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Abstract: Background: Indoxyl sulfate (IS) and p-cresyl sulfate (PCS), two uremic toxins (UTs), are
associated with increased mortality in patients with chronic kidney disease (CKD). These toxins are
produced by the microbiota from the diet and excreted by the kidney. The purpose of this study was
to analyze the effect of diet on IS and PCS concentration in hemodialysis (HD) patients. Methods:
We performed a prospective monocentric study using a seven-day diet record and determination of
serum IS and PCS levels in HD patients. We tested the association between toxin concentrations and
nutritional data. Results: A total of 58/75 patients (77%) completed the diet record. Mean caloric
intake was 22 ± 9.2 kcal/kg/day. The protein/fiber index was 4.9 ± 1.8. No correlation between
IS or PCS concentration and protein/fiber index was highlighted. In the 18 anuric patients (31%)
in whom residual renal function could not affect toxin concentrations, IS and PCS concentrations
were negatively correlated with fiber intake and positively correlated with the protein/fiber index.
In a multivariate analysis, IS serum concentration was positively associated with the protein/fiber
index (p = 0.03). Conclusions: A low protein/fiber index is associated with low concentrations of
uremic toxins in anuric HD patients. Diets with an increased fiber intake must be tested to determine
whether they reduce PCS and IS serum concentrations.

Keywords: chronic kidney disease; protein fiber index; uremic toxins; hemodialysis

Key Contribution: Diet impacts uremic toxin blood concentrations in anuric HD patients. The
protein/fiber index is significantly correlated with both IS and PCS blood concentrations. More than
avoiding specific nutrients, a diet that decreases this protein/fiber index could be a good option to
decrease uremic toxins (UTs) concentration and limit the risk of undernutrition.

1. Introduction

Chronic kidney disease (CKD) is a frequent medical condition, with a global prevalence
estimated to be between 11 and 13% [1]. CKD and its complications worsen over time,
affecting both patients’ quality of life and their survival rate [2]. In its earliest stage, CKD is
a risk factor for cardiovascular disease regardless of other traditional cardiovascular risk
factors [1,3,4]. Cardiovascular mortality in dialysis patients is five times higher than in
the general population, suggesting that uremic toxins (UTs) contribute to this increased
risk [5,6]. UTs are excreted in the urine by the kidneys and accumulate in the blood and
tissues in kidney failure. Indoxyl sulfate (IS) and p-cresol sulfate (PCS) are protein-bound
UTs derived from the action of proteolytic fermentation by colon microbes on amino acids
that escape digestion in the small intestine. After gut absorption of indole and paracresyl
derived from tryptophan and phenylalanine/tyrosine, respectively [7,8], these derivatives
are converted in the liver to IS and PCS. This process is called the diet–gut–liver–kidney
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axis [9]. High serum concentrations of PCS and IS are associated with vascular injury [10,11],
cardiovascular disease, and increased mortality in patients with CKD [5,6,12].

Controlling the concentration of UTs has become a major issue in the management
of patients with CKD and particularly dialysis patients. Because IS and PCS are bound to
plasma proteins, they are poorly cleared by hemodialysis (HD) [13]. The colonic microbiota
has a determining role in the serum concentration of IS and PCS [14]. IS and PCS are not
detectable in patients who have undergone colectomy [14]. Recent studies indicate that
the intestinal microbiota is modified in dialysis patients [15,16]. This can be explained by
uremia and dietary changes that cause dysbiosis and can modulate UT concentrations [17].
In humans, the impact of diet on the microbiota seems to be more important than the impact
of CKD itself [18]. Diet can influence UT concentrations. Vegetarians have a decreased
production of IS and PCS [19,20]. Therefore, diet seems a useful tool to reduce uremic
toxin concentrations.

We conducted this study to evaluate the influence of diet on IS and PCS concentrations
in HD patients.

2. Results
2.1. Patient Characteristics

Seventy-five patients were included in the initial protocol. Of the 75 participants
selected for the study, 58 (77%) answered the first questionnaire as illustrated in a flow
diagram Figure 1.

Toxins 2022, 14, x FOR PEER REVIEW 2 of 11 
 

 

blood and tissues in kidney failure. Indoxyl sulfate (IS) and p-cresol sulfate (PCS) are pro-

tein-bound UTs derived from the action of proteolytic fermentation by colon microbes on 

amino acids that escape digestion in the small intestine. After gut absorption of indole and 

paracresyl derived from tryptophan and phenylalanine/tyrosine, respectively [7,8], these 

derivatives are converted in the liver to IS and PCS. This process is called the diet–gut–

liver–kidney axis [9]. High serum concentrations of PCS and IS are associated with vascu-

lar injury [10,11], cardiovascular disease, and increased mortality in patients with CKD 

[5,6,12]. 

Controlling the concentration of UTs has become a major issue in the management 

of patients with CKD and particularly dialysis patients. Because IS and PCS are bound to 

plasma proteins, they are poorly cleared by hemodialysis (HD) [13]. The colonic microbi-

ota has a determining role in the serum concentration of IS and PCS [14]. IS and PCS are 

not detectable in patients who have undergone colectomy [14]. Recent studies indicate 

that the intestinal microbiota is modified in dialysis patients [15,16]. This can be explained 

by uremia and dietary changes that cause dysbiosis and can modulate UT concentrations 

[17]. In humans, the impact of diet on the microbiota seems to be more important than the 

impact of CKD itself [18]. Diet can influence UT concentrations. Vegetarians have a de-

creased production of IS and PCS [19,20]. Therefore, diet seems a useful tool to reduce 

uremic toxin concentrations. 

