrome B
reductase and absorbed by the dimetal transporter 1 (DMT1). Heme iron, in contrast,
is absorbed intact by a distinct transport pathway, but the identification of a dedicated
heme receptor has remained elusive (Frazer and Anderson, 2014). Absorption in the distal
gut (ileum and colon) has been assessed in early studies and is considered to be quantitatively limited (Wheby, 1970), both due to the lower presence of DMT1 receptors as
well as due to the limited solubility of iron at the neutral pH in the distal GI tract. Once
absorbed into enterocytes, iron is exported via a unique trans-membrane protein, ferroportin, the only known cellular iron exporter (Drakesmith et al., 2015), which presents
iron to the transferrin molecule for systemic iron transport. Ferroportin can be targeted
for degradation by hepcidin, a small peptide that is currently considered the main regulator of systemic iron balance. Hepcidin is synthesized and released in the liver, responding
to systemic iron needs dictated by iron status (iron stores), erythropoiesis (iron demand
for the production of red blood cells), and hypoxia (tissue and systemic local low oxygen partial pressure), as well as infection and inflammation (IL-6). Hepcidin is thought
to integrate these various systemic stimuli and in this way match iron absorption with
physiologic iron demand (Muckenthaler et al., 2008). While hepcidin is the systemic
regulator of iron metabolism, local iron uptake can be regulated at the cellular level via
special iron sensing proteins and RNA elements (IRP/IRE) that modulate the translation
iron transport and storage proteins (such as the mentioned DMT1, ferritin, and ferroportin). Iron absorption and metabolism is therefore regulated by two tier system: at the
systemic-hormonal level and at the cellular level.
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Iron solubility and release from the food matrix is a prerequisite for absorption, as adequate gastric acid secretion has been shown to be essential to maintain adequate iron
balance (Betesh et al., 2015). As there is no evidence for an excretion mechanism for iron,
balance is controlled at the site of absorption in the duodenum, making bioavailability
crucial for establishing and maintaining iron balance throughout life.

2.2 Assessment of Iron Status
An individual with a normal iron status can become progressively iron deficient when
requirements cannot be met by the amount of absorbed iron. The process can be considered to progress through three stages: (1) storage iron depletion (decreased serum
ferritin, <15 μg/L), (2) early functional iron deficiency (or iron-deficient erythropoiesis,
increased soluble transferrin receptor), and (3) established functional iron deficiency
(IDA, decreased hemoglobin) (Lynch, 2011a).
In healthy individuals, serum ferritin (SF) is linearly proportional with iron stores:
1 μg/L is indicative of 8–10 mg of body storage iron in an adult (Lynch, 2011a). Low SF is
diagnostic for storage iron depletion and iron deficiency. However, SF is also increased
during infection and inflammation, as well as liver disease, which can cloud its interpretation. The main iron compartment in the body is composed of erythrocytes transporting hemoglobin, by macrophages that capture senescent erythrocytes and recycle
iron back to the transferrin molecule, and by the bone marrow where transferrin iron
is used to produce new red blood cells. With the exception of SF, iron status measures
the adequacy of this iron transport cycle (Lynch, 2011a), typically accounting for 80%
of body iron. As ferroportin transports iron from cells (duodenal enterocytes or macrophages, for example) iron is rapidly bound to the transferrin molecule and transported
to transferrin receptors, which are expressed on the cell’s surface and are proportional
to cellular iron needs. Soluble serum transferrin receptors are a sensitive marker and
when elevated in plasma are indicative of early functional iron deficiency and increased
unmet tissue iron need.
Hemoglobin concentration, proportional to the oxygen carrying capacity in the blood,
is associated with the severe consequences when diminished in anemia. It is, however,
not a specific nor sensitive marker for iron deficiency: several factors other than iron deficiency can cause a decreased concentration (hemolysis, chronic infection and inflammation, folate and vitamin B12 vitamin deficiencies), and a relative important iron deficit is
required before hemoglobin is decreased.

3. Iron Bioavailability in Different Dietary Components
and Composite Diets
Heme iron typically contributes only to 10%–15% of total iron intake, but because of
its higher and generally less variable bioavailability, its contribution to absorbed iron
requirements could be much higher and has been estimated to be >40% in meat-eating
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populations (Hurrell and Egli, 2010; Hunt, 2002). As a naturally chelated form of iron,
heme iron absorption is less affected by dietary constituents and has generally lower variability than nonheme iron absorption (Hallberg et al., 1991).
Even in omnivores, nonheme iron constitutes the largest share of dietary iron, and after
ingestion, it typically enters a common pool in the digestive tract, and all nonheme iron is
absorbed to the same extent (Cook et al., 1972; Bjornrasmussen et al., 1976). Bioavailability
from the common pool is dependent on luminal dietary factors being either enhancer or
inhibitors of absorption (Hurrell and Egli, 2010) influencing Fe3+ and Fe2+ redox equilibrium, complex formation by various food ligands, solubility, and gastric and luminal pH.
While subjects with low iron status effectively upregulated iron absorption (Moretti et al.,
2006), enhancement and inhibition of iron absorption via luminal factors is independent
from iron status and anemia (Thankachan et al., 2008).

3.1 Enhancers of Iron Absorption
3.1.1 Ascorbic Acid
The effect of ascorbic acid on iron absorption has been repeatedly established in single
meal studies, and its function is likely related to its capacity of forming soluble complexes
with iron and reducing ferric to ferrous iron (Conrad and Schade, 1968). Iron absorption from vegetarian diets can be increased by including ascorbic acid–containing foods
(Hallberg and Rossander, 1982), and an ascorbic acid to iron molar ratio of 2:1 has been
suggested to increase iron absorption between 2-fold and 12-fold from iron-fortified cereals. However, in meals rich in phytic acid and phenolics the ascorbic acid to iron molar
ration should be increased beyond 2:1 (Hurrell, 2002) and up 4:1 to guarantee dietary
meaningful iron bioavailability (Hurrell, 2002). Ascorbic acid can counteract the inhibitory effect of phytic acid, polyphenols, and calcium (Hurrell and Egli, 2010). Organic acid
such as citric acid has been reported to potentially enhance iron absorption, even if the
levels required are likely to exceed what would be commonly consumed in a diet (Teucher
et al., 2004).

3.1.2 Muscle Protein
Muscle protein has been repeatedly and consistently shown to enhance nonheme iron
absorption (Lynch et al., 1989), and 30 g of muscle is considered to be equivalent in its
enhancing proprieties on iron absorption to 25 mg ascorbic acid (Monsen et al., 1978). The
mechanism or the component by which muscle protein enhances iron absorption has not
been directly established (Hurrell and Egli, 2010).

3.2 Inhibitors of Iron Absorption
3.2.1 Phytic Acid
Myo-inositol hexakisphosphate or phytic acid is the phosphate storage form in plants
and has been repeatedly shown to inhibit iron absorption in a dose-dependent manner
(Hurrell and Egli, 2010). Cereals such as wheat, barley, and rye contain intrinsic phytase,
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able to degrade phytic acid, but the conditions required for the degradation to take place
are not easily met in common food preparation methods (Koreissi-Dembele et al., 2013). It
has been shown in earlier studies that bread making, in particular sourdough bread making, can significantly activate phytase and degrade phytic acid, enhancing iron bioavailability (Brune et al., 1992). The addition of dietary phytase has been shown to enhance
iron bioavailability when added to a meal prior consumption (Troesch et al., 2009), a fact
that demonstrates that phytase remains active in the stomach for a certain period, thus
degrading phytic acid prior its own degradation by digestive enzymes. It is generally considered that a phytic acid to iron molar ratio of <1:1 should be aimed at, preferably <0.4:1,
as already minor amounts of phytic acid can have strong inhibitory effects on iron absorption in the absence of ascorbic acid and muscle protein (Hurrell and Egli, 2010).

3.2.2 Polyphenols and Tannins
Polyphenols, similarly to phytic acid, can bind iron in the duodenum and make it unavailable for absorption by inducing its precipitation or reducing its solubility. As polyphenols
are a complex and diverse class of chemical compounds, it can be expected that different polyphenols from different foods affect iron absorption differently. Black tea polyphenols, for instance, have been shown to be highly inhibiting (Thankachan et al., 2008)
and generally more inhibiting than polyphenols in herbal tea and red wine (Hurrell and
Egli, 2010), from cowpeas (Abizari et al., 2012) or beans (Beiseigel et al., 2007; Petry et al.,
2013). Nonetheless, the effect of dephytinization on iron bioavailability from beans was
only marginal when polyphenols were present, indicating a relevant inhibiting effect of
polyphenols from beans on iron absorption (Petry et al., 2010). Similar results were found
with sorghum, where phytic acid degradation did not improve iron absorption from highpolyphenol-containing sorghum (Hurrell et al., 2003).

3.2.3 Calcium
Calcium has been shown to be the only dietary component to inhibit both nonheme as well
as heme iron absorption (Hallberg et al., 1991), in particular in simple meal matrixes such
as bread rolls or milk. In a study in children using a whey drink as fortification medium,
calcium inhibited iron absorption modestly (18%–27%), and ascorbic acid greatly overcompensated the inhibitory effect by calcium (Walczyk et al., 2014). In a study where iron
was provided as NaFeEDTA, no effect of calcium could be detected (Troesch et al., 2009),
suggesting perhaps that the calcium-dependent effect on iron absorption may be small in
presence of absorption enhancers and a complex diet (Lynch, 2000).

3.3 Complete Diets and Iron Bioavailability
Data from single-meal studies can overestimate the effect of enhancers and inhibitors
of iron absorption. This is likely because, for methodological reasons, meals to be compared are served in a fasting state, a condition that may not always be realized in a reallife situation. This notion has been translated in an alternative algorithm developed using
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bioavailability data obtained from a complete diet (Armah et al., 2013). The algorithm consisted of the following factors: vitamin C, iron status as SF, meat, fish, and poultry, phytic
acid, amount of tea, and calcium.
Hallberg and Rossander-Hultén (1991) have estimated dietary iron bioavailability in
a Western type diet (omnivorous) to range between 14% and 17%, while a vegetarian or
vegan diet would have a lower bioavailability of 5%–12% for individuals with estimated
depleted iron stores, as reflected in an SF value of 15 μg/L. Similar estimates have been
proposed by the WHO/FAO (Table 39.1). Intakes in vegetarians are recommended to be
higher to compensate for the overall lower iron bioavailability, as a plant-based diet would
contain no heme iron, no muscle protein, and generally higher phytic acid. Iron intakes
in vegetarians have been recommended to be increased by 80% compared to omnivores,
which would correspond to an increase in women of childbearing age from 15 to 27 mg
Fe/day (Gibson et al., 2014). While vegetarians may typically consume more iron in their
diet than omnivores, the recommended increase may not be easy to meet when assuming a low-bioavailability diet. Vegetarians are therefore recommended to plan their diet
choosing appropriate methods to reduce phytic acid content from whole meal foods (such
as with sprouting, fermentation, sourdough preparation, soaking, and discarding soaking water), consuming ample amounts of foods as sources of ascorbic acid into their diet
(citrus fruits, juices, vegetables, fresh produce), and avoid consuming polyphenol- and
tannin-rich foods and beverages in concomitance with the main meals.

Table 39.1 Recommended Intakes Necessary to Fullfill Iron Requirements for Varying
Levels of Bioavailability in Subjects With Negligible Iron Stores [SF < 15 μg/L (WHO, 2005)]
Group

Age

15%a

Infants and
children

0.5–1
1–3
4–6
7–10
11–14
15–17
18+
11–14e
11–14
15–17
18+

6.2
3.9
4.2
5.9
9.7
12.5
9.1
9.3
21.8
20.7
19.6
7.5
10

Males

Females

Postmenopausal
Lactating
aModerate

Fe Intake for Bioavailability (mg/day)
12%b
10%c
7.7
4.8
5.3
7.4
12.2
15.7
11.4
11.7
27.7
25.8
24.5
9.4
12.5

meat/fish in two main meals daily; low phytate and calcium; high ascorbic acid.
in 60% of two main meals daily; high phytate and calcium; with ascorbic acid.
cLow meat intake; high phytate; with ascorbic acid.
dMeat/fish negligible; high phytate; high tannin; and low ascorbic acid.
ePremenarche.
bMeat/fish

9.3
5.8
6.3
8.9
14.6
18.8
13.7
14.0
32.7
31.0
29.4
11.3
15.0

5%d
18.6
11.6
12.6
17.8
29.2
37.6
27.4
28.0
65.4
62.0
58.8
22.6
30.0

Chapter 39 • Plant-Based Diets and Iron Status

721

3.4 Iron Fortification and Biofortification
When achieving a varied diet with ample amounts of absorption enhancers cannot be met
in the short term, mass iron fortification of staple foods, as practiced in a number of countries worldwide (FFI, 2016), is considered a viable and sustainable approach to improve
iron status of a population (WHO, 2001; Gera et al., 2012). In several countries, in addition
to government mandating food fortification, the private sector is actively fortifying cereals (breakfast cereals, complementary foods). An alternative approach is biofortification,
where the required nutrients are expressed in edible parts of plants either through classical plant breeding, via agronomic approaches, or via genetic engineering (Nestel et al.,
2006). Biofortification is considered a sustainable approach suitable in reaching vulnerable populations not having access to industrially processed foods in the developing world.
Substantial increases in bioavailable iron content have been reported in pearl millet
(Cercamondi et al., 2013) and beans (Petry et al., 2015), and it is to be expected that broad
adoption of these cultivars can contribute to the global effort in decreasing the prevalence
of IDA. In contrast, efforts to biofortify rice, one of the leading staple crops worldwide,
have obtained mixed success: while increases of a factor of 2 to 6 have been reported in
transgenically transformed polished rice grains (Masuda et al., 2013; Wirth et al., 2009),
further increases in iron level in polished grains are likely needed for rice to become a
nutritionally meaningful source of iron (Bhullar and Gruissem, 2013).

4. Iron Status and Plant-Based Diets
4.1 Predictors of Iron Status in Epidemiological Studies
While the type and amounts of dietary factors that affect iron absorption are well known,
epidemiological studies have not always found strong relationships between dietary determinants and iron status. This is likely related to the fact that iron absorption is directly
regulated by iron stores (Hallberg and Rossander-Hultén, 1991), and differences in bioavailability may be effectively detected only in deficient population subgroups who physiologically upregulate iron absorption. Furthermore, accurate dietary assessment of iron
intake may require up to 11 days of complete dietary record (Lyle et al., 1992), as a small
number of foods can have a strong influence on overall iron dietary adequacy. In a study
in the United Kingdom among 90 premenopausal women who underwent 7-day duplicate
diet assessment, appurtenance to a dietary pattern group as ovolactovegetarian, poultry/fish, and red meat was a predictor of iron status, with poultry/fish consumers having
higher iron status than red meat and the ovolactovegetarian groups. Total iron intake was
not a predictor, while appurtenance to either group explained 6.7% of the variance in iron
status. An additional significant determinant of iron status in this population group was
menstrual loss, which explained 11.5% of the variability. Generally, only a small number of
studies have found evidence that total iron intake is related to iron status (Beck et al., 2014;
Galan et al., 1998). In contrast, associations between iron status and heme iron or meat
intake have been reported in a large number of studies (Pynaert et al., 2009; Cade et al.,
2005; Heath et al., 2001; Leonard et al., 2014; Galan et al., 1998; Rigas et al., 2014).
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Many known factors affecting iron bioavailability such as ascorbic acid, fiber, and phytic
acid have shown conflicting associations with iron status (Galan et al., 1998; Cade et al., 2005;
Peneau et al., 2008; Rigas et al., 2014), with some studies suggesting a positive association
between SF and ascorbic acid–containing low-fiber drinks (Peneau et al., 2008), as well as a
negative association with fiber intake (Cade et al., 2005), but several other studies reporting
no association (Beck et al., 2014). This may be due to the fact that the concomitant intake with
iron may be important for an effect on iron absorption to take place, information that would
be difficult to assess in population dietary assessment studies. Other study approaches using
prospective, longitudinal design have, in contrast, shown the effect of a 16-week consumption of ascorbic acid–rich fruits on iron status (Beck et al., 2011). Similarly, a prospective study
investigating the effect of consuming the recommended intake of dietary fiber in form of whole
bread as a substitute for normal cereals found a decrease in SF in women with replete iron stores
(Bach Kristensen et al., 2005).
In preschool children aged between 1.5 and 4.5 years, iron status was directly associated
with meat and fruit consumption and inversely with milk products; however, consuming
a vegetarian diet was not associated with iron status (Thane et al., 2000), and the authors
concluded that over-dependence on milk (with intakes >400 mL/day) may be associated
with lower iron status, as this would imply displacing iron-rich or iron absorption-enhancing
foods (such as fortified cereals, meat, and fruits). In older children and adolescents
between the ages of 4 and 18 years, intake in fruit juices, heme iron and meat, cereals, and
breakfast cereals were associated with SF (Thane et al., 2003). In a different setting, a prospective study in school children in northern Morocco, consuming a self-selected diet relying on limited animal sources and fresh foods, a 15-month observation period following
a controlled iron fortification intervention led to a drop in body iron stores reflected in a
deficit in body iron of 142 mg Fe and an estimated iron bioavailability from the diet of only
2% (Zimmermann et al., 2005). The diet had refined and unrefined cereals (at a ≈0.45:0.55
ratio, respectively) that covered 58% of energy, fat, and oils (18% of energy), legumes (4% of
energy), and meat, fish, and poultry (in the form of sardines mainly, covering 5% of energy).

4.2 Iron Status in Vegetarians
Hunt reviewed studies investigating iron status in omnivores and vegetarians until the
year 2002, and concluded that from 15 studies investigating iron status and hematological
indices in vegetarians and omnivores, only 3 studies out of 11 found small differences in
hematological status and IDA, while a higher number of reports indicate that vegetarians
have lower body iron stores than meat-eating counterparts (Hunt, 2002). A similar finding
was also reported in a study in Australia in women aged between 18 and 35 years (Leonard
et al., 2014), where a lower SF level was found in vegetarians compared to omnivores (26
vs. 42 μg/L). In a recent study in 75 german vegans, 40% were defined as iron deficient,
but only 4% had IDA (Waldmann et al., 2004). In a further small study in Swedish vegans,
no difference in prevalence of low iron stores was reported when compared to omnivores
(Larsson and Johansson, 2002), and while there are several indications that vegetarians
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including vegans do have lower iron status and iron stores, there are no indications that
this population group has a higher prevalence of IDA (Hunt, 2002). However, generally, the
size of the studies is limited and does not allow a firm conclusion. Furthermore, several of
the studies are dated and may not fully reflect current dietary habits.

4.2.1 Pregnancy
Pregnant women have distinctively and substantially higher iron requirements than prior to
pregnancy (Bothwell, 2000), and it is generally accepted that these cannot be covered solely
by dietary iron intakes (irrespective whether the diet would contain meat). For this reason,
in several countries, iron supplements are recommended (Bothwell, 2000; Cook, 2005). The
additional net iron requirement that a pregnancy imposes to the becoming mother is of
approximatively 1 g, and most of this iron is required and utilized in the second and third trimester (Bothwell, 2000). Without iron supplementation, a becoming mother should approximatively have a level of iron stores equivalent to this expected additional requirement, which
would correspond to a SF level of 100–120 μg/L (Cook, 2005). As iron deficiency without anemia is likely more prevalent in vegetarian women, pregnancy generally poses a challenge for
covering iron requirements without the use of supplements (Cook, 2005; Bothwell, 2000).
Readers can also refer to Chapter 32 for more detail regarding vegetarian diets in pregnancy.

4.2.2 Children
Until 6 months of age, exclusively breastfed infants born at term are able to cover their iron
requirement through their stores and via breastmilk. After that age, additional sources of
bioavailable iron are required (Institute of Medicine, 2001). IDA is high in infants in rural
areas in developing countries (Jaeggi et al., 2013). Data from industrialized countries on
iron status in infants is more scanty, but it has been suggested that the increase in use of
iron-fortified complementary foods had the effect of substantially decreasing the prevalence of IDA in infancy and early childhood (Fomon, 2001; Lynch, 2011b).
Iron intakes in the United States and the United Kingdom in infants and children up
to the age of 4.5 years do not appear to differ between vegetarian children and omnivores
(Gibson et al., 2014); this may reflect the high proportion of iron intake coming from fortified
foods. Intake of meat, even among omnivores, is usually small in childhood. Nonetheless,
the lower bioavailability of iron in plant-based diets is likely to increase the risk of inadequate absorbable iron intakes (Gibson et al., 2014). In a nationally representative sample
in the United Kingdom, prevalence of anemia was not different between vegetarians and
omnivores, while the prevalence of iron deficiency defined with an SF < 12 μg/L was 73%
versus 34% between ages of 1.5 and 3 years, and 40% versus 0.3% between the ages of 3 and
4.5 years in vegetarian children and omnivores, respectively (Thane et al., 2000).

5. Conclusions
A well-planned plant-based diet can provide ample iron to match requirements for
absorbed iron (Gibson et al., 2014). However, consuming a plant-based diet is likely to
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increase the risk for low iron stores, which can expose vegetarian pregnant women to a
higher risk for developing iron deficiency if they do not use supplements. However, current
data in industrialized countries does not support the notion that a plant-based or vegetarian diet increases the risk for IDA. In contrast, in unprivileged settings in the developing
world, monotonous plant diets are considered an etiological risk factor for IDA. Increasing
diet diversity within a plant-based diet, coupled with fortification in the short term and
biofortification in the medium term are considered viable and sustainable approaches to
attempt curbing the high worldwide prevalence of IDA.
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1. Introduction
The mammalian organism needs selenium (Se) as an essential trace element for development, growth, and well-being. This has most convincingly been demonstrated already in
the middle of the last century by the pioneering work of Schwarz and Foltz (1957). These
researchers worked with rats on a vitamin E–deficient diet, and they showed that some
minimal supply of Se (the so-called “Factor 3”) was essential and sufficient to prevent
vitamin E deficiency–dependent necrotic liver degeneration. Some years later, Leopold
Flohé and colleagues identified the first eukaryotic Se-containing protein, the glutathione
peroxidase (GPX) from bovine blood, and characterized its importance for the catalytic
decomposition of peroxides, realizing that the active enzyme contains Se in stoichiometric amounts, i.e., it represents a true selenoenzyme (Flohé et al., 1973).
With the introduction of transgenic mouse models into basic research, it became possible
to directly inactivate certain genes involved in Se metabolism, to address genes implicated
in selenoprotein biosynthesis, or to directly delete selenoprotein encoding genes (Schweizer
and Schomburg, 2005). These elegant techniques proved the original notion on the essentiality of Se for mammalian development, survival, and certain physiological processes.
Deletion of the gene encoding the transfer RNA needed for selenoprotein biosynthesis (gene
symbol TRNAU1) or of the gene encoding the GPX isozyme that specifically degrades phospholipid hydroperoxides (gene symbol GPX4) or of one of the two ubiquitously expressed
thioredoxin reductases (gene symbol TXNRD1, TXNRD2) each caused a lethal phenotype in
mice. Other mouse models highlighted the relevance of certain selenoproteins for tumorigenesis, cardiovascular diseases, fertility, brain development, the immune system, or other
developmental and degenerative processes (Kasaikina et al., 2012).

2. Importance of Selenoproteins for Human Health
These pioneering experiments along with focused studies with animal models soon
became supported by the identification of rare cases of inherited diseases in humans
(Schweizer et al., 2011). These case reports highlight the different functions and roles of
Vegetarian and Plant-Based Diets in Health and Disease Prevention. http://dx.doi.org/10.1016/B978-0-12-803968-7.00040-X
Copyright © 2017 Elsevier Inc. All rights reserved.
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Table 40.1 Inherited Defects in Genes Encoding Selenoproteins or Biosynthesis
Factors According to (Schweizer et al., 2011)
Gene/Gene Product

Affected Pathway/Process

Phenotype/Symptom

SELN/selenoprotein N
SECISBP2/SECIS binding protein 2
SEPSECS/selenocysteine synthase
TXNRD2/thioredoxin reductase 2
TRNAU1/tRNA for selenocysteine
GPX4/glutathione peroxidase 4

Muscle/myogenesis
Selenoprotein biosynthesis
Selenoprotein biosynthesis
Mitochondrial redox control
Selenoprotein biosynthesis
Arachidonate metabolism

Muscular dystrophy
Growth impairment, infertility
Progressive neuronal loss
Failure to thrive, hypoglycemia
Fatigue, hypotonia, pain
Spondylometaphyseal dysplasia

selenoproteins in humans. Selenoprotein N (gene symbol SELN) is a muscle-specific protein. Mutations in SELN can cause a rare form of muscular dystrophy (Ferreiro et al., 2002).
In 2005, the first subjects with an inherited defect in the biosynthesis machinery of selenoproteins were characterized (Dumitrescu et al., 2005). The phenotype was not lethal,
but it was dependent on the remaining biological activity of the mutated gene product. In
contrast, a very severe cause of brain atrophy was identified in 2010 and linked to mutations in the gene encoding the selenocysteine synthase gene (gene symbol SEPSECS). The
affected children develop a progressive loss of brain tissue and neuronal mass, and they
have a poor prognosis (Agamy et al., 2010). The strong brain phenotype is reminiscent
of selected cases of children with Se-dependent epilepsy and seizures (Ramaekers et al.,
1994). Notably, dietary Se supplements were able to improve the health and reduce the
symptoms of the children. Recently, mutations in the mitochondrial thioredoxin reductase
gene (gene symbol TXNRD2) have been identified as responsible for a form of familial glucocorticoid deficiency, characterized by a failure to thrive, hyperpigmentation, high infection rate, hypoglycemia, and neurological symptoms (Prasad et al., 2014). Finally, children
with mutations in the gene encoding the selenocysteine tRNA (gene symbol TRNAU1) display a spectrum of symptoms, including fatigue, abdominal pain, hypotonia, and low Se
concentrations in blood (Schoenmakers et al., 2016).
Collectively, these rare diseases observed in human patients support the conviction
that life without Se is not possible and that the personal genotype in selenoprotein genes
along with the daily Se intake are important modulators of growth and development, as
well as impacting mood, disease risks, aging, and overall quality of life (Table 40.1).

3. Selenium Metabolism and Selenium Transport in Humans
The average daily intake of Se differs around the world (Table 40.2), both in the sheer quantity
and partly also in the chemical form of the selenocompounds consumed (Rayman, 2008). This
is mainly due to the food choice, soil quality, food availability, and eating habits. However, the
range of daily Se intake between different populations is restricted within a certain limit that
roughly indicates the thresholds defining deficiency risk and potentially toxic doses. In China,
where both very low and very high intakes coexist, minimal levels of around 7 or 14 μg/day are
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Table 40.2 Average Se Intake per Person
per Day in Different Countries (According to
Rayman, 2008)
Country

Se Intake (μg/day)

Australia
Brazil
Canada
China
France
Germany
India
Japan
Saudi Arabia
Switzerland
United Kingdom
United States
Venezuela

57–87
28–37
98–224
7–4990
29–43
35
27–48
104–199
15
70
29–39
106
200–350

reported from the Se-deficient area in the Sichuan Province (Xia et al., 2010), while maximal
intakes are reported from the Se-rich area around Enshi, where average daily supplies add up to
>500 μg Se (Huang et al., 2013). The reference values in Europe are in between these extremes,
and the recommendation in Germany is currently given at about 50–75 μg Se/day for adults
(Kipp et al., 2015). The European Food Safety Authority (EFSA) issued in 2014 a “Scientific
Opinion on Dietary Reference Values for Selenium” and suggested an adequate daily intake
of 15 μg/day for children (1–3 years of age), 70 μg/day for adolescents, and higher intakes in
adults (up to 85 μg/day), especially during pregnancy, lactation, or in face of increased health
risks (EFSA Journal 2014 12 (10), 3846). The recommendations of the Food and Nutrition Board
of the US Institute of Medicine are slightly lower, but do in general conform with these recommendations, according to which 99% of US participants in the third National Health and
Nutrition Examination Survey (NHANES III) meet these adequate daily intakes.
In general, all the major selenocompounds in the human diet are well absorbed in the
gastrointestinal tract (Fairweather-Tait et al., 2010), with selenomethionine (SeMet) probably showing the most efficient uptake (Thomson et al., 1993). It can be assumed that the
current Se status may affect uptake efficiencies of selenocompounds, even though this has
formally not been proven, yet. One experimental finding supporting this notion has been
obtained in bone Se metabolism, where Se-deficient mice showed an increased expression
of the Se uptake receptors in Se deficiency (Pietschmann et al., 2014). The Se-containing
amino acids SeMet and selenocysteine
(
)(SeCys) are taken up by respective amino acid or
2−
peptide transporters. Selenate SeO4
is mainly transported,
(
) like sulfate, by a sodium
cotransporter (Wolffram et al., 1988), whereas selenite SeO3 2 − may be accumulated from
the intestinal lumen by sulfate transporters. The passage of the different Se forms from
the intestine to liver is only poorly characterized. Liver is the central organ for taking up
Se from the diet and for converting it into selenoproteins (Suzuki and Ogra, 2002). There
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are a number of intracellular selenoproteins in hepatocytes, some of which are highly
expressed, e.g., GPX1. However, in terms of Se status, the most important hepatic selenoprotein for Se transport and storage is selenoprotein P (SePP, gene symbol SEPP1) (Burk
and Hill, 2009). The biosynthesis of SePP is stringently regulated by the available Se pool
in hepatocytes. Increased dietary intakes result in increased hepatic SePP biosynthesis
and secretion. Likely as a safeguard mechanism to limit Se transport within physiological
tolerable limits, SePP biosynthesis reaches a maximal expression level once a sufficiently
high saturating Se intake level has been reached (Xia et al., 2010).
Consequently, the SePP concentrations in blood are used as a useful biomarker of Se
intake, Se status, and Se transport (Hurst et al., 2010). According to this biomarker, a replete
Se status is reached when no further increase in circulating SePP concentrations can be
observed despite an increasing nutritional or supplemental intake. Conversely, a Se deficit is defined as a state in which SePP biosynthesis and circulating SePP concentrations
have not been sufficiently saturated yet and the maximal possible level of serum SePP concentrations have not yet been reached due to limiting Se availability in hepatocytes. The
maximal expression level of the second actively secreted selenoprotein, i.e., GPX3 from
the kidneys, is reached at lower Se intake levels than are needed for maximal expression
of SePP; hence SePP is considered the more meaningful biomarker (Xia et al., 2010). An
average daily intake resulting in circulating Se concentrations of around 70 μg/L would be
required for saturating GPX3 expression, while Se concentrations of around 125 μg/L are
needed in plasma for a full saturation of SePP expression (Hurst et al., 2010). Target cells
for SePP-dependent Se uptake are found in the brain, kidney, muscle, bone, etc. These
cells are characterized by lipoprotein receptor–related receptors (LRP). Megalin (gene
symbol LRP2) was identified as the first SePP receptor in kidney, recognizing SePP in the
primary filtrate and likely involved in SePP reuptake to limit Se loss via urinary SePP excretion (Olson et al., 2008). Impaired megalin expression is thus associated with a declining
Se status (Chiu-Ugalde et al., 2010).
Besides megalin, a second receptor capable of SePP uptake has been identified in the
central nervous system, muscle, and in testes, i.e., apolipoprotein E receptor 2 (gene symbol APOER2 or LRP8) (Olson et al., 2007). Notably, the phenotype of ApoER2 knockout mice
strongly resembles the one known from SePP-knockout mice, including central nervous
defects and low Se status. These findings improve our understanding of the Se transport
function of SePP from liver to target tissues, and they highlight that a targeted receptormediated uptake of SePP at the site of requirement underlies a preferential supply of Se to
certain target tissues and contributes to a selective retention of Se in times of poor supply
(Schomburg et al., 2004). Notably, this concept of a hierarchical distribution of dietary Se to
those organs most dependent on a sufficiently high Se status is well established in Se biology.
The excretion of Se from the human organism is not fully characterized yet. Some Se
inevitably gets lost via cells and blood loss through the fecal excretion, which appears
not to constitute a regulated process; a more controlled loss is taking place via the urine
in form of selenosugars (Kobayashi et al., 2002). Upon very high or toxic intakes, Se may
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also become excreted in poorly regulated ways, exhaled in the form of dimethyl-selenide
(causing an unpleasant odor) or in soluble charged form in urine as trimethyl-selenonium
ions (Suzuki et al., 2005). In general, excretion increases with increasing Se intake, as can
be expected from a biologically active micronutrient. However, the relative retention rates
differ, with deficient subjects retaining relatively more of the valuable trace element as
compared to well-supplied subjects. And moreover, some particular differences between
women and men are described (Combs et al., 2011). The underlying molecular mechanisms safeguarding the Se status in a tissue-specific way are partially characterized as the
important aim of the hierarchical principles governing Se transport and storage in relation to its current availability, and this well-controlled distribution system is centrally
dependent on the preferential uptake of SePP into Se-sensitive target tissues (see later)
(Schomburg and Schweizer, 2009).

