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The Production of p-Cresol Sulfate and Indoxyl Sulfate
in Vegetarians Versus Omnivores
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Summary

Background and objectives The uremic solutes p-cresol sulfate (PCS) and indoxyl sulfate (IS) are generated by
colon bacteria acting on food components that escape absorption in the small bowel. The production of these
potentially toxic compounds may thus be influenced by diet. This study examined whether production of PCS
and IS is different in vegetarians and omnivores.

Design, setting, participants, & measurements The production of PCS and IS was assessed by measuring their
urinary excretion rates in participants with normal kidney function. Studies were carried out in 15 vegetarians
and 11 individuals consuming an unrestricted diet. Participants recorded food intake over 4 days and collected
urine over the final 2 days of each of two study periods, which were 1 month apart.

Results Average PCS excretion was 62% lower (95% confidence interval [95% CI], 15-83) and average IS excretion
was 58% lower (95% CI, 39-71) in vegetarians than in participants consuming an unrestricted diet. Food records
revealed that lower excretion of PCS and IS in vegetarians was associated with a 69% higher (95% CI, 20-139) fiber
intake and a 25% lower (95% CI, 3-42) protein intake. PCS and IS excretion rates varied widely among individual
participants and were not closely correlated with each other but tended to remain stable in individual partic-

ipants over 1 month.

Conclusions PCS and IS production rates are markedly lower in vegetarians than in individuals consuming an

unrestricted diet.
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Introduction

Numerous organic solutes that are normally cleared
by the kidneys accumulate in the plasma when the
kidneys fail (1). Some of these “uremic” solutes are
produced in the colon by bacteria acting on food com-
ponents that escape digestion in the small bowel (2,3).
The colon-derived solutes include p-cresol sulfate
(PCS) and indoxyl sulfate (IS), which are produced
by bacterial metabolism of the amino acids tyrosine
and tryptophan, respectively (4,5). There is consider-
able, albeit inconclusive, evidence that these com-
pounds are toxic (4,6-10).

Treatments that limit solute production could in
theory be combined with dialysis to reduce uremic
solute levels in patients with renal failure. Because
they are made in an isolated compartment by pro-
cesses that are foreign to those of mammalian cells, the
production of colon-derived solutes such as PCS and
IS might prove particularly susceptible to manipula-
tion. Recent studies have explored the effect of dietary
maneuvers designed to reduce the production of PCS
in normal participants as well as hemodialysis pa-
tients (2). Promising results have been obtained, but
the reductions achieved in solute production have
been modest. While measuring PCS and IS produc-
tion in normal participants to obtain control data for a
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study of dialysis patients, we observed that urinary
excretion rates for PCS and IS were much lower in
vegetarians than in participants consuming unre-
stricted diets. This study compared PCS and IS pro-
duction in a larger number of participants consuming
vegetarian and unrestricted diets and examined the
variability in the production rates for these solutes.

Materials and Methods

Studies were carried out in 26 healthy participants
with no known kidney disease. Fifteen participants
were vegetarians, whereas the remaining 11 partic-
ipants consumed an unrestricted diet including meat
and meat products. The vegetarian participants ate
egg and dairy products but no meat or fish. Vege-
tarian participants’ dietary habits were confirmed by
interview. All participants had no history of gastro-
intestinal surgery or diarrheal illness and had not
used antibiotics for at least 1 month before enroll-
ment. Thirteen of the 15 vegetarian participants and
6 of the 11 nonvegetarian participants were of Asian
ancestry. The study was performed in accordance
with the Declaration of Helsinki and was approved
by the Stanford University institutional review
board.
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Samples were collected during two study periods 1
month apart, referred to below as period 1 and period 2.
During each period, participants recorded their food intake
over 4 consecutive days in a food diary. Two consecutive
24-hour urine samples were collected during the last 2 days
of each 4-day period. Urinary PCS and IS were measured
by HPLC as previously described (11). Blinded analysis of
split urine samples (four aliquots of each of four samples)
revealed an average coefficient of variation of 5% (range,
1%—6%) for PCS and 2% (range, 1%—4%) for IS. Urine urea
nitrogen was measured using a commercial kit (1770-500;
Thermo Electron Corp, Melbourne, Australia). Urinary
sulfate was measured by reaction with TCA and barium
chloride and was read spectrophotometrically at 360 nm
(12). Urinary phosphate levels were measured using a
commercial kit (P7516; Pointe Scientific Inc, Canton, MI).
Urinary sodium, potassium, and creatinine concentrations
were measured in the clinical laboratory. Daily solute ex-
cretion was calculated as the product of the urine solute
concentration and the 24-hour urine volume. Food records
were analyzed using Food Processor SQL Edition software
(version 10.3.0; ESHA Research, Salem, Oregon). Thirteen
of the 15 vegetarian participants and all 11 unrestricted
participants who provided an initial food record and urine
samples (period 1) repeated the study after 1 month (pe-
riod 2). One vegetarian participant provided urine but did
not complete the food record for period 2.