We conducted this study to evaluate the influence of diet on IS and PCS concentra-

tions in HD patients. 

2. Results 

2.1. Patient Characteristics 

Seventy-five patients were included in the initial protocol. Of the 75 participants se-

lected for the study, 58 (77%) answered the first questionnaire as illustrated in a flow dia-

gram Figure 1.  

 

Figure 1. Flow diagram. Q: food questionnaire 

Of the 17 patients who did not complete the questionnaire, 2 partially completed and 

15 did not complete the diet record, stating that it was too demanding. Of the 17 patients 

Figure 1. Flow diagram. Q: food questionnaire.

Of the 17 patients who did not complete the questionnaire, 2 partially completed
and 15 did not complete the diet record, stating that it was too demanding. Of the
17 patients who did not complete the questionnaire, 5/17 (30%) were anuric. Demo-
graphics, biochemical characteristics, and dietary intake of the 58 patients are outlined in
Tables 1 and 2. A total of 64% (37/58) were men with an average age of 66 ± 12 years.
Eighteen patients (31%) were anuric. The average energy intake was 22 ± 9.2 kcal/kg/d:
42% carbohydrates, 18% proteins, and 37% lipids. Protein intake (0.95 ± 0.3 g/kg/day)
was mainly of animal origin (70% vs. 30%) with an average of 0.64 ± 0.2 g/kg/day
(44.6 ± 13.2 g/day) of animal protein vs. 0.28 ± 0.1 g/kg/day (18.5 ± 7.4 g/day) of plant
protein. Daily fiber intake was, on average, 0.22 ± 0.11 g/kg/day (14.6 ± 5.2 g/day). The
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protein/fiber index was 4.9 ± 1.8. Lipid intake consisted of 23.8 ± 9.5 g/day saturated
fatty acid and 8.2 ± 4.7 g/day unsaturated fatty acid.

Table 1. Clinical and biological characteristics of the patients who responded to the first
nutritional questionnaire.

All Patients
n = 58 (%)

Non-Anuric
n = 40 (%)

Anuric
n = 18 (%) p

Gender M/F (%) 37 (64)/21 (36) 25 (62.5)/15 (37) 12 (63)/6 (31) 1.000

Age (years) 66 ± 12 66 ± 13 64 ± 12 0.560

BMI (kg/m2) 25.5 ± 4.8 24.7 ± 4.1 27.3 ±5.6 0.048

Smoker current/past 23 (40)/7 (12) 14 (35)/5 (12) 9 (47)/2 (10) 0.549

Diabetes mellitus 19 (33) 15 (37) 4 (21) 0.366

Coronary heart disease 23 (40) 15 (37) 8 (42) 0.773

Peripheral vascular disease 18 (30) 14 (35) 4 (21) 0.377

Dialysis vintage (years) 5.1 ± 7.4 3.7 ± 7.4 8 ± 6.8 0.004

Vascular access AVF/PC 34 (59)/24 (41) 23 (58)/17 (42) 11 (61)/7 (39) 1.000

Serum creatinine (µmol/L) 787 ± 274 708 ± 233 956.8 ± 287 <0.001

Serum protein (g/L) 68.1 ± 4.8 68.1 ± 5.1 68.3 ± 4.3 0.907

Serum albumin (g/L) 37.4 ± 3.8 37.5 ± 4.2 37.4 ± 3.2 0.931

Bicarbonates (mmol/L) 19.5 ± 2.4 19.5 ± 2.3 19.5 ± 2.7 0.982

Phosphorus (mmol/L) 1.6 ± 0.5 1.6 ± 0.5 1.5 ± 0.4 0.421

Potassium (mmol/L) 4.9 ± 0.7 5.0 ± 0.8 4.8 ± 0.4 0.341

CRP (mmol/L) 14 ± 29 12 ± 20 19 ± 42 0.373

IS (µmol/L) 108.3 ± 54.1 91.5 ± 43 150.6 ± 49.4 <0.001

PCS (µmol/L) 130.0 ± 94.7 146.0 ± 97.3 125.8 ± 76.5 0.455
Data are presented as mean +/− standard deviation or number (%). p-values are calculated according to a t test
between anuric patients and non-anuric patients. M/F: male/female; BMI: body mass index; AVF: arteriovenous
fistula; PC: permanent catheter; CRP: C reactive protein; IS: indoxyl sulfate; PCS: p-cresyl sulfate. All biological
data were assessed before the midweek dialysis session.

Table 2. Dietary intake of macronutrients in patients.