4. Biomarkers of Selenium Status
The “Se status” is a term that is intuitively well understood but still lacks a precise biochemical definition. In principle, whole body Se content, or even better, whole body Se
concentration per body weight or volume and Se availability to the tissues in need, would
probably best correspond to the real meaning of Se status. As this parameter is difficult to
be determined from living subjects, surrogate biomarkers are needed. A useful biomarker
should reliably reflect the corresponding parameter in question. In case of Se status, measuring the Se content per volume or weight unit of a biosample fulfills this requirement.
Considering the choice of human biosamples available for analysis, hair or nail clippings,
tissue biopsies as well as blood cells, full blood and serum, or plasma samples are available, with the latter two being most widely used in clinical research and routine diagnostics (Fig. 40.1).
Tissue biopsies pose ethical concerns as their acquirement involves a potentially harmful and stressful invasive procedure. Hair and nail may be well suited; however, there are
problems with reproducibility, standards for normalization, and cosmetic manipulations
by shampoo or nail polish that may interfere with reliable quantitative trace element
analyses. Measurements from blood cells or serum and plasma are the most common
procedures for assessing biomarkers of Se status (Combs, 2015). The ideal biomarker
should correlate to the Se intake over a wide concentration range. The determination of
total Se itself from blood, serum, or plasma represents a valid and useful reference, for an
increasing intake should nicely be reflected in increasing circulating concentrations of Se.
Accordingly, in the majority of human studies, total Se in blood, serum, or plasma is analyzed and used as marker of Se status when trying to elucidate its importance for health
issues. However, total Se measurements reflect a mixture of components and not a precise
and specific selenocompound (Combs, 2015). For this reason, single selenoproteins may
offer an advantage, as their expression can be precisely determined by enzymatic, immunological, or other analytical techniques (Xia et al., 2010).
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FIGURE 40.1 Overview on Se intake and metabolism in humans. The dietary-derived Se in human nutrition
mainly derives from solid food items, and not from drinks. Selenomethionine (SeMet), some selenocysteine
(SeCys), and different derivatives of these Se-containing amino acids are the major selenocompounds in plants
and plant parts. In contrast, animal-derived nutrients mainly contain SeCys as part of selenoproteins and a
variable amount of SeMet-containing proteins and smaller selenocompounds. The liver is the first target
for organification of dietary Se, converting the trace element in SeCys-containing selenoproteins, especially
selenoprotein P (SePP), to serve as transporter of Se to the other tissues. Besides, some selenosugars as excretory
products are synthesized for urinary secretion via the kidney. SePP has also been shown to supply the kidney with
Se for the biosynthesis of the circulating glutathione peroxidase 3 (GPX3). SeMet from nutrition can directly be
incorporated into newly synthesized proteins; hence, depending on SeMet intake in comparison to Met intake
and basal Se status, a considerable fraction of circulating Se-containing proteins harbor SeMet at random positions
instead of Met, contributing to the total fraction of circulating Se-containing proteins. Collectively, the total Se
concentration in blood, serum, or plasma, consisting of SePP, GPX3, SeMet-containing proteins, and some smaller
selenocompounds, is used as a surrogate marker for whole body Se status, as blood is generally well available both
for clinical diagnostics as well as for clinical research. Illustration generated with help of Servier Medical Art (Les
Laboratoires Servier, Normandy, France).

Among the different selenoproteins, the isozymes of the glutathione peroxidase (GPX)
family can reliably be quantified by a coupled enzymatic optic test procedure, both from
blood cells and from serum or plasma (Gunzler et al., 1974). However, enzymatic test
results stringently depend on the quality of the enzyme source, i.e., on the treatment of the
sample prior to analysis. Especially in epidemiological research, serum or plasma samples
often have a certain preanalytical history with two or more rounds of freezing and thawing
in the process of obtaining the blood samples and aliquoting. Moreover, the time of storage at room temperature often is only poorly controlled and standardized. This may lead
to different degrees of proteolysis, hamper a reliable enzymatic determination, and render
quantitative comparisons across studies by enzymatic tests almost impossible.
Hence, immunological methods may be a better choice. And in comparison to full
blood or blood cells, serum and plasma samples are more stable and most widely used
for epidemiological research and clinical diagnostics. There are only two selenoproteins
being soluble in blood and becoming actively secreted into the circulation, i.e., GPX3,
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mainly derived from kidney, and SePP, mainly derived from liver (Burk and Hill, 2015).
Animal experiments have shown that renal GPX3 biosynthesis relies on SePP-mediated
Se transport from liver to kidney, and thus it depends on SePP for full expression (Renko
et al., 2008). These findings argue for measuring SePP instead of GPX3 from serum as the
primary and functional biomarker of Se status. This conclusion is further supported by
respective supplementation trials in which SePP responded over a larger intake range to
the supplemented Se than GPX3 (Xia et al., 2010; Hurst et al., 2010). Moreover, SePP is
known to carry up to 10 selenocysteine residues per protein, thereby accounting for the
majority of Se in serum and plasma (Persson-Moschos et al., 1995), even in severe disease (Forceville et al., 2009). And finally, the differential dependence of the Se biomarkers including GPX3, SePP, and total serum Se on the Se intake and a sufficiently high Se
status was impressively reflected when comparing German omnivores, ovolactovegetarians, and vegans; SePP turned out as the most sensitive parameter suitable for identifying
a Se deficit in subjects expressing similar GPX3 activity levels (Hoeflich et al., 2010). In
this comparison, both ovolactovegetarians and vegans showed relatively low Se concentrations (Hoeflich et al., 2010). Similarly, in the large European Prospective Investigation
into Cancer and Nutrition–Oxford (EPIC) study, the prevalence of insufficient Se intake
was two to four times higher in both ovolactovegetarians and vegans as compared to meat
or fish eaters (Sobiecki et al., 2016). These findings highlight that, despite the additional
Se in milk and eggs, even the ovolactovegetarian diet is usually not sufficient to cover the
recommended daily Se intakes.

5. Selenium Content in Food Items
Most contemporary humans consume both plant- and animal-derived food items; yet,
an increasing number of subjects is deciding to avoid animal-derived products for reasons of religion, ethics, health, responsibility for the environment, and because of a high
respect for living creatures. The specific health impact of different plant-based diets in the
large spectrum from low-meat eaters, semivegetarians, ovolactovegetarians, and vegans
is a matter of scientific debate, as the readers can appreciate from the other sections and
chapters in this book.
Fish and animal products are generally rich sources of Se (Sigrist et al., 2012). This finding is based on two major reasons. First, Se tends to naturally drain from soil into the sea
where it is taken up by biological material and accumulates along the food chain, causing
fish to contain significant amounts of Se. Second, farm animals normally receive supportive vitamins and trace elements to avoid deficiencies and improve their overall growth,
health, fertility, and meat quality. This measure of agricultural fortification ensures relatively high Se concentrations in meat, eggs, milk, and other animal-derived products
(Table 40.3). Consequently, human subjects consuming animal-derived food items do not
normally develop substantial Se deficiencies. But many contemporary humans do live by
choice, religion, or for reasons of availability on a mainly or solely plant-dominated food
basis.
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Table 40.3 Average Se Content of Selected
Animal- and Plant-Based Nutrients (According to
Mehdi et al., 2013; Tinggi, 2003; Fairweather-Tait
et al., 2010)
Food Item

Se Content (μg/kg)

Cereal (FM)
White rice (FM)
Pasta (FM)
Bread (FM)
Onions (DM)
Lentils (DM)
Potatoes (DM)
Chicken (FM)
Pork (FM)
Crustaceans (DM)
Cod (DM)
Tuna (DM)

10–310
50–80
10–100
60–150
<500
240–360
120
81–142
32–198
360–1330
1500
5600

DM, dry matter; FM, fresh matter.

6. Selenium Status of Ovolactovegetarians and Vegans
In comparison to omnivores consuming animal-derived food items that are produced under
fortified agricultural production conditions, the Se supply of ovolactovegetarians and vegans
is less well predictable and more variable. In general, both undernourished subjects as well as
vegans and ovolactovegetarians are at greater risk for micronutrient deficiencies (Kristensen
et al., 2015). Plants do not stringently depend on Se for growth, development, and survival,
making most plants relatively independent from Se status in soil. This characteristic complicates the assessment of the nutritional value of a certain plant with respect to its Se content.
Nevertheless, within the plant kingdom, there are nonaccumulator, Se-accumulator, and
Se-indicator plant species that are capable of growing Se independently or on highly seleniferous soils and that may even be used for phytoremediation by accumulation and volatilization of Se (Banuelos et al., 1997). This implies that plants are in general suitable sources of the
essential trace element Se in the human diet, given that sufficient Se is supplied during plant
growth in a bioavailable form. And indeed, several attempts are currently under way trying
to increase Se content in eatable plants by classic breeding and selection, foliar Se spraying,
or increasing the Se in soil by enriched fertilizers or even via genetic manipulation of plant
species to increase Se uptake and content (Brown and Shrift, 1982; Zhu et al., 2009).
However, at present the consumer is unaware of the Se content of a certain plant-derived
dietary component. Even worse, the Se content of the same plant can vary considerably, e.g.,
as shown in the potentially Se-rich Brazil nuts that may vary in terms of Se concentration from
0.03 μg/g to 512 μg/g (Chang et al., 1995). A vegetarian subject may indeed cover his/her Se
requirement by the consumption of a fraction of a single Brazil nut (0.1 g), or the Brazil nuts
would practically be a null contributor to Se intake. Similarly, rice or wheat Se concentrations
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Table 40.4 Comparison of Selenium Intake (μg/day) or Selenium Status
(μg/L or μM) in Vegetarians Including Vegans as Compared to Omnivores
From the Same Population
Country, Year

Vegetarians

Omnivores

References

United States, 1983
Finland, 1995
Sweden, 1985

96–104 μg/L
27 μg/day
0.80 ± 0.18 μM
(63.2 ± 14.2 μg/L)
48.3 ± 1.2 μg/L
10–12 μg/day
73.5–77.3 μg/L
68–81 μg/L
25–33 μg/day
79 ± 65 μg/day 1.1 μM
(86.9 μg/L)

69–112 μg/L
73 μg/day
0.98 ± 0.15 μM
(77.4 ± 11.8 μg/L)
57.8 ± 1.4 μg/L
27–40 μg/day
–
91–94 μg/L
39–52 μg/day
149 ± 108 μg/day 1.5 μM
(118.4 μg/L)

Shultz and Leklem (1983)
Rauma et al. (1995)
Akesson and Ockerman (1985)

Slovakia, 1995
Sweden, 2002
Brazil, 2009
Germany, 2010
Denmark, 2015
Finland, 2016

Kadrabova et al. (1995)
Larsson and Johansson (2002)
de Bortoli and Cozzolino (2009)
Hoeflich et al. (2010)
Kristensen et al. (2015)
Elorinne et al. (2016)

differ grossly depending on their production site; e.g., wheat Se concentrations vary from as
low as a few ng/g when produced in Scandinavia to as high as almost 1 μg/g when produced in
Canada (Zhu et al., 2009). Consequently, the Se intake and the status of vegans and ovolactovegetarians may differ considerably from omnivores, especially in those areas where soil Se is low,
mainly regional food is consumed, and no supplementation of fertilizers is in place (Table 40.4).
As clearly depicted in Table 40.4, the differences in Se concentrations of vegans, ovolactovegetarians, and omnivores depend on the region of residency. Notably, the very poor Se
status of Finnish vegetarians of 27 μg/day only (Rauma et al., 1995) has improved impressively over the recent decades to a current intake of around 79 μg/day (Elorinne et al.,
2016); this increase can be attributed to the consequent and systematic supplementation
of fertilizers in Finland with selenate, as a safe and very meaningful way of increasing the
daily Se intake in a population formerly known to be severely Se deficient (Aro et al., 1995).
These examples nicely highlight the problem ovolactovegetarians and vegans are facing; the Se concentration of plants or plant-derived products varies in an unpredictable
manner, as plants do not need Se as an essential micronutrient and thereby do not actively
control their Se concentrations within a tight range as animals do, but nevertheless they
are capable of accumulating very high Se concentrations, depending on soil quality, Se
availability, and plant species or genotype. This is in sharp contrast to animal-derived
nutrients, as animals need a certain minimal supply of Se as an essential micronutrient
in order not to develop deficiency symptoms, and they are thus a more predictable and
uniform source of Se in a quantity comparable to the human need. Se concentrations in
human serum, which mirror tissue Se concentrations to a certain degree, may range from
a minimal value of around 20 μg/L to a maximal value of around 400 μg/L, i.e., display an
interindividual difference of maximal 20-fold. Farm animals, meat, milk, eggs, etc., from
controlled agricultural production tend to even contain a more constant and higher Se
content, thereby providing a guaranteed Se supply in a concentration range that is likely
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nontoxic, as too high a concentration would have already harmed the animal. For all of
these reasons, vegans and obviously also ovolactovegetarians are at risk of Se deficiency, as
reported in several clinical studies (Elorinne et al., 2016; Letsiou et al., 2009; Hoeflich et al.,
2010; Kadrabova et al., 1995).
The question thus emerges on how a vegetarian subject can safely and reliably obtain
a sufficiently high Se supply to avoid Se deficiency, which clearly constitutes a health risk.
The most straightforward strategy would be to consume well-defined dietary supplements
containing a specified amount of Se either as SeMet, selenite, or Se-rich yeast preparations
(Fagan et al., 2015). Hereby, a reliable and steady supply can be ensured at reasonable
costs. However, the supplier should be chosen wisely, as there have been cases of misformulation of Se-containing supplements, containing even up to >100-fold the stated Se
content, causing overt endemic selenosis with hair and nail loss as well as other systemic
and neurological symptoms (Morris and Crane, 2013).
An alternative approach would be to select foods presumably rich in Se. Here, as
mentioned earlier, the geographic origin may help in identifying foods with likely high
Se content, however, without guarantee as the specific soil the plant has been grown in
together with a number of plant-specific and biogeochemical characteristics determine
the ultimate Se concentration in plants. South American Brazil nuts or paranuts may be
a good choice as their Se content can be relatively high, but they may also be very low, as
mentioned earlier (Chang et al., 1995). An alternative choice would be nutrients derived
from areas with naturally high soil Se concentrations, e.g., from North, Middle, or South
America, from the Se-rich areas in China, or from along the coastlines as these areas often
profit from Se-rich rainfalls if the clouds had passed over ocean areas containing increased
biomass highly active in Se volatilization (Winkel et al., 2015).
But again, without a prior analysis and a specified information about the specific
Se content of such foods, there is no guarantee on the Se contents. Another potentially
Se-rich dietary source would be marine plants and algae (Bottino et al., 1984) or seagrass
(Baldwin et al., 1996); however a systematic analysis of these marine products is missing. Finally, Se supplementation of soil, fertilizers, or by foliar spraying may constitute an
effective and straightforward way for increasing the Se content of plants in culture. The
authorities in Finland together with Finish researchers were the first to decide on a nationwide supplementation effort for increasing the low Se content of their food products by a
systematic measure in adding selenite to all mineral fertilizers used in Finland. Hereby, Se
intake could be successfully increased in the Finish population from a level being among
the lowest in Europe in the 1980s to a daily intake in the recommended range of around
80 μg/day (Alfthan et al., 2015). It is hoped that other countries are learning from this safe,
highly desirable, and successful Finish experience, including the most developed countries in Europe.
In the meantime, a number of attempts are ongoing trying to specify the most efficient
ways of increasing Se content of plants by breeding and selection, supplementation, or
genetic manipulations (Lyons et al., 2004). Certain Se-enriched plants are already available in different parts of the world, especially in China (Wu et al., 2015b) or the United
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States (Banuelos and Hanson, 2010), and they have reached a developmental stage close to
regular commercial distribution. It can thus be safely assumed that in the very near future,
Se-enriched nutrients with specified Se concentrations will become commercially available as a safe, cost-effective, and reliable source of this precious micronutrient.

7. Health Risks of Insufficient Se Intake
Mammals depend on nutritional Se intake mainly for one reason, i.e., for the biosynthesis of selenocysteine-containing selenoproteins. There are 25 genes encoding selenoproteins in humans, some of which have been proven essential for development as observed
in respective mouse models with genetic deletion (so-called knockout mice) (Moustafa
et al., 2003). Using this strategy, the genes encoding the tRNA (Trsp) specifying selenocysteine incorporation into selenoproteins, the two thioredoxin reductases (Txnrd1, -2), and
the phospholipid hydroperoxide glutathione peroxidase (Gpx4) proved to be essential for
mammalian development and life (Conrad and Schweizer, 2010).
But besides such a drastic phenotype as developmental failure or premature death, Se
deficiency in humans is rather linked to no obvious phenotype but an increased disease
predisposition for a number of widespread human diseases. A large body of evidence links
a subclinical Se deficit to an increased risk of cancer at several sites (Combs, 2005). Highly
significant interactions of Se intake and cancer risk have been obtained for lung, colon,
and prostate cancer, in a large randomized controlled supplementation trial (Clark et al.,
1996). Notably, the interaction was most significant in those participants who entered into
the supplementation trial with lowest baseline Se status (Duffield-Lillico et al., 2002). This
notion also likely explains why the large follow-up study failed to replicate the chemopreventive effect of Se supplementation on prostate cancer risk (Lippman et al., 2009).
Because of the overwhelming positive findings in the seminal NPC study, there was obviously a trend for an increased Se intake among the US participants of the follow-up trial,
resulting in a study population with relatively high baseline Se status, unresponsive to
further Se intake (Hatfield and Gladyshev, 2009; Schrauzer, 2009). This is unfortunate, as
the study was sufficiently powered, well designed, and sufficiently funded to study the
effects of Se supplementation over a time period of 7 years. Now, the negative results
from this study on a chemopreventive effect of Se supplementation dominate respective
meta-analyses and hinders the attempts to conduct similar supplementation studies
in populations with lower baseline Se status, e.g., in the European Union. Here, recent
research focuses on observational studies, e.g., associating polymorphisms in selenoprotein genes with increased cancer risks (Meplan and Hesketh, 2014), or associating low
serum Se concentrations in healthy subjects with increased cancer incidences in the next
decades of life (Hughes et al., 2015).
Besides cancer, also the infectious and inflammatory diseases are closely related to Se
status, as a Se deficit increases infection risks and disease progression (Stone et al., 2010),
and in turn, infections and inflammation negatively affect Se status in blood and tissues
(Nichol et al., 1998; Renko et al., 2009). Even more striking, the mortality risk in different
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infectious diseases appears to correlate to Se deficiency, as observed in HIV-infected subjects (Baum et al., 1997), in critical disease (Angstwurm et al., 2007), and sepsis (Forceville
et al., 1998). Accordingly, Se supplementation trials have been conducted on the intensive
care units, with some very positive findings and some null results, collectively yielding
an ambiguous picture (Allingstrup and Afshari, 2015). A similar inconclusive situation is
given for autoimmune diseases and Se status or Se supplementation. Several trials have
reported on positive effects of supplemental Se, especially in autoimmune thyroid disease of the Hashimoto (Toulis et al., 2010) or Graves disease type (Marcocci et al., 2011).
However, taking into account all of the published studies, the full picture is rather ambiguous in nature as a number of well-controlled supplementation trials did not observe any
positive effects on the thyroid gland or the autoimmune disease parameters (Schomburg,
2012). Despite this inconclusive situation with respect to Se supplementation as an intervention strategy, avoiding a Se deficit has consistently proven as a beneficial health measure for reducing autoimmune thyroid disease risks and other health threats. This has
convincingly been shown with respect to goiter development (Derumeaux et al., 2003),
thyroid nodules (Rasmussen et al., 2011), or thyroiditis (Wu et al., 2015a).
The interactions of Se status and cardiovascular diseases are less well understood,
as both positive and beneficial associations and intervention studies contrast with null
results or even negative supplementation effects (Alissa et al., 2003; Brigo et al., 2014;
Benstoem et al., 2015). A similar inconclusive picture is given when analyzing the published data concerning Se status, Se supplementation effects, and risk of diabetes mellitus (Bleys et al., 2007; Ogawa-Wong et al., 2016; Rayman and Stranges, 2013; Steinbrenner
et al., 2011). Collectively, the studies indicate that there might be an upper limit of Se
intake until which an increasing Se supply is rather health promoting, while by surpassing this threshold the effect may be the contrary, and health problems become induced,
i.e., the general Se intake and the risk for common diseases display a U-curved interaction
(Rayman, 2012).

8. Conclusions
Plants and mammals differ in their relation and dependence to the trace element Se. While
the Se concentrations in plants, depending on species, genotype, and supporting soil, may
vary over several orders of magnitude, mammals tend to maintain a rather well-controlled
and specific Se status, to ensure a sufficiently high rate of biosynthesis of essential selenoproteins while trying to avoid surplus intake eventually causing increased health risks
and symptoms of selenosis. For this reason, it is not possible to predict the Se status of a
given plant food, while farm animals raised under some form of controlled agricultural
production strategy tend to display a Se concentration that is restricted within a limited
and predictable range, thereby constituting rich sources of Se.
Consequently, it is challenging to cover the daily Se requirement by a vegetarian diet,
as the right nutrients containing a sufficiently high Se content need to be identified
and consumed in the necessary amount. South American paranuts and Brazil nuts are
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typical examples of potentially Se-rich nutrients, even though their Se content strongly
depends on the soil used for their production and can thus not safely be predicted. There
is a clear lack of labeling and control of these kind of potentially health-promoting nutrients, as the Se content of a single nut can range from a marginal to a potentially toxic
source. For these reasons, a number of well-controlled and specified nutrients enriched
in Se by different technologies are currently developed and are expected to become commercialized and widely available in the future. By now, suitable supplements containing
the inorganic Se-compounds selenite or selenate or the amino acid SeMet or a mixture
of selenocompounds as found in Se-enriched yeast constitute efficient supplements for
avoiding a Se deficit, which would constitute a health risk for a large number of widespread human diseases.
In addition to trying to find foods rich in Se or suitable supplements, it will always be
helpful to get an analysis of the personal Se status from a blood sample. Especially in challenging situations, such as pregnancy, lactation, chronic disease, or in face of infection
risks because of traveling or work exposure, the organism will clearly profit from a sufficiently high Se status to strengthen the immune system and the antioxidative defense. On
the other hand, too high a chronic Se intake may cause selenosis and disease symptoms;
but this oversupply is hardly possible by regular nutrition alone, except for the areas with a
history of endemic selenosis when the residents were living on locally produced food only,
e.g., as in the Enshi region in China. Other reports on Se oversupply-dependent health
risks are all from supplementation studies in populations already well supplied with Se,
i.e., from the United States. These findings seem to be of little relevance for subjects residing in large parts of Europe, Africa, or Asia, as their environment must be considered as Se
deficient, and beneficial health effects of supplemental Se intake are likely to be observed
instead of adverse effects. Large-scale analyses on these notions are currently underway
and will provide the necessary scientific database needed for a better understanding of the
interaction of Se, Se intake and Se status, and personal health risks and potential health
benefits. At present, aiming for a diet with sufficiently high Se content appears as a priority, especially for subjects choosing a purely or predominantly plant-based diet, which
clearly increases the risk of an insufficient daily intake of Se.
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1. Introduction
Worldwide, there are 75 million vegetarians by choice and 1.45 billion by necessity (The
Economic and Social Research Institute, 2011). This is consistent with the approximation
of 25% of the world’s population consuming a largely vegetarian diet (Foods Standards
Agency, 2010).
Lactovegetarians (LVs), ovolactovegetarians (OLVs), and vegan groups of the population
are potentially at greater risk of vitamin B12 deficiency than omnivores. (The readers may
refer to Chapter 43 for a detailed review.) Hence, they are more susceptible to developing
elevated homocysteine that may result in developing primary cardiovascular disease (CVD).

2. Vegetarianism
2.1 Classification of Vegetarians
As presented in Chapter 1 of this book, vegetarian diets cover a spectrum of diets.
The most common types of vegetarians are vegan, LV, OLV, and semivegetarian.
Until recently, vegetarian literature claimed that certain plant foods could provide vitamin B12, such as seaweed, fermented soybeans, spirulina, and even unwashed vegetables
that have been fertilized with manure. Proponents of vegetarianism pointed to inhabitants
of India, who did not seem to exhibit signs of vitamin B12 deficiency in spite of very low levels
of animal foods in the diet (Dong and Scott, 1982). It is also now known that a source of vitamin B12 in the vegetarian diet in India was insect excrement and parts in stored grains and
legumes (Dong and Scott, 1982). There is very little nonscientific literature that warns about
the real possibility and risk of vitamin B12 depletion of vegetarians (Pawiak et al., 2014).

2.2 Homocysteine Status of Vegetarians Compared to Omnivores
A systematic review and meta-analysis, comprising eight Cohort Case Studies and 11 crosssectional studies involving 3230 participants (Obersby et al., 2013a), demonstrated that an
inverse relationship exists between plasma tHcy and serum vitamin B12. The results are
Vegetarian and Plant-Based Diets in Health and Disease Prevention. http://dx.doi.org/10.1016/B978-0-12-803968-7.00041-1
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Table 41.1 Calculated Mean, Standard Deviation, and Significant Difference Value
P of Lactovegetarians or Ovolactovegetarians (LV-OLVs) and Vegans From Omnivores
for Plasma tHcy and Serum Vitamin B12 Levels
Plasma tHcy

Serum Vitamin B12

Diet

Mean
(μmol/L)

SD (μmol/L) n

P

Mean (pmol/L)

SD (pmol/L)

n

P

Omnivores
LV-OLVs
Vegans

11.03
13.91
16.40

2.89
3.15
4.80

<0.025
<0.005

303
209
172

72
47
59

14
15
9

<0.005
<0.005

14
15
9

presented in Table 41.1. This supports previous research conducted by Elmadfa and Singer
(2009). The same systematic review and meta-analysis conducted by Obersby et al. (2013a)
presents in Fig. 41.1 the correlation between plasma tHcy and serum vitamin B12 for omnivores, LV-OLVs, and vegans.

3. What Is Homocysteine?
Homocysteine was discovered approximately 83 years ago by Butz and du Vigneaud (1932)
at the University of Illinois. These researchers heated methionine in sulfuric acid and isolated a substance with similar features as cysteine and cystine; they had, in fact, synthesized “bis-(Y-amino-Y-carboxypropyl) disulphide.” They called it “Homocysteine” since
it had the structure of the next higher symmetrical homologue of cysteine (Butz and du
Vigneaud, 1932). Structurally, it closely resembles methionine and cysteine.
Homocysteine belongs to a group of molecules known as cellular thiols (Lu, 1999); it is a
sulfur-containing potentially injurious amino acid with the molecular formula C4H9NO2S.
Homocysteine does not occur naturally within proteins and is thought to be a “bad thiol,”
due to its association with disease states such as CVD (Refsum et al., 1998) and cognitive
dysfunctions including Alzheimer disease (Lehmann et al., 1999). Conversely, glutathione
and cysteine are considered to be “good thiols” because their functions include maintaining intracellular and extracellular redox homeostasis and facilitating the removal of
toxic compounds, and they are also part of the cellular antioxidant defense system (Lu,
1999). Homocysteine stands at the biochemical intersection of two metabolic pathways
and converts to glutathione, a powerful antioxidant, and into the important chemical
S-adenosylmethionine (SAM). Methionine is the precursor of homocysteine (Finkelstein
and Martin, 2000).
Thiols contain a free sulfhydryl group. Other low-molecular weight biological thiols
include glutathione, coenzyme A, and dihydrolipoic acid. A general property of thiols
is their ability to oxidize in the presence of an electron receptor such as molecular
oxygen to form disulfides (-S-S-). Homocysteine can oxidize with other thiols such as
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FIGURE 41.1 Association between plasma tHcy and serum vitamin B12 for omnivores, lactovegetarians–
ovolactovegetarians, and vegans reported in studies as systematically reviewed by Obersby et al. (2013a).

cysteine and glutathione to form mixed disulfides, which are referred to as “homocysteine–cysteine–mixed disulfide” and “homocysteine–glutathione–mixed disulfide”
(Jacobsen, 2001).
The other major class of thiols and disulfides consist of those found in the peptide and
proteins that contain cysteine. The intermolecular disulfide bond formed by the oxidation
of cysteine resides in peptide, and proteins are primary structural elements that contribute to the final three-dimensional conformations. Peptides and proteins may also contain
“free-cysteine residues” that can autooxidize or can react with low-molecular thiols to
form stable disulfide bond complexes (Jacobsen, 2001).
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Therefore, homocysteine exists as either “free homocysteine” or “protein-bound
homocysteine.”
Free homocysteine comprises three distinct fractions, namely:
1.	reduced homocysteine
2.	homocysteine–homocysteine disulfide (homocystine)
3.	cysteine–homocysteine (Cys-Hcy)–mixed disulfide
  
Note that 2 and 3 are commonly referred to as the oxidized homocysteine equivalents.
These oxidized forms of homocysteine account for approximately 30% of the body’s total
homocysteine pool. A small percentage <3μmol/L is found as reduced homocysteine 1.
The remaining 70% of circulating homocysteine is bound to albumin as a free sulfhydryl
moiety.
The sum of the free and protein-bound homocysteine is referred to as “total homocysteine” (tHcy) (Stamm and Reynolds, 1999; Amores-Sanchez and Medina, 2000; Refsum
et al., 2004). Homocysteine is a normal metabolite of the amino acid methionine (Jacobsen,
2001). Since homocysteine is virtually nonexistent in food (Sakamoto et al., 2002), all
homocysteine in the body is derived from methionine from consumed animal and plant
protein, as shown in Fig. 41.2 (methionine cycle).

3.1 The Metabolism of Homocysteine
Homocysteine is an intermediate product of the one-carbon metabolism whose transformation stands at the intersection of two remethylation pathways, namely the “transsulfuration pathway” and the “remethylation pathway or folate cycle.”
Remethylation of homocysteine to generate methionine requires folate and vitamin B12 of the methylcobalamin form (or TMG or choline in an alternative reaction),
and transsulfuration to cystathionine, which requires vitamin B6 of the pyridoxal5-phosphate (P-5-P) form, as illustrated in Fig. 41.2 (Verhoef et al., 1996; Selhub, 1999;
Obersby et al., 2013b).
The two pathways are coordinated by SAM, which acts as an allosteric inhibitor of the
enzyme methylenetetrahydrofolate reductase (MTHFR) reaction and as an activator of the
enzyme cystathionine β-synthase (CBS).