Reported consumption of calories, protein, fiber, carbo-
hydrate, and fat was averaged over the 4 days of the food
record. Solute excretion and nutrient consumption rates
were corrected for body surface area calculated using the
Mosteller formula (13). Values for vegetarian participants
and unrestricted participants were compared using the
unpaired ¢t test. Values for PCS and IS excretion were log
transformed for comparison. The average percentage dif-
ferences in PCS and IS excretion in vegetarian and unre-
stricted participants were calculated based on mean
excretion rates over all days of urine collection in each
participant. Potential relationships between the excretion
of PCS and IS and other parameters were examined using
linear regression. Statistical calculations were performed
using SPSS software (version 19; IBM, Chicago, IL).

Results
Characteristics of the participants are summarized in
Table 1. Vegetarian participants were slightly older than

Table 1. Participant characteristics
L. Vegetarian Unrestricted

Characteristic (n=15) (n=11)
Age (y1) 49+15% 39+11
Vegetarian (yr) 26+12 -
Female/male 6:9 6:5
Weight (kg) 6814 67+11
Height (m) 1.67+0.11 1.68+0.11
Body surface area (m?) 1.77+0.23 1.77+0.19

Values mean =+ SD.
?P=0.02, vegetarian versus unrestricted.
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those eating an unrestricted diet but had the same average
body size. Excretion rates for PCS and IS are summarized
in Table 2. Participants eating a vegetarian diet excreted
less of both solutes than participants eating an unrestricted
diet. During the first collection period, daily PCS excretion
averaged 30 mg/d per 1.73 m? (interquartile range [IQR],
11-74) in vegetarian participants compared with 100 mg/d
per 1.73 m? (IQR, 47-124) in unrestricted participants. IS
excretion averaged 24 mg/d per 1.73 m* (IQR, 12-42) and
47 mg/d per 1.73 m* (IQR, 40-59) in the two groups. Re-
peat values obtained after a 1-month interval were similar.
Excretion rates for PCS and IS in individual participants
who were studied at both intervals are further depicted in
Figure 1. There was wide variation among individual par-
ticipants; however, it was notable that for each solute and
within each group, participants with lower than average
excretion rates on initial evaluation tended to have lower
than average excretion rates when studied again 1 month
later. The average ratios of the period 2/period 1 excretion
rates were 0.93+0.46 and 0.91£0.37 in the vegetarian and
unrestricted groups, respectively, for PCS, and 0.98+0.34
and 1.07%0.34, respectively, for IS. Urinary excretion rates
for urea nitrogen and other diet-derived solutes are summa-
rized in Tables 2 and 3. Average urea nitrogen excretion was
approximately 30% lower in the vegetarian participants than
in those eating an unrestricted diet. Excretion rates for cre-
atinine were also significantly lower in vegetarian partici-
pants, although to a lesser degree. Sulfate excretion in the
vegetarian participants was lower by approximately the
same proportion as urea nitrogen excretion. Average rates
of sodium and potassium excretion were not different,
whereas the average rate of urinary phosphate excretion
was significantly lower in the vegetarian participants.