All Patients
n = 58

Non-Anuric
n = 40

Anuric
n = 18 p

Energy (kcal/kg/d) 21.9 ± 9.2 23.7 ± 9.5 18 ± 7.4 0.029

Protein (g/kg/d) 0.95 ± 0.3 1.0 ± 0.3 0.78 ± 0.3 0.005

Carbohydrates (g/kg/d) 2.3 ± 1.1 2.5 ± 1.1 1.9 ± 0.8 0.057

Fat (g/kg/d) 0.92 ± 0.4 1.0 ± 0.4 0.7 ± 0.4 0.025

PROTEIN

Animal protein (g/d) 44.6 ± 13 46.9 ± 14.7 39.6 ± 6.9
0.048

(g/kg/d) 0.64 ± 0.2 0.70 ± 0.2 0.53 ± 0.1

Plant protein (g/d) 18.5 ± 7.4 19.0 ± 7.0 17.3 ± 8.1
0.004

(g/kg/d) 0.28 ± 0.1 0.30 ± 0.1 0.24 ± 0.1

Fiber (g/d) 14.6 ± 5.2 15.7 ± 5.4 12.6 ± 4.7 0.039

Fiber (g/kg/d) 0.2 ± 0.1 0.24 ± 0.12 0.17 ± 0.08 0.021

Protein/fiber index 4.9 ± 1.8 4.8 ± 1.7 5.2 ± 2.1 0.550

Animal protein/fiber index 3.5 ± 1.8 3.4 ± 1.7 3.7 ± 2.2 0.438

Plant protein/fiber index 1.3 ± 0.3 1.2 ± 0.3 1.4 ± 0.3 0.099

FAT
Saturated fat (g/d) 23.8 ± 9.5 25.2 ± 9.5 20.7 ± 8.8 0.097

Unsaturated fat (g/d) 8.2 ± 4.7 8.3 ± 3.8 7.9 ± 6.4 0.734

Potassium (g/d) 2.2 ± 0.7 2.3 ± 0.7 1.9 ± 0.5 0.040
Data are presented as the mean ± SD. p-values are calculated according to a t test between anuric and non-anuric
patients (non-anuric).
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2.2. Uremic Toxins and Diet

We found a significant correlation between IS and residual diuresis, age, dialysis
vintage, and serum protein. However, no relation between fiber intake or protein/fiber
index and UT concentrations (Table S1) was highlighted. In this population, there is a weak
negative correlation between protein intake in g/kg/day and IS concentration (r = −0.28,
p = 0.03). In the second step, we focused on anuric patients. The residual renal function
could increase the excretion of UTs in an unpredictable way and modify UT serum con-
centration. The clinical and biological characteristics of anuric patients are compared with
non-anuric patients in Tables 1 and 2. No major differences between anuric and non-anuric
patients were observed, except with BMI and dialysis vintage. IS and creatinine concentra-
tions were higher in anuric patients. PCS and serum potassium were no different. Patients
in both groups reported low consumption of energy, protein, and fiber. Diet consumption
of energy, protein, and fiber was lower in anuric patients and the protein/fiber index was
not different. Potassium intake was also lower in the anuric group. In anuric patients,
total dietary fiber in g/kg/day was significantly negatively correlated with IS and PCS
concentrations (respectively r = −0.56, r = −0.47, p < 0.01). No significant association was
observed between total protein intake and either uremic toxin. The protein/fiber index
was significantly positively correlated with both IS and PCS with, respectively, r = 0.54 and
0.55, p < 0.05 (Table 3 and Figure 2).

Table 3. Correlation between indoxyl sulfate and p-cresyl sulfate and dietary components of energy,
protein, and fiber intake in anuric patients (n = 18).

Indoxyl Sulfate p-Cresyl Sulfate

r p r p

Age (years) −0.23 0.226 0.32 0.208

Weight (kg) 0.45 0.056 0.03 0.859

Dialysis vintage −0.36 0.135 −0.22 0.240

CRP −0.03 0.900 −0.04 0.881

Energy (kcal/d) −0.01 0.642 −0.58 0.014 *

Energy (kcal/kg/d) −0.27 0.287 −0.43 0.168

Protein (g/d) 0.06 0.810 −0.37 0.134

Protein (g/kg/d) −0.21 0.409 −0.22 0.586

Fiber (g/d) −0.38 0.120 −0.63 0.013 *

Fiber (g/kg/d) −0.56 0.015 * −0.47 0.041 *

Protein/fiber index 0.54 0.021 * 0.55 0.037 *

Animal protein/fiber index 0.47 0.048 * 0.46 0.052

Plant protein/fiber index 0.06 0.823 −0.03 0.823
Data square roots are transformed prior to Spearman’s correlation for continuous variables and Student’s test for
categorical variables. * p < 0.05.

We observe a significant association between protein animal/fiber index and IS and a
statistical trend with PCS (respectively, r = 0.47 p = 0.046 and r = 0.46 p = 0.05) but not with
the plant protein/fiber index. In univariate analysis, IS and PCS were not associated with
known predictors of toxin concentration including age, weight, and dialysis vintage as in
the whole population (p > 0.05).

In multivariate analysis (Table 4) including known predictor factors (age, dialysis
vintage, and weight), we found a positive correlation between IS concentration and the
protein/fiber index (p = 0.03). PCS concentration was not correlated.
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Figure 2. Correlation between indoxyl sulfate (IS) (a) and p-cresyl sulfate (PCS) (b) with protein/fiber
index in anuric patients (n = 18).

Table 4. Multivariate analysis with linear regression between indoxyl sulfate and p-cresyl sulfate and
age and protein/fiber index in anuric patients (n = 18).

Indoxyl Sulfate p-Cresyl Sulfate

Test p Test p

Age (years) −2.47 0.027 * 1.56 0.144

Dialysis vintage −0.70 0.499 −1.09 0.296

Weight 1.99 0.066 −0.52 0.612

Protein/fiber index 2.57 0.022 * 0.01 0.991
Data square roots are transformed prior to multivariable linear regression. * p < 0.05.