3.1.1 Methionine Cycle in Its Role in Homocysteine Formation
A considerable proportion of the essential amino acid methionine obtained from the diet
is activated by adenosine triphosphate and used either for protein synthesis or the formation of SAM, in a reaction catalyzed by methionine adenosyltransferases.
The high-energy compound, SAM, serves primarily as a methyl donor via reactions
catalyzed by a variety of methyltransferases and involving a variety of acceptors. These
SAM-dependent methylations are essential for biosynthesis of a variety of cellular components including creatine, epinephrine, carnitine, phospholipids, proteins, DNA, and RNA.
In fact, SAM serves as the methyl donor for essentially all known biological methylation
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FIGURE 41.2 The methionine cycle, remethylation pathway of homocysteine to methionine via the folate cycle,
the transsulfuration pathway, the TMG reaction, and the regulation of methionine methyl group synthesis.
APT, adenosine triphosphate; BHMT, betaine homocysteine methyltransferase; CBS, cystathionine β-synthase;
CL, cystathionine γ-lyase; DHF, dihydrofolic acid; DHFR, dihydrofolate reductase; DMG, dimethylglycine; MS,
methionine synthase; MSR, methionine synthase reductase; MTHFR, methylenetetrahydrofolate reductase;
SAH, s-adenosylhomocysteine; SAM, s-adenosylmethionine; SHMT, serine hydroxymethyltransferase; THF,
tetrahydrofolate; TMG, trimethylglycine. Adapted from Verhoef et al. (1996), Selhub (1999), and Obersby et al.
(2013b).

reactions, with the notable exception of those involved in the methylation of homocysteine, the coproduct of transmethylation.
S-adenosylhomocysteine (SAH) is hydrolyzed to yield adenosine and homocysteine,
which can be remethylated to methionine or condensed with serine to form cystathionine
(see Fig. 41.2). It should be noted that this hydrolysis is a reversible reaction that favors
the synthesis of SAH, and elevated cellular concentrations of this metabolite are likely to
precede and accompany all forms of hyperhomocysteinemia (Selhub, 1999).
Every tissue in the human body performs the methionine cycle.
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3.1.2 Folate Cycle
Homocysteine can be remethylated through the folate cycle (see Fig. 41.2): it is recycled
to methionine in a reaction catalyzed by the enzyme methionine synthase (MS) and is
dependent on the essential vitamin B12 (Dudman et al., 1996), but only in its methylcobalamin form as this is the only type of vitamin B12 that contains a methyl group
(Herrmann et al., 2005), together with another enzyme methionine synthase reductase
(MSR). Homocysteine acquires a methyl group from 5-methyl tetrahydrofolate (THF) that
is catalyzed from 5, 10-methyleneTHF by the enzyme methylenetetrahydrofolate reductase (MTHFR) and folic acid/folate from the diet (Selhub, 1999). Folic acid/folate enters
the folate cycle as THF via dihydrofolic acid (DHF), which has been reduced to THF by the
enzyme dihydrofolate reductase (DHFR). This is the major route for the remethylation of
homocysteine to methionine. According to Selhub (1999) homocysteine concentrations
may be substantially increased by the deficiency of folate and/or vitamin B12.
Metabolism of folate to different forms can take place in different cell compartments
including the cytoplasm, mitochondria, and the nucleus (Thorn, 2010).

3.1.3 Transsulfuration Pathway
Homocysteine is degraded in the transsulfuration pathway to other substances.
Referring to Fig. 41.2, homocysteine condenses with serine to form cystathionine in
an irreversible reaction utilizing vitamin B6 and the enzyme cystathionine β-synthase
(CBS). Cystathionine is hydrolyzed a second time by the vitamin B6-dependent enzyme
cystathionine γ-lyase (CL) to form cysteine and α-ketobutyrate.
However, prior to this occurring, if vitamin B6 in the form of pyridoxine is present, it
must be converted into P-5-P, the activated form of vitamin B6. This conversion is dependent on zinc and vitamin B2 (Robinson et al., 1995; Leblanc, 2000; Bates, 1999; Dalery,
1995). Excess cysteine is oxidized to taurine or inorganic sulfate or excreted in the urine.
Transsulfuration occurs only in the liver, small intestine, and pancreas (Finkelstein,
1998). This pathway catabolizes excess homocysteine, which would otherwise be required
for remethylation (Selhub, 1999).
Homocysteine levels can be regulated, up to a point, by SAM acting in various roles in
the remethylation and transsulfuration pathways. Referring to Fig. 41.2, the following are
seen:
1.	When the diet is rich in methionine, the incoming methionine is rapidly converted to
SAM, resulting in the inhibition of MTHFR, which suppresses 5-methylTHF synthesis.
The increased level of SAM also increases activation of CBS enzyme, thus increasing
the rate of homocysteine catabolism. In this way, homocysteine transsulfuration
is promoted over remethylation, consistent with the reduced need for de novo
methionine synthesis due to the higher dietary supply of methionine.
2.	Conversely, when the diet is low in methionine, SAM concentration is insufficient
for the inhibition of MTHFR, resulting in an elevated rate of 5-methylTHF
production. The result is a rise in intracellular 5-methylTHF concentration, thereby
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conservation of SAM and increase in the availability of substrate for homocysteine
remethylation. Thus, remethylation will be favored over transsulfuration because the
concentration of SAM is too low to activate the CBS enzyme. This process is consistent
with the increased need for de novo methionine synthesis attributed to the low dietary
input of methionine.
  

3.1.4 The Trimethylglycine Reaction
In the methionine cycle, Fig. 41.2, homocysteine is converted to methionine, and the
enzyme involved is betaine homocysteine methyltransferase (BHMT). This reaction is
independent of the one that is mediated by MS and independent of vitamin B12 or the
folate cycle. In this case, methionine is regenerated from homocysteine by the transfer
of a methyl group from trimethylglycine (TMG) to homocysteine (Brouwer et al., 2000).
Once TMG loses a methyl group to homocysteine, it converts to dimethylglycine (DMG).
In turn, homocysteine gains a methyl group and becomes methionine. BHMT is a zinc
metalloenzyme (Breksa and Garrow, 1999; Bella et al., 2002; Evans et al., 2002) that uses
preformed methyl groups from dietary TMG (Sakamoto et al., 2002) or from TMG derived
from either dietary choline (Zeisel et al., 2003) or choline synthesized through successive
SAM-dependent methylations of phosphatidylethanolamine. TMG may be an important methylating agent when the folate-dependent methylating pathway is impaired by
ethanol ingestion, drugs, nutritional imbalances, or when TMG or choline levels are high
(Finkelstein et al., 1982, 1983; Townsend et al., 2004; Stipanuk et al., 2004). The TMG reaction is considered to be a minor route since it can only take place in the liver and kidney
of humans, as the enzyme involved, BHMT, has only been identified to be present in these
organs (Finkelstein et al., 1994). TMG is obtainable from foods such as wheat bran, wheat
germ, spinach, and beets. It can also be synthesized in the body from choline (Millian
and Garrow, 1998). Total choline can be obtained from food such as beef liver, eggs, and
soybeans in the form of choline phosphocholine, glycerophosphocholine, sphingomyelin,
and phosphatidylcholine. When total choline is taken up by tissues, it is either converted
to TMG and then employed as an osmolyte and methyl donor, or it is phosphorylated and
used for the synthesis of phospholipids (Zeisel et al., 2003). The conversion of total choline
to TMG is irreversible (Zeisel and Blvsztajn, 1994).

3.1.5 Impact of Methionine on Status of Plasma tHcy of Vegetarians
Obersby (2015) demonstrated from the results of a clinical pilot study involving LVs, OLVs,
and vegans with concentrations of plasma tHcy ≥10 μmol/L that there exists a positive
relationship between baseline plasma tHcy and mean dietary methionine intake of the
form Y = A·ln(X) − C (see Fig. 41.3). This dispersed following methylcobalamin intervention,
with coefficients of determination (R2) reducing from a very strong statistical significance
of 0.79 to a very weak statistical significance of 0.03 (not shown).
Since methionine is a unique precursor of homocysteine, it is reasonable to deduce
that concentrations of plasma tHcy can be exacerbated by the consumption of high
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FIGURE 41.3 Correlation between baseline plasma tHcy and mean dietary methionine intake, for vitamin B12-deficient
lactovegetarians, ovolactovegetarians, and vegans from the intervention group.

methionine-containing foods, for example, muesli, soy products, nuts, wheat germ, chickpeas, beans, and rice, which are rich in LV, OLV, and vegan low-status vitamin B12 diets, as
well as cheese for LV and OLV diets.

4. Homocysteine-Related Nutrients
4.1 Recommended Dietary Allowances and Adequate Intakes
By definition the OLV diet differs from the LV diet by the addition of eggs. However, for
the purposes of this chapter, it will be assumed that these diets will be nutritionally equal
since the vitamin B12 content from eggs is generally poorly absorbed due to the presence of vitamin B12 analogues (cobamides) that inhibit absorption of actual vitamin B12
(Doscherholmen et al., 1976).
The recommended dietary allowances (RDAs) and adequate intakes (AIs) for adults
of the main cofactor and associated nutrients connected with the enzymes for normal
conversion of homocysteine to other substances, as illustrated in Fig. 41.2, are outlined
in Table 41.2. Table 41.2 also presents the results of a study of the diets of LV, OLV, and
vegan participants taken over a 14-day period (Obersby, 2015). The participants of this
study all had baseline plasma tHcy levels of ≥10 μmol/L, which was normalized for a vast
majority of subjects by the intervention of methylcobalamin. The results indicate that
apart from vitamin B12 for vegans, choline, and TMG, all other nutrients met the RDA or
AI requirements.
The findings are what one would expect from these types of diet with high intake of
folate and low intake of vitamin B12 resulting in elevated plasma tHcy.
The manner in which vitamin B12 deficiency produces its effects in humans has not been
fully verified. The methyl folate trap hypothesis (Herbert and Zalusky, 1962; Noronha and
Silverman, 1962; Scot and Weir, 1981) has been widely accepted over decades despite the difficulty in testing the hypothesis in any meaningful way. The methyl folate trap proposes that
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Table 41.2 Results of a Clinical Pilot Study Involving lactovegetarian (LV),
ovolactovegetarian (OLV), and Vegan Participant Dietary Intake of the Main Cofactor
and Associated Nutrients Connected With the Enzymes for the Normal Remethylation
of Homocysteine to Methionine, via the Folate Cycle and the TMG Reaction, and the
Degrading of Homocysteine to Glutathione in the Transsulfuration Pathway, Taken
Over 14 Days

Male

LV and OLV
Female

Male

Vegan
Female

Adult RDA or AI/Day

(n = 11)

(n = 14)

(n = 2)

(n = 12)

Nutrient

Mean/Day

Mean/Day

Mean/Day

Mean/Day

Male

Female

Vitamin B12 (μg)
Folate (μg)
Vitamin B6 (mg)
Vitamin B2 (mg)
Zinc (mg)
Choline (mg)
TMG (mg)

2.5
511
1.8
2.1
11.7
197
136

3.2
407
1.4
1.3
10.4
214
238

1.3
425
1.8
1.3
12.5
205
148

1.2
434
1.8
1.3
15.3
183
223

2.4
400
1.3
1.3
11
550
500–1000

2.4
400
1.3
1.1
8
425
500–1000

Adapted from National Institute of Health (2012), Linus Pauling Institute (2013), Food and Nutritional Board and Institute of Medicine
(2011), USDA Agricultural Research Service (2014), and Foods Standards Agency (2002).

folate can be trapped as methylfolate as a consequence of vitamin B12 deficiency. This is due
to the fact that vitamin B12 is required for the generation of folate from its methylated form.
Since methylfolate cannot return to the tetrahydrofolate pool for conversion to 5, 10-methyleneTHF (Fig. 41.2), the transfer of the methyl group of 5-methylTHF to homocysteine is
held up, and homocysteine levels rise as a result (Chanarin et al., 1985; Butensky et al., 2008).
The most important nutrients are folate and vitamin B12, as they are required for
remethylation of homocysteine back to methionine in the major folic cycle pathway, and
they have the largest impact on regulating homocysteine. Low intake of these nutrients
causes a very significant rise in plasma tHcy levels.
Vitamins B6 and B2 together with zinc are required in the more minor transsulfuration
pathway, and TMG and choline play a role in the minor TMG reaction. It should be noted
that according to Huang et al. (2003), vitamin B6 and folate, which are rich in vegetarian
diets, have little or no effect on plasma tHcy concentrations when individuals have an
adequate dietary supply of these nutrients.
The findings of this study indicate that vegetarians would benefit from supplementation of vitamin B12 of the methylcobalamin type. Furthermore, the results imply that the
RDA of 2.4 μg for vitamin B12 maybe too low, and both genders of LV and OLV diets meet
the present RDA but had elevated plasma tHcy. This supports previous research (Bor et al.,
2006), which demonstrated that doses of vitamin B12 of ≥6 μg/day appear to be sufficient to
maintain a steady-state concentration of serum vitamin B12. Furthermore, it is considered
by the European Food Safety Authority (2015) that the 2.4-μg/day RDA for vitamin B12 for
the total population is low.
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Table 41.3 Summary of the Effects of Folate, Vitamin B12, and Vitamin B6 on Fasting
Plasma Homocysteine Levels

Homocysteine (μmol/L)

Vitamin B12
Deficiency

Control

Folate
Deficiency

Control

Vitamin B6
Deficiency

Control

25

10

60

6

12

12

Adapted from Selhub (1999).

4.2 Supporting Evidence for Nutritional Causes of Elevated
Homocysteine
Table 41.3 summarizes the findings of Selhub (1999), who found that using rats as models
established that fasting plasma homocysteine concentrations increased 10-fold in folatedeficient rats and 2.5-fold in vitamin B12-deficient rats. In vitamin B6-deficient rats, fasting
plasma homocysteine concentrations were not elevated.
Obersby (2015) demonstrated that during the analysis of the confidential questionnaires of 49 LV, OLV, and vegans who were participating in a clinical pilot study, 53.13%
were oblivious to the potential detrimental effect to health of elevated plasma tHcy, largely
due to a deficiency of vitamin B12 in their vegetarian diets.
Methylcobalamin is the only form of vitamin B12 that contains a methyl group, and as
a consequence, it is the only form of vitamin B12 that can directly reduce homocysteine
(Herrmann et al., 2005).
The other forms of vitamin B12 (i.e., cyanocobalamin, artificially synthesized and widely
used in supplements and fortification of food and beverages, hydroxocobalamin, and adenosylcobalamin) on entry to the bloodstream must be converted in the body to methylcobalamin before they can be utilized in the folate cycle for remethylation of homocysteine
to methionine (Cooper and Rosenblatt, 1987; Pezacka et al., 1990). This conversion process
is necessary to regulate plasma tHcy, and in the case of cyanocobalamin, it may take from
4–9 weeks for the synthesis of methylcobalamin to occur (Kelly, 1997), assuming there is no
disruption by genetic factors, age-related issues, and metabolic problems (Obersby et al.,
2013a). Despite the relative low intake of vitamin B12 by vegetarians, vitamin B12 deficiency
may take years to realize since ∼75% of the body’s pool of vitamin B12 is reabsorbed by the
enterohepatic circulation (Green and Mille, 2007) and stored in the liver.
Malabsorption of vitamin B12 is by far the most common cause of vitamin B12 deficiency, which can lead to pernicious anemia or Biermer disease.

5. Cobalamin
5.1 Origins
Cobalamin is a very complex molecule because, unlike other vitamins, it can be configured
to form different forms of vitamin B12 (see Fig. 41.4A–D). It is only synthesized by microorganisms, and all mammalian cells can convert it into the coenzyme forms of methylcobalamin and adenosylcobalamin.
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FIGURE 41.4 Chemical structure of cobalamin. Adapted from Warren et al. (2002) and The European Food
Safety Authority (2008).
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FIGURE 41.4A R]cyano group. Adapted from Warren et al. (2002).
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FIGURE 41.4B R]methyl group. Adapted from Warren et al. (2002).
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FIGURE 41.4C R]hydroxo group. Adapted from Warren et al. (2002).
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FIGURE 41.4D R]adenosyl group. Adapted from Warren et al. (2002).

Vitamin B12 is found abundantly mainly in animal products where it is ubiquitous and
where it is ultimately derived from bacteria. Certain types of fungi and algae provide the only
natural source of this vitamin (Herbert et al., 1984; Herbert, 1987; Herbert and Colman, 1988;
Expert Group on Vitamins and Minerals, 2002). Animal products provide the vast majority
of dietary vitamin B12. The principal forms found in food are methylcobalamin, adenosylcobalamin, and hydroxocobalamin. The richest source of vitamin B12 is edible chlorella algae;
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other foods such as ox liver, clams, lambs liver, lambs kidney, oysters, and liver sausage contain good levels of vitamin B12. It has long been assumed that vitamin B12 is produced by
bacteria in the human colon, but it has now been established that vitamin B12 is produced
in the caecum below the ileum where vitamin B12 is absorbed by the microvilli of the ileum,
so it is not available for absorption (Herbert, 1985, 1987; Herbert and Colman, 1988). This is
supported by the fact that many animals, which are primarily vegetarian or near vegetarian,
obtain their vitamin B12 from eating their feces (Herbert, 1988).

5.1.1 Summary of Types of Cobalamin (Vitamin B12)
Vitamin B12 or cobalamin is a water-soluble vitamin. It has the largest and most complex chemical structure of all the vitamins. It is a member of a family of related molecules known as corrinoids that contain a corrin nucleus made up of a tetrapyrrolic ring
structure. The center of the tetrapyrrolic ring nucleus contains a cobalt ion that can
be coordinated to a methyl, adenosyl, hydroxo, or cyano group to form the different
types of vitamin B12, which have similar effects and are mostly associated with human
interaction (Expert Group on Vitamins and Minerals, 2002). Cobalamin is illustrated in
Fig. 41.4.
There is also another form of vitamin B12, which is present in edible cyanobacteria and
is often mistaken for the normal vitamin B12. It is designated as pseudovitamin B12 and is
known to be biologically inactive in humans (Watanabe et al., 1999; Watanabe, 2007). Its
structural formula is shown in Fig. 41.4E.
The chemical structures for R]cyano, R]methyl, R]hydroxo, and R]adenosyl to
structure the vitamin B12 form of cyanocobalamin, methylcobalamin, hydroxocobalamin,
E

FIGURE 41.4E Pseudovitamin B12. Note that the 5, 6-dimethylbenzimidazole as the α-axial ligand in Fig. 41.4 is replaced
by an adenine nucleobase (a purine derivative) (Hoffmann et al., 2000). Adapted from Watanabe et al. (2014).
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and adenosylcobalamin are shown in Figs. 41.4A–D, respectively, where R represents the
β-axial ligand position.
5.1.1.1 CYANOCOBALAMIN
It has a structural formula shown in Fig. 41.4 where R is per Fig. 41.4A. It has a molecular
formula of C63H88CON14O14P with a molecular weight of 1355.4 g/mol.
It is an especially common vitamin of the vitamin B12 family because it is, in chemical
terms, the most air stable. It is the easiest to crystallize and, therefore, easiest to purify following its production. Cyanocobalamin does not occur in nature (Qureshi et al., 1994); it is
artificially synthesized by the introduction of the cyanide group into hydroxocobalamin,
which has been sourced from bacteria. This was accidentally discovered when vitamin B12
was first isolated in the eluate from charcoal columns (Herbert and Colman, 1988). It is the
most widespread in supplements and in the food industry and can be used as an injectable
solution (Herbert, 1988). Cyanocobalamin is highly water soluble and heat stable and has
a long shelf life (Expert Group on Vitamins and Minerals, 2002). Cyanocobalamin is very
cheap to manufacture and can be classified as a drug.
5.1.1.2 METHYLCOBALAMIN
It has a structural formula shown in Fig. 41.4 where R is per Fig. 41.4B. It has a molecular
formula of C63H91CON13O14P with a molecular weight of 1344.8 g/mol (The European Food
Safety Authority, 2008). This form of vitamin is one of two active coenzymes in the body. It is
specifically the cofactor vitamin B12 form required by 5-methyTHF to recycle homocysteine
back to methionine. Methylcobalamin is found in food and can also be artificially produced
by bacteria. It predominates in blood plasma and certain other body fluids, such as cerebrospinal fluid, and in cellular cytosol (Cooper and Rosenblatt, 1987). Its biological function in
humans is as a cofactor for the enzyme MS and participates in the transfer of methyl groups
from 5-methyltetrahydrofolate to homocysteine, resulting in the subsequent regeneration/
remethylation of methionine from homocysteine (see Fig. 41.2) (Kelly, 1997). In addition,
methylcobalamin enhances synaptic transmission in learning and memory.
Methylcobalamin is less stable than cyanocobalamin, and it is particularly susceptible
to photodecomposition. However, in terms of dietary supplementation, the efficiency of
methylcobalamin in tablet or liquid form is usually improved by increasing the dose size.
It is found in foods such as meat, dairy, produce, and seafood, and it is relatively expensive to manufacture in supplementary form.
5.1.1.3 HYDROXOCOBALAMIN
It has a structural formula shown in Fig. 41.4 where R is per Fig. 41.4C. It has a molecular
formula of C62H89CON13O15P with a molecular weight of 1346.4 g/mol. It is synthesized in
the human body by commensal organisms, including a number of specific bacterial species including Streptomyces olivaceus (Hall et al., 1953), Streptomyces griseus, and Bacillus
megatherium (Basu and Dickerson, 1996), which can be used to manufacture the vitamin commercially. It is also found in some food such as meat and fish. Pharmaceutically,
hydroxocobalamin is usually produced as a sterile injectable solution, and it is used for
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treatment of vitamin deficiency and because of its affinity for cyanide ions as a treatment
for cyanide poisoning (Dart, 2006; Hall et al., 2007; Shepherd and Velez, 2006). It is encountered also in supplementary form.
5.1.1.4 ADENOSYLCOBALAMIN
Known also as 5-deoxyadenosylcobalamin, adenosylcobalamin has a structural formula as
shown in Fig. 41.4 where R is per Fig. 41.4D. It has a molecular formula of C72H100CON18O17P
with a molecular weight of 1579.6 g/mol (The European Food Safety Authority, 2008).
It occurs naturally in animal-derived food types such as fish, meat, eggs, and milk.
Adenosylcobalamin functions in reactions in which hydrogen atoms are exchanged for
organic groups. In humans, adenosylcobalamin is required for the enzyme methylmalonyl-CoA mutase, which is used in the catabolic isomerization of methylmalonyl-CoA to
succinyl-CoA (used in the synthesis of porphyrin) and as an intermediate in the degradative pathway for valine, isoleucine, threonine, methionine, thymine, odd-chain fatty acids,
and cholesterol (Qureshi et al., 1994). It plays an essential role in the production of blood
and the maintenance of normal cerebral and nervous function in the human body. It is
involved in the synthesis of thymidylate, a substance necessary for DNA synthesis.
5.1.1.5 PSEUDOVITAMIN B12
It has a structural formula shown in Fig. 41.4E. It has a molecular formula of
C59H83CON17O14P with a molecular weight of 1344.3 g/mol. Pseudovitamin B12 was shown
not to function in humans and therefore has received less attention than cobalamin (Fig.
41.4). The 500-fold-lower binding affinity of pseudovitamin B12 for the human receptor,
intrinsic factor, largely contributes to the inability of humans to use pseudovitamin B12
(Stupperich and Nexo, 1991).

6. Impact of Elevated Plasma tHcy
The normal range of plasma tHcy level has been defined as 5–15 μmol/L.
Hyperhomocysteinemia (HHCY) has been defined as a plasma tHcy level of >15 μmol/L
(Ravaglia et al., 2006). HHCY has been linked to the risk level of developing a homocysteine-related medical condition. The classification of HHCY is summarized in Table 41.4.
However, other studies on targeted segments of the population have shown that the
upper limit of 15 μmol/L is too high for the normal upper range of plasma tHcy in well-nourished populations without obvious vitamin deficiency (Ubbink, 1995; Nygard et al., 1998).
Table 41.4 Classification of Hyperhomocysteinemia (HHCY)
Homocysteine (μmol/L) Classification

Level HHCY

15–30
30–100
>100

Moderate
Intermediate
Severe

Adapted from Refsum et al. (1998, 2004).
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There are numerous health-related risk factors associated with HHCY; in particular, the
risk of cancer (Weinstein et al., 2001; Wu and Wu, 2002), hip fracture with Parkinson disease (Sato et al., 2005), diabetes (Buysschaert, 2001), hypothyroidism (Bicikova, 2001; Toft
and Toft, 2001), pregnancy miscarriages (Nelen, 2000), Alzheimer disease, and other forms
of dementia (Seshadri et al., 2002) and CVD (Wald et al., 2002).
Ueland et al. (2000) and Humphrey et al. (2008) have demonstrated that each increase
in 5 μmol/L in plasma tHcy increases the risk of coronary heart disease (CHD) by approximately 20%, independently of the traditional CHD risk factors. Additionally, it is well
documented that the risk for CHD is represented by a continuum of homocysteine concentrations with a substantial risk occurring between 10 and 15 μmol/L (Duthie, 1999).
Robinson et al. (1995) reports that any plasma tHcy level over 6.3 μmol/L represents an
increased risk of CHD.
Malinow et al. (1999) and Ubbink (2001) have shown that the optimum level of plasma
tHcy is <10 μmol/L. The odds ratio for the risk of developing a CHD event increases with
increasing plasma tHcy. The relationship between the odds ratio and CHD is presented in
Fig. 41.5.
A systematic review and meta-analysis (Obersby et al., 2013b) demonstrated
that there is strong evidence indicating that elevated plasma tHcy levels are a major
independent biomarker and/or risk factor to chronic conditions, such as CVD. It
indicated that elevated plasma tHcy is a risk factor in 82.8% of the CVD conditions
examined. From these studies, 71.4% of the reported CVD conditions showed that
plasma tHcy levels can be employed as a biomarker for the risk of developing CVD
(Obersby et al., 2013b).
Obersby et al. (2013b) have suggested that normal levels of plasma tHcy need to be
maintained, as a precaution to avoid increasing the risk of developing or exacerbating
CVD.




3ODVPDW+F\ PRO/














3ODVPDW+F\ /RZ5LVN =RQH
/HYHOPPRO/







3ODVPDW+F\ $W5LVN =RQH
/HYHOPPRO/WR
PPRO/





 



   





3ODVPDW+F\ +LJK5LVN =RQH
/HYHOPPRO/WRPPRO/
 9HU\+LJK5LVN =RQH/HYHO
!PPRO/

2GGVUDWLRIRUFRURQDU\KHDUWGLVHDVH

FIGURE 41.5 The odds ratio for coronary heart disease compared to plasma total homocysteine. Adapted from
Robinson et al. (1995), Boushey et al. (1995), Ueland et al. (2000), Ubbink (2001), Stanger et al. (2003), and Obersby
et al. (2013b).
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7. Main Conclusions
The following conclusions can be deduced from the aforementioned data:
1.	An inverse relationship exists between plasma tHcy and serum B12, from which it can
be concluded that the normal source is from animal products, and those who omit
this from their diet are destined to show that feature of vitamin B12 deficiency.
2.	Vegans have the highest mean plasma tHcy of 16.4 μmol/L and the lowest mean
serum vitamin B12 of 172 pmol/L, which theoretically corresponds to an odds ratio
of developing CHD of 5.7, while according to some estimates in LVs and OLVs, mean
plasma tHcy is 13.9 μmol/L with a mean serum vitamin B12 of 209 pmol/L, which
theoretically corresponds to an odds ratio of developing CHD of 4.8. Omnivores have
the lowest mean plasma tHcy of 11 μmol/L and the highest mean serum vitamin B12
of 303 pmol/L, which theoretically corresponds to an odds ratio of developing CHD
of 2.4 according to some estimates. It is noted, however, that this slightly high mean
plasma tHcy may be due to a deficiency of folate and not vitamin B12 as omnivore
diets are notoriously low in folate.
3.	Vegetarian diets generally provide adequate amounts of nutrients that concur in the
regulation of Hcy, with the exception of vitamin B12, TMG, and choline. However, TMG
and choline only play a minor role in reducing homocysteine.
4.	In vegetarians with mild hyperhomocysteinemia, plasma tHcy are strongly affected
by methionine intake, in a quasilinear way. This indicates that concentrations of
plasma tHcy can be exacerbated by the consumption of high methionine-containing
foods.
5.	LVs and OLVs and particularly vegans should consider supplementing their diet with
methylcobalamin, the only form of vitamin B12 that can directly reduce plasma tHcy
to reduce the risk of developing homocysteine-related primary CVD.
  
Methylcobalamin would also avoid the potential conversion problems associated with
other forms of vitamin B12 that are more commonly employed in supplementation.
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UNI VER S I T Y O F G L A S G O W, G L A S G O W, U N I T E D K I N G D O M

Vegetarian diets, when well planned, have the potential to be balanced and provide
the full range of nutrients essential to sustain health. In some instances, especially
for the more restrictive diets excluding all animal products, i.e., vegan diets, there is
a need to use supplemented foods or dietary supplements to meet reference values.
While those following vegetarian diets in developed countries, who are usually welleducated, health conscious, and likely to adhere to published recommendations and
guidelines (Sobiecki et al., 2016), some groups may be more vulnerable to nutrient
deficiencies. These groups include vegetarians following a vegan diet, women of childbearing age (peri-conception and during pregnancy), as well as teenagers and those
who have recently adopted a vegetarian dietary pattern (Craig et al., 2009). This chapter focuses in particular on iodine nutrition and its role for thyroid function in the
context of the vegetarian diets.

1. The Thyroid and Iodine
The thyroid is a gland located in the neck, responsible for the production of the thyroid
hormones. Iodine, a trace element obtained from the diet, is an essential component of
the two thyroid hormones: thyroxine (tetra-iodo-thyronine, or T4) and its active metabolite tri-iodo-thyronine (T3). These thyroid hormones consist of two coupled tyrosine molecules to which four (T4) or three (T3) iodine atoms are attached. T3 and T4 are critical for
normal early neurodevelopment (especially in utero and during lactation) and metabolism throughout life, with implications for cardiovascular health later in life.
Iodide is effectively taken up from the gut lumen (from our food) into the blood and
from the blood to the thyroid (via sodium/iodine symporters) (Glinoer, 2001). Depending
on iodine stores in the thyroid gland, the anterior pituitary gland secretes thyroid stimulating hormone (TSH) to stimulate this transfer. After entering the thyroid gland, the
iodide is oxidized to iodine and bound to the tyrosine residues of thyroglobulin (by the
heme-dependent thyroid peroxidase), to form monoiodotyrosines and diiodotyrosines.
These are then coupled into T3 and T4 by thyroperoxidase and proteases. Under the action
of TSH, T3 and T4 are then released in the bloodstream.
Vegetarian and Plant-Based Diets in Health and Disease Prevention. http://dx.doi.org/10.1016/B978-0-12-803968-7.00042-3
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The iodine-replete body excretes most of the iodine ingested in urine and feces (∼9:1
ratio, unchanged in pregnancy) (Jahreis et al., 2001). The excreted iodine, referred to as
urinary iodine (UI, expressed as a concentration in microgram per liter of urine or, less
often, per gram of creatinine), is therefore a direct reflection of what has been consumed
in the preceding hours, and not necessarily a reflection of the true background iodine status. When iodine intake is not meeting demand, thyroid–iodine stores diminish. The first
hormone to decrease is T4, accompanied by an increase in TSH. An early manifestation of
this is adaptation to increase uptake of iodide from the blood (and possibly the intestine)
accompanied by decreased urinary excretion (Zimmermann and Andersson, 2012).
Given that iodine is extensively stored in the thyroid, it can safely be consumed intermittently, which makes use of iodine-rich ingredients, in a range of foods, attractive, with
occasional intake enough to ensure iodine sufficiency.