Consumption rates for food components as determined
from food records are summarized in Table 4. Caloric in-
take was not different in the two groups. Consistent with
their lower urea nitrogen excretion, vegetarian partici-
pants reported lower protein intake than unrestricted par-
ticipants. The estimated intake of fiber was significantly
higher in vegetarian participants as was the intake of car-
bohydrate, whereas estimated fat intake was not different.

There was little relation between the rates of PCS and IS
production in individual participants, as illustrated in Figure 2.
The production rates for both solutes tended to increase with
protein intake as reflected by urea nitrogen excretion and to
decrease with fiber intake; however, these correlations were
not strong, as illustrated in Figure 3. The production for both
solute also tended to rise with protein intake as recorded in
the food record, but the correlations were weaker than those
with urea nitrogen excretion (not shown).

Discussion

Treatment of ESRD is now focused on removing uremic
solutes by dialysis. In theory, treatments that reduce solute
production could also reduce solute levels and ameliorate
uremic illness. One barrier to the development of such
treatments has been limited knowledge of the factors that
influence solute production.

This study focused on the production of two uremic
solutes, PCS and IS, which have recently been the subject of
intense study (4,5). There is substantial, albeit inconclusive
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Table 2. Urinary excretion of PCS and IS
Vegetarian Unrestricted P Valu%%i%gtiiiﬁ; versus
Period 1 Period 2 Period 1 Period 2 Period 1 Period 2
PCS (mg/d per 1.73 m?) 30 (11-74) 23 (17-47) 100 (47-124) 95 (20-124) 0.03 0.03
IS (mg/d per 1.73 m?) 24 (12-42) 19 (17-26) 47 (40-59) 52 (39-58) 0.001 <0.001
Values are median (interquartile range). PCS, p-cresol sulfate; IS, indoxyl sulfate.
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Figure 1. | Urinary PCS and IS excretion. Average daily excretion rates for PCS (left panel) and IS (right panel). Values obtained for individual
vegetarian participants in period 1 and period 2 are represented by triangles connected by broken lines. Values obtained for unrestricted
participants are represented by circles connected by solid lines. PCS, p-cresol sulfate; IS, indoxyl sulfate.

evidence, that both PCS and IS contribute to illness in di-
alysis patients (4,6-10). Their dialytic clearance is greatly
restricted by protein binding, which could make maneu-
vers that lower their production particularly valuable. PCS
and IS are also the best known members of the class of
uremic solutes derived from the action of colonic microbes
(2,3,14). Because such solutes are made in an isolated com-
partment by nonmammalian metabolism, their production
could prove simpler to suppress than the production of
other uremic solutes.

One obvious means to influence the production of colon-
derived solutes is manipulation of the diet. This study
showed that average excretion of PCS and IS was approx-
imately 60% lower in vegetarians than in individuals eating
an unrestricted diet. Urinary excretion is considered to
reflect solute production in normal participants, there
being no other known route of removal from the plasma
except dialysis (15,16).