3. Discussion

We demonstrate a positive correlation between IS and PCS concentration and the
protein/fiber index in anuric dialysis patients. Rossi et al. reported in 40 CKD patients
that the protein/fiber index was associated with IS and PCS concentration independently
of renal function, diabetes, and gender [21]. In our 18 anuric patients, we demonstrated a
negative correlation between IS and PCS concentration and total fiber intake in g/kg/day,
and a positive correlation between PCS, IS, and the protein/fiber index. These results
suggest that a high-fiber diet with a low protein/fiber ratio could lower UT concentrations
in HD patients. This correlation could not be confirmed in the whole study population.
The choice to restrict our population to anuric dialysis patients is explained by the fact that
in the absence of residual renal function, toxin levels can only be explained by variations
in production variations. A negative correlation between residual renal function and
IS and PCS concentrations in HD patients was reported in the literature [22]. In the
dialysis population, serum creatinine is not associated with residual renal function but
rather with protein nutritional status [23]. Our paper reinforces the impact of diet on UT
levels and represents a shift in toxin reduction therapy. In recent years, studies aimed at
reducing UTs levels have focused on dialysis techniques [24,25] and/or pro/pro/symbiotic
strategies [26–29]. With our study, as well as the results of Rossi et al. [21], the role of
dietary intake and the quality of dietary intake on the UT level is reinforced. Reducing
tryptophan and/or phenylalanine/tyrosine intakes, which seems the most obvious in view
of UT production, is not necessarily the best solution. In fact, reducing tryptophan intake is
tantamount to reducing protein intake, which is all the more complicated as patients often
already have protein intakes below the recommended level (1.2 g/kg/d) [30]. In addition,
Wyant et al. recently identified another tryptophan-derived UT, kynurenic acid, which
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plays a protective role against ischemia [31]. Reduced tryptophan intake could lead to a
decrease in kynurenic acid and worsen ischemic disease, which is a major complication of
CKD patients. Reducing deleterious UTs such as IS or PCS while maintaining protective
kynurenic acid by increasing fiber intake is certainly a better approach. These results
suggest that a high-fiber diet with a low protein/fiber ratio could lower UT concentrations
in HD patients.

The effect of nutrients on uremic toxin concentrations could be explained by vari-
ous mechanisms including the modification of microbiota, the modification of digestive
transit time, and their impact on intestinal integrity. Increased fiber intake induces an
increase in microbiota mass and shifts the relative abundance of Bacteroidetes and Fir-
micutes leading to saccharolytic fermentation [32]. Conversely, increased protein intake
induces proteolytic fermentation, nitrogen fermentation, and phenol and indole formation
by intestinal bacteria [7]. The protein/fiber index could reflect the balance between sac-
charolytic and proteolytic fermentation. Fiber consumption accelerates digestive transit
time. A rise in transit time increases urine phenol excretion, reflecting increased colonic
production and absorption of PCS [7,33]. Finally, fiber intake may play a role in restoring
the integrity of dysfunctional intestinal barriers with disruption of epithelial tight junction
in HD patients [34].

Studies of diet impact on UT concentration remain sparse. In healthy volunteers [19]
and in HD patients [20], a vegetarian diet is associated with lower concentrations of IS and
PCS. The positive impact of a vegetarian diet is due to its high fiber content and resistant
starch. Resistant starch decreases the fecal concentration of phenol (PCS precursor) in
healthy volunteers which reflects a decline in its production [35]. Trials on fiber-enriched
diets in HD patients rely on prebiotics. The use of soluble fiber in HD patients showed a
20 to 30% decrease in PCS concentration without impact on IS concentration [26]. Resistant
starch can reduce IS concentration [28,29]. These discordances between the effects of
different types of fiber on toxin concentrations confirm that the two toxins are associated
with different microbiota [18]. In HD patients, PCS and IS concentrations are associated
with increased mortality [36,37]. Increased fiber intake by alimentation rich in fruits and
vegetables is associated with lower mortality in the general population [38] and in CKD
patients [39–42]. In dialysis patients, Kalantar et al. reported an increase in mortality if
fiber intake was lower than 15 g/day [43]. We believe that a decreased protein/fiber index
would be beneficial in HD patients or CKD patients. One of the limitations of a high-fiber
diet in HD patients is hyperkalemia. Low fiber intake is associated with low potassium
intake perhaps consistent with current dietary counseling avoiding fruits and vegetables to
control potassium concentrations [44]. Serum potassium in HD patients depends on several
factors other than potassium consumption. There is a weak correlation between potassium
intake and serum potassium in chronic dialysis patients [45,46]. In cohort studies, higher
consumption of fruits and vegetables is associated with lower mortality in HD patients [47]
and in peritoneal dialysis patients [48]. However, fruits and vegetables are not the only
sources of potassium.

Our study confirms that dialysis patients have inadequate dietary energy and protein
intakes as has been previously reported [30]. Inadequate dietary intake could have been
overestimated by the dietary assessment over 7 days due to recall bias [49]. Our study
confirms that the relationship between BMI and nutritional intake is not as strong as in the
general population since Holvoet et al. report that about 50% of malnourished or at risk of
malnutrition people in their hemodialysis population present with BMIs over 25 [50]. Fiber
consumption in our study was lower than those reported in the literature [29,43,51].

There are several limitations to our study. The small size of the study population and
particularly anuric patients restricted multiple analyses. The quantitative evaluation of
the residual diuresis and/or the determination of toxins in the urine would have been
useful. In addition, the food collection was carried out over 7 days. A measurement error
in dietary recalls is unavoidable although efforts were made to minimize this with diet
verification undertaken by a qualified renal dietician. The composition of the microbiota
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was not studied, so we cannot confirm the mechanism responsible for the decrease in
the concentrations of UTs observed. Presumably, the use of laxatives could affect the
production of IS and PCS as described in CKD rats where lactulose intake decreases the
amount of IS and PCS [52].