2. Thyroid Health and Nutrition in Pregnancy
A particular vulnerable period is the time of peri-conception and pregnancy, as maternal
iodine requirements increase to meet the needs of the fetus. Although few people have
frank iodine deficiency and dietary hypothyroidism, a low or marginal intake will present
a potential hazard in pregnancy because of the increased demand placed on maternal
thyroid function (Glinoer, 2004).
While hypothyroidism complicates some pregnancies (Abalovich et al., 2002), it does
not preclude hypothyroid women to become pregnant (Montoro et al., 1981), making
iodine intake crucial during the period surrounding childbearing. When the iodine intake
is below the recommended intake (250 μg/day in pregnancy; World Health Organization,
2007; although a new threshold value of 200 μg/day has been proposed; EFSA NDA Panel,
2014), adequate secretion of the thyroid hormones may still be achieved by physiological
adaptation. Modifications of thyroid and pituitary activities increase TSH secretion, which
enhances production of T3 relative to T4 and rapid iodine turnover (Delange and Lecomte,
2000), but fetal supply and placental transfer remain low, as it is primarily maternal T4, and
not T3 that crosses the placenta.
Since the fetal thyroid is not functional in the first trimester, transfer of iodine to the
fetus only becomes essential after about week 16 of gestation, when the fetal thyroid starts
to function. During the first trimester especially, severe disruption of thyroid hormone
delivery to the fetus through maternal iodine deficiency has been shown to be associated with adverse pregnancy outcomes including spontaneous miscarriage, fetal death,
preterm delivery, fetal distress, small head circumference, low birth weight, and impaired
neuropsychological development (Glinoer, 2007). Mild iodine deficiency (ID) can also
result in a range of developmental impairments including poor visual-motor performance
and motor skills, decreased neuromotor and perceptual ability, and lower developmental
and intelligence quotients associated with ID (Delange, 2001). There have been cases of
transient neonatal hypothyroidism attributed to very low maternal iodine status (and thyroid function) linked with veganism. In this case, the child had a goiter at 10 days of life and
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elevated TSH. Thyroxine prescription and feeding with an iodine-rich formula reversed
the symptoms. However, the long-term impact of the ID on the infant cognition will not
be clear until later (Shaikh et al., 2003).
Low maternal iodine status in pregnancy (individual iodine-to-creatinine ratios below
150 μg/g in spot urine samples) was associated with decreased cognitive functions in
the ALSPAC cohort (n = 1040 children) from the south of England (Bath et al., 2013) and
the Tasmanian Gestational Iodine Cohort (n = 228) (Hynes et al., 2013). While the dietary
iodine is not scarce in these regions (Mian et al., 2009), the explanation may be that many
of the young female population commonly exclude fish and/or dairy products from their
diets, for social or other reasons, leading to either low or marginal iodine intakes (Olsen,
2003).

3. Nutrients and Dietary Compounds Affecting Thyroid
Function
Other nutrients, beside iodine, are important to sustain thyroid function. They include
selenium and iron. Selenium is an essential component of the selenoproteins. These
selenoproteins are ubiquitous in the thyroid cells, and they include the iodothyronine
deiodinases (which scavenge iodide and produce active thyroid hormone), thioredoxinreductase, and glutathione peroxidase, which are essential to protect the cells against free
radical damage otherwise generated by hydrogen peroxide (itself essential to the thyroid
hormone production) (De Fusco et al., 2013; Zimmermann and Köhrle, 2002; Rayman,
2012). In individuals deficient in both selenium and iodine, it is likely that selenium deficiency mitigates hypothyroidism; supplementation with selenium is therefore not recommended until iodine levels are corrected (since selenium supplementation can stimulate
thyroxin metabolism via iodothyronine deiodinase) (Contempre et al., 1991).
The contribution of iron to thyroid function may also take place via heme-containing
enzymes. In the early stages of thyroid hormone formation, iodide is incorporated to the
tyrosine residues of thyroglobulin by the heme-dependent thyroid peroxidase. As such,
both selenium and iron deficiency can influence thyroid function and may influence the
response to iodine prophylaxis (Zimmermann and Köhrle, 2002).
Vitamin A and zinc are also important, although mechanisms are less clear. Zinc may be
an important component of the thyroid hormone receptor (Olivieri et al., 1996). Vitamin A
may play a role in the activation of the pituitary receptor, with deficiency increasing TSH
secretion (Zimmermann et al., 2004).
It is important to consider the impact of supplementing with selenium and vitamin A in
iodine-deficient populations, as supplementations could otherwise precipitate or aggravate hypothyroidism (Olivieri et al., 1996; Zimmermann, 2007).
Another class of dietary compounds commonly classified as “goitrogens” have
been reported to influence thyroid function. This evidence has, however, been mostly
collected in animals. Goitrogenic substances include soy isoflavones (genistein and
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daidzein, via inhibition of thyroid peroxidase activity in rats), perchlorate (an environmental contaminant, competitively inhibiting the sodium/iodine symporter), thiocyanate (from cigarettes, another competitive inhibitor of sodium/iodine symporter), and
thiocyanate (found in Brassica vegetables including broccoli, sprouts, cabbages) (Cao
et al., 2010; Gaitan, 1990).

4. Iodine Nutrition, Food Sources
4.1 Dairy, Fish
Dairy and seafood are the main dietary sources of iodine in Europe (Haldimann et al.,
2005). In areas with historical endemic goiter (in the United Kingdom, endemic goitre
was referred to as the “Derbyshire neck”) clinical dietary hypothyroidism was eliminated, in what was termed an accidental public health success, following change to
farming practice and supplementation of dairy herds (Phillips, 1997). Dairy/milk intake
was the major contributor to the decreased occurrence of goiter (a visible symptom of
iodine insufficiency) in the United Kingdom.
Further changes in farming practice, including the decreased use of iodophores for milking (to sanitize the udder, resulting in leaching of iodine in the milk), organic farming, and
formulation of fortified cattle feeds, mean that less iodine is now present in milk (Bath et al.,
2012), with dairy intake and especially milk intake steadily decreasing since 1975 (Elwood,
2005). Milk, however, remains a good source of iodine, contributing to 22%–47% of the total
iodine intake in the United Kingdom (Chambers, 2015). A substantial proportion of the
young female population excludes at least one of the iodine-rich food groups (dairy/fish)
from their diets, leading to either low or marginal iodine intake (Mian et al., 2009). Indeed,
we have shown that women struggle to reach the recommended iodine daily intake (140
μg/day for non-pregnant adults, the reference nutrient intake (RNI), which would provide
an amount sufficient to meet the needs of the majority of the population) (Combet et al.,
2015; Lampropoulou et al., 2012). This will be the case for vegetarians. Meanwhile, 70 μg/
day, the lower RNI (LRNI) for adults, was defined as the minimum intake necessary to avoid
goiter in a population (Scientific Advisory Committee on Nutrition, 2014).

4.2 Salt
While iodine fortification of common foods (salt, bread) is widespread, it is not enacted
in all countries. There is no requirement for iodine fortification of foods in the United
Kingdom, and iodine fortification is therefore unusual. With growing concern that
subclinical ID may be emerging in post-industrial countries previously assumed to
be iodine sufficient, there is currently very little evidence about the need for specific
dietary advice or for iodine fortification/supplementation targeted toward these two
key vulnerable groups: young women and their infants. In the absence (or in the case of
poor uptake) of universal salt iodization (USI), iodine is mostly secured via consumption of seafood and dairy products. This is a particular challenge for those following a
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vegetarian or vegan diet. In the United Kingdom, where there is no prophylaxis, consumption of iodine supplements is virtually nonexistent, with iodized salt used by less
than 5% (Lazarus, 2007).
In contrast to mandatory fortification (a national public health measure, usually monitored), voluntary fortification is a commercial choice to add nutritional value to a food
product (Casala et al., 2014), and it has been monitored since 2007 by the European Union
(EC Regulation, 1925, 2006) to protect consumers. USI is the main method of iodine prophylaxis worldwide (World Health Organization, 2014), with USI adopted in over 120
countries. Iodine deficiency disorders have been successfully eliminated or controlled in
many countries as a result of this public health strategy in combination with diet diversification. However, studies in numerous countries, including Italy (Marchioni et al., 2008),
Turkey (Kut et al., 2010), Tasmania (Burgess et al., 2007), France (Raverot et al., 2012), and
Belgium (Vandevijvere et al., 2013), showed that ID in pregnant women persisted even
after the application of USI. Despite recent implementation of mandatory fortification
of bread with iodized salt, a large proportion of Australian pregnant women also remain
iodine deficient unless they take iodine-containing supplements (Charlton et al., 2010,
2013).
To date, there is no mandatory or voluntary measure for salt iodization in the United
Kingdom. There is still a concern, among some clinical and public health professionals,
that attributing a positive, health-promoting characteristic to salt may blunt the public
health effort toward salt reduction in relation to the prevention of cardiovascular diseases.
This is despite a recent joint WHO/ICCIDD meeting highlighting that it is possible to synergize salt reduction and iodine fortification agendas, assuming the appropriate level of
coordination (World Health Organisation, 2014).

4.3 Seaweed
Seaweed or edible algae, a food produced on the coast of many countries, is a rich source
of micronutrients. Data on seaweed consumption are lacking, despite the fact that it is
a rich source of iodine. A key issue is the wide variation in the iodine content between
species (from 16 to 8165 μg/g) (Teas et al., 2004; Bouga and Combet, 2015). Seaweed consumption, mainly when seaweed is kelp, can lead to very high iodine intake, and excretion in the urine. Indeed, Leung et al. measured urinary excretion of iodine at 9437 μg/L in
a kelp-consuming vegan, likely to denote an excessive intake (the reference range being
100–300 μg/L; Leung et al., 2011).
Due to the large variations in the iodine content of seaweed, consumption is usually
not recommended. High iodine intake has potential health consequences, which are discussed further on in this chapter.

4.4 Supplements
The iodine content of dietary supplements varies a lot, and intakes are generally poorly
reported in the literature. From the point of view of the most restrictive vegetarian diets
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(vegan), certain nutrients, including B12 and iodine, should be obtained from supplements. Kelp tablets containing very high amounts of iodine are not recommended.

5. Assessing Iodine Sufficiency and Iodine Intake
For epidemiological purposes, iodine insufficiency is defined as a population, or subgroup, with a median urinary concentration (UIC) less than 100 μg/L for non-pregnant
adults, and below 150 μg/L for groups of pregnant women (World Health Organization,
2007). The WHO criteria for iodine sufficiency in non-pregnant adult populations is based
on UI concentration of 100–200 μg/L. Mild ID at population level is defined as a median
UI < 100 μg/L, moderate deficiency as UI < 50 μg/L, and severe deficiency as UI < 20 μg/L
(WHO/UNICEF/ICCIDD, 2007).
It is also possible to measure the dietary iodine intake, using dietary assessment techniques. These will typically rely on weighed or estimated food diaries or food frequency
questionnaires (Combet and Lean, 2014; Rasmussen et al., 2001). A limitation for both
of these methods is the reliance on national food composition tables, which are often
inadequate or incomplete to provide a sufficiently accurate picture for this nutrient. In
populations where iodine is secured mostly via iodized salt, dietary assessment might be
less useful and able to derive meaningful values, because of error in the estimation of salt
intake (Schüpbach et al., 2015). Lightowler and Davies (1998, 2002) have used the duplicate diet method, where participants set aside the equivalent foods that they have eaten
for chemical analysis. While more precise and accurate, the method is also burdensome
and costly.
ID is a global threat affecting 2 billion individuals worldwide. In Europe, despite commitment to eradicate ID, 21 countries (out of 35) declared no mandatory iodine fortification, leaving 24.2 million children (34% of the age groups) exposed to ID (Lazarus,
2014; Zimmermann and Boelaert, 2015). While ID is not necessarily “visible,” it has lifelong consequences and a financial cost, estimated to short of 1 billion Euros for health
care in Germany alone (Kahaly and Dietlein, 2002). ID is highlighted by the World Health
Organization as a major public health issue and the most preventable cause of mental
retardation and brain damage (Zimmermann and Andersson, 2012).
Previously, the United Kingdom has been assumed to be iodine replete; however,
a survey of British school girls aged 14–15 years in 2011 (Vanderpump et al., 2011)
demonstrated otherwise, with a median UIC of 80 μg/L. While young children aged
8–10 years old are sufficient (median 144 μg/L) (Bath et al., 2015), females of childbearing age (median 75–85 μg/L) (Lampropoulou et al., 2012; Bath et al., 2014) and
breast-feeding women (median 79 μg/L) (Bouga et al., 2014) are iodine insufficient.
This scenario remains true for numbers of other developed countries that, contrary
to the United Kingdom, have implemented an iodization strategy. It also highlights
entry in adolescence as a key point for changed dietary behaviors related to iodine
nutrition.
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6. Iodine Intake and Status in Ovolactovegetarians
and Vegans
There are few comprehensive cross-sectional studies assessing the iodine status of individuals following a vegetarian or vegan diet, and the usefulness of the data will be highly
dependent on the dietary assessment tool used. Dietary assessment is not the preferred
method to estimate sufficiency for iodine, with urinary excretion the more widely used
method. Indeed, while a RNI (140 μg/day) and LRNI (70 μg/day) are used in the United
Kingdom, there are no estimated average requirements (EAR). The Institute of Medicine
states an EAR of 95 μg/day (approximating the mean turnover of iodine by the thyroid in
healthy adults).
Dietary iodine intake, reported by Sobiecki et al. (2016), Kristensen et al. (2015),
Waldmann et al. (2003), Lightowler and Davies (1998, 2002), Rauma et al. (1994) and Draper
et al. (1993), for vegetarian diets varied a lot, depending on dietary assessment methods
and country of evaluation. Vegetarian iodine intakes were close or above the RNI of 140 μg/
day (and EAR of 95 μg/day) for the EPIC-Oxford study (mean 141–146 μg/day) (Sobiecki
et al., 2016), and the study by Draper (126 and 167 μg/day) (Draper et al., 1993), but not in
the German Vegan Study (intake of 88 and 78 μg/day) (Waldmann et al., 2003). The iodine
intake for the vegan groups was consistently below recommendation, with values ranging
from 42 μg/day to 98 μg/day (Table 42.1), except in the studies of Lightowler and Davies,
where a higher mean intake was reported (Lightowler and Davies, 1998, 2002). This higher
intake is potentially skewed by seaweed consumption by one of the volunteers, compounded by the use of the mean to describe central tendency, when the median would be
more appropriate given the distribution of intake data. The duplicate diet methods also
led to a much higher assessment of iodine intake. This is an important observation, since
it is recognized that food composition tables may not be appropriate to estimate iodine
intake in individuals following non-conventional diets. Krajcovicova-Kudlackova mentions that, for the same sample of Finnish vegans, using regional Finnish food tables, led
to the estimation of a daily intake of 29 μg/day, threefold higher than when British food
composition tables were used (Krajcovicova-Kudlackova et al., 2003).
Sobiecki highlights that while only 58% of the vegan group meet the recommended UK
intake, all other (United Kingdom) groups, including omnivores, all nonvegan vegetarians,
and pescetarians, exceed it (Sobiecki et al., 2016); however, the RNI is not the adequate
reference value to estimate adequacy of intake for a population based on the number of
individuals with intake below or above this value. In the German Vegan Study, only 1.3%
of German vegans reached the recommended national intake of 200 μg, with no difference
between vegans and ovolactovegetarians (Waldmann et al., 2003). A potential limitation
of studies assessing iodine intake with FFQ, including the EPIC-Oxford study, is the lack of
information on iodized salt intake and seaweed foods captured: indeed the iodine intake
in vegans may have been underestimated (Sobiecki et al., 2016). This finding is echoed
by all the other studies, except that of Lightowler, with both diaries and duplicate plates.

Table 42.1 Dietary Intake in Vegetarian Diets Compared to Omnivorous Diets

OV

Sample Size
VG
VN

Othersa

Dietary
Method

Sobiecki et al. Oxfordshire,
M
(2016)
Buckinghamshire,
and Greater
Manchester, UK F

3798

1516

269

782

FFQ

14,446 5157

534

3749

Kristensen
et al. (2015)
Waldmann
et al. (2003)
Lightowler
and Davies
(1998)

Denmark

566
691

33
37
19
37
11

Lightowler
and Davies
(2002)

UK

Author

Region

Germany
UK

M
F
M
F
M

48
50

F

19

M

11

F

15

M

11

F

15

Rauma et al. Finland
(1994)

M and 12
F

12

Draper et al.
(1993)

M
F

London, UK

16
36

18
20

Iodine Reference Intake: 140 (UK DRV) or 150 μg/
day (WHO)
OV
VG
VN
Othersa
214 (85.6)

141 (77)

55 (40)

197 (85)

214 (85)

146 (79)

54 (40)

195 (86)

4-day weighed 213 (180–269)a
food diary
178 (146–215)
2 × 9-day FFQ
88 (31)
78 (26)
4-day duplicate
diets

4-day diaries

4-day duplicate
plate

7-day food
records

13
24

222 (93)

3-day weighed 244
diaries
190

OV, omnivores, or meat eaters; VG, vegetarians, including ovolactovegetarians; VN, vegans.
aOthers: Sobiesk, fish eater (those who do not eat meat, but eat fish); Draper, semivegetarians who usually avoid meat.

216 (73)
167 (59)

64 (43–91)b
65 (54–86)
94 (28)
82 (34)
137 (149)
(25–521)
187 (346)
(25–1467)
42 (46)
(5–173)
1448 (3878)
(12–13256)
137 (147)
(25–521)
216 (386)
(25–1467)
29 (18)

98 (42)
66 (22)

Comment
Mean (SD); others
are fish eaters; for
iodine, the value
developed by the
Food and Nutrition
Board of the
Institute of Medicine
(IOM) was used as
surrogate EAR
Median (IQR)
Mean (SD)
Mean (SD) (range)

253 (164)
172 (91)

Mean (SD); vegans
following “living
food diet” or raw;
some with illnesses
Mean (SD)
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Lightowler reported 64% males and 67% females not meeting the UK recommended intake
using the duplicate plate method, and 91% and 87% using the diet diaries (Lightowler and
Davies, 1998, 2002). The women’s results in these studies were skewed by two participants
consuming seaweed, bringing the average up significantly; moreover, the iodine content
of seaweed on food composition tables was significantly higher than that measured by
duplicate diet (Lightowler and Davies, 1998, 2002). Again, it is worth noting that the fact
that any individual intake lower than the reference intake does not mean that this individual has an insufficient intake, and the proportion of individuals not meeting the reference
intake, when this is an “adequate intake,” is not a proxy for the prevalence of insufficient
intake in the population.
In contrast, the prevalence of insufficient intake has been more precisely estimated in
the EPIC-Oxford study (using the EAR cut-point method with the Institute of Medicine
surrogate EAR of 95 μg/day), and figures for vegans were high, at 94%–93% (male/females),
versus 33% for male ovolactovegetarians and 29% for female ovolactovegetarians. Of further concern, a very high proportion of female vegans had intake below the LRNI of 70 μg/
day using the duplicate plate method and diet diaries (67%, 87%, respectively). The proportion of vegan males with intake below 70 μg/day remained at 91% with diet diaries, but
it was 27% with the duplicate plate method (Lightowler and Davies, 1998, 2002).
All dietary assessment exercises rely on the representativeness of the diet period
assessed, and the methods to quantitatively derive a nutrient intake. The findings of
Lightowler identify an important issue with the adequacy of food composition tables.
However, regardless which method is used, a high proportion of vegans do not apparently
cover the iodine requirement.
There is very little evidence relative to the dietary behaviors of women following vegetarian diets during pregnancy. The nutrient was not part of the outcome measures in
a systematic review of pregnancy outcomes for vegetarian diets (Piccoli et al., 2015).
Omnivorous UK pregnant women (n = 893) have a median daily iodine intake (including
supplemental iodine) of 236 μg/day (IQR 164–320) in the first trimester of pregnancy, versus 241 μg/day (IQR 178–309) for vegetarian women (n = 75) and 104 μg/day (IQR 38–721)
for vegan women (n = 5). While 62% of omnivorous and 73% of vegetarian women met the
lower (EU) recommendation of 200 μg/day, only 20% of the vegan pregnant mothers did.
The proportions meeting the higher (WHO) recommendation of 250 μg/day were slightly
lower for omnivores (46%) and vegetarians (43%) with only 20% of vegan mothers meeting
the WHO recommendation (Combet, unpublished data).

7. Iodine Status
Iodine status has been measured via UI excretion in five studies (Table 42.2). The studies use a range of samples, from single spot samples to repeat 24-h urine collections.
The use of single spot samples are usually not adequate to define the iodine status of an
individual, and repeated samples, ideally 10, are required (König et al., 2011). The use
of mean, median to describe central tendency, as well as range, standard deviation, or

Author

Region

Sample

Method

Leung et al.
(2011, p. 67)
Elorinne et al.
(2016)
KrajcovicovaKudlackova
et al. (2003)
Schüpbach
et al. (2015)

Boston, US

M and F

Finland

M and F

Slovakia

M and F

Urinary
spot
24-h
urine × 1
24-h
urine × 2

Switzerland M and F

4 × spot
urine

OV

(n = )
VG VN

OV

78

62

164a

21

37
(18–86)
210
(76–423)

18
35

31

15

100

53

53

A different letter (a, b) indicates significant difference between groups.
aUS (NHANES) adult median urinary iodine concentrations 2007–08.

Iodine μg/L
VG
VN
78
(7–965)a

177
(44–273)

83
75
(22–228)a (1–610)a

% <100 μg/L
Iodine
OV
VG
VN

147 (9–779)b

Comments
Median (range)

(5-22)

91

71
(9–204)

9

56 (27–586)b

64

100

Median (IQR)

26

80

Median (range)

66

79

Median (min–max)
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interquartile range to describe dispersion renders interpretation difficult. However, again,
the iodine status of vegans appears inadequate. In a cross-sectional study in Boston, the
median UI was found to be significantly lower in vegans (78.5 μg/L) than ovolactovegetarians (147 μg/L) and that observed for the northeastern US population (134 μg/L) (Leung
et al., 2011). Similarly, in Slovakia, the urinary excretion of iodine was significantly lower in
vegans (78 μg/L) compared to ovolactovegetarians (172 μg/L) or omnivorous participants
(216 μg/L). Additionally, 80% of vegan respondents were found to be below the sufficiency
threshold of 100 μg/L UI excretion compared to just 9% of omnivores (KrajcovicovaKudlackova et al., 2003). Despite iodine prophylaxis, a large majority of the Swiss omnivorous, vegetarian, and vegan samples displayed iodine concentrations below the threshold
(64% for omnivores to 79% for vegans; Schüpbach et al., 2015). In Finland, UI excretion
was lower than the threshold for all vegans and most omnivorous controls (91%) (Elorinne
et al., 2016). In the United Kingdom, Lightowler measured iodine concentration over 4 days
(with complete urine collections), with very low excretion (mean 24 μg/L and 34 μg/L for
male and females, respectively) (Lightowler and Davies, 1998). These concentrations were
not in line with the iodine intake determined via the duplicate plate method. Potential
explanations may reside in the reduced bioavailability of iodine from certain food sources
(especially seaweed) (Aquaron et al., 2002; Combet et al., 2014).

8. Supplement Usage
Information on the type of supplement usage in vegetarian diets was not always well
reported or focused on iodine-containing supplements (Table 42.3). Only Lightowler
and Davies and Leung identified iodine-specific supplement usage, with 17% and 40%,
respectively, reporting regular consumption. According to Draper, dietary supplement
contributed to only 11% of the iodine RNI, lower than the 39% reported by Lightowler
using the duplicate plate method (Draper et al., 1993; Lightowler and Davies, 1998; Leung
et al., 2011, p. 67). All other reports (Elorinne et al., 2016; Sobiecki et al., 2016; Schüpbach
et al., 2015) point toward a minority making regular use of dietary supplements, with the
exception of Draper, reporting 54% of the (small) UK sample taking (any) dietary supplements, and Kristensen et al. (2015) in Denmark, reporting 66% of vegans supplementing
their diet. The larger EPIC-Oxford study reports a third of ovolactovegetarians and vegans
taking dietary supplements regularly, with about half consuming multimineral-enriched
multivitamins (Sobiecki et al., 2016). While ovolactovegetarians have the potential to meet
their iodine requirements via consumption of milk and dairy products, fortified foods, and
occasionally through seaweed consumption, vegans are restricted to seaweed or iodinefortified foods to meet their requirement. The use of a supplement is therefore likely to be
warranted, especially when considering the intake and excretion data presented.
During pregnancy, in the United Kingdom, 37% of the omnivorous pregnant women
used an iodized supplement, versus 63% of vegetarian women and only 20% of the vegan
women (Combet, unpublished data). This is a particular concern for vegan diets, at a time
when iodine requirements are increased.

n

Regular/Daily
Supplement (%)
VG
VN
Othersa

Author

Region

Sample

OV

VG

VN

Othersa

OV

Sobiecki et al.
(2016)

Oxfordshire,
Buckinghamshire,
and Greater
Manchester, UK

M

3798

1516

269

782

19

29

35

28

F

14,446

5157

534

3749

26

35

37

33

Finland

M and F

18

Switzerland

M and F

100

Boston, US

M and F

UK

M and F

London, UK

M and F

Elorinne et al.
(2016)
Schüpbach et al.
(2015)
Leung et al.
(2011)
Lightowler
and Davies
(1998)
Draper et al.
(1993)

21
53

53

78

62

71

23

30

52

38

37

OV, omnivores, or meat eaters; VG, vegetarians, including ovolactovegetarians; VN, vegans.
aOthers: Sobieski, fish eater (those who do not eat meat, but eat fish); Draper, semivegetarians who usually avoid meat.

41

Comments
Any multivitamin (iodine
not specifically mentioned),
multivitamin with multimineral
typically represented 50% of
the multivitamin supplements

32

Multivitamin/multiminerals

43
39

Estimated as B12-containing
supplements
Iodine-containing supplements

17

Iodine-containing supplement

54

49

Any dietary supplement
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9. Selenium and Iron Intake and Status
As outlined previously, iron and selenium are important for thyroid function. These two
nutrients are covered in detail in dedicated chapters in this book.
Selenium intake was generally low in the vegetarian groups, which could affect thyroid
function. In the EPIC-Oxford study, only 55% of the selenium reference intake was met
for vegans and 47% for ovolactovegetarians (Sobiecki et al., 2016). This was also the case
in Denmark, where only 34% of the vegans reached the recommended intake of selenium
(Kristensen et al., 2015). However, dietary intake is not the preferred method to establish
selenium status. In Finland, Elorinne reported lower selenium concentrations in vegans
than in nonvegans, with those values similar to those in countries that do not add selenium
to fertilizers (Finland is the only country where this happens) and above reference for both
vegans and ovolactovegetarians (Elorinne et al., 2016). The readers may report to Chapter 40
for a full review of selenium intake and status in plant-based and vegetarian diets.
A plant-based diet with no supplementation can increase the risk for low iron stores,
which may possibly lead to subsequent iron deficiency, especially in women. However,
there is no clear evidence that such a diet, in industrialized countries, increases the risk
for iron deficiency anemia. The readers may report to Chapter 39 for a full review of iron
intake and status in plant-based and vegetarian diets.
In terms of iron intake, Sobiecki showed a slightly higher iron intake in vegans (18 mg)
compared to ovolactovegetarians and omnivorous participants (16 mg) (Sobiecki et al.,
2016). Prevalence of inadequate intake was assessed only for men and women aged over
51 in the EPIC-Oxford study (due to distribution of the data for the younger female age
groups); after bioavailability adjustment, with 11%–13% of vegans (male, female, respectively) and 11%–19% of ovolactovegetarians (male, female, respectively) had inadequate
intakes, versus 0.4%–0.8% of omnivorous subjects. These figures are likely to be compounded, since younger females were not included, and do not necessarily reflect iron
stores. In Switzerland, there was no difference in the proportion of individuals with plasma
ferritin lower than the reference range (11% of vegetarians, 13% of vegans, and 14% of
omnivores) (Schüpbach et al., 2015). In Denmark, all male vegans reached the iron recommendation, but only 60% of the female vegans did (Kristensen et al., 2015).
Meanwhile, in pregnancy, a systematic review identified a risk of iron deficiency in
vegan and vegetarian diets (Piccoli et al., 2015). The readers may report to Chapter 32
for a full review of vegetarian diet in pregnancy.

10. Iodine Toxicity: Prevalence in General and Links
to Thyroid Health
The upper tolerable limit of iodine intake have been defined as 1.1 mg/day by the IOM in the
United States and 600 μg/day by the European Food Safety Authority for healthy individuals
(Goldhaber, 2003; Flynn et al., 2003; Food and Board, 2001). These thresholds are designed
for the general (euthyroid) population, rather than groups with thyroid pathologies, who
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may have an increased sensitivity to iodine (EFSA NDA Panel, 2014). For vegan diets, a natural source of iodine is seaweed. A small daily dose of seaweed (0.5 g, equivalent to 356 μg
iodine) can increase the iodine status of women (Combet et al., 2014). Moreover, a 2-week
iodine supplementation with up to 500 μg/day had no impact on thyroid function tests in
euthyroid subjects (Combet et al., 2014). However, regular seaweed consumption is not
recommended, as consumption has been associated with concerns over both iodine toxicity (the seaweed may contain toxic levels of iodine, especially if belonging to the kelps) and
ingestion of contaminants and heavy metals. In the United Kingdom, a study identified
a substantial (n = 26) range of retailed food products that, if consumed, could lead to an
iodine intake higher than the TUL of 600 μg/day (Bouga and Combet, 2015). Large (excessive) iodine intake can inhibit the formation of thyroid hormones and increase plasma
TSH, a phenomenon known as the Wolff-Chaikoff effect, which is transient and uncommon in Western countries. Restricting seaweed intake postacute exposure can reverse the
iodine-induced goiter and transient hypothyroidism (Zava and Zava, 2011).