Previous studies, however, identified mechanisms that
could account for reduced production of these solutes in
vegetarians (2). One potential mechanism by which a veg-
etarian diet could reduce PCS and IS production is by in-
creasing the dietary intake of fiber. Reported average fiber
intake in our study was approximately 70% higher in veg-
etarians than in participants consuming an unrestricted
diet. This difference is similar to that observed in a large
study of US vegetarians (17). The term fiber includes var-
ious forms of carbohydrate that escape digestion in the
small intestine. Fermentation of some of this carbohydrate
by colon microbes provides energy to the host in the form
of short-chain fatty acids. Colon microbes are also sup-
plied with amino acids in the form of incompletely di-
gested proteins, sloughed intestinal cells, and secretions
(18,19). PCS is the sulfate conjugate of p-cresol, which is
formed by microbes from phenylalanine and tyrosine; IS
is the sulfate conjugate of indoxyl, which is formed by
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Table 3. Urinary excretion of diet-derived solutes
Vegetarian Unrestricted P Valu%ﬁt;giﬁl:dr; versus
Diet-Derived Solute
Period 1 Period 2 Period 1 Period 2 Period 1 Period 2
Urea nitrogen (g/d per 1. 73 m ) 8.3+1.6 8.1*1.6 11.4+3.0 12.1*+1.9 0.007 <0.001
Creatinine (g/d per 1.73 m 2) 1.16+0.23 1.15*x0.25 1.45*0.25 1.50*=0.25 0.007 0.001
Sulfate (mmol/d per 1.73 mz) 18+4 19+7 26+6 27+4 0.001 0.01
Sodium (mEq/d per 1.73 m 2 134+58 125+58 14658 144+49 0.59 0.38
Potassium (mEq/d per 1.73 m %) 75x21 73%x27 68*+16 71+19 0.40 0.77
Phosphate (mg/d per 1.73 m ?) 741+184 763+172 913+181 934+134 0.03 0.01
Values are mean * SD.
Table 4. Nutrient intake as assessed by food record
Vegetarian Unrestricted P Valu%ﬁigfgﬁgﬁ versus
Nutrient
Period 1 Period 2 Period 1 Period 2 Period 1 Period 2
Calories (kcal/d per 1. 73 m ) 1806461 1775+448 1887291 1718+387 0.59 0.74
Protein (g/d per 1.73 m 2) 62+18 62+18 82+25 84+23 0.04 0.02
Fiber (g/d per 1.73 m ) 33+14 32+11 19+7 19+10 0.002 0.005
Carbohydrate (g/d per 1.73 m% 276%72 271%82 228+37 202+52 0.04 0.02
Fat (g/d per 1.73 m ) 56+30 55+18 66+18 57+19 0.32 0.89
Values mean * SD.
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Figure 2. | The relation of PCS and IS excretion in individual participants. PCS and IS excretion rates were not closely correlated. Values are for
period 1 in vegetarian (triangles) and unrestricted (circles) participants (P=0.06; P=0.21). Results for period 2 were similar (not shown). PCS,

p-cresol sulfate; 1S, indoxyl sulfate.

microbes from tryptophan. The portion of these amino
acids converted to PCS and IS may be reduced by increas-
ing fiber intake (2). Increasing fiber intake provides in-
creased substrate for microbial fermentation so that

amino acids are consumed in microbial growth rather
than broken down to waste solutes. In addition, a reduced
colon transit time may limit conversion of amino acids to
waste solutes when fiber intake is high (20).
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Figure 3. | The relation of PCS and IS excretion to urea nitrogen excretion and to fiber intake. PCS and IS excretion rates were only weakly
correlated with protein intake as reflected by urine urea nitrogen excretion (upper panels) and with fiber intake as obtained by dietary history
(lower panels). Values are for period 1 for vegetarian (triangles) and unrestricted (circles) participants with the following correlations: PCS
versus urine urea nitrogen (=0.14; P=0.06); IS versus urine urea nitrogen (=0.16; P=0.04); PCS versus dietary fiber, (#=0.10; P=0.12); and IS
versus dietary fiber (#=0.11; P=0.10). PCS, p-cresol sulfate; IS, indoxyl sulfate; UreaN, urea nitrogen.

A second mechanism by which a vegetarian diet could
reduce PCS and IS production is by reducing protein
intake. In this study, average reported protein intake was
approximately 25% lower in vegetarians than in participants
consuming an unrestricted diet. This difference, which was
confirmed by measurement of urine urea nitrogen excretion,
is again similar to that observed in a large study of US
vegetarians (17). Lowering dietary protein can reduce de-
livery of amino acids to the colon and thereby limit their
availability for conversion to PCS and IS (18).

The extent to which a higher fiber intake and a lower
protein intake accounted for lower PCS and IS production
in vegetarians cannot be determined from our results. The
differences we observed, however, are larger than might be
expected based on short-term studies in which fiber and
protein intake have been manipulated. Ingestion of 20 g/d
of the indigestible carbohydrate oligo-fructose inulin for
4 weeks was found to reduce PCS production by 20%-30%
in normal volunteers (21). The same treatment was sub-
sequently shown to decrease plasma PCS levels by about
20% without altering IS levels in hemodialysis patients (7).
Available studies of the effect of protein intake are of
shorter duration and have documented changes in PCS

production, assessed as urinary p-cresol excretion, only
with a reduction of protein intake to 20 g/d or an increase
of protein intake to approximately 125 g/d (22,23).