To our knowledge, this study is the first to show the association between fiber in-
take and the protein/fiber index on IS and PCS concentrations in anuric HD patients.
We confirm this result, which has been reported in non-dialysis CKD patients [21]. We
demonstrate a negative correlation between the serum IS and PCS concentration and the
fiber content in g/kg/day. Further interventional studies are warranted to determine the
effectiveness of a decrease in the protein/fiber index by increasing fiber intake in achieving
clinically important decreases in IS and PCS and improving patient outcomes. More than
avoiding specific nutrients, a diet that decreases this protein/fiber index by increasing the
intake of fibers could be a good option to decrease UT concentration and limit the risk of
undernutrition.

4. Materials and Methods
4.1. Study Design

This analysis was conducted as part of Intra Individual Evaluation of Uremic Toxin
Concentration (EVITUPH) an open-label monocentric prospective study that included
75 HD patients between 07/2015 and 09/2015 in Nephrology Service in Marseilles, France,
with a one-year follow-up (registered at ClinicalTrials.gov NCT02480699). The initial study
was performed to explore the intra-individual variability of uremic toxins over one year.

4.2. Study Population

Eligible participants were patients aged 18 or older, undergoing HD for more than
3 months. Inclusion criteria were that the subjects were capable of giving informed consent
and agreeing to participate and were able to fill out a food questionnaire in French. Exclu-
sion criteria were patients who had received an antibiotic during the month preceding their
inclusion. All patients provided written consent. This clinical trial was funded by AP-HM,
grant number AORC Junior 2014, and was approved by the French National Ethics Com-
mittee CPP (Comité de protection des Personnes Sud-Méditerranée I) on 31 March 2015
with 2015-A00319-40 reference in accordance with the precepts established by the Helsinki
declaration. As the primary objective of EVITUPH was descriptive (i.e., description of the
variability of UTs levels over 12 months), a calculation of the number of subjects needed
was not necessary. We planned to include 75 hemodialysis patients. This number was
estimated from published studies in the field of toxin level and dietary intake [26,28] that
included a maximum of 56 patients. Seventy-five patients seemed relevant and feasible to
study the impact of dietary intake on UT levels.

4.3. Dietary Intake Assessment and Biological Analysis

Blood was collected from all patients at the beginning of their middle-week HD
session. Serum total concentrations of IS and PCS were analyzed by high-performance
liquid chromatography (HPLC) using a fluorescence detection method [53].

Participants’ dietary intakes were assessed using a seven-day diet record that collected
all their food intakes in quantity and quality over a period of seven days. The questionnaire
was provided to all patients by a qualified renal dietician during one of their routine HD
sessions within 15 days after their inclusion in the study. The dietician explained how
to fill out the questionnaire and assess food quantities with visual proportion scales. If
necessary, a family member was contacted. Seven days after having provided the patients
with the questionnaire, the dietician verified whether the patient completed all parts of the
questionnaire. If the patient had not completed or completed partially the questionnaire, a
new one was offered, and renewed explanations were provided to the patient. After two
unsuccessful attempts, the patient was considered non-contributory and was not included
in the present study. This method is considered appropriate for capturing the usual intake
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over a one-month period. Dietary data were to be entered using the Nutrilog® software,
Marans, France (version 3.2). If necessary, the database was updated with patient recipes.
Nutritional variables: energy (kcal), protein (g), fat (g), carbohydrates (g), protein of animal
or vegetable origin (g), sugars (total, g), saturated fatty acids (%), and polyunsaturated fatty
acids (%) were extracted from each questionnaire. The protein/fiber index was calculated
by dividing the total protein intake (g) by the total fiber intake (g).

4.4. Statistical Analysis

Patients’ characteristics were expressed as mean (standard deviation) for normally
distributed continuous data, median (inter-quartile range (IQR)) for continuous data, and
frequencies (percentages) for categorical data. All continuous variables were assessed
for normality.

We used a t-test or chi-squared test to compare variables. Correlations between
the uremic toxins and selected dietary intake variables were assessed using Spearman’s
correlation coefficients. To highlight kidney clearance of uremic toxins, analyses were
conducted in anuric patients. Univariable analysis was performed to find predictors
of toxin concentration, then multivariable linear regression was completed to identify
independent associations between dietary fiber, protein, the protein/fiber index, and toxins
after adjustment for other known predictors of toxins including age, weight, dialysis
vintage, and diuresis. Statistical analysis was performed using JMP® 14.2.0, SAS Campus
Drive, Cary, North Carolina 27513, USA. The null hypothesis was rejected at the 0.05 level.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/toxins14090589/s1, Table S1: Correlation between indoxyl sulfate
and p-cresyl sulfate and dietary components in total population.

Author Contributions: Conceptualization: P.B., S.B. and M.S., methodology T.S.M., C.M., D.B., M.E.
and M.S.; data collection, formal analysis M.S., M.E., S.B., N.M.-K. and L.D., investigation T.S.M.,
C.M., D.B., M.E. and M.S., original draft preparation M.S.; writing: M.E. and M.S.; supervision: S.B.,
L.D. and P.B.; funding acquisition, M.S. All authors have read and agreed to the published version of
the manuscript.

Funding: Marseille Public University Hospital System: AORC Junior 2014.

Institutional Review Board Statement: French National Ethics Committee CPP (Comité de protec-
tion des Personnes Sud-Méditerranée I) on 31 March 2015 with 2015-A00319-40 reference.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: Not applicable.