11. Thyroid Diseases and Vegetarianism
Chronic iodine insufficiency may lead to hypothyroidism (an elevated TSH level, accompanied with a decreased free T4 level in overt hypothyroidism, or normal free T4 in subclinical hypothyroidism). Several studies reported that iodine-insufficient populations were
diagnosed with iodine-induced hyper- or hypothyroidism following high iodine intake
(Roti and Degli Uberti, 2001; Leung and Braverman, 2012; Emder and Jack, 2011; Camargo
et al., 2008).
Smaller studies, such as that of Leung, found no significant difference in the TSH levels
between vegans (median 1.1 mUI/L) and vegetarians (median 1.38 mUI/L) (Leung et al.,
2011). In this study, only one vegan participant had a TSH value over 5.5 mUI/L. In the
study of Key et al. (1992), vegans had a slightly elevated TSH compared to omnivorous participants (geometric mean thyroid stimulating hormone concentrations 2.4 mUI/L; 95%
CI 2.0–2.8) and1.7 mUI/L (1.5–2.0), respectively). Five of the 48 vegans but none of the 53
omnivores had a TSH concentration above 5 mUI/L. Only one vegan was hypothyroxinemic. The three who took kelp were hypothyroid (two subclinical and one overt).
The Adventist Health Study-2 is a large cohort study of a religious group where the
consumption of a plant-based diet is advocated (over 96,000 church members). In
this group, there was no association between vegan diets and the prevalence of incidence of hypothyroidism (OR 0.89, CI 95% 0.78–1.01, and OR 0.78, 95% CI 0.59–1.03,
respectively) (Tonstad et al., 2013). However, an ovolactovegetarian diet was associated
with slightly elevated odds for the prevalence of hypothyroidism (1.09, 95% CI 1.01–
1.18), but not the incidence. While iodized salt use was not determined per se, salt use
more than once a day was associated with elevated odds of prevalent hypothyroidism
(OR 1.15 1.05–1.25) (Tonstad et al., 2013). However, in a more recent report focusing on a
subsample of the Adventist Health Study-2 (n = 843), Tonstad found that those with elevated
TSH (>5 mUI/L) were more likely to be women following a vegan or vegetarian diet. High
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TSH was not always correlated with hypothyroidism diagnosis, with 13 out of 43 women
and 2 out of 23 men with high TSH having received a hypothyroidism diagnosis. This may be
confounded partly by attitudes to health management of this group (Tonstad et al., 2015a).
The cause of hyperthyroidism (low to undetectable TSH, with high T3 and T4) is most
often thyroid autoimmunity (Graves' disease). While dietary causes of hyperthyroidism are
rare, excess dietary iodine is a potential cause of hyperthyroidism. In the same Adventist
Health Study-2, the prevalence of hyperthyroidism was 0.9% (compared to general US
population 1.2%–1.3%; NHANES III). Vegan and vegetarian diets were both associated with
a lower incidence of hyperthyroidism in the previous 12 months (OR 0.49, 95% CI 0.33–
0.72 and 0.65, 95% CI 0.53–0.81, respectively). This was only the case for ovolactovegetarian diets (OR 0.77, 95% CI 0.66–0.89), not vegan diets, when the diagnosis or treatment of
hyperthyroidism any time prior to the assessment was taken in consideration. This may be
linked to the length of time the diet pattern was adopted (Tonstad et al., 2015b). Predictors
of hypothyroidism and hyperthyroidism include age and being female and overweight or
obese. As such, vegan and ovolactovegetarian diets may be protective via the lower BMI of
these diet groups (Rosell et al., 2006). In an iodine-sufficient pregnant population in India,
Jaiswal showed that vegetarian women did not have lower iodine intakes or higher risk
of hypothyroidism than their omnivorous counterparts; however, overweight/obesity and
anemia predicted thyroid insufficiency (Jaiswal et al., 2014).
No studies, to date, have looked at the specific incidence of thyroid cancer in those
following a vegetarian or vegan diet. There are two major histological subtypes of differentiated thyroid cancer: papillary carcinoma and follicular carcinoma. Genetic susceptibility is an important risk factor; however, dietary causes have also been examined (Dal
Maso et al., 2009). Iodine-rich and iodine-deficient diets have both been linked to the
incidence of these cancers, and a small increase in the risk of thyroid cancer has been
reported when iodine was supplemented in areas of previous deficiency (Szybiński et al.,
2002; Zimmermann et al., 2004; Zimmermann and Galetti, 2015). The mechanism is, however, not clear. ID is a clear risk factor for goiter and thyroid nodules (Knudsen et al., 2002),
and goiter and nodules are themselves a clear risk factor for thyroid cancer (risk ratio 3.4
to 5.9, 30 with history of benign nodules/adenoma). Epidemiological evidence has linked
high consumption of seaweed/iodine with higher thyroid cancer risk in Japan (Michikawa
et al., 2012); however, this observation was not supported by experimental studies in rats
with chronic high iodine intake (up to 1 g/L in drinking water) (Takegawa et al., 2000). In
a 2015 meta-analysis, there was, however, no association found between dietary iodine
intake and thyroid cancer risk (RR: 0.83; 95% CI: 0.49–1.42) (Cho and Kim, 2015).

12. Goitrogens and Thyroid Function
Certain dietary factors, the goitrogens, are believed to limit the ability of the body to utilize iodine. Goitrogenic foods include (1) cruciferous vegetables (i.e., broccoli, kale, and
cabbage) that contain thioglucosides, which are metabolized to thiocyanates and inhibit
iodine uptake from the thyroid gland, (2) sweet potatoes, cassava, and lima beans, which
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contain cyanogenic glucosides that may be metabolized into thiocyanates as well, and (3)
soy products and millet, which contain flavonoids, believed to have “antithyroid” activity
via thyroperoxidase inhibition (it is not clear whether it is soy/millet flavonoids that exert
this activity or all flavonoids), contributing to the genesis of endemic goiter (Gaitan, 1990,
1996). Drinking water and eating foods that contain perchlorate may inhibit of iodine
uptake by the thyroid. Some of these factors will be relevant to the vegetarian diets.
In a cross-sectional study of ovolactovegetarians and vegans in Boston, no significant
association between UI, perchlorate, and thiocyanate concentrations and thyroid function
were found (Leung et al., 2011). In a cross-over study in the United Kingdom, short term
high goitrogenic food intake in a population with marginal iodine intake did not impact
thyroid function (Bouga et al., 2015). More recently, an association was demonstrated in
a subsample of the Adventist Health Study (AHS-2), between soya isoflavone intakes and
higher odds of high TSH concentrations in women only (OR 4·17, 95% CI 1·73, 10·06) but
not in men (OR 1·05, 95% CI 0·27, 4·07) (Tonstad et al., 2015a). As just over half of the sample had UI concentration below 100 μg/L, it is possible that soy isoflavones exert an effect
on thyroid function when iodine status is insufficient. Genistein aglycone, a soy-derived
isoflavone, did not affect thyroid function (TSH, free T3, free T4) after 3 years of treatment
in postmenopausal women (Bitto et al., 2010), in accordance with the results of a 6-month
study that used isoflavone supplements (Bruce et al., 2003). It is perhaps important to
point out that the iodine intake or excretion of these populations was not evaluated, and
the outcomes may be a function of the iodine status.
The relationship between cruciferous vegetables (goitrogenic, and enriched in vegetarian diets) is not clear. Dal Maso points to a nonsignificant relationship between cruciferous vegetable intake and thyroid cancer (RR = 0.9, 95% CI: 0.8–1.1) (Dal Maso et al.,
2009). Meanwhile, a case–control study in New Caledonia found an increased association
between consumption of cruciferous vegetables and odds of thyroid cancer, but again
only in women with low iodine intake (Truong et al., 2010). There are studies, though, that
have focused on goitrogens intake from the diet.

13. Final Considerations: Nutritional Knowledge of
Ovolactovegetarians and Vegans
Awareness of iodine and thyroid function is generally low among the population and
health-care professionals (Williamson et al., 2012). In developed countries, those following
vegetarian diets tend to be older, well educated, and health conscious. However, the low
iodine intake of vegans and low supplementation demonstrates that there is a gap between
knowledge and intentions. Draper showed that 57% of vegetarians and 67% of vegans
believed they secured all the required nutrients from foods only. Assuming a deep knowledge of nutrition, this is of course achievable. However, in this sample, while the reference
intake value was met by ovolactovegetarians, it was not met by vegans. In young Swedish
and Norwegian adolescents, only 24% perceived their diet as adequate (33% for vegans),
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but 86% of both ovolactovegetarians and vegans felt informed sufficiently about eating
for health. While 54% of ovolactovegetarians reported taking dietary supplements to prevent or treat a nutritional deficiency, 75% of vegans reported taking a dietary supplement
(Larsson et al., 2001). Most ovolactovegetarians (84%) and vegans (80%) were unaware of
the role of iodine in pregnancy, for the neurodevelopment of the unborn child, similar to
their omnivorous counterparts (82%) (Combet, unpublished data). The role of professional
and charitable organizations is important to disseminate core knowledge regarding diet
and nutrition; however, Draper reported that only 56% of vegans and 28% of ovolactovegetarians belonged to such an organization. In the light of the poor iodine status and poor
supplement uptake (especially in pregnancy), it is important that those following vegetarian
diets (especially vegan) can make informed choices. Retail availability and intake of iodinerich foods are essential for individuals to meet their daily iodine requirements. When table
salt is available, it can contribute to the iodine status of these groups. Given that iodine is
extensively stored in the thyroid, it can safely be consumed intermittently, which makes
seaweed use in a range of foods attractive and occasional seaweed intake enough to ensure
iodine sufficiency. However, it should be used with caution due to its high iodine content.
With table salt usage falling in the United Kingdom and Europe following successful public
health campaigns, it may be contradictory to portray salt as a vehicle for iodine. However,
the WHO highlights that sodium reduction and salt iodization are not incompatible, and
they are mostly affected by a public perception problem (World Health Organisation, 2014).
Viable alternatives to increase iodine status include fortification of staple foods suitable for
vegetarian diets, such as bread, with mandatory fortification already in place in Australia,
New Zealand, and Denmark (Edmonds et al., 2016; Rasmussen et al., 2014; Clifton et al.,
2013). The use of naturally iodine-rich seaweed as an ingredient for reformulation also
offers opportunities, with dried seaweed successfully incorporated in a nutritionally balanced pizza, designed in the context of health-by-stealth improvement of ready meals
(Combet et al., 2013). While these modifications to the food supply are implemented with
the consumer in mind, they, however, render the process of dietary assessment even more
challenging, as food composition tables do not dynamically reflect these changes.
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43
Vitamin B12 Deficiency
in Vegetarians
Wolfgang Herrmann
S AARL A N D U N I V E R S I T Y H O S P I TA L , H O MB U R G , G E R MA N Y

1. Vitamin B12 and Its Metabolism
Vitamin B12 [cobalamin (Cbl)] had been discovered after several years of intensive investigation on the previously fatal disease pernicious anemia. In the early 1920s, Minot and
Murphy demonstrated that pernicious anemia was treatable by whole liver extract, which
is rich in vitamin B12. Later, vitamin B12 was then isolated, and the crystallized molecule was
identified. Vitamin B12 belongs to a group of compounds of similar chemical structure but
displays completely different biological functions. The vitamin B12 structure consists of a
corrinoid molecule with cobalt in the center. The synthetic forms of vitamin B12 are cyanocobalamin and hydroxycobalamin. In humans, there are only two forms of vitamin B12 that
have biological activity as cofactors in enzyme reactions, adenosylcobalamin (AdoCbl) and
methylcobalamin (MeCbl) (Herzlich and Herbert, 1988) (Fig. 43.1). Vitamin B12 is required
by all cells for its role in one-carbon metabolism and in DNA synthesis and maintenance.
Only two vitamin B12–dependent enzymes are known in humans, methionine synthase and L-methylmalonyl-CoA mutase. Methionine synthase mediates the formation
of methionine from homocysteine, which requires MeCbl as a cofactor. This reaction occurs in the cytosol. The second pathway takes place in the mitochondria and
involves isomerization of methylmalonyl-CoA to succinyl-CoA. This reaction is catalyzed by methylmalonyl-CoA mutase and requires AdoCbl as a cofactor (Stroinsky and
Schneider, 1987). That pathway is part of the catabolism of odd-chained fatty acids,
cholesterol, and several amino acids. The excess of methylmalonyl-CoA is converted
into methylmalonic acid (MMA). Therefore, vitamin B12 deficiency leads to MMA
elevation, which is considered a sensitive marker for this deficiency. A reduced flux
through the methylmalonyl-CoA mutase reaction is discussed to contribute to subsequent neurological tissue damage. Serum concentrations of MMA and homocysteine
(Hcy) are, therefore, accepted as metabolic indicators of vitamin B12 status. Of these,
only MMA is specific for vitamin B12 deficiency, whereas homocysteine concentrations
also increase in case of folate deficiency or disturbed transsulfuration pathway. Hcy
is constituent of the methionine cycle and becomes remethylated to methionine by
takeover of a methyl group from 5-methyl-tetrahydrofolate.
Vegetarian and Plant-Based Diets in Health and Disease Prevention. http://dx.doi.org/10.1016/B978-0-12-803968-7.00043-5
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FIGURE 43.1 The metabolic pathways enhanced by cobalamin. AdoCbl, adenosylcobalamin; Cbl, cobalamin; Hcy,
homocysteine; MeCbl, methylcobalamin; Meth, methionine; MMA, methylmalonic acid; MS, methionine synthase;
MTHF, methyltetrahydrofolate; SAH, S-adenosylhomocysteine; SAM, S-adenosylmethionine; TC, transcobalamin;
THF, tetrahydrofolate. (Herrmann and Obeid, 2011).

2. Vitamin B12 Sources and Hemostasis
Neither humans nor animals are able to synthesize the vitamin B12 molecule. Vitamin B12
synthesis is very complex and restricted to a certain strain of bacteria. As well, plants and
fungi do not synthesize vitamin B12 or use this vitamin. Animals can get vitamin B12 by consuming foods contaminated with synthesizing bacteria and then incorporate the vitamin
into their body organs. Foods of animal source are the only natural source of vitamin B12 in
the human diet (Scott, 1997). Vitamin B12 is essential for normal maturation and development of all DNA synthesizing cells, including blood cells and cells of the central nervous
system. The ultimate source of vitamin B12 in the human diet is from foods contaminated
with vitamin B12–synthesizing bacteria. Not all forms of vitamin B12 synthesized by bacteria are metabolically active for mammalian cells. Some naturally occurring forms of corrinoids have similar structure but no biological role in humans. These are produced by
some algae (spirulina) and are termed analogues. Cobalamin-analogues may even block
the normal metabolism of the vitamin (Herbert and Drivas, 1982; Dagnelie et al., 1991).
Dietary vitamin B12 is bound to food proteins and must be released before the vitamin
can be absorbed. The release of vitamin B12 from its food-binding proteins is achieved by
the action of gastric acid and proteolytic enzymes in the stomach. In the stomach, vitamin B12 is captured by haptocorrin (transcobalamin I), an R-binder protein made in the
saliva and stomach. In the upper small intestine, pancreatic enzymes and an alkaline pH
degrade the haptocorrin–vitamin B12 complex (Markle, 1996; Herrmann and Geisel, 2002).
The free vitamin is then captured by intrinsic factor (IF), another vitamin B12–binding
protein. The IF–vitamin B12 complex is transported to the terminal ileum where the
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complex is recognized and internalized by specific membrane receptors of the enterocytes
(intrinsic factor receptor). The receptor-mediated absorption of vitamin B12 is a saturable
process, and a maximal amount of 3 μg of the vitamin per meal is capable of being internalized by this pathway.
After absorption of vitamin B12–IF complex into the enterocytes, the complex is
degraded, and vitamin B12 is transferred to a third binding protein, transcobalamin
(transcobalamin II, TCII). TCII is synthesized within the enterocytes and is the only
binder that can deliver vitamin B12 into cells via TCII-receptor. The TCII–vitamin B12
complex is released into the portal circulation and is subsequently recognized by TCIIreceptors that are expressed by all cell types. The part of vitamin B12 that is bound to
TCII is named holotranscobalamin II (holoTCII) (Carmel, 1985). Only 6%–20% of total
plasma vitamin B12 is present as holoTCII (Hall, 1977). HoloTCII is a modern biomarker
in detecting vitamin B12 deficiency and is seen to be the earliest marker for a low vitamin B12 status because it is more sensitive and specific compared with total vitamin B12
(Herrmann et al., 2005). The remaining part of vitamin B12 is bound to haptocorrin and
is called holohaptocorrin (holoHC), which amounts for almost 80% of total vitamin B12
(England et al., 1976).
A considerable amount of vitamin B12 is secreted into the bile. Two-thirds of the secreted
vitamin B12 in the bile is reabsorbed in the ileum. The liver stores most of the vitamin B12 in
the body (2–3 mg) (Markle, 1996). The kidney and the brain are also two important organs
that accumulate vitamin B12. The kidney can release vitamin B12 in case of short-term
depletion of the vitamin. Vitamin B12 is excreted into urine, and this can be reabsorbed in
the proximal tubules via a specific receptor (megalin/cubilin) (Moestrup et al., 1996). The
major route by which vitamin B12 is lost from the body is through the feces.
The bioavailability of vitamin B12 from vitamin preparations is greater than that from
foods. In contrast to the receptor-mediated absorption, about 1% of free vitamin B12 is
absorbed by passive diffusion even in the absence of intrinsic factor (Herrmann and
Obeid, 2012). Therefore, even patients with pernicious anemia, or those with disturbed
gastrointestinal pH or atrophic gastritis, benefit from relatively high doses (100–1000 μg/
day) of oral vitamin B12 treatment.

3. Vitamin B12 Deficiency
Vitamin B12 deficiency is common worldwide (Sipponen et al., 2003; Clarke et al., 2004;
Morris et al., 2002; Obeid et al., 2002a,b). In developed countries, it is restricted to patients
with malabsorption, intestinal resection, or those who do not ingest a sufficient amount of
the vitamin or who practice a vegetarian lifestyle (Herrmann et al., 2003b; Carmel, 1997).
Besides in individuals using a vegetarian diet, vitamin B12 deficiency is also common in
elderly people. Furthermore, low vitamin B12 status has been reported in children, and
in adults in developing countries. Vitamin B12 deficiency takes years to develop, even
when one stops ingesting the vitamin. This is due to the relatively large body stores of
vitamin B12 and to the effective enterohepatic circulation that ensures reabsorption of the
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vitamin. Natural vitamin B12 sources in the human diet are restricted to foods of animal
origin (Herbert, 1988). Subjects who practice a long-term vegetarian diet are at high risk
to develop vitamin B12 deficiency (Herbert, 1994; Herrmann et al., 2003b). Despite milk
and eggs containing some vitamin B12, the intake of this vitamin by means of a lacto-/
ovolactovegetarian diet is limited. Studies have shown that vitamin B12 status (indicated
by MMA, holoTCII, and homocysteine) was lower in lacto-/ovolactovegetarians compared
with omnivorous subjects (Herrmann et al., 2003b). In addition, metabolic signs of vitamin B12 deficiency were more common in vegans compared with lacto-/ovolactovegetarians (Herrmann et al., 2003b). Chronic low intake of vitamin B12 and its deficiency can be
endemic in developing countries and is related to poverty and malnutrition in this case
(Refsum et al., 2001; Rogers et al., 2003; Herrmann et al., 2003a, 2009).
Preclinical or asymptomatic vitamin B12 deficiency is the state of metabolic evidence of
insufficiency, without symptoms of anemia or neurological complications. The measurement of serum concentrations of metabolic markers allows detection of a large number of
asymptomatic subjects who are depleted from vitamin B12. The classification of vitamin
B12 deficiency introduced by Herbert (1994) suggests that vitamin B12 deficiency develops
through different stages. In the early stages of vitamin B12 deficiency, the plasma and cell
stores become depleted, which is indicated by low plasma level of holoTCII while MMA
and homocysteine are still normal (Herbert et al., 1990; Lindgren et al., 1999). In the second stage where the body stores are exhausted, functional dysbalances occur. Beside lowered holoTCII, increased plasma levels of MMA and homocysteine are observed. The third
stage, according to Herbert et al. (1990), is characterized by clinical signs of vitamin B12
deficiency like macroovalocytosis, elevated mean corpuscular volume (MCV) of erythrocytes, or lowered hemoglobin. However, in practice, neurological symptoms of deficiency
may already develop before hematological symptoms occur. An early diagnosis of vitamin
B12 deficiency is therefore of great clinical relevance because neurological damage can be
irreversible even at an early stage, while this damage can easily be prevented by early diagnosis followed by vitamin B12 substitution (Weir and Scott, 1999).
Symptoms of subclinical vitamin B12 deficiency are subtle and often overlooked. The
long-term consequences of subclinical deficiency are not fully known but may include
adverse effects on pregnancy outcomes and vascular, cognitive, bone, and eye health
(O’Leary and Samman, 2010). Abnormal biomarkers, which precede clinical signs of vitamin B12 deficiency, are early indicators and display the metabolic consequence of vitamin
B12 deficiency (Hultberg et al., 2001).

3.1 Vitamin B12 Status and Vegetarian Diet
In a systematic review using multiple search engines including PubMed, Medline, CINAHL
plus, ERIC, Nursing and Allied Health Collection, and Nursing/Academic Edition, Pawlak
et al. (2014) reported the prevalence of vitamin B12 deficiency among vegetarians assessed
by serum vitamin B12. The deficiency prevalence among infants reached 45%; among children and adolescents it ranged from 0% to 33%; the deficiency among pregnant women
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Table 43.1 Cobalamin Status and Metabolites in Vegetarian and Nonvegetarian
Subjects

Number
Age, years
Vitamin B12, pmol/L
MMA, nmol/L
HoloTC, pmol/L
Hcy, μmol/L
Folic acid, nmol/L
Vitamin B6, nmol/L

Omnivores

LV/OLV

Vegans

109
41 (24–61)
280 (191–416)
160 (113–253)
55 (33–91)
9.3 (6.5–14.4)
25.7 (16.2–45.6)
50.3 (25.3–122.2)

114
50 (35–71)a
190 (130–320)a
308 (155–1014)a
31 (7–64)a
10.9 (7.2–21.5)a
21.2 (13.2–39.8)a
52.1 (27.6–99.3)

50
44 (20–66)b
146 (98–294)a,b
698 (180–2728)a,b
13 (2–110)a,b
13.0 (6.4–35.6)a,b
28.9 (19.0–65.9)a
46.0 (19.8–116.6)

Data are median (10th–90th) percentiles. P < .05. LV/OLV, lacto-/ovolactovegetarians (Herrmann et al., 2005).
aCompared to the omnivores.
bCompared to the LV/LOV subjects (ANOVA and Bonferroni tests).

ranged from 17% to 39%, dependent on the trimester. Adults and elderly individuals had
a deficiency range of 0%–86%. Higher deficiency prevalence was reported in vegans than
in other vegetarians. The review also documented a rather high prevalence of vitamin B12
deficiency among vegetarians adhering to different types of vegetarian diets. Vegans who
do not ingest vitamin B12 supplements were found to be at especially high risk. All vegetarians and especially vegans should, therefore, give strong consideration to the use of
vitamin B12 supplements to ensure adequate vitamin B12 intake.
Vitamin B12 status is directly correlated with dietary intake and length of time following a vegetarian diet (Chanarin et al., 1985). It has been suggested that, depending on the
strictness of the diet, 30%–60% of all vegetarian and vegan subjects might have metabolic
evidence of vitamin B12 deficiency (Donaldson, 2000; Rauma et al., 1995). Serum concentrations of MMA, holoTCII, homocysteine, and total vitamin B12 are related to the type of
the diet (Table 43.1; Fig. 43.2). Lowered holoTCII as well as raised MMA and homocysteine are common in vegetarians and vegans and are in agreement with functional B12
deficiency. Vegan subjects have the lowest vitamin B12 status. This is expected because a
vegan diet includes no kind of animal foods. Although lacto-/ovolactovegetarians consume some animal foods (egg, milk, and milk products), metabolic signs of vitamin B12
deficiency were also common in this group (Table 43.1). The lactovegetarian and ovolactovegetarian group displays intermediate vitamin B12 status compared with vegans and
omnivorous (Fig. 43.2).

3.2 Vitamin B12 Deficiency in Early Life
The requirements for B vitamins (folate, vitamin B12, and vitamin B6) are exceptionally
high during pregnancy as a result of increased maternal metabolic rate and fetal demands
(Heller et al., 1973). Maternal nutritional status before and during pregnancy is the main
determinant of the nutritional status of the offspring (Bjorke Monsen et al., 2001; Murphy
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FIGURE 43.2 The cumulative distribution of holotranscobalamin II (holoTCII) in subjects with different diets
in addition to the distribution in elderly people. The lower cutoff of holoTCII = 35 pmol/L is indicated. LV/OLV,
lacto-/ovolactovegetarians (Herrmann et al., 2005).

et al., 2004). Vitamin B12, folate, and vitamin B6 function as cofactors in one-carbon metabolism, DNA synthesis, and numerous methylation reactions. These metabolic pathways
are particularly active in developing embryos. Therefore, vitamin B12 deficiency in developing embryos can occur in women on vegetarian diets who do not ingest a sufficient
amount of this vitamin. During the fetal period, the liver of the fetus stores vitamin B12, so
normally the newborn child has a considerable reserve of vitamin B12 (Allen, 2004; Doyle
et al., 1989). In vegetarian or vegan mothers, however, this prenatal store is less or not built,
giving the newborn an additional high risk of deficiency (Weiss et al., 1989), especially
since the breast milk of the same mother contains little or no B12 (Weiss et al., 1989; Grange
and Finlay, 1994).
Metabolic and clinical signs of vitamin B12 deficiency have also been reported in newborn
babies from vegetarian mothers or in breastfed infants from deficient mothers (Dagnelie
et al., 1989; Graham et al., 1992; Schneede et al., 1994; Bjorke Monsen et al., 2001). These
conditions were partly reversible after vitamin B12 supplementation. The content of vitamin B12 in breast milk is related to markers of vitamin B12 deficiency in the infants (Bjorke
Monsen et al., 2001). This explains the finding that exclusively breastfed babies from deficient mothers are at increased risk for developing metabolic and clinical signs of deficiency.
It has been reported that the most common cause of vitamin B12 deficiency at early
childhood is being born from or lactated by a vitamin-deficient mother. A serious
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neurological syndrome and developmental disorders have been described in case reports
of exclusively breastfed infants of strict vegetarian mothers who were vitamin B12 deficient
(Higginbottom et al., 1978; Kuhne et al., 1991). Vitamin B12 deficiency in infants is associated with a marked developmental regression, poor brain growth, or a poor intellectual
outcome. Other signs include impaired communicative reactions and fine and gross motor
functions. Low vitamin B12 status had also negative influence on school achievement.
Adolescents who previously consumed a macrobiotic diet had lower scores in some measures of cognitive performance as compared with adolescents who consumed an omnivorous diet from birth onward (Louwman et al., 2000). Furthermore, attention should be
paid to familial factors (maternal vitamin status) and predisposing environmental factors
(vegetarian diet or poverty). Vitamin B12 deficiency should be suspected in children with
unexplained neurological symptoms, failure to thrive, or poor intellectual performance.

3.3 Diagnosis of Vitamin B12 Deficiency
There is no single parameter that can be reliably used to diagnose vitamin B12 deficiency. Megaloblastic anemia and neurological symptoms are neither sensitive nor they
are specific for vitamin B12 deficiency. Metabolic signs of deficiency (elevated MMA and
homocysteine) were observed in the absence of hematological or clinical manifestations. Concentrations of total vitamin B12 in serum are too insensitive to be used for
diagnosing a vitamin-deficient state with high sensitivity and specificity (Herrmann
et al., 2000, 2001). Measurement of serum concentration of MMA alone or in conjunction with homocysteine has partly resolved the demand for a sensitive and a specific
test, especially for studies on vitamin B12 status in otherwise healthy populations. For
the purpose of individual diagnosis, however, the results of the metabolites should
be interpreted with some caution because it is difficult to determine to which extent
an impaired kidney function may participate in MMA and homocysteine elevation.
Subjects with serum vitamin B12 concentrations in the normal range up to 400 pmol/L
may have increased MMA and low holoTCII indicating functional vitamin B12 deficiency. Therefore, the measurement of holoTCII has been introduced with promising
results. Studies in vegetarian subjects have shown that the majority of them had low
holoTCII in addition to abnormal metabolic signs like elevated MMA and homocysteine
(Herrmann et al., 2003b, 2005).

3.4 Modern and Traditional Biomarkers for Metabolic Vitamin B12
Deficiency
As a biomarker of vitamin B12 status, total vitamin B12 measurement is often used cost
effectively as the parameter of choice, but it has limited sensitivity and specificity, especially in persons with vitamin B12 concentrations <400 pmol/L (Herrmann et al., 2003b;
Loikas et al., 2003). If the total vitamin B12 concentration is in the lower reference range,
156–400 pmol/L, vitamin B12 deficiency cannot be ruled out. Furthermore, clinical signs
of vitamin B12 deficiency can be seen in persons with vitamin B12 concentrations within
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FIGURE 43.3 Serum concentrations of cobalamin in subjects (omnivorous, lacto-/ovolactovegetarians, vegans)
with normal holoTCII and normal MMA and in those with at least one abnormal test. Only subjects with
normal concentration of serum creatinine are included in this figure. *Normal cobalamin status defined as
MMA ≤271 nmol/L/holo TCII >35 pmol/L. MMA, methylmalonic acid; holoTCII, holotranscobalamin II (Herrmann
et al., 2005).

the lower reference range (>156 pmol/L) (Lesho and Hyder, 1999). Persons with normal
concentrations of vitamin B12 may have raised concentrations of MMA (>300 nmol/L) and
lowered concentrations of holoTCII (<35 pmol/L), owing to intracellular, metabolically
manifest (functional) vitamin B12 deficiency (Herrmann et al., 2003b). By contrast, lowered concentrations of vitamin B12 and normal MMA as well as normal holoTCII indicate
a false positive finding (Fig. 43.3). On the other hand, a decreased serum holoTCII concentration only is the earliest marker of vitamin B12 deficiency and signals that the body does
not have sufficient available vitamin B12 within the cells and that the B12 stores are being
exhausted as a result of the negative balance of vitamin B12 (Herrmann and Obeid 2012,
2011). At this stage, clinical or hematological symptoms might not yet be present. Lowered
holoTCII combined with raised MMA and homocysteine levels are indicative of metabolically manifest vitamin B12 deficiency. Clinical signs may already be present but can
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still be missing; the patient may therefore still be clinically inconspicuous. Metabolically
manifest B12 deficiency can affect bone metabolism, for example, and stimulate osteoclasts (Herrmann et al., 2007). The exact prevalence of clinically significant B12 deficiency
is not known; the range of symptoms is wide, and the new markers enable the detection of
vitamin deficiency notably more often.
In studies in mixed groups of vegetarians, lowered holoTCII concentrations
(<35 pmol/L) were found in 8%–11% of omnivores, in 61%–77% of lacto-/ovolactovegetarians, and in 76%–92% of vegans; raised MMA (>271 nmol/L) was detected in 5%–7%
of omnivores, in 57%–68% of lacto-/ovolactovegetarians, and in 74%–83% of vegan subjects (Herrmann et al., 2005; 2003b). Low vitamin B12 status in lacto-/ovolactovegetarians and vegan subjects was associated with hyperhomocysteinemia (Hcy > 12 μmol/L).
Hyperhomocysteinemia was present in 16% of the omnivores, in 38% of the lacto-/
ovolactovegetarians, and in 67% of the vegan subjects. The combination of low holoTCII
and high MMA was detected in 43% of the lacto-/ovolactovegetarians and 64% of the vegan
subjects, respectively (Herrmann et al., 2003b, 2005). Therefore, the prevalence of subclinical functional vitamin B12 deficiency is dramatically higher than previously assumed, if sensitive and relatively specific markers are used, such as MMA, holoTCII, and homocysteine
(Sipponen et al., 2003; Clarke et al., 2004; Herrmann et al., 2005; Herrmann and Obeid, 2008).
Fig. 43.2 illustrates the cumulative distribution of holoTCII concentrations in the three
groups with different diets. The values found in vegans were notably shifted toward the
lower end of the distribution. On the other hand, the distribution of holoTCII concentrations in lacto-/ovolactovegetarians subjects showed an intermediate pattern between
that found in the vegans and the omnivores. Fig. 43.3 shows the concentrations of total
B12 in subjects (omnivorous, lacto-/ovolactovegetarians, vegans) with one or two abnormal results concerning MMA and holoTCII compared to those having combined normal
holoTCII and normal MMA (Herrmann et al., 2005). Some cases with normal holoTCII and
MMA had low concentrations of total B12 in serum, indicating a false positive result. More
importantly, about 45% of subjects with low holoTCII and elevated MMA had normal serum
B12, which should be categorized as false negative results (Herrmann and Obeid, 2011). The
high prevalence of some biochemical dysfunction in subjects who adhere to any type of
vegetarian diet should be emphasized. In vegetarians, the low vitamin B12 may cause the
so-called “folate trap” because the remethylation of homocysteine to methionine is inhibited (methionine synthase is vitamin B12 dependent). Therefore, a concentration of folate of
∼40 nmol/L is required to metabolize sufficient folate and to keep homocysteine in a normal
range, as compared to only ∼10 nmol/L in omnivores (Herrmann et al., 2003b) (Fig. 43.4).
This gives additional emphasis that vegetarians are at high risk of vitamin B12 deficiency
and should therefore ensure adequacy of vitamin B12 intake since this is of great importance
for them, especially for vegans. Nonanimal sources of vitamin B12 include cobalamin supplements, fortified breakfast cereals, and vitamin B12–fortified soy products (Tucker, 2014).
Measuring MMA is expensive and requires special equipment, such as mass spectrometers. The holoTCII immunoassay is now available as an automated test. The costs for
holoTCII test are higher than for vitamin B12. With regard to the cost-benefit effect of early
detection of vitamin B12 deficiency by using holoTCII, this test will become established as
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FIGURE 43.4 Scatterplot showing concentrations of total homocysteine in relation to serum folate in omnivores
(left plot) and vegetarians (right plot). Numbers on the axis are anti-Log (Herrmann et al., 2003b).

the laboratory parameter of choice to measure vitamin B12 status. Currently, no consensus
exists with regard to screening for vitamin B12 deficiency. Nevertheless, regular monitoring
of vitamin B12 status is essential for early detection and treatment of metabolic vitamin
B12 deficiency both in vegans and lactovegetarians, and possibly for prevention of related
diseases, like osteoporosis, stroke, or neurodegenerative diseases (Tucker, 2014; Woo et al.,
2014; Spence, 2015).
Screening and monitoring would especially make sense if it is possible to detect first
signs of subclinical vitamin B12 deficiency before neurological or hematological anomalies
develop. Although holoTCII is a very early marker and MMA a functional biomarker for vitamin B12 deficiency, there is no universal marker for vitamin B12 status because limitations
exist with regard to their diagnostic informative value. An optimal monitoring of vitamin
B12 status in vegetarians should include the measurement of holoTCII, MMA, and homocysteine. Additionally, the levels of folate and vitamin B6 should be controlled. Despite the
superior role of holoTCII compared with total B12 in diagnosing vitamin B12 deficiency, the
diagnostic power of holoTCII seems not sufficient to distinguish deficient from nondeficient
individuals with high diagnostic correctness. This is related to the fact that normal holoTCII
is common in individuals with elevated MMA, especially those with a decline in renal function. Therefore, the implementation of a gray range of holoTCII has been suggested that is
defined as the range of the diagnostic uncertainty between 90% sensitivity and 90% specificity, which covers the serum holoTCII concentration range between 23 and 75 pM. In this
case, additional MMA testing is recommended (Herrmann and Obeid, 2012). The suggested
diagnostic algorithm may significantly improve classification of vitamin B12 status.
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4. Clinical Manifestations of Vitamin B12 Deficiency
4.1 Hematological Symptoms
Megaloblastic anemia is the classical finding of vitamin B12 deficiency. The underlying mechanism of anemia in vitamin B12 deficiency is a slowed DNA synthesis in rapidly
dividing blood cell. This will lead to large red cells with increased MCV. Nevertheless,
megaloblastic anemia is neither sensitive, nor it is specific for vitamin B12 deficiency. As
already mentioned, recent studies have shown that many vitamin B12 deficient subjects
may develop neurological disorders without macrocytosis of red blood cells. Furthermore,
because vitamin B12 and iron deficiencies might coincide in many cases, MCV to diagnose vitamin B12 deficiency is not valid since microcytic anemia due to iron deficiency can
mask the macrocytic anemia of vitamin B12 deficiency (Obeid et al., 2002a,b). The result is
hypochromic red blood cells with, on average, a normal size. However, since the “normal
average” is caused by the sum of microcytic and macrocytic cells, this could be solved by
replacing MCV by red cell distribution width, which can be routinely determined in any
hematological laboratory nowadays along with other hematological characteristics (Hb,
Ht, MCV, MCH, etc.).
It should also be mentioned that hematological manifestation of vitamin B12 deficiency
can be mistaken by that of folate deficiency. Hypersegmented neutrophils are also common in vitamin B12–deficient subjects. Nevertheless, in general, hematological indices are
not valid in diagnosing early stages of vitamin B12 deficiency.