Several factors may have contributed to our vegetarian
participants having lower PCS and IS production rates than
would be expected based on available studies in which
fiber and protein intake were manipulated. Higher fiber
and lower protein intakes were combined in vegetarian
participants. This could cause larger changes in microbial
metabolism than would be achieved by separate manipu-
lation of either fiber or protein alone. The types of fiber
consumed by the vegetarian participants may have been
particularly effective in promoting microbial growth and
PCS and IS production may also have been influenced by
other differences in vegetarian and unrestricted diets that
we did not explore, including differences in the type of
protein ingested (17,24). Finally, our vegetarian partici-
pants had adhered to meat- and fish-free diets for many
years, whereas experimental studies of dietary manipula-
tion have necessarily been of limited duration.

Over the long term, vegetarian and unrestricted diets may
have influenced PCS and IS production by altering the
colon microbial flora, or microbiome, as well as by providing
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different nutrients to colon microbes on a day-to-day basis.
DNA sequencing technology has greatly increased our
knowledge of the microbiome, which dwarfs its human
host in cell number and even more in gene number (25,26).
Recent studies have documented major differences in the
composition of the colon microbiome in individuals con-
suming different diets (27). Other studies have shown that
there is enormous dissimilarity in the microbiome between
individuals but that the composition of the microbiome in
an individual tends to remain stable over long periods.
These findings, coupled with knowledge that the enzymes
that produce p-cresol and indole are irregularly present
among the myriad types of colon microbes, could account
for many features of PCS and IS production (28,29). As
observed in prior studies, we found that PCS and IS pro-
duction rates were poorly correlated in individual partici-
pants, which could be explained by differences in the
microbial flora of different individuals (30). In addition,
the variation in PCS and IS production among individuals
was much larger than the variation in urea production, and
the correlations between PCS and IS production and pro-
tein and fiber intake were weak. Although there were wide
individual variations in PCS and IS production among in-
dividual participants, the rates of PCS and IS production
tended to remain stable in each individual.

Some other differences were noted in the two groups.
Vegetarian participants had lower urinary sulfate excre-
tion, which can be accounted for by lesser intake of sulfur-
containing amino acids associated with lesser protein intake.
Vegetarian participants also had a lower urinary creatinine
excretion, which can be accounted for by lesser intake of
creatinine in the form of cooked meat and also by a slightly
higher percentage of women among the vegetarian par-
ticipants (31). A particularly interesting finding was that
average phosphate excretion was lower in vegetarian par-
ticipants. Moe et al. (32) recently found that plasma phos-
phate was lower and urinary phosphate tended to be lower
in patients with chronic renal insufficiency on a vegetarian
diet than on a meat diet with the same phosphorous content.
This may reflect lesser absorption of phosphate from plant
foods, in which a large portion of phosphate is in the form of
phytate, than from meat to which phosphate salts are now
often added as preservatives (33). Dietary recommendations
for patients with renal insufficiency may require modifica-
tion in light of these findings (32,34).

Our study has notable limitations. PCS and IS are only
two of what is likely a very large number of uremic solutes
made by colon microbes, and we do not know the extent to
which these solutes are toxic (14). Our study was per-
formed in participants with normal renal function, and
we cannot be sure that a vegetarian diet has a similar effect
on PCS and IS production in patients with renal failure. We
did not assess fecal solute excretion, and thus could have
failed to detect differences in colonic absorption of unconju-
gated PCS or IS precursors or intestinal secretion of the con-
jugates. Most importantly, our study does not reveal what
feature(s) of the vegetarian participants’ diets contributed
most to their lower levels of PCS and IS production.

In conclusion, we found that in individuals with normal
renal function production of the uremic solutes PCS and IS
averaged approximately 60% lower in long-time vegeta-
rians than in participants eating an unrestricted diet. This
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finding supports hope that production of these solutes
could be reduced in dialysis patients. Dialysis patients are
already subject to burdensome dietary restrictions, and few
of them would likely chose to become vegetarians. Further
study could, however, allow the effects of the vegetarian
diet to be replicated by selective prebiotic, probiotic, or
pharmacologic therapies.
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