Acknowledgments: To all of the nurses, physicians, and dieticians who contributed to the care of
these patients.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References
1. Hill, N.R.; Fatoba, S.T.; Oke, J.L.; Hirst, J.A.; O’Callaghan, C.A.; Lasserson, D.S.; Hobbs, F.D.R. Global Prevalence of Chronic

Kidney Disease–A Systematic Review and Meta-Analysis. PLoS ONE 2016, 11, e0158765. [CrossRef] [PubMed]
2. Tonelli, M.; Wiebe, N.; Culleton, B.; House, A.; Rabbat, C.; Fok, M.; McAlister, F.; Garg, A.X. Chronic Kidney Disease and Mortality

Risk: A Systematic Review. J. Am. Soc. Nephrol. JASN 2006, 17, 2034–2047. [CrossRef] [PubMed]
3. Vanholder, R.; Massy, Z.; Argiles, A.; Spasovski, G.; Verbeke, F.; Lameire, N. European Uremic Toxin Work Group Chronic Kidney

Disease as Cause of Cardiovascular Morbidity and Mortality. Nephrol. Dial. Transplant. Off. Publ. Eur. Dial. Transpl. Assoc. Eur.
Ren. Assoc. 2005, 20, 1048–1056. [CrossRef]

4. Go, A.S.; Chertow, G.M.; Fan, D.; McCulloch, C.E.; Hsu, C. Chronic Kidney Disease and the Risks of Death, Cardiovascular
Events, and Hospitalization. N. Engl. J. Med. 2004, 351, 1296–1305. [CrossRef] [PubMed]

5. Meijers, B.K.I.; Bammens, B.; De Moor, B.; Verbeke, K.; Vanrenterghem, Y.; Evenepoel, P. Free P-Cresol Is Associated with
Cardiovascular Disease in Hemodialysis Patients. Kidney Int. 2008, 73, 1174–1180. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/toxins14090589/s1
https://www.mdpi.com/article/10.3390/toxins14090589/s1
http://doi.org/10.1371/journal.pone.0158765
http://www.ncbi.nlm.nih.gov/pubmed/27383068
http://doi.org/10.1681/ASN.2005101085
http://www.ncbi.nlm.nih.gov/pubmed/16738019
http://doi.org/10.1093/ndt/gfh813
http://doi.org/10.1056/NEJMoa041031
http://www.ncbi.nlm.nih.gov/pubmed/15385656
http://doi.org/10.1038/ki.2008.31
http://www.ncbi.nlm.nih.gov/pubmed/18305466


Toxins 2022, 14, 589 9 of 11

6. Barreto, F.C.; Barreto, D.V.; Liabeuf, S.; Meert, N.; Glorieux, G.; Temmar, M.; Choukroun, G.; Vanholder, R.; Massy, Z.A. European
Uremic Toxin Work Group (EUTox) Serum Indoxyl Sulfate Is Associated with Vascular Disease and Mortality in Chronic Kidney
Disease Patients. Clin. J. Am. Soc. Nephrol. CJASN 2009, 4, 1551–1558. [CrossRef] [PubMed]

7. Evenepoel, P.; Meijers, B.K.I.; Bammens, B.R.M.; Verbeke, K. Uremic Toxins Originating from Colonic Microbial Metabolism.
Kidney Int. Suppl. 2009, 76, S12–S19. [CrossRef]

8. Rossi, M.; Campbell, K.; Johnson, D. Indoxyl Sulphate and P-Cresyl Sulphate: Therapeutically Modifiable Nephrovascular Toxins.
OA Nephrol. 2013, 1, 13. [CrossRef]

9. Jourde-Chiche, N.; Burtey, S. Accumulation of Protein-Bound Uremic Toxins: The Kidney Remains the Leading Culprit in the
Gut-Liver-Kidney Axis. Kidney Int. 2020, 97, 1102–1104. [CrossRef]

10. Dou, L.; Bertrand, E.; Cerini, C.; Faure, V.; Sampol, J.; Vanholder, R.; Berland, Y.; Brunet, P. The Uremic Solutes P-Cresol and
Indoxyl Sulfate Inhibit Endothelial Proliferation and Wound Repair. Kidney Int. 2004, 65, 442–451. [CrossRef]

11. Gondouin, B.; Cerini, C.; Dou, L.; Sallée, M.; Duval-Sabatier, A.; Pletinck, A.; Calaf, R.; Lacroix, R.; Jourde-Chiche, N.; Poitevin, S.; et al.
Indolic Uremic Solutes Increase Tissue Factor Production in Endothelial Cells by the Aryl Hydrocarbon Receptor Pathway. Kidney
Int. 2013, 84, 733–744. [CrossRef] [PubMed]

12. Liabeuf, S.; Barreto, D.V.; Barreto, F.C.; Meert, N.; Glorieux, G.; Schepers, E.; Temmar, M.; Choukroun, G.; Vanholder, R.;
Massy, Z.A.; et al. Free P-Cresylsulphate Is a Predictor of Mortality in Patients at Different Stages of Chronic Kidney Disease.
Nephrol. Dial. Transplant. Off. Publ. Eur. Dial. Transpl. Assoc. Eur. Ren. Assoc. 2010, 25, 1183–1191. [CrossRef] [PubMed]

13. Vanholder, R.; Pletinck, A.; Schepers, E.; Glorieux, G. Biochemical and Clinical Impact of Organic Uremic Retention Solutes: A
Comprehensive Update. Toxins 2018, 10, 33. [CrossRef] [PubMed]