4.2 Neurological Complications
Concentrations of homocysteine >12.0 μmol/L and that of MMA >300 nmol/L are common in neuropsychiatric population even in the absence of hematological manifestations
(Lindenbaum et al., 1988; Obeid et al., 2007). Vitamin B12 deficiency can cause lesions in
spinal cord, peripheral nerves, and cerebrum, and it can cause neurological and psychiatric
disorders (Maktouf et al., 2007; Andrès et al., 2003; Teplitsky et al., 2003). The most common
symptoms are sensory disturbances in the extremities, memory loss, dementia, and psychosis. Improvements have been reported after initiation of vitamin B12 treatment (Masalha
et al., 2001; Lorenzl et al., 2003). In infants, these improvements can occur within days.
The association between vitamin B12 deficiency and depression has also been documented in elderly subjects (Penninx et al., 2000). Metabolically significant vitamin B12
deficiency was present in approximately 15% of nondepressed women, 17% of mildly
depressed women, and in 27% of the severely depressed women (Penninx et al., 2000).
Women with vitamin B12 deficiency were 2.05 times as likely to be suffering from severe
depression as were nondeficient women. Moreover, peripheral neuropathy occurred in
40% of vitamin B12–deficient subjects (Shorvon et al., 1980). As an example, vitamin B12
deficiency in India is often overlooked, but it is very common and connected with varied
religious, ethnic, and socioeconomic reasons. It increases the load of cognitive decline
and accentuates vascular risk factors in neuropsychiatric illnesses (Issac et al., 2015).
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Therefore, prevention, early detection, and management of this reversible vitamin B12
deficiency state are of profound importance.
Vitamin B12 deficiency may cause serious neurological symptoms in infants, especially
in breastfed babies from strictly vegetarian mothers (Graham et al., 1992; Kuhne et al., 1991;
Higginbottom et al., 1978). Significant developmental regression, reduced brain growth,
and low intellectual outcome has been observed. Furthermore, impaired communicative
reactions and impaired fine as well as gross motor functions have been noticed (Dagnelie
et al., 1989). In school children, a low vitamin B12 status may also be associated with lower
school achievement, and in a study on adolescents who were previously fed a macrobiotic
diet, they had lower cognitive performance (Louwman et al., 2000). Prolonged insufficient
intake of vitamin B12 is seen as a common cause of vitamin B12 deficiency in children.
Therefore, available studies emphasize the need for early recognition and prevention or
treatment of B vitamins deficiency in children. Although large-scale screening programs
in the general population are currently not recommended (Refsum et al., 2004), a regular
checking of vitamin B12 status in all lacto-/ovolactovegetarians and vegans and in other
cases at risk of vitamin B12 deficiency is recommended (Doyle et al., 1989; Weiss et al., 1989;
Grange and Finlay, 1994). Children with unexplained neurological symptoms, failure to
thrive, or poor intellectual performance should be tested for vitamin B12 deficiency.

4.3 Vitamin B12 Deficiency and Osteoporosis
Considering the potential association between vitamin B12 and bone health, it can be suggested that vegetarians may be particularly prone to disturbances in bone metabolism
(Chiu et al., 1997). There is evidence that vegetarians, and particularly vegans, may be at
greater risk of lower bone mineral density (BMD) and fracture (Tucker, 2014). First evidence
for the relationship between a vegetarian lifestyle, low vitamin B12 status, and low BMD was
derived from a cross-sectional study of adolescents who were fed a macrobiotic diet up to
the age of 6 years, followed by a lacto-/ovolactovegetarian or omnivorous diet (DhonuksheRutten et al., 2005). Total vitamin B12, BMD, and bone mineral content were lower, and MMA
was higher in the formerly macrobiotic-fed individuals compared with controls. Consistent
with this, the Longitudinal Aging Study Amsterdam (LASA) study reported a significant
relationship between vitamin B12 and BMD, measured by calcaneal broadband ultrasound
attenuation (BUA) in women (Dhonukshe-Rutten et al., 2005). The strongest evidence for
accelerated bone loss in vegetarians comes from the EPIC-Norfolk study, which included
over 11,000 men and women (Welch et al., 2005). Male vegetarians exhibited a 6%–15%
reduction in BUA, indicating a significant deterioration in bone composition in vegetarians. Previous studies suggested lower body weight as well as lower intake of protein, calcium, vitamin D, and acid substances as potential causative factors for reduced BMD and
an increased fracture rate in vegetarians and vegans (Fontana et al., 2005; Chiu et al., 1997;
Appleby et al., 2007; Welch et al., 2005). However, in the LASA and the EPIC studies the relationship between BMD/BUA and vegetarian lifestyle, as well as vitamin B12 status, remained
significant after adjusting for body weight, food intake, and nutrients.
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Data regarding BMD in vegetarians are not always consistent with data on bone
turnover markers (BTMs). In one study, individuals consuming a raw food vegetarian
diet had lower BMD at the hip and lumbar spine, compared to controls ingesting an
omnivorous diet (Fontana et al., 2005). However, the bone turnover as measured by
C-terminal telopeptides of collagen I (CTx) and by bone alkaline phosphatase (BAP)
did not differ. Furthermore, in vegetarian children, reduced serum concentrations of
bone formation markers [BAP, osteocalcin (OC)] by 10%–20% and of the bone resorption marker CTx by 15% have been reported (Ambroszkiewicz et al., 2007). Since animal products are a good source of vitamin D and vitamin B12, a vegetarian diet might
be associated with depletion of both vitamin B12 and vitamin D stores, the latter being
of major importance for bone health. While the association between a vegetarian
lifestyle and BMD and fracture risk has been addressed in several studies (Fontana
et al., 2005; Dhonukshe-Rutten et al., 2005; Ambroszkiewicz et al., 2007), there is
limited information regarding the association between vitamin B12 status and bone
metabolism in vegetarians. A 2009 study (Herrmann et al., 2009) reported that German
vegetarians had higher circulating activities of BAP as well as higher CTx, OC, and procollagen type I N-terminal peptide compared with omnivorous controls. HoloTCII and
MMA were correlated with OC, CTx, and BAP (Fig. 43.5). Subjects with low vitamin
B12 status (holoTCII <35 pmol/L and MMA >271 nmol/L) had significantly lower serum
concentrations of 25(OH)-vitamin D but higher homocysteine, and the BTMs (P1NP,
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FIGURE 43.5 Scatter plot showing the inverse correlation between osteocalcin and holotranscobalamin II (holoTCII)
concentrations according to diet.

804 VEGETARIAN AND PLANT-BASED DIETS IN HEALTH AND DISEASE PREVENTION

BAP, OC, and CTx) compared with subjects having normal vitamin B12 status. Multiple
regression analysis showed, however, that the association between BTMs and markers
of vitamin B12 status was independent from the association with 25(OH)-vitamin D.
Approximately 12%–14% of the variation in the concentration of BTMs was explained
by a regression model including holoTCII, MMA, and 25(OH)-vitamin D.

5. Conclusion
A vegetarian lifestyle, especially a vegan lifestyle, increases the risk of developing deficiencies of several essential nutrients such as vitamins and trace elements. Investigations in
populations with different types of vegetarian diets revealed a high prevalence of vitamin
B12 deficiency, which was over 60% in vegans but also over 40% in lacto-/ovolactovegetarians. Thus, the prevalence of deficiency in lactovegetarians is considerably higher than was
previously assumed. The degree of animal foods deprivation and the length of time following this lifestyle are important determinants of the vitamin B12 status in vegetarians. Total
serum vitamin B12 concentrations are widely used when investigating vitamin B12 status, but
they are too insensitive and unspecific to correctly diagnose vitamin B12 deficiency. Modern
metabolic markers, especially holoTCII and MMA, allow a far more sensitive and specific
detection of vitamin B12 deficiency. Thus, the prevalence of vitamin B12 deficiency is much
higher than till now assumed. HoloTCII represents the metabolically active vitamin B12 fraction, and a decreased level is considered as the earliest marker of vitamin B12 deficiency;
it signals the fact that the body does not have sufficient vitamin B12 available and that the
B12 stores are being exhausted. At this stage, clinical or hematological symptoms, which
are late markers of deficiency, might not yet be present. Lowered holoTCII combined with
raised MMA (and homocysteine) are indicative of metabolically manifest vitamin B12 deficiency. In vegetarians with vitamin B12 deficiency, the delivery of active methyl groups may
be reduced, leading to hypomethylation of DNA, RNA, proteins, myelin, or neurotransmitters. As a clinical consequence, this may contribute to the development of psychiatric and
neurological disorders, like cognitive dysfunction, depression, dementia, or Alzheimer disease. Regarding the potential association between vitamin B12 and bone health, vegetarians
might be particularly prone to disturbances in bone metabolism resulting in reduced BMD
and increased fracture risk. Vegetarians, especially vegans, should, therefore, give strong
consideration to the use of vitamin B12 supplements to ensure sufficient vitamin B12 intake.
Furthermore, regular monitoring is urgent to assure an early diagnosis of biochemical vitamin B12 deficiency, using holoTCII and MMA, to prevent later clinical vitamin B12 deficiency.
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Probiotics in Nondairy Products
Gabriel Vinderola, Patricia Burns, Jorge Reinheimer
INSTI TUTO DE L ACTO L O GÍ A I NDU S T R I A L ( C O N I C E T- U N L ) , FA C U LTA D D E I N G E N I E R Í A
Q UÍ M I CA, UNI VERS I DA D N A C I O N A L D E L L I T O R A L , S A N TA F E , A R G E N T I N A

1. Introduction
The World Health Organization recognized in 2002 that some microorganisms, when
orally administered, can confer health benefits on the host. They were named probiotics. The majority of probiotic microorganisms developed until now belong to the genera
Lactobacillus and Bifidobacterium. The latter are natural inhabitants of the large intestine and only health benefits have been ascribed to them; the former might naturally
occur in traditional or artisanal fermented foods and belong to the group of lactic acid
bacteria (LAB). There is an ancient connection between traditional fermented foods, LAB,
bifidobacteria, and intestinal health. The immune and molecular mechanisms that support that connection are being described today by metagenomic studies on the effects of
specific probiotic strains on the gut microbiota and the impact on health and diseases.
The industrialization and the transition from rural to modern life in cities led people to a
lesser intake of the beneficial LAB present in traditional or artisanal fermented foods. The
production of fermented dairy products, especially yogurt and fresh cheeses, fortified with
probiotic bacteria is an option for the reintroduction of these benefic microorganisms into
the diet. In this chapter, a brief description of the gut microbiota and its importance in
the host health are depicted. A brief description of the incorporation of probiotic bacteria into fermented dairy products and their health benefits are provided. The importance
of the food matrix in the functionality of probiotic bacteria and the reasons for developing nondairy plant-based probiotic products are also described. Finally, different technologies for the development of this kind of product are shown, but in a different way
from the majority of the reviews on this topic, where probiotic products are presented
and classified on the basis of the substrate used (cereals, legumes, fruits, or vegetables).
In the approach used in this chapter, nondairy plant-based probiotic products were
classified into three types: (1) products obtained by spontaneous (uncontrolled) fermentation of botanical species by resident fermentative microbiota, (2) products manufactured
using controlled fermentation of vegetable substrates by the addition of selected probiotic
strains displaying fermentation capacity, or (3) a probiotic plant-based product developed
by the addition of the probiotic culture as an adjunct culture to the food matrix (unfermented products). Uncontrolled fermented products (traditional or artisanal fermented
Vegetarian and Plant-Based Diets in Health and Disease Prevention. http://dx.doi.org/10.1016/B978-0-12-803968-7.00044-7
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foods) display a complex and variable microbial population, dominated by yeasts and
LAB, which renders it difficult to standardize and fully characterize them from a microbiological point of view, a condition required by the regulatory authorities for the approval
of a health claim for the marketing of the food product. Fermentation of plant-based
material with specific strains of probiotics might render a stable product (as the probiotic
culture would be adapted to the food matrix); however, care must be taken as fermentation
might change the sensorial properties in a negative way from what a consumer expects.
Masking of unpleasant flavors is a technological possibility to cope with this issue. Finally,
the use of plant material as carrier (i.e., without fermentation) requires a probiotic strain
with great stability during storage. There are opportunities and challenges for probiotics in
nondairy plant-based food products. The vast experience already achieved with probiotics
in dairy products might be of help to overcome those challenges and to finally take advantage of the present opportunities.

2. The Gut Microbiota–Probiotic Axis
The largest microbial community of the human microbiome is located in the digestive
tract, more precisely in the large intestine (Matamoros et al., 2013), and it is normally
referred to as gut or intestinal microbiota. The massive use in the last decade of molecular
biology techniques for mass sequencing of total DNA of complete bacterial communities
has contributed to the increasing knowledge about the role of the gut microbiota in health
and disease (Toh and Allen-Vercoe, 2015), as only approximately 10% of the gut bacteria are culturable on traditional agar plates (Eckburg et al., 2005). Strong and increasing
evidence shows that the early acquisition, development, and maintenance of specific bacterial populations within the gut are critical to human health, and a better understanding
of these offers great opportunities for intervention (Saavedra and Dattilo, 2012). In this
regard, the use of probiotics is an option that we will discuss later. Throughout the human
lifetime, the intestinal microbiota performs vital functions, such as barrier function, metabolic reactions, trophic effects, and maturation of the host’s innate and adaptive immune
responses. Development of the intestinal microbiota in infants is characterized by rapid
and large changes in microbial abundance, diversity, and composition. These changes are
influenced by medical, cultural, and environmental factors such as mode of delivery, diet,
familial environment, diseases, and therapies used (Matamoros et al., 2013). The intestine of the human baby is sterile at birth, and the composition of the intestinal microbiota is relatively simple in infants but becomes more complex (and stable) in adults. The
intestinal microbiota is thought to derive from the microbiota its own mother (vagina,
skin, and mother’s breastmilk) and from the environment where the infant is born. With
regard to bacterial diversity, there is a high degree of variability among individuals, even
among those living under the same conditions. This variability depends on age, diet,
immune status, stress factors, and many other factors not yet completely known (Isolauri
et al., 2004). Briefly, vaginal delivery, breastfeeding, and interaction of the infant with the
environment were pointed out as factors that favor a proper microbial gut colonization
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and maturation of the gut-associated immune system, whereas C-section delivery, preterm delivery, intake of antibiotics, formula feeding, indoor living, excessive sanitation,
and chemical preservation of food are on the list of factors that might impair natural
colonization (Moreau and Gaboriau-Routhiau, 2000; Toh and Allen-Vercoe, 2015). The total
population of the large intestine has been estimated in approximately 1011–1012 CFU/g
of intestinal content, to harbor around 500–1000 different bacterial species in a given
individual (Zhu et al., 2010) and to represent approximately 1012 cells/g dry weight feces.
Then, a lot of metabolic activity is carried out by the intestinal microbiota to support the
constant elimination through feces. Not only bacteria are present in the gut, the viral microbiome (the “virome”) load is estimated to be higher than that of the bacterial load, the
majority being viruses that infect bacteria and Archaea (bacteriophage). Yeasts and other
eukaryotes (e.g., protists) are estimated to make up only a small fraction of the colonic
microbiota (Schulze and Sonnenborn, 2009; Reyes et al., 2010; Mills et al., 2013; Parfrey
et al., 2014). Common genera or species found within the gut intestinal microbiota include
Bacteroides, Eubacterium, Ruminococcus, Clostridium, and Bifidobacterium, and as subdominant microbiota, Escherichia coli, Veillonella, Staphylococcus, Proteus, Streptococcus,
and Lactobacillus (Tannock, 2003; Krych et al., 2013). These microorganisms exert various metabolic activities, such as formation of short-chain fatty acids, upon dietary fiber
breakdown and fermentation, that act as a carbon source for colonocytes, the synthesis of
vitamins, and the activation or inactivation of bioactive food components. As it was said,
their normal functioning is essential for the development of the host gut anatomy and for
a proper education of the mucosal immune system. Regarding the functions carried out
by the members of the intestinal microbiota, it is possible to categorize the gut microbiota
species on the basis of whether they exert potentially pathogenic activities, potentially
pathogenic and health-promoting activities at the same time, or exclusively potentially
health-promoting aspects (Gibson et al., 2003). Species from the genera Bifidobacterium
and Lactobacillus, commonly found within the gut microbiota in healthy subjects, have
a long tradition of being considered health-promoting bacteria, and only health positive effects have been ascribed to them. It seems, however, that the increasing amount of
studies of intestinal microbiota components and their function will reveal in the near
future that many other members of the intestinal microbiota might display only health
positive effects for the host, converting them into potential candidates for probiotic intervention. The joint FAO/WHO working group adopted the definition that establishes that
probiotics are “live microorganisms which when administered in adequate amounts confer a health benefit on the host” (FAO/WHO, 2002). This joint commission also released a
series of guidelines for the evaluation of probiotics in foods.
The probiotic capacity of a microorganism is strain dependent. A strain can be
referred to as a probiotic culture only once a health effect has been properly demonstrated on the host, following its consumption. Some species from which specific strains have been isolated, characterized and proposed as probiotics include
Lactobacillus acidophilus, Lactobacillus gasseri, Lactobacillus johnsonii, Lactobacillus
casei, Lactobacillus paracasei, Lactobacillus rhamnosus, Lactobacillus plantarum,
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Lactobacillus reuteri, Lactobacillus crispatus, Lactobacillus fermentum, Bifidobacterium
animalis, Bifidobacterium bifidum, Bifidobacterium adolescentis, Bifidobacterium lactis,
Bifidobacterium breve, Bifidobacterium infantis, Bifidobacterium longum, Saccharomyces
boulardii, Saccharomyces cerevisiae, Enterococcus faecium, and Escherichia coli, among
others. LAB constitute a broad heterogeneous group of generally food-grade microorganisms historically used in food preservation, composed of genera such as Lactobacillus,
Leuconostoc, Pediococcus, Lactococcus, and Streptococcus (Mozzi, 2016). LAB is by far the
most used group for the development of probiotic cultures. Interestingly, in the case of
E. coli species, only the commercial probiotic strain E. coli Nissle has been reported
so far. Although some strains of the genera Enterococcus were studied for their
probiotic capacity and there are even some well-known examples of probiotic enterococci in European markets, their participation in diseases and their role as vectors for
antibiotic resistance transmission still raise concerns on their safety for use as a probiotic for humans and also because these bacteria are still often viewed as problematic
since many strains belonging to specific genetic subsets are known to be involved in
nosocomial infections (Franz et al., 2011, 2014).
The definition of “probiotics” requires the term to be only applied to live microbes
having a substantiated beneficial effect, as evidenced by a randomized double-blind,
placebo-controlled, human clinical study. Nevertheless, in some cases, health benefits were also observed, to a certain degree, followed the administration of nonviable
cells (Lahtinen, 2012). Recent studies have raised the question of whether nonviable
probiotic strains can confer health benefits on the host by influencing the immune
system. As the potential health effect of these nonviable bacteria depends on whether
the mechanism of this effect is dependent on viability, future research needs to consider each probiotic strain on a case-by-case basis (Power et al., 2014). Some probiotic
bacteria strains may release bioactive peptides by the breakdown of proteins (Pessione
and Cirrincione, 2016) during the fermentation of a vegetal matrix and can also produce metabolites that can also confer health benefits, such as exopolysaccharides
(Patten and Laws, 2015) or neuroactive substances such as gamma-aminobutyric acid
and serotonin, which act on the brain-gut axis by displaying antidepressant or anxiolytic activity. This new generation of probiotics were called “psychobiotics” (Dinan
et al., 2013). Starters commonly used in the fermentative dairy industry that belong to
the species Streptococcus thermophilus, Lactobacillus delbrueckii subsp. bulgaricus or
Lactococcus lactis are consumed alive on the food products manufactured with them
(fermented dairy products mainly), but they do not survive the gastric and intestinal
transit. Anyway, they (or their food products) can be considered probiotics according
to Reid et al. (2003) and Guarner et al. (2005).
Different species from the genera Bifidobacterium and Lactobacillus can be normally found as members of the intestinal microbiota of healthy individuals. They can
be recovered from feces, breastmilk, and grown in laboratory culture media (so they
can be further industrialized), and only health-promoting effects have been ascribed
to them. These facts make these genera the main chosen ones for the development of
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probiotic strains for use in food products or supplements. The human gut microbiota is
getting a lot of attention today, and research has already demonstrated that alteration
of its population may have far-reaching consequences. One of the possible routes for
correcting intestinal dysbiosis is consuming probiotics (Fijan, 2014). Then, the strategy
behind probiotic intervention would be to reinforce the intestinal microbiota diversity
with “naturally occurring beneficial bacteria,” at least as a transient intestinal colonization (as probiotics do not permanently colonize the gut), using a health-promoting
candidate with credibility of specific health claims established through science-based
clinical studies.
Probiotics do not derive exclusively from breastmilk (Martín et al., 2003) or from the
intestinal environment or feces of healthy individuals. Beyond the human microbiota,
strains for probiotic use, mainly from the genus Lactobacillus, can be isolated from certain food products, as they naturally occur in artisanal fermented foods such as fermented
milks, cheeses, sausages, or cereal-based fermented foods (Farnworth, 2008). Considering
the species-specific criterion, largely and historically used in the research of new probiotic strains, one might think that a probiotic candidate isolated from the human intestinal
microbiota would perform better in humans compared to a strain isolated from another
source (food, for instance) or from another species (pigs, for example), as it could be supposed that it would be ecologically better adapted to the human intestinal environment if
it comes from that place. Nevertheless, probiotic properties were found in strains derived
from the intestinal environment as well as in strains derived from fermented foods. For
example, many commercial probiotic strains of intestinal origin performed well in the,
sometimes harsh, acidic conditions found in fermented milks (Lourens-Hattingh and
Viljoen, 2001; Vinderola et al., 2002). Haller et al. (2001) and Ren et al. (2014) found interesting metabolic and functional properties in lactobacilli derived from the gut as well as
in strains isolated from food. Commensal and noncommensal strains of L. fermentum
and L. acidophilus were both able to activate the gut mucosal immune response in mice
(Dogi and Perdigón, 2006), a feature of interest for probiotic bacteria. The criterion of
human origin still holds true, but more for “historical reasons” and “common sense,”
rather than for scientifically based reasons, which are still not evident (Morelli, 2000). It is
the specificity of the action, not the source of the microorganism that is important for a
strain to be considered a probiotic (FAO/WHO, 2002).

3. Probiotic Bacteria in Fermented Dairy Products: What
Was Lost After the Industrial Revolution Is Being
Recovered Today
The association between man and fermented milks stretches back thousands of years
before the Christian era. The main geographical areas in which the traditional use of
fermented milk dates back to ancient times include North and North Eastern Europe,
South Eastern Europe including the Caucasus, Transcaucasia, and North East Asia in the
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Soviet Union, the Near East, and the Indian subcontinent (Kanbe, 1992). The idea that
LAB prevent intestinal disorders and diseases is nearly as old as the science of microbiology and due to the work of a disciple of Louis Pasteur, the father of microbiology. At
the beginning of the 20th century, the Russian bacteriologist Eli Metchnikoff gave the
first scientific explanation for the beneficial effects of LAB present in fermented milks.
The good health and longevity observed in the Bulgarian population by Metchnikoff was
attributed to the large amounts of fermented milks consumed. In 1908 he postulated his
“longevity-without-aging” theory considering that the LAB resulted in the displacement
of toxin-producing bacteria normally present in the intestine, resulting in a healthier
environment (Lourens-Hattingh and Viljoen, 2001). Lactic acid–fermented (artisanal)
foods have constituted a significant portion of the human diet for a long time and still
constitute it in many countries, mainly in Africa and Asia. Lactic acid fermentation is the
simplest and often the safest way of preserving food, and before the Industrial Revolution,
this process was used just as much in Europe as it still is in Africa. In this way, humans
consumed large numbers of live LAB, and presumably those associated with plant material were consumed before those associated with milk (Molin, 2001). The microbiological
composition of traditional (artisanal) fermented products from Africa and Asia, mainly
fermented milks, is composed of species such as L. casei, L. acidophilus, L. rhamnosus,
L. fermentum, L. delbrueckii subsp. bulgaricus, S. thermophilus, L. lactis, or L. plantarum, among others (Watanabe et al., 2009; Schoustra et al., 2013; Franz et al., 2014). Many
artisanal fermented foods may contain potential probiotic strains that will become
important in the future (Farnworth, 2004). One of the first industrial productions of yogurt
in Europe was undertaken by Danone in 1922 in Madrid, Spain (Rasic and Kurmann,
1978). After World War II, the technology of yogurt production, its consumption, and the
understanding of its properties have increased rapidly (Prajapati and Nair, 2003). In
the 1960s, the first concentrated deep-frozen/freeze bulk set starter cultures for yogurt
manufacture were released into the market. From then on, commercial yogurt became
more and more popular and it was massively produced by dairy companies around the
world. Then, the natural supply of a variety of LAB through artisanal fermented milks
ceased in industrialized countries during the 20th century, which may have contributed
to the increasing occurrence of gastrointestinal problems, perhaps even immunologically dependent ones (Molin, 2001). If not completely ceased, the ingested diversity of
LAB might have been reduced when commercial yogurt replaced artisanal fermented
milks as part of the human diet. Yogurt is impressively old: it dates back to the third millennium BC, when Turkish goatherds fermented milk in sheep-skin bags to conserve it.
Today, commercial yogurt is perhaps the fermented milk most consumed worldwide.
Yogurt is the product of milk fermentation by only two species: S. thermophilus and
L. delbrueckii subsp. bulgaricus. Although many beneficial health effects (metabolic,
cardiovascular, gastrointestinal, and bone health as well as weight, cancer, or diabetes
management and nutrition-related health outcomes) were linked to consumption of
yogurt along with these two species (Adolfsson et al., 2004; McKinley, 2005; Glanville
et al., 2015), the use of specific strains of other Lactobacillus species and bifidobacteria
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as adjuncts probiotics in commercial yogurt may be a way for consumers to take back
some of those beneficial microorganisms lost by the transition from artisanal fermented
milks to commercial (microbiologically simplified) yogurt or to incorporate, in the case
of bifidobacteria, benefic microorganisms derived from the gut environment to reinforce
the intestinal health through diet. In this sense, application of LAB has changed from
traditionally fermented foods and beverages to rationally controlled food fermentation
(Mozzi, 2016). Other facts that justify the incorporation of probiotic cultures to traditional
yogurts are the following: microorganisms used for yogurt production (S. thermophilus
and L. delbrueckii subsp. bulgaricus) are not common members of the human intestinal microbiota, and they hardly survive the harsh conditions found in the stomach (Reid
et al., 2003). For probiotics, a criterion for strain selection is their capacity to survive
along the gastrointestinal tract (Sanders, 2008), which means to withstand the low pH of
the stomach and the inhibitory compounds found during the intestinal transit (bile salts
mainly) (Russell et al., 2005; Lehrer et al., 2005). Viability in the intestine confers probiotics the possibility to have desirable metabolic activity during their passage through the
gut (Bron et al., 2004) and to interact with gut-associated immune cells (Vinderola et al.,
2005), launching desirable immune responses. Finally, numerous studies have demonstrated the importance of cell viability for the accomplishment of many health-promoting
effects (Ouwehand and Salminen, 1998; Galdeano and Perdigón, 2004; Lahtinen, 2012).
Although there is still debate on whether yogurt starters should be regarded as probiotics (Senok et al., 2005), sound evidence supports the idea that these cultures fulfill the
current concept of probiotics (Guarner et al., 2005). The presence of probiotic bacteria
able to survive the gastrointestinal transit will also assure many other health benefits for
which cell viability and cell integrity in the intestinal lumen is required. However, it is
worth to mention that the European Food Safety Authority (EFSA) has acknowledged, in
2010, a probiotic role to live yogurt cultures in relation to their capacity to improve lactose
digestion in a nonstrain-dependent manner. The first commercial foods with probiotic
bacteria were yogurt and fermented milks and are still the most important food vehicle
for the delivery of probiotic bacteria in terms of worldwide diversity and sales (Farnworth
and Champagne, 2016). Some facts made yogurt the main food vehicle for the delivery
of probiotics. Yogurts are perceived by consumers as healthy food. From the point of view
of the manufacture of yogurt in the dairy industry, and the feasibility of probiotic bacteria addition, probiotics can be aseptically added, after milk pasteurization, before (in set
or firm yogurts) or after (in drinking or liquid yogurts) milk fermentation, depending on
the type of product. The methods used to manufacture stirred and drinking yogurt, in
particular, are well suited to the addition of probiotics after milk fermentation (Stanton
et al., 2003). Additionally, yogurts are kept at refrigeration temperatures for up to more or
less 1 month, which helps probiotic cell viability along storage. The commercial stability of the fermented milks allows the expansion and coverage of the needs of different
consumer categories (Prado et al., 2008). Finally, yogurts are consumed, in general, on a
regular basis. This might warrant the efficacy of probiotics in the intestine, as an eventual
or sporadic probiotic intake is not likely to induce any health benefit.
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4. Health Benefits of Probiotic Bacteria
In vitro investigations on adhesion properties, pathogen inhibition, and stimulation of
immune parameters in cell culture, for example, are not sufficient to call a strain probiotic
(Franz et al., 2014). Therefore, although in vitro (eukaryotic cell cultures) and animal studies are key steps to estimate the potential health effects of probiotic bacteria, the ultimate
evidence of probiotic action must be provided by well-designed randomized double-blind
placebo-controlled human clinical trials. The most popular food matrix used up to now for
delivery of probiotics, yogurt, has health benefits itself derived from its multiple bioactive
components. Typical dairy starters such as L. lactis, S. thermophilus, and L. delbrueckii
subsp. lactis or bulgaricus have only rarely been used in animal or human in vivo studies,
because they are not considered to exert health benefits comparable to those of probiotic
strains (Lick et al., 2001), although there are some reports indicating that yogurt starters
might arrive viable to the intestine (Lick et al., 2001; Elli et al., 2006; Vázquez et al., 2013).
There is a large body of evidence that conventional yogurts containing S. thermophilus
and L. delbrueckii subsp. bulgaricus do exert many health-promoting effects (Adolfsson
et al., 2004; Guarner et al., 2005) due to their content of lactase released in the gut from the
starters that are sensitive to the detergent action of bile salts (Lin et al., 1998), to the release
of bioactive peptides from milk proteins (Vinderola, 2008), to the production of soluble
immunomodulatory exopolysaccharides (Vinderola et al., 2006) or antimicrobial components (Ouwehand and Vesterlund, 2004), or to health effects related to the immunomodulation of the gut-associated lymphoid tissue by cell-wall debris (Morata de Ambrosini
et al., 1996; Tejada-Simon and Pestka, 1999) derived from cells of S. thermophilus and
L. delbrueckii subsp. bulgaricus that are inactivated by gastric acidity and disrupted by
bile salts and lysozyme during the intestinal transit.
A detailed discussion of the health benefits of different probiotic strains and their mechanisms of action is far beyond the scope of this chapter. Some of the health benefits of the
consumption of probiotic bacteria as pure cultures (as found in dietary supplements) or
included in fermented dairy products or other foods are the beneficial modulation of the
gut microbiota activity by the reduction of the risk associated with mutagenicity and carcinogenicity (Druart et al., 2014), alleviation of lactose intolerance (Shaukat et al., 2010),
reinforcement of gut mucosal immunity (Ganesh and Versalovic, 2015), acceleration of intestinal mobility (Miller and Ouwehand, 2013) or reduction of constipation (Dimidi et al., 2014),
lowering of blood cholesterol (Kumar et al., 2012), prevention or shortening of the duration
of different diarrheas (Ahmadi et al., 2015; Guarino et al., 2015; Szajewska et al., 2015; Wong
et al., 2015), prevention of urinary tract infections (Schwenger et al., 2015) or human diarrhea
infections associated with domestic animal husbandry (Zambrano et al., 2014), prevention of
inflammatory bowel disease (IBD) and pouchitis (Saez-Lara et al., 2015; Wasilewski et al., 2015)
prevention of colon cancer (Wang et al., 2015), inhibition of Helicobacter pylori and intestinal
pathogens, or treatment and prevention of allergies such as atopic dermatitis (Zuccotti et al.,
2015) or celiac disease (de Sousa Moraes et al., 2014). Positive results after probiotic intervention were also observed at distant sites from the gut such as the skin (Vaughn and Sivamani,
2015). Additionally, probiotics were also positively involved in emotions (Slyepchenko et al.,
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2014) and weight loss (Park and Bae, 2015). It is unlikely that a probiotic strain might accomplish all the different health benefits attributed to probiotics in general. The health effects
of a given strain are limited to those demonstrated by the human clinical trials in which it
was used and in the concentration, format (pure culture or included in a food matrix), and
period of administration reported. Some commercially available probiotic strains with welldocumented health effects are L. acidophilus LA1, L. paracasei CRL 431, B. animalis subsp.
lactis Bb-12 and L. rhamnosus GR1 from Chr. Hansen, L. acidophilus NCFM from Dupont,
L. acidophilus DDS-1 from Nebraska Cultures, L. acidophilus NCFB 1748 and L. paracasei F19
from Arla, L. paracasei Shirota and B. breve Yakult from Yakult, L. casei Immunitas (DN 114001) and B. animalis subsp. lactis (DN 173-010) from Danone, L. johnsonii LA-1 from Nestec,
L. plantarum 299v and L. rhamnosus 271 from Probi AB, L. reuteri SD2112 from Biogaia,
L. rhamnosus GG from Valio Dairy, L. salivarius UCC118 from University College Cork,
B. longum BB536 from Morinaga, or B. animalis subsp. lactis DR10 from Fonterra (Franz
et al., 2014). For some of them, their health effects have been reviewed. One example is
L. rhamnosus GG (Szajewska et al., 2011; Liu et al., 2013; Szajewska and Kołodziej, 2015),
which accounts for more than 760 scientific publications and more than 260 clinical studies; L. rhamnosus GG (trademark LGG) is the world’s best documented lactobacilli probiotic
strain (http://www.chr-hansen.com). Other well-documented probiotic strains are L. casei
Shirota (Matsuzaki, 1998), included in the popular Japanese product Yakult, L. acidophilus
NCFM, or B. animalis subsp. lactis BB12 (Szajewska and Chmielewska, 2013; Jungersen et al.,
2014), backed by 360 scientific publications out of which more than 165 are clinical studies; BB-12 is the world’s best documented probiotic bifidobacteria (http://www.chr-hansen.
com). It must be taken into account that effects observed for a strain administered as pure
culture will not necessarily be the same if the strain is administered within a product matrix,
as the food matrix might highly determine the functionality of probiotic bacteria. This is
worth mentioning since the majority of the clinical trials for probiotics were carried out with
the strain as pure cultures (supplements) or within a dairy matrix, so much less information
has been available up to now about the effects of probiotics when administered in nondairy
foods.
Perturbations in the composition or functions of the microbiota are linked to
inflammatory and metabolic disorders (e.g., IBD, irritable bowel syndrome, and obesity); however, it is not clear yet whether these changes are symptoms of the disease or
a contributing factor for disease development. While evidence of the preventive and
therapeutic effects of probiotic strains on various intestinal conditions is promising,
the exact mechanisms of the beneficial effects are not fully understood (Power et al.,
2014).