14. Aronov, P.A.; Luo, F.J.-G.; Plummer, N.S.; Quan, Z.; Holmes, S.; Hostetter, T.H.; Meyer, T.W. Colonic Contribution to Uremic
Solutes. J. Am. Soc. Nephrol. JASN 2011, 22, 1769–1776. [CrossRef]

15. Vaziri, N.D.; Wong, J.; Pahl, M.; Piceno, Y.M.; Yuan, J.; DeSantis, T.Z.; Ni, Z.; Nguyen, T.-H.; Andersen, G.L. Chronic Kidney
Disease Alters Intestinal Microbial Flora. Kidney Int. 2013, 83, 308–315. [CrossRef]

16. Wong, J.; Piceno, Y.M.; DeSantis, T.Z.; Pahl, M.; Andersen, G.L.; Vaziri, N.D. Expansion of Urease- and Uricase-Containing, Indole-
and p-Cresol-Forming and Contraction of Short-Chain Fatty Acid-Producing Intestinal Microbiota in ESRD. Am. J. Nephrol. 2014,
39, 230–237. [CrossRef]

17. Vaziri, N.D.; Liu, S.-M.; Lau, W.L.; Khazaeli, M.; Nazertehrani, S.; Farzaneh, S.H.; Kieffer, D.A.; Adams, S.H.; Martin, R.J. High
Amylose Resistant Starch Diet Ameliorates Oxidative Stress, Inflammation, and Progression of Chronic Kidney Disease. PLoS
ONE 2014, 9, e114881. [CrossRef]

18. Joossens, M.; Faust, K.; Gryp, T.; Nguyen, A.T.L.; Wang, J.; Eloot, S.; Schepers, E.; Dhondt, A.; Pletinck, A.; Vieira-Silva, S.; et al.
Gut Microbiota Dynamics and Uraemic Toxins: One Size Does Not Fit All. Gut 2019, 68, 2257–2260. [CrossRef]

19. Patel, K.P.; Luo, F.J.-G.; Plummer, N.S.; Hostetter, T.H.; Meyer, T.W. The Production of P-Cresol Sulfate and Indoxyl Sulfate in
Vegetarians versus Omnivores. Clin. J. Am. Soc. Nephrol. CJASN 2012, 7, 982–988. [CrossRef]

20. Kandouz, S.; Mohamed, A.S.; Zheng, Y.; Sandeman, S.; Davenport, A. Reduced Protein Bound Uraemic Toxins in Vegetarian
Kidney Failure Patients Treated by Haemodiafiltration. Hemodial. Int. 2016, 20, 610–617. [CrossRef]

21. Rossi, M.; Johnson, D.W.; Xu, H.; Carrero, J.J.; Pascoe, E.; French, C.; Campbell, K.L. Dietary Protein-Fiber Ratio Associates with
Circulating Levels of Indoxyl Sulfate and p-Cresyl Sulfate in Chronic Kidney Disease Patients. Nutr. Metab. Cardiovasc. Dis.
NMCD 2015, 25, 860–865. [CrossRef] [PubMed]

22. Eloot, S.; Van Biesen, W.; Glorieux, G.; Neirynck, N.; Dhondt, A.; Vanholder, R. Does the Adequacy Parameter Kt/V(Urea) Reflect
Uremic Toxin Concentrations in Hemodialysis Patients? PLoS ONE 2013, 8, e76838. [CrossRef] [PubMed]

23. Canaud, B.; Garred, L.J.; Argiles, A.; Flavier, J.L.; Bouloux, C.; Mion, C. Creatinine Kinetic Modelling: A Simple and Reliable Tool
for the Assessment of Protein Nutritional Status in Haemodialysis Patients. Nephrol. Dial. Transplant. Off. Publ. Eur. Dial. Transpl.
Assoc. Eur. Ren. Assoc. 1995, 10, 1405–1410.

24. Lima, J.D.; Guedes, M.; Rodrigues, S.D.; Flórido, A.C.S.; Moreno-Amaral, A.N.; Barra, A.B.; Canziani, M.E.; Cuvello-Neto, A.;
Poli-de-Figueiredo, C.E.; Pecoits-Filho, R.; et al. High-Volume Hemodiafiltration Decreases the Pre-Dialysis Concentrations of
Indoxyl Sulfate and p-Cresyl Sulfate Compared to Hemodialysis: A Post-Hoc Analysis from the HDFit Randomized Controlled
Trial. J. Nephrol. 2022, 35, 1449–1456. [CrossRef] [PubMed]

25. Camacho, O.; Rosales, M.C.; Shafi, T.; Fullman, J.; Plummer, N.S.; Meyer, T.W.; Sirich, T.L. Effect of a Sustained Difference in
Hemodialytic Clearance on the Plasma Levels of P-Cresol Sulfate and Indoxyl Sulfate. Nephrol. Dial. Transplant. Off. Publ. Eur.
Dial. Transpl. Assoc. Eur. Ren. Assoc. 2016, 31, 1335–1341. [CrossRef]

26. Meijers, B.K.I.; De Preter, V.; Verbeke, K.; Vanrenterghem, Y.; Evenepoel, P. P-Cresyl Sulfate Serum Concentrations in Haemodialy-
sis Patients Are Reduced by the Prebiotic Oligofructose-Enriched Inulin. Nephrol. Dial. Transplant. Off. Publ. Eur. Dial. Transpl.
Assoc. Eur. Ren. Assoc. 2010, 25, 219–224. [CrossRef]