5. Functionality of Probiotic Bacteria: The Food Matrix
Matters
According to the definition of probiotic bacteria, cells must be viable. The determination
of probiotic viability (assessment of the concentration of viable cells on agar plates as the
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simplest method to monitor cell viability) along the manufacture chain of probiotic cultures and foods containing probiotic bacteria has been the gold standard to claim for the
probiotic capacity of the strain or the product containing it. Although plate counting on
agar media can assess bacterial viability, it actually only indicates how many cells can replicate under the conditions provided for growth (Ben Amor et al., 2007). Noncultivable
or dead cells, which may be still functional, are not considered. Then, “viable cells” is,
for the moment, a sign of a “functional culture.” Nonetheless, evidence suggests that
the level of viable cells would no longer be a definite parameter that indicates the real
probiotic capacity or functionality of the strain. Some examples where functional traits
changed without changes in cell viability will be briefly commented on now and were further discussed in previous works (Sanders and Marco, 2010). Adhesion of probiotics to
the surface of intestinal epithelial cells is important for, at least a transient, gut colonization. Additionally, cell adhesion was linked to several beneficial effects such as shortening of duration of diarrhea, immunogenic effects, and competitive exclusion (Isolauri
et al., 1991; Saavedra et al., 1994; Salminen et al., 1996; Malin et al., 1997; Van Tassell and
Miller, 2011). Tuomola et al. (2001) reported a reduction in the adhesion capacity of L. acidophilus when this parameter was compared in the strain isolated from a dairy product
at the beginning and at the end of the production line of manufacture of the product. If
the adhesion capacity of the probiotic is altered during the manufacture of the food product due to technological issues (shear stress when pumping liquids trough pipes), then
its functionality (persistence in the gut) might be also altered without noticeable changes
in cell viability. Saarela et al. (2003) reported that resistance to acidic conditions found in
the stomach, a desirable feature of probiotic candidates, depended on the carbon source
used as substrate for the production of biomass of probiotic bacteria. Similar levels of viable cells were obtained with different substrates, but cultures differed on their capacity
to withstand low pH. Acid tolerance in a probiotic strain of B. animalis was influenced
by the processing and storage conditions, whereas the level of viable cells in the product
was not affected during storage (Matto et al., 2006). The immunomodulatory capacity of
L. gasseri OLL2809 was dependent on the pH at which cells were grown as well as on the
time at which cells were harvested (Sashihara et al., 2007). The resistance to gastric acidity
of the breastmilk-derived probiotic candidate B. animalis subsp. lactis INL1 also depends
on the pH at which biomass was produced, and also on the food matrix where the strain is
included (Vinderola et al., 2012). It was reported that L. casei BL23 was more effective for
the attenuation of colitis in a murine model when administered in milk compared to the
administration of the strain as a pure culture in a buffered solution (Lee et al., 2015). A key
study showing the impact of the food matrix on the functionality of the probiotic strain
is the one performed by Grześkowiak et al. (2011). In the aforementioned study, the commercial probiotic strain L. rhamnosus GG was reisolated from different foods and dietary
supplements obtained in different parts of the world. All L. rhamnosus GG isolates showed
similar tolerance to acid and were able to bind to human colonic mucus. However, pathogen exclusion by inhibition and competition varied significantly among the different isolates and pathogens tested. The results suggest that different sources of the same probiotic
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may have significantly altered strain properties. A comprehensive revision on the importance of the food matrix on probiotic viability efficacy was reported (Ranadheera et al.,
2010; do Espírito Santo et al., 2011). As already mentioned, when considering nondairy
foods it must be taken into account that the majority of the clinical trials for probiotics
were carried out with the strain as pure cultures (supplements) or within a dairy matrix.
So, we must be aware of the fact that efficacy of probiotics might change when a probiotic
strain supported by clinical studies performed as single culture or within a dairy matrix is
incorporated in a vegetable, cereal, or fruit matrix.

6. Opportunities and Challenges for Probiotic Bacteria
in Nondairy Foods
Beyond artisanal milk-based fermented products, LAB are present in other traditional fermented foods, such as brined olives, salted gherkins, or sauerkraut, but for one reason
or another, these plant-based foods are rarely considered carriers for probiotic bacteria
(Molin, 2001). With an increase in the number of vegetarians in developing countries,
there is also a demand for vegetarian probiotic products. Concomitantly, lactose intolerance, allergy to milk proteins, and the cholesterol content of dairy products are major
drawbacks related to fermented dairy products as attractive carriers for probiotic bacteria
(Prado et al., 2008; Granato et al., 2010). Anyway, it is fair to mention that there are also
allergies to soy, gluten, and vegetables, which means that milk-based products are not the
only ones that may confer allergenicity on consumers (Granato et al., 2010). Additionally,
some people may reject consuming dairy products for economic, cultural, or religious reasons. Yet, milk products are hardly accessible to consumers in some parts of the world
(Rivera-Espinoza and Gallardo-Navarro, 2010), thus creating opportunities for the development of nondairy probiotic products. For instance, the Asian diets are relatively low in
meat and dairy food, whereas plant-based foods constitute the core of the daily intake
(Vasudha and Mishra, 2013). At the same time, lactose intolerance in East Asia may have
up to a 90% of incidence in the population (Kumar et al., 2015). In economic terms, the
only hope for business survival is the ability to continue innovating (Granato et al., 2010).
Therefore, permanent seeking of innovation by the food industry is another factor that
fuels the diversification of the food matrices where probiotics might be included, to satisfy
the growing demand for new foods. Nondairy foods that might be a potential vehicle for
probiotic bacteria include meat, fish, cereals, legumes, vegetables, or fruits; however, due
to the characteristics of this book, we will focus on plant materials. Plant materials, as carriers for probiotic bacteria, may have the same positive perception by consumers of being
as good for health as dairy products. They are a source of fibers, nutrients, and minerals, and they are intended for consumption by all individuals and widely accepted among
consumers (Furtado Martins et al., 2013). A particular and possible advantage of the incorporation of probiotics to fruit juices is that they stay much less time in the stomach compared to dairy products; thus probiotic strains could find their way to the gut more quickly,
and in higher amounts of viable cells, evading faster the harsh acidic conditions of the
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stomach (Kumar et al., 2015). However, it must be acknowledged that dairy products may
have more buffering capacity compared to fruit juices and seem to better neutralize the
acid in the stomach (Tompkins et al., 2011). However, contradictory results were reported
by Elizaquível et al. (2011) as well. In the referenced work, survival of certain probiotic
strains to simulated gastrointestinal digestion was higher in orange juice than in yogurt.
These results indicate the strain-matrix dependency of survival in food.
There are opportunities, but there are also challenges. Fruit or vegetable juices contain
important nutrients (minerals, vitamins, dietary fibers), but there are also some factors
that could limit probiotic survival, mainly low acidity related to the high level of organic
acids (Perricone et al., 2015) and dissolved oxygen (Shori, 2016). However, these same hurdles had to be overcome previously by probiotic bacteria in fermented milks (and indeed
they succeed due to proper strain selection). Dairy products are stored at temperatures
close to 5°C in commercial retailers, so probiotic cell viability is presumably warranted
along the shelf life of the product if low temperatures are maintained. Storage at room
temperature, which is common for many types of nondairy products such as cereal products, fruit juices, drinks, confectionary, and so on, can create an overwhelming challenge
for probiotic stability (Matilla-Sandholm et al., 2002). Yogurt-type products when not
consumed immediately require refrigeration to ensure stability of both the product and
the probiotics, but the high ambient temperatures of many regions around the globe, the
great distribution distances within some countries, and potential problems with maintaining the cold chain in rural areas present logistical problems for probiotic dairy products (Franz et al., 2014).
Marketing a strain, food, or a dietary supplement or pharmaceutical product containing a strain as probiotic and bearing a health claim requires the approval of the specific
health claim by the local or regional health authority. This authority will determine which
health or nutritional claims can be advertised or not on the label of the product (packaging) or in the messages delivered through audiovisual media (Arora and Baldi, 2015). In
Europe, probiotic health claims must be evaluated and approved by an ad hoc committee
named by the EFSA before being authorized by the European Commission (Salminen and
van Loveren, 2012). While hundreds of human trials are published, the term is in danger
of falling into disrepute as a result of negative publicity associated with the lack of support
of numerous health claims by agencies such as EFSA, who are demanding quasi-medical
standards of proof in a bid to “protect the consumer” (Hill and Sanders, 2013). This controversy makes the European probiotics industry fear that regulations will scuttle the market
for health-promoting or disease-preventing foods (Vogel, 2010), making substantiation of
their health effects a present challenge for probiotics.

7. Plant Material and Technological Strategies for the
Development of Nondairy Probiotic Products
Fermented dairy products, such as fermented milks and fresh cheeses, have been the food
vehicles with the biggest technological and commercial success for the incorporation of
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Table 44.1 Technological Strategies for the Development of Nondairy Plant-Based
Probiotic Products
Fermentation

Characteristics

Advantages

Disadvantages

Uncontrolled

Raw material fermented with
indigenous microorganisms
Inoculation and growth of a specific
probiotic strain
Use of a specific probiotic strain as
adjunct (no growth on the substrate)

No need for inoculation

Difficulty for product
standardization
Possible negative impact
on flavor
Need for a higher inoculum

Controlled
Unfermented

Use of a smaller inoculum
No negative impact on
flavor

probiotic bacteria (Figueroa-González et al., 2011). The technological process for the manufacture of yogurt is rather simple. In most cases, milk is fermented by a mixed starter culture composed of S. thermophilus and L. delbrueckii subsp. bulgaricus, and the probiotic
cultures are added along with the starters (for set or firm yogurts) or after milk fermentation (in stirred or drinking yogurts). The most common probiotic microorganisms used
and marketed in food worldwide belong to the genera Lactobacillus and Bifidobacterium
(Champagne et al., 2011). They are generally fastidious bacteria and require rich media
for propagation. They grow poorly in milk (Robitaille and Champagne, 2014), or their
growth in milk-based media, even with an added nitrogen source, is very slow (Burns et al.,
2008) when compared to the starter cultures. The protocooperation established between
S. thermophilus and L. delbrueckii subsp. bulgaricus can lower milk pH from 6.5 to 4.5
in less than 6 h, whereas the majority of probiotic strains need more than 10 h to reach
that pH (Østlie et al., 2003). As probiotic bacteria generally do not grow rapidly in cows’
milk, in yogurt manufacture, they do not attain as high numbers as the starter cultures
(Champagne et al., 2005). So, probiotics in yogurts are mostly used as adjuncts or ingredients (Granato et al., 2010); they are not expected to significantly grow during milk
fermentation if inoculated prior to fermentation. For plant-based probiotic products,
there is a wider range of possible growth substrates (vegetables, fruits, cereals, legumes),
and probiotics might act as starters or as adjuncts (Table 44.1).

7.1 Nondairy Plant-Based Probiotic Beverages Derived From
Uncontrolled Fermentations
Over centuries, fermentations have been used to preserve, improve the quality, or modify the flavor of cereals, fruits, vegetables, legumes, meat, or fish. As the spontaneous
fermentation process involves mixed cultures such as yeast, LAB, and fungi, traditional
fermented foods are a plentiful source of microorganisms, and some strains were studied for their probiotic characteristics (Rivera-Espinoza and Gallardo-Navarro, 2010).
Boza is a beverage consumed in Bulgaria, Albania, Turkey, and Romania that is derived
from the spontaneous fermentation of wheat, rye, millet, maize, and other cereals mixed
with sugar. Yeasts and LAB were isolated from Bulgarian boza, including L. plantarum,
L. acidophilus, L. fermentum, Lactobacillus coprophilus, Leuconostoc reffinolactis,
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Leuconostoc mesenteroides, L. brevis, S. cerevisiae, Candida tropicalis, Candida glabrata,
Geotrichum penicillatum, and Geotrichum candidum. Bushera is the most common traditional beverage prepared in Uganda from sorghum or millet flour from the germinated
sorghum and millet grains mixed with boiling water and left to cool to ambient temperature to ferment for 1–6 days. The LAB isolated from Bushera comprised Lactobacillus,
mainly L. brevis, but also Lactococcus, Leuconostoc, Enterococcus, and Streptococcus. In
line with this kind of spontaneously fermented beverages, where a plethora of yeasts
and LAB species were reported to be naturally present, also mentioned can be Mahewu,
consumed in Africa and in some Arabian Gulf countries (made from corn meal), Pozol in
Mexico (made from maize), Togwa in Africa (obtained from maize flour and finger millet
malt), or Hardaliye in Turkey, a lactic acid–fermented beverage produced from the natural fermentation of red grape, or grape juice with the addition of the crushed mustard
seeds and benzoic acid (Prado et al., 2008). A multitude of nondairy fermented cereal
products has been created throughout history for human nutrition, but only recently
probiotic characteristics of microorganisms involved in traditional fermented cereal
foods have been reported. Although LAB are the principal microorganisms responsible
for the natural fermentation of these products, the indigenous LAB microbiota varies
as a function of the quality of the raw material, temperature, harvesting, and fermentation conditions, which make difficult the complete characterization of the LAB strains
involved and the standardization of the product required to be regarded and marketed as a probiotic food. Although there is a large quantity of traditional fermented
food produced from different substrates, we still lack information about the identity of
the potential probiotic strains naturally present in those foods (Rivera-Espinoza and
Gallardo-Navarro, 2010). However, they constitute an important source for the isolation,
characterization, and marketing of new probiotic strains, as the information available
on these matrices as raw material for probiotic microorganisms is still significantly less
compared to their dairy counterparts (Kumar et al., 2015). The possibility of obtaining
an accepted health claim for a traditional fermented food from the local authority is of
interest for the promotion of probiotic foods; as local populations in developing countries may prefer a “local” solution to nourishment, health maintenance, and restoration
rather than purchasing a foreign company’s product on a regular basis, especially if that
traditional food is part of their normal diet (Franz et al., 2014) or of their cultural identity.

7.2 Nondairy Plant-Based Probiotic Beverages Derived From Controlled
Fermentation
L. plantarum 299v is to the plant-based food industry perhaps what L. rhamnosus GG is to
the dairy products industry. The first probiotic food that did not contain milk or milk constituents was launched in Sweden in 1994 and was named ProViva (Skane Dairy, Malmö,
Sweden). The active component is oatmeal gruel fermented by L. plantarum 299v where
malted barley is added to enhance the liquefaction of the product. This formula is used as
the active ingredient in the food product in which 5% of the oatmeal gruel is mixed with
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a fruit drink (rose hip, strawberry, blueberry, black currant, or tropical fruits). The drink
contains approximately 5 × 107 CFU/mL of L. plantarum 299v. The product was effective in
a human clinical trial with patients with irritable bowel syndrome (Molin, 2001), among
other clinical conditions that will be discussed later. Another L. plantarum strain (L. plantarum B28) was used for the controlled fermentation (8 h) of whole-grain oat. The shelf life
of this functional drink was 21 days (Angelov et al., 2006).
Probiotic products developed with soy extract mixed with fruit juices are a new generation of foods on the market, which is a convenient way to include soy protein in the
basic diet (Champagne and Gardner, 2008). Soymilk is a suitable substrate for the growth
of LAB and bifidobacteria in a controlled fermentation (Prado et al., 2008). One technological benefit of soy fermentation is the reduction of its “beany” flavor and chalkiness.
Fermentation by probiotics has also the potential to reduce the content of carbohydrates
possibly responsible for gas production in the gut, such as raffinose and stachyose, to
increase free isoflavone levels, and to favor desirable changes in the intestinal microbiota
(Champagne et al., 2009). Fermentation has been a traditional option to increase digestibility of soy products and make them more flavored (Han et al., 2001). Even antioxidant
activity of phenolic compounds might be enhanced by fermentation (Sheih et al., 2000;
Wang et al., 2006). Some examples of fermented soy products are a water-soluble soy
extract fermented beverage with B. breve Yakult (Shimakama et al., 2003) or a soy yogurt
product fermented with L. casei and supplemented with oligofructose and inulin that
presented an acceptance index above 70% (Hauly et al., 2005). Potential probiotic strains
of L. plantarum and L. fermentum, isolated from cocoa fermentation in Southern Bahia
(Brazil), adequately fermented soymilk, rendering a product with sensorial acceptance.
Strains also displayed good survival in refrigerated storage (Saito et al., 2014).
In the dairy industry, cheeses were the second massive successful food matrix for
the delivery of probiotic bacteria (Vinderola et al., 2009). The preparation of cheese-like
products from soymilk coagulated with LAB is also an option. Liu et al. (2006) developed a
soy cheese based on the Chinese sufu, including a probiotic strain of L. rhamnosus, without negative effects on sensory properties and satisfactory viability of the strain in storage
at 10°C.
Fruit and vegetable juices as a food matrix for the development of probiotic drinks display a number of attractive advantages (inherent content of beneficial nutrients, tasteful
and pleasant to all age groups, perceived as being healthy and refreshing), but there are
also potential sensory challenges when lactic acid fermentation takes place, especially if
bifidobacteria are used as they produce acetic acid that may impart a vinegar taste. Yoon
et al. determined the suitability of tomato (Yoon et al., 2004), beet juice (Yoon et al., 2005),
and cabbage juice (Yoon et al., 2006) using four strains of probiotic LAB. Fermentation
took from 48 to 72 h until pH reached 4.1–4.5. However, not all LAB strains used remained
viable in storage for 4 weeks at 4°C. Rakin et al. (2007) fermented beetroot and carrot juices
with a strain of L. acidophilus. Fermentation was faster in the presence of yeast autolysate. Other commercially available products that fall into this category of plant-based
drinks fermented with probiotic microorganisms are Grainfields Wholegrain Liquid, a
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drink made from oat, maize, rice, alfalfa seed, pearl barley, linseed, mung beans, rye grain,
wheat, and millet fermented with L. acidophilus, L. delbrueckii, S. cerevisiae, and S. boulardii
and Vita Biosa, a mixture of aromatic herbs and other plants fermented with LAB and
yeasts, aimed at improving intestinal conditions (Prado et al., 2008). As fermentation with
LAB or bifidobacteria may produce unpleasant flavors, masking can be used to reduce the
sensations of unpleasant odors and flavors through the addition of new substances or flavors to juices (Reineccius, 2000). Addition of 10% (v/v) of tropical fruit juices was reported
to be enough for masking the perceptible off-flavors caused by probiotics that often contribute to consumer dissatisfaction (Luckow et al., 2006). Fruit purees were also assessed
as a substrate for fermentation with LAB strains. Kim et al. (2010) and Tsen et al. (2004),
reported a successful pear puree and banana puree fermentation with Leuconostoc mesenteroides and L. acidophilus, respectively; however, the probiotic capacity of the strains
used remains unknown.

7.3 Nondairy Plant-Based Beverages Added With Probiotic Cultures
Application of probiotic cultures in nondairy products represents a great challenge. Since
the probiotic cultures are included as ingredients to these products, they do not usually
multiply, as there will be no fermentation, which sets great demands for the probiotic survival. Stability is conditioned by factors such as pH, storage temperature, dissolved oxygen
levels, and presence of chemical inhibitors (Granato et al., 2010). Storage at room temperature, which is common for many types of nondairy products, can be detrimental for
probiotic stability (Matilla-Sandholm et al., 2002). For example, unsatisfactory probiotic
cell viability was observed when two probiotic strains of L. casei, commonly used in dairy
products, were added to commercial fruit and soya drinks and stored at 5°C for 4 weeks.
Yet, negative sensorial characteristics appeared in those juices due to the growth of L. casei
in the food product during storage at room temperature (Céspedes et al., 2013). Storage
under refrigeration, as for probiotics in dairy products, is mandatory for this kind of product. Fortunately, successful cases were reported as well, but success is dependent on the
probiotic strain used and on the fruit juice used. Sheehan et al. (2007) assessed the acid
tolerance and the technological robustness of probiotic cultures for fortification of fruit
juices. A variable survival capacity of L. rhamnosus, L. casei, and L. paracasei in orange,
pineapple, and cranberry juices was observed. Champagne and Gardner (2008) studied
the effect of storage on a commercial fruit drink on subsequent survival to gastrointestinal
stresses. Nine probiotic lactobacilli strains were evaluated for their ability to survive in a
commercial fruit drink stored at 4°C for up to 80 days. Authors found that L. rhamnosus
seemed more stable than L. acidophilus. The famous L. rhamnosus GG, largely used in
dairy products, has also been present since 1996 in nondairy drinks developed by Valio
Ltd., in products such as Gefilus fruit drinks. Another series of fruit juices containing the
same probiotic strain is Biola, manufactured by Tine BA in Norway. Rela is a fruit juice
with added L. reuteri MM53 manufactured by BioGaia in Sweden (Prado et al., 2008). The
awareness of consumers about the presence of a functional ingredient might condition
the acceptance of the product. Luckow and Delahunty (2004a) evaluated the consumer’s
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acceptance of black currant juices containing probiotic cultures. Consumers were told
that one of the juices contained a healthy ingredient. In general, the consumers selected
their most preferred product as the “healthiest” sample. However, in another trial (Luckow
and Delahunty, 2004b), consumer’s preference was directed toward conventional orange
juice instead of a probiotic one, as consumers detected “dairy” and “medicinal” flavors.
Sometimes, in fact, consumers are influenced to associate “healthy” foods with unacceptable flavors, assuming in their minds that sensory pleasure must be sacrificed to achieve
a healthy diet (Tuorila and Cardello, 2002). The issue of the presence of perceptible dairy
flavors may be due to the presence of traces of dairy ingredients (skim milk, milk proteins)
commonly used as protectants by manufacturers of probiotic bulk cultures. This may happen when probiotic cultures developed for the dairy food industry are used as adjuncts for
the development of nondairy products. In this sense, it is still needed the development of
probiotic cultures where nondairy ingredients are used as protectants for freeze-dried or
deep-frozen cultures intended for direct inoculation. For example, L. paracasei 431, a probiotic strain isolated in the middle 1980s at CERELA (Tucumán, Argentina) and marketed
by Chr. Hansen, has been largely used in fermented dairy products. This strain was reengineered for use in juice drinks (Céspedes et al., 2013). The key for the direct inoculation of
probiotics into the final food product is a special direct liquid inoculation system. It allows
food producers to add the probiotic bacteria directly to the finished food product, which
can lead to a higher number of viable microorganisms (Prado et al., 2008), without the
need (and the possible negative impact on sensorial properties) of product fermentation.
Another strategy reported for the delivery of probiotics is their immobilization on minimally processed pieces of apple and quince (Kourkoutas et al., 2005) or on wheat grains
(Loulouda et al., 2009).

8. Human Clinical Trials Supporting the Health Benefits
of Probiotics in Nondairy Plant-Based Foods
As it was mentioned before, the health claims of probiotics in the food matrix used must
be supported by sound evidence derived from well-designed randomized placebo-controlled double-blind human clinical trials. Clinical trials of probiotic bacteria in plantbased food are still low in number compared to their dairy counterparts. The commercial
product ProViva (rose hip fruit drink supplemented with oatmeal gruel fermented by
L. plantarum 299v) was administrated to patients with irritable bowel syndrome in a double-blind, placebo-controlled study for 4 weeks. Abdominal bloating was significantly lower
in the treatment group than in the placebo group, and pain decrease was more rapid in the
treated group. Twelve months after treatment, the treatment group was still experiencing better overall gastrointestinal function than the placebo group (Nobaek et al., 2000). The same
fruit drink was effective in reducing fibrinogen and LDL cholesterol concentrations in serum
of Polish men with moderately elevated cholesterol after 6 week of administration (Bukowska
et al., 1998) and gastrointestinal symptoms during treatment with antibiotics (Lönnermark
et al., 2010), and the product proved to be effective in increasing iron absorption in women of
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reproductive age (Hoppe et al., 2015). Ouwehand et al. (2004) reported the detection in feces
of B. lactis BB-12 when administered in an oat cereal bar, whereas Valerio et al. (2006) demonstrated the presence in feces of L. paracasei IMPC2 when orally administered to humans
in artichokes. The presence of probiotic bacteria in feces following oral administration is a
desirable attribute for a probiotic candidate; however, it says little about the probiotic effect,
which should be demonstrated. Pitkala et al. (2007) reported that fermented cereal with two
bifidobacteria strains normalized bowel movements in elderly nursing home residents in a
randomized controlled trial. The administration of L. paracasei F19 in cereals to infants had
a positive effect on the serum lipid profile and plasma metabolome in infants (Chorell et al.,
2013). Nevertheless, the same product seemed not to be effective either on the prevention of
dental caries (Hasslöf et al., 2013) nor for primary prevention of allergic disease (West et al.,
2013). In the latter study, the authors hypothesized that the lack of differences between the
control and treated group might have been due to the small size of the population involved
in the clinical trial. Lee et al. (2013) reported a reduced medication use and improved pulmonary function in asthmatic school children aged 10–12 years that received for 16 weeks
supplements containing vegetable and fruit concentrate, fish oil, and probiotics. However,
the concomitant administration of several potential functional products does not permit
establishing the real contribution of the probiotics used to the health effects observed.

9. Concluding Remarks
The popular positive and ancient connection between ingestion of fermented foods and the
proliferation of friendly bacteria in the gut has been gradually more and more supported by
the knowledge emerging from the metagenomics studies concerning intestinal microbiota
and its modulation through the diet, and the consequences on health and disease. The most
typical food matrices for probiotic bacteria have been fermented dairy products, mainly
yogurts and fresh cheeses. Yet it is possible to obtain probiotic foods from several plant-based
matrices (cereals, legumes, fruits, and vegetables), including both fermented (spontaneously
or controlled) and nonfermented products. Among the factors that fueled the development
of nondairy plant-based probiotic products are increasing numbers of vegetarians (including
vegans), lactose intolerance, allergy to milk proteins, cholesterol content of dairy products,
and the permanent need for innovation of the food industry. Although there is a large quantity of traditional fermented food produced from different substrates, where a plethora of LAB
and yeast occurs naturally, we still lack information about the identity and stability of those
complex ecosystems to apply for a health claim for those products to the regulatory authority. Food products obtained by controlled fermentation with specific probiotic strains or
those where the food is used as a carrier for probiotic microorganisms delivery (unfermented
products) seem to be more likely to successfully pass the rigorous exams about functionality
required by the regulatory authorities today. Most probiotic strains has been developed for
the dairy industry where dairy ingredients are used as protectants for the concentrated commercial cultures. Considering that the food matrix might exert a key role on the functionality
of the products, further studies are needed to evaluate the impact of the plant-based matrix
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on the functionality of traditional probiotics or newly isolated ones. Even with all these challenges, the future of nondairy plant-based probiotic products is promising, considering the
vast variety of fruits, vegetables, herbs, cereals, legumes, and all their possible combinations to
manufacture innovative and attractive healthy food products for a growing world population
looking for non-dairy functional products.
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1. Introduction
People choose vegetarianism for several reasons: preservation of natural resources, protection of animal welfare, or health benefits, as it has been described in other chapters of
this book (the readers may refer to Section 1). Avoiding meat and resorting to a plant-based
diet lead to a variety of diets. As described in Chapter 1, the pescetarian diet includes the
consumption of fish, seafood, eggs, and milk. The ovolactovegetarian diet (OLV) includes
the consumption of eggs and milk, whereas the vegan diet excludes the consumption or
the use of any products of animal origin.
The American Dietetic Association stated that well-planned vegetarian diets are healthy
and nutritionally adequate and might be beneficial in the prevention and treatment of
some diseases (Craig et al., 2009), as it has been reviewed in many chapters of this book
(see Section 3). For instance, Kahleova and Pelikanova (2015) showed that type 2 diabetes
is 1.6–2 times lower in vegetarians than in the general population. However, a vegetarian
diet can also be deleterious to health (Dwyer, 1988). It has been reported that eliminating all animal products from the diet increases the risk of certain nutritional deficiencies;
there are concerns for some vitamins and minerals in vegans.
With regard to the consequences of vegetarianism on the exposure to environmental contaminants, few data exist as of today in the literature, except Clarke et al. (2003), who reported
the exposure of vegetarians to some trace elements and phytoestrogens in the UK population. With regard to pesticide residues (PRs), a screening French study including 421 PR and
the whole diet of each subgroup of consumers showed that, except for organochlorine compounds and particularly PR classified as persistent organic pollutants (POPs), the vegetarian
Vegetarian and Plant-Based Diets in Health and Disease Prevention. http://dx.doi.org/10.1016/B978-0-12-803968-7.00045-9
Copyright © 2017 Elsevier Inc. All rights reserved.

837

838 VEGETARIAN AND PLANT-BASED DIETS IN HEALTH AND DISEASE PREVENTION

population may be globally more exposed to PR than the general population, even if differences exist from one population subgroup to another and depending on the pesticide considered (Van Audenhaege et al., 2009). The study showed that dietary habits have a significant
impact on PR exposure in terms of intake levels, number, and type of pesticides.
With regard to environmental contaminants, our group calculated the exposure of the
French vegetarian population to environmental contaminants (Fleury et al., to be submitted). This was made possible using the consumption data from the Nutrinet-Santé
study previously published and launched in France in May 2009 (Hercberg et al., 2010)
and the contamination data generated in the context of the second total diet study run in
France for which food items were collected between 2007 and 2009 (Sirot et al., 2009). With
regard to the consumption data, the survey was performed using the Internet only. To
participate, an initial set of questionnaires was first fully completed. During 3 days (randomly selected), participants had to describe their diet (both liquid and solid). It relied on
a meal-based approach, recording all foods and beverages consumed. Participants had
to list all consumed food items and directly record the quantity consumed, when known,
or estimated portion sizes for each food and beverage previously listed based on photographs of portion sizes. A second questionnaire focused on physical activity and, finally,
the third with anthropometry, lifestyle, socioeconomic conditions, and health status. The
participants were requested to fill out this set of questionnaires every year. Monthly, an
email was sent to participants inviting them to complete a new questionnaire (Hercberg
et al., 2010). With regard to the contamination data, the second total diet study run in
France did not specifically take into account organic products, whereas the vegetarian
population of the Nutrinet-Santé study seemed to consume a large part of organic food
(Baudry et al., 2015, 2016) for which the concentration of contaminants can be different
than that in conventional food. Because the concentration data used to perform exposure
calculation did not take into account this type of product, the estimate of dietary exposure
to chemicals in the present study could be biased. Further studies using complementary
data about chemical composition of organic food could overcome this limitation.
Due to the different diets in the vegetarian spectrum (including pescetarian,1 ovolactovegetarian, or vegan), one can expect exposure to contaminants to be substantially different. For instance, the consumption of fish in the pescetarian diet can significantly increase
the exposure to POPs. The consequences of these different diets on the exposure of contaminants were investigated.

2. Dietary Exposure to Pesticide Residues
Long-term exposure to phytopharmaceutical products (pesticides) and their residues is
increasingly suspected of being linked to a broad spectrum of medical problems such
as cancer, neurotoxic effects, reproductive health concerns, and endocrine disruption,
1 For sake of simplicity, in this chapter, people consuming a pescetarian diet will be considered belonging to
the large populations of vegetarians (i.e., together with ovolactovegetarians and vegans).

Chapter 45 • Exposure to Pesticide Residues and Contaminants of the Vegetarian 839

particularly for specific populations such as farmers and their children (Kesavachandran
et al., 2009; Bailey et al., 2011; Baldi et al., 2011; Koutros et al., 2011; Naidoo et al., 2011;
INSERM, 2013). Therefore, although plant protection products are subject to a rigorous
safety evaluation, improving knowledge on the human health impact of environmental
and dietary exposure to pesticides remains a central concern in public health. For the general population, dietary intake is considered to be a major potential route of exposure to
most pesticides (Lu et al., 2006; Luo and Zhang, 2009; Panuwet et al., 2009; Cao et al., 2011).
In the European Union (EU), the evaluation of plant protection products and the monitoring of PR in food are harmonized (Regulation (EC) No 396/2005; Regulation (EC) No
1107/2009). To ensure that residue levels in food do not present a risk to consumers, an
assessment of the dietary intake of pesticides is carried out by national safety agencies
and the European Food Safety Authority (EFSA) at the pre- and postregulation level. Each
year, EFSA publishes a report on the results of the EU Member States’ monitoring of PR in
food commodities (EFSA, 2014, 2015). Some countries also releases an equivalent national
report on dietary risk to consumers (Anses, 2014; Nougadère et al., 2014) or multiannual
studies such as total diet studies (TDS) (Rawn et al., 2004; Gimou et al., 2008; MAF, 2009;
ANSES, 2011; Caldas et al., 2011; Wong et al., 2014; Chen et al., 2015). These dietary exposure
assessments are based on international guidelines for predicting dietary intake of PR, and
on indicators calculated by combining consumption and occurrence data (e.g., results from
national monitoring programs or TDS) for the diet representative of the general population,
therefore not specifically for vegetarians (WHO, 1997; EFSA, 2011, 2012; EFSA et al., 2011).
The results of these studies showed that the toxicological reference values such as the
acceptable daily intake (ADI) is exceeded for few substances, and foods of plant origin (fruits,
vegetables, and cereals) are the main contributors to the dietary exposure of the majority of
PR in the general population aged more than 3 years old. For PR classified as POPs, i.e., old
pesticides prohibited by Stockholm Convention, foods of animal origin are the main contributors to the dietary intake (ANSES, 2011; Nougadère et al., 2012, 2014; EFSA, 2014).
Numerous studies have shown several important health benefits for vegetarians or
underlined the importance of monitoring and ensuring an appropriate energy intake and
an adequate protein intake and sources of essential fatty acids, iron, zinc, calcium, and
vitamins (Renda and Fischer, 2009; Amit et al., 2010). But few studies have investigated the
dietary exposure of vegetarians to chemicals such as PR or studied the benefit–risk ratio.
The majority of the publications on vegetarians only included some substances or chemical families, not the whole diet. However, thousands of PRs can be potentially found in the
diet of the general population or vegetarians (European Commission, 2015).
Van Audenhaege et al. (2009) reported exposures calculated by combining EU maximum residue levels (MRLs) and French consumption data from 1999 for the general
population (Volatier, 2000) and 1997 for the vegetarian subjects (Leblanc et al., 2000). The
vegetarian population was separated into five specific diets: pseudo-vegetarian omnivorous (OMN), lactovegetarian (LV), ovolactovegetarian (OLV), pesco-lactovegetarian (PLV),
and vegan (VG). Among the 421 PRs studied, 48 had a theoretical maximum daily intake
(TMDI) above ADI for at least one population subgroup. An excessive exposure was found
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for 44, 43, 42, 41, and 30 pesticides in the OLV, VG, OMN, LV, and PLV groups, respectively,
versus 29 in the general population. The exposure of the PLV group was extremely close to
those of the general population, but the lack of MRL for fish certainly distorts the evaluation of PR intake, particularly for PR classified as POPs. As the limited consumption of
foods of animal origin was largely offset by a higher fruit, vegetable, and cereal intake in
the vegetarian diets, vegetarians appeared to be preferentially exposed to pesticides, for
which these plant foods are the main contributors: chlorpyrifos, dimethoate, imazalil, and
phosmet for fruits, dithiocarbamates and chlorpropham for vegetables, and chlorpyrifosmethyl and pirimiphos-methyl for cereals. However, meat and egg products consumption
were responsible for higher intakes of PRs classified as POPs, e.g., dieldrin or hexachlorocyclohexane (HCH) in the general population than in the vegetarian population.
Although dietary exposure to these substances was confirmed by analyses in food prepared as consumed (Nougadère et al., 2012), it would be necessary to reassess the vegetarian exposure using more recent consumption data and actual levels in food (from
monitoring programs or TDS) instead of MRLs. Indeed, the TMDI approach is very conservative and usually leads to an overestimation of exposure levels. The authors concluded
that “even if this study shows a higher risk for vegetarians regarding some PR, such a diet
(or lifestyle) presents better health advantages. Thus, it is important to develop a methodology to simultaneously consider the benefits and risks associated with this particular
diet/lifestyle” (Van Audenhaege et al., 2009).
These results on a likely lower exposure to PRs classified as POPs for vegetarians seems
to be confirmed by some biomonitoring studies, and particularly a study evaluating the
potential of some nutritional approaches to prevent or reduce the body load of organochlorines (OCs) in humans (Arguin et al., 2010). This study compared plasma OC concentrations (hexachlorobenzene, aldrin, oxychlordane, beta-HCH, p,p′-DDT, p,p′-DDE, etc.)
between vegans and omnivores and concluded that except for p,p′-DDT and beta-HCH,
there was a trend toward lesser contamination by OCs in vegans than in omnivores. The
authors underlined that “the present results are the outcome of preliminary work and that
due to evident lack of statistical power, they cannot be generalised to the entire population
and should be interpreted with caution. Indeed, nonsignificant results should be interpreted as trends.”
This study confirmed older conclusions about the low levels of contaminants—including PR classified as POPs such as dieldrin, heptachlor epoxide, and oxychlordane—in
breastmilk of women that eliminated all animal products from the diet and used soybeans
and grains for protein source. In particular, levels of OCs in breastmilk of US vegetarian
women were much lower than that in the breastmilk from the US nonvegetarian women.
The highest vegetarian value was lower than the lowest value obtained in the nonvegetarian population (Rogan et al., 1980; Hergenrather et al., 1981).
Nevertheless, some authors noted that the vegetarians may have been breastfed as
infants, and might thus have been exposed to OC accumulated by the mother and transferred to them during pregnancy and lactation (Anderson and Wolff, 2000). Some studies
stated that dietary intake is not the unique source of exposure and that the contamination
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might not only come from food sources. Some countries still use OCs that can be transported
by air and contaminate the environment in a different country (Ma et al., 2003). Therefore,
OCs may contaminate the water that vegetarians drink, the air that they breathe, and the
plant food from contaminated fields. Therefore, even if an individual eats exclusively organically certified plant food, exposure to OCs cannot be excluded (Arguin et al., 2010).
In another study from India, 28 samples of vegetarian meals (table-ready) were collected at home and in hotels, and analyzed for 31 PRs OCs (including POPs), organophosphates, carbamates, and pyrethroids. All 28 samples were found contaminated by one or
several PRs, particularly HCH, DDT/DDE, and endosulfan (Kathpal and Kumari, 2009).

3. Dietary Exposure to Environmental Contaminants
3.1 Trace Elements
Table 45.1 summarizes the exposure of the vegetarian population to some trace elements.
The results are presented considering two hypotheses due to the nondetected concentrations: the lower and the upper bound hypotheses. For the purpose of exposure calculations, the lower bound hypothesis, nondetected values were considered to be equal to 0,
whereas for the upper bound hypothesis, these values were considered as being equal to
the limit of detection.
The average exposure to total As in the Nutrinet-Santé vegetarian population (including pescetarians, ovolactovegetarians, and vegans) was approximately 0.60 μg kg/bw day,
and 2.1 at the 95th percentile. Main arsenic contributors were similar to those of the
general population (i.e., fish, crustaceans, and mollusks). These results showed that the
average exposure of the vegetarian population was lower than that of the general French
population. Highest exposure values were close to values of the two benchmark dose
lower limits2 (BMDL) that the JECFA established for inorganic arsenic (BMDL01 set at 0.3
Table 45.1 Dietary Exposure to Trace Elements of the Vegetarian Population

As (μg/kg bw day)
Pb (μg/kg bw day)
Cd (μg/kg bw day)
Al (mg/kg bw day)
Hg (μg/kg bw day)
Ni (μg/kg bw day)

Lower Bound Hypothesis
95th
Mean
SD
Percentile

Upper Bound Hypothesis
95th
Mean
SD
Percentile

0.56
0.18
1.12
0.39
0.02
2.95

0.64
0.23
1.19
0.40
0.16
3.36

0.81
0.08
0.06
0.03
0.03
1.34

2.08
0.33
1.96
0.74
0.07
5.45

0.82
0.09
0.07
0.03
0.07
1.44

2.17
0.40
2.03
0.76
0.28
6.16

Dietary exposures were calculated for the vegetarian population (including pescetarians) using contamination data of food items
collected between 2007 and 2009.
2 BMDL are set after modeling of dose-toxicological response curve and allowed to set a dose corresponding
to a quantified effect (1% increase of lung cancer, for instance).
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and 8 μg/kg bw day depending of the considered toxicological endpoint), and they indicate
that this observed level of exposure is of health concern for the vegetarian population as
well as for the general French population. These levels are higher than the UK estimates
from Clarke et al. (2003) in the vegetarian population (mean dietary exposure: 0.018 mg/
day resulting in 0.3 μg/kg bw day for a 60 kg bw adult).
With regard to lead, mean exposure of the vegetarian population was estimated at
0.20 μg/kg bw day. At the 95th percentile, exposure was 0.36 μg/kg bw day. Main contributors to lead exposure were vegetables (excluding potatoes), bread, and dry baking products.
These exposure values were similar to those observed in the general French population.
Considering the BMDLs established by EFSA (0.5 μg/kg bw day for central nervous system
effects, 0.63 μg/kg bw day for nephrotoxic effects, and 1.5 μg/kg bw day for cardiovascular
effects), the margin of exposure was lower than 10 for all toxicological endpoints, indicating that the risk related to lead dietary exposure cannot be excluded for the vegetarian
population. These results are lower than those estimated for the UK vegetarian population:
0.016 mg/day resulting in 0.26 μg/kg bw day for an adult of 60 kg bw (Clarke et al., 2003).
The mean cadmium exposure for the French vegetarian population was estimated
at 1.15 μg/kg bw week. Main contributors were vegetables (excluding potatoes), bread,
and dried bread products. These exposure values were very close to those reported for
the general French population. However, the highest contributor was potatoes for the
general population compared to vegetables for the vegetarian population. Some exceedances of the health-based guidance value established by EFSA in 2009 (EFSA, 2009) were
still observed for 1.3% of the vegetarian population. French estimates for the vegetarian population were close to that estimated for the vegetarian in the United Kingdom
(1.75 μg/kg bw week; Clarke et al., 2003).
The mean aluminum exposure was estimated at 0.40 and 0.75 mg/kg bw week at the
95th percentile. Main aluminum contributors were hot beverages and vegetables (excluding potatoes). Exposure to aluminum of the vegetarian population was 1.5 times higher
than that observed for the general French population. However, the exposure at the 95th
percentile in the present study was below the provisional weekly tolerable intake value
offset at 1 mg/kg bw week (EFSA, 2013). Clarke et al. (2003) calculated the same dietary
exposures for the UK vegetarian population.
The mean exposure of vegetarians to mercury in the French population ranged from
0.02 to 0.16 μg/kg bw week. At the 95th percentile, exposure ranged from 0.07 to 0.28
μg/kg bw week. These wide ranges were due to different vegetarian populations and the
pescetarian diet including fish (which are known to be the main contributor to Hg exposure), contrary to the other vegetarian diets. UK figures for the vegetarian population
(Clarke et al., 2003) were close to the French upper bound estimate (0.15 μg/kg bw day for
a 60 kg bw adult).
For nickel, mean exposure of French vegetarians was estimated at 3.1 μg/kg bw day and
around 6 μg/kg bw day at the 95th percentile. Main nickel contributors were dried fruits, nuts
and seeds, and fruits. Nickel exposures were between 1.2 and 1.6 times higher than those for
the general French population. Sixty percent of the population had nickel exposure exceeding

Chapter 45 • Exposure to Pesticide Residues and Contaminants of the Vegetarian 843

the health-based guidance value established by EFSA (2015) at 2.8 μg/kg bw day based on
perinatal toxicity endpoints. Consequently, with regard to nickel, the risk cannot be excluded
for the vegetarian population. The UK results from Clarke et al. (2003) were in the same range
of magnitude as those estimated for the French general population (3 μg/kg bw day).

3.1.1 Summary for Trace Elements
The risk cannot be excluded for several trace elements; this includes cadmium, aluminum,
and nickel. The studied vegetarian population was more exposed to cadmium and aluminum than the general French population. In the French vegetarian population, exceedances
of the respective health-based guidance values for Cd, Al, and Ni were higher than that of the
general population. For arsenic and lead, margin of exposures indicated that the risk could
not be excluded for both contaminants. Compared to the general population, it appeared
that some exceedances of the health-based guidance values were for the same substances.

3.2 Persistent Organic Pollutants
3.2.1 Exposure to PCB, Dioxins, and Furans
As one of the main contributors to PCB, dioxins, and furans exposure are fish, vegan and
nonvegan (including pescetarian) exposure have been calculated for these two specific
populations separately. PCDD/F + PCB-DL exposures were calculated using the toxicological equivalent factors (regulation (UE) no1259/2011) known as TEFWHO2005. The selected
health-based guidance value was the monthly tolerable intake set by JECFA (2001a,b),
70 pg/TEQWHO kg bw month, i.e., 2.33 pg/TEQWHO2005 kg bw day. With regard to nondioxinlike PCB, the health-based guidance value set by Afssa at 10 ng/kg bw day was selected
(Sirot et al., 2012a,b). Table 45.2 summarizes the exposures of the vegetarian populations
to PCDD/F and PCB-NDL.
3.2.1.1 EXPOSURES OF THE VEGETARIAN POPULATION
For the total vegetarian population, the mean exposure to PCDD/F + PCB-DL was estimated
at 0.4 and 1.5 pg/TEQWHO2005 kg bw day at the 95th percentile. Main PCDD/F + PCB-DL
contributors were fish (22%) and cheese (17%). In the case of PCB-NDL, vegetarians had a
Table 45.2 Exposure of Different French Populations to PCDD/F and PCB-NDL

Vegetarian
Vegan
Nonvegan
General population

PCDD/F (pg/TEQWHO2005 kg bw day)
Mean
95th Percentile

Mean

0.44
0.073
0.480
0.4

0.97
0.068
1.08
1.83

1.56
0.23
1.61
0.83

PCB-NDL (ng/kg bw day)
95th Percentile
4.64
0.284
4.45
5.05

The vegetarian population includes all people consuming vegetarian diets as categorized in this study (i.e., pescetarians,
ovolactovegetarians, and vegan).The nonvegan population refers to all vegetarian populations (including pescetarians) except
vegans. Dietary exposures were calculated using contamination data of food items collected between 2007 and 2009.
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mean exposure of 0.97 ng/kg bw day. At the 95th percentile, exposure was 4.6 ng/kg bw day.
Main PCB-NDL contributors were fish (47%) and mixed dishes (12%). Vegetarian exposures to PCB-NDL and PCDD/F + PCB-DL were all below their respective health-based
guidance value.
3.2.1.2 EXPOSURES OF THE VEGAN POPULATION
Mean exposure to PCDD/F + PCB-DL in vegans was estimated at 0.06 pg/TEQWHO2005
kg bw day. Exposure at the 95th percentile, was estimated at 0.2 pg/TEQWHO2005 kg bw day.
Main PCDD/F + PCB-DL contributors were oil and pizzas, quiches, savory pastries, and
cakes. Mean exposure to PCB-NDL was estimated at 0.07 ng/kg bw day for both hypotheses.
At the 95th percentile, exposure was 0.28 ng/kg bw day. Main PCB-NDL contributors were
oil (42.6%) and pizzas, quiches, savory pastries, and cakes (28%). Vegan mean exposure to
PCDD/F + PCB-DL was 15–30 times lower than that of the general population.
3.2.1.3 EXPOSURES OF THE NONVEGAN POPULATION
The nonvegan population (i.e., vegetarians including pescetarians but not vegans) had
a mean exposure to PCDD/F + PCB-DL of 0.45 pg/TEQWHO2005 kg bw day. At the 95th percentile, exposure was 1.6 pg/TEQWHO2005 kg bw day. Main PCDD/F + PCB-DL contributors
were fish (22%, at the lower bound evaluation) and cheese (LB: 17%). The mean exposure
to PCB-NDL was estimated at 1.08 and 5.5 ng/kg bw day at the 95th percentile. Main PCBNDL contributors were fish (48%) and mixed dishes.
It appeared that due to the consumption of fish, the nonvegan population had PCB and
PCDD/F exposures much lower than those of the general French population. For all the vegetarian population, health-based guidance values were not exceeded at the 95th percentile.

3.2.2 Perfluoalkyl Acids
Mean exposures of the vegetarian population in France to Perfluorooctanesulfonic acid
(PFOS) ranged from 0.031 to 0.447 ng/kg bw day depending on the calculation hypotheses.
Perfluorooctanoic acid (PFOA) mean exposure ranged from 0.005 to 0.429 ng/kg bw day.
These wide ranges were due to a high number of samples for which the concentration was
below the limit of detection. Main contributors to PFOS and PFOA were fish and cheese.
Mean vegetarian exposures to perfluoalkyl acids were lower than those described for the
general French population (Rivière et al., 2014). Exposure values were below the respective health-based guidance values (PFOS: 0.15 μg/kg bw day and PFOA: 1.5 μg/kg bw day;
EFSA, 2008).

3.2.3 Brominated Flame Retardants (BFR)
Table 45.3 summarizes the exposure of the vegetarian population in France to several brominated flame retardants.
Mean vegetarian exposure to HBCDD was estimated at 0.04 ng/kg bw day. At the 95th
percentile, exposure was 0.20 ng/kg bw day. Main HBCDD contributors were fish and
oil. Mean and 95th percentile exposure values to HBCDD are half of those of the general
French population.
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Table 45.3 Exposure to Brominated Flame Retardants of the Vegetarian Population

HBCDD
(ng/kg bw day)
7-PBDE
(ng/kg bw day)
7-PBDE +
PBDE209
(ng/kg bw day)

Lower Bound Hypothesis
95th
Mean
SD
Percentile

Upper Bound Hypothesis
95th
Mean
SD
Percentile

0.04

0.09

0.19

0.05

0.97

0.21

0.11

0.29

0.57

0.12

0.29

0.57

0.25

0.37

0.90

0.27

0.38

0.93

Dietary exposures were calculated for the vegetarian population (including pescetarians) using contamination data of food items
collected between 2007 and 2009.

The mean exposure to polybromodiphenylether in vegetarians was estimated at 0.1
and 0.57 ng/kg bw day at the 95th percentile. Main contributors to the exposure of PBDE
were fish and mixed dishes.

3.2.4 Summary for Persistent Organic Pollutants
All exposure results to POPs in vegetarians were below those of the general population.
Exposure to furans, dioxins, and PCB are lower in vegans (compared to nonvegans) by
one order of magnitude. This was due to the strong contribution of fish and mollusks to
the exposures of these compounds that are not consumed by the vegan population. No
exceedance has been identified in the vegan subpopulation in contrast to the general
population.

3.3 Mycotoxins
Mean exposure to ochratoxin A (OTA) ranged from 0.21 to 3.5 ng/kg bw day at the 95th
percentile. Main contributors to ochratoxin A exposure were bread and dry baking products and fruits. Considering the health-based guidance value established by EFSA in
2010, the exposure of the vegetarian population to ochratoxin A was considered to be of
concern.
Mean exposure of vegetarians to patulin was estimated between 1.03 to 72 ng/kg bw day.
Exposure to patulin in vegetarians was slightly higher than that in the general population.
Main patulin contributors were fruits (especially apples), cooked fruits, and compotes.
The Scientific Committee for Food in 2000 set a health-based guidance value at 400 ng/
kg bw day. Consequently, the exposure of the vegetarian population calculated in the present study is considered of no concern.
Table 45.4 summarizes the exposure of the French vegetarian population to various
additional mycotoxins. Due to the uncertainties associated with these results (especially
due to the analytical limits that did not allow drawing a robust estimate of exposure),
details were not discussed here.
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Table 45.4 Exposure to Mycotoxins of the Vegetarian Population

Mean
Aflatoxins
(ng/kg bw day)
Fumonisin B1
(ng/kg bw day)
Fumonisin B2
(ng/kg bw day)
Zearalenone
(ng/kg bw day)
Ochratoxin A
(ng/kg bw day)
Patulin
(ng/kg bw day)

Lower Bound Hypothesis
95th
SD
Percentile

SD

Upper Bound Hypothesis
95th
Mean
Percentile

0.00

0.00

0.00

0.78

0.38

1.49

8.9

16.0

31.4

25.7

24.2

63.8

2.39

7.82

12.5

12.7

11.7

32.6

5.7

3.0

11.2

26.0

10.5

45.3

0.21

0.17

0.54

1.91

0.86

3.48

1.03

1.60

4.17

29.2

24.7

71.7

9.3

6.5

21.5

50.4

26.7

99.6

285

179

60.9

321

193

670

16.8

17.9

51.3

31.2

21.1

70.6

Trichothecen
T2 and HT-2 toxins
(ng/kg bw day)
Deoxynivalenol
(ng/kg bw day)
Nivalenol
(ng/kg bw day)

Dietary exposures were calculated for the vegetarian population (including pescetarians) using contamination data of food items
collected between 2007 and 2009.

3.3.1 Summary for Mycotoxins
For most of the mycotoxins, the vegetarian population had exposures close to those previously reported for the general population except for T2/HT2 toxins, which mean exposures values were 1.2- to 2.5-fold higher than in the general population. Percentage of the
population exceeding the respective health-based guidance values of DON and T2/HT2
toxins were in the same order of magnitude for both the vegetarian and the general populations. The risk could not be excluded for these two substances, but additional data are
needed to confirm these results. On the other hand, the risk could be excluded for all other
mycotoxins studied.

3.4 Phytoestrogens
Main phytoestrogens belong to the classes of isoflavones, coumestans, and lignans:
•	Isoflavones include genistein and biochanin A, daidzein, formononetin, and glycitein.
•	Lignans include matairesinol and secoisolariciresinol.
•	Coumestans primarily include coumestrol.
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Table 45.5 Exposure to Phytoestrogens of the Vegetarian Population

Isoflavones
(μg/kg bw day)
Lignans
(μg/kg bw day)
Coumestans
(ng/kg bw day)

Lower Bound Hypothesis
95th
Mean
SD
Percentile

Upper Bound Hypothesis
Mean

SD

95th Percentile

199.1

306.4

794.1

199.7

306.6

795.0

2.64

3.79

9.38

3.24

3.71

10.1

123.0

398.3

775.2

594.5

559.5

1630.5

Isoflavones include genistein, biochanin A, daidzein, formononetion, and glycitein. Lignans include matairesinol and
secoisolariciresinol.

For phytoestrogens, exposures of the vegetarian population were far above those
reported for the general population (10–300 times higher). Overall exposure was mainly
due to isoflavone, and there was a smaller contribution of coumestrol and equol.
Consumption rate of “food for particular nutritional uses” was 50% instead of 12% in the
general French population. The quantity of food consumed from that category was six
times higher in the vegetarian population. “Food for particular nutritional uses” category
was the main contributor of phytoestrogens exposure in vegetarian population.
Table 45.5 summarizes the exposure of the French vegetarian population to various
phytoestrogens.

4. Conclusion
Based on theoretical exposure calculation, we showed that vegetarians had excessive exposure for many pesticides (48 out of 421), the pescetarian population being very close to the
situation observed for the general population. On the other hand, some biomonitoring
studies demonstrated that there was a trend toward lower organochlorine contamination
in the vegan population compared to that of the general population.
As a conclusion, it appears that there are some differences in exposures to some contaminants between the vegetarian and the general population in France.
Exposure to phytoestrogens or some trace elements (Cd, Al, Ni) was higher for the vegetarian population compared to that of the general population. Among the vegetarian
population, the main contributor to phytoestrogens appeared to be “foods for particular
nutritional uses” in France. These products are consumed by a larger part of the vegetarian
population (50% instead of 12% within the general population) and in a higher amount:
six times more than the mean consumption of the general French population.
In vegetarians, exposure to patulin was mostly due to fruits, cooked fruits, and compotes and nonalcoholic flavored drinks. Consumption rates and consequently their
contribution to the overall patulin exposure were seen to be higher in the vegetarian population than in the general population. Higher exposure to tin, nickel, cadmium, as well as
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aluminum was demonstrated in the vegetarian population compared to the general population. High consumption of fruits and vegetables (cooked, raw, and dry) in the vegetarian
population appeared to be the reason for this observation.
The vegetarian population studied in the present study was, however, less exposed
than the general population to some contaminants. This was true for POPs, some mycotoxins (NIV, DON, and aflatoxins), and some trace elements (As for instance). Primary
contributors to the exposure of POP were “fish” and “crustaceans and mollusks.” These
categories were consumed by 30% of the vegetarian population compared to 80% in
the French general population. Bread and dried bread products were the main contributors to certain mycotoxins (DON and Niv) exposures. Foods in this category were
consumed by fewer vegetarians and in smaller amounts than that in the general population. This explained the existing differences in exposure between the vegetarian and
the general populations. The lower consumption of coffee, cheese, and fish contributed to lower arsenic exposures. Last, exposure to some substances did not appear to
be dramatically different between vegetarian and nonvegetarian populations. This is
the case for lead, mercury, and some mycotoxins (fumonisin, for instance) that showed
similar exposure to those previously reported for the general population.
Overall, it appears that despite the fact that the vegetarian population is not an insignificant part of the general population and the development of plant-based diet is of growing
interest, little is known about the consequences of these diets on the exposure to contaminants or PRs. The study we conducted tried to fill gaps, but it suffers some limitations. For
instance, as mentioned earlier, vegetarians are prone to consume more organic food that
the general population, whereas organic food was not specifically considered in the total
diet study that generated the contamination data that we used for estimating the exposure. Similarly, contamination data were not available for some very specific vegetarian
dishes. For both contaminants and PRs, it appears that further studies specifically dedicated to vegetarian diets are needed.
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