27. Rocchetti, M.T.; Cosola, C.; di Bari, I.; Magnani, S.; Galleggiante, V.; Scandiffio, L.; Dalfino, G.; Netti, G.S.; Atti, M.; Corciulo, R.; et al.
Efficacy of Divinylbenzenic Resin in Removing Indoxyl Sulfate and P-Cresol Sulfate in Hemodialysis Patients: Results from an In
Vitro Study and an In Vivo Pilot Trial (Xuanro4-Nature 3.2). Toxins 2020, 12, 170. [CrossRef]

28. Sirich, T.L.; Plummer, N.S.; Gardner, C.D.; Hostetter, T.H.; Meyer, T.W. Effect of Increasing Dietary Fiber on Plasma Levels of
Colon-Derived Solutes in Hemodialysis Patients. Clin. J. Am. Soc. Nephrol. CJASN 2014, 9, 1603–1610. [CrossRef]

http://doi.org/10.2215/CJN.03980609
http://www.ncbi.nlm.nih.gov/pubmed/19696217
http://doi.org/10.1038/ki.2009.402
http://doi.org/10.13172/2053-0293-1-2-763
http://doi.org/10.1016/j.kint.2020.02.026
http://doi.org/10.1111/j.1523-1755.2004.00399.x
http://doi.org/10.1038/ki.2013.133
http://www.ncbi.nlm.nih.gov/pubmed/23636172
http://doi.org/10.1093/ndt/gfp592
http://www.ncbi.nlm.nih.gov/pubmed/19914995
http://doi.org/10.3390/toxins10010033
http://www.ncbi.nlm.nih.gov/pubmed/29316724
http://doi.org/10.1681/ASN.2010121220
http://doi.org/10.1038/ki.2012.345
http://doi.org/10.1159/000360010
http://doi.org/10.1371/journal.pone.0114881
http://doi.org/10.1136/gutjnl-2018-317561
http://doi.org/10.2215/CJN.12491211
http://doi.org/10.1111/hdi.12414
http://doi.org/10.1016/j.numecd.2015.03.015
http://www.ncbi.nlm.nih.gov/pubmed/26026209
http://doi.org/10.1371/journal.pone.0076838
http://www.ncbi.nlm.nih.gov/pubmed/24236005
http://doi.org/10.1007/s40620-022-01283-3
http://www.ncbi.nlm.nih.gov/pubmed/35239175
http://doi.org/10.1093/ndt/gfw100
http://doi.org/10.1093/ndt/gfp414
http://doi.org/10.3390/toxins12030170
http://doi.org/10.2215/CJN.00490114


Toxins 2022, 14, 589 10 of 11

29. Esgalhado, M.; Kemp, J.A.; Azevedo, R.; Paiva, B.R.; Stockler-Pinto, M.B.; Dolenga, C.J.; Borges, N.A.; Nakao, L.S.; Mafra, D.
Could Resistant Starch Supplementation Improve Inflammatory and Oxidative Stress Biomarkers and Uremic Toxins Levels in
Hemodialysis Patients? A Pilot Randomized Controlled Trial. Food Funct. 2018, 9, 6508–6516. [CrossRef]

30. Therrien, M.; Byham-Gray, L.; Beto, J. A Review of Dietary Intake Studies in Maintenance Dialysis Patients. J. Ren. Nutr. Off. J.
Counc. Ren. Nutr. Natl. Kidney Found. 2015, 25, 329–338. [CrossRef]

31. Wyant, G.A.; Yu, W.; Doulamis, I.P.; Nomoto, R.S.; Saeed, M.Y.; Duignan, T.; McCully, J.D.; Kaelin, W.G. Mitochondrial Remodeling
and Ischemic Protection by G Protein–Coupled Receptor 35 Agonists. Science 2022, 377, 621–629. [CrossRef] [PubMed]

32. Holscher, H.D.; Caporaso, J.G.; Hooda, S.; Brulc, J.M.; Fahey, G.C.; Swanson, K.S. Fiber Supplementation Influences Phylogenetic
Structure and Functional Capacity of the Human Intestinal Microbiome: Follow-up of a Randomized Controlled Trial. Am. J. Clin.
Nutr. 2015, 101, 55–64. [CrossRef] [PubMed]

33. Flint, H.J.; Scott, K.P.; Louis, P.; Duncan, S.H. The Role of the Gut Microbiota in Nutrition and Health. Nat. Rev. Gastroenterol.
Hepatol. 2012, 9, 577–589. [CrossRef] [PubMed]

34. Vaziri, N.D.; Yuan, J.; Rahimi, A.; Ni, Z.; Said, H.; Subramanian, V.S. Disintegration of Colonic Epithelial Tight Junction in Uremia:
A Likely Cause of CKD-Associated Inflammation. Nephrol. Dial. Transplant. Off. Publ. Eur. Dial. Transpl. Assoc. Eur. Ren. Assoc.
2012, 27, 2686–2693. [CrossRef]

35. Birkett, A.; Muir, J.; Phillips, J.; Jones, G.; O’Dea, K. Resistant Starch Lowers Fecal Concentrations of Ammonia and Phenols in
Humans. Am. J. Clin. Nutr. 1996, 63, 766–772. [CrossRef]

36. Bammens, B.; Evenepoel, P.; Keuleers, H.; Verbeke, K.; Vanrenterghem, Y. Free Serum Concentrations of the Protein-Bound
Retention Solute p-Cresol Predict Mortality in Hemodialysis Patients. Kidney Int. 2006, 69, 1081–1087. [CrossRef]

37. Melamed, M.L.; Plantinga, L.; Shafi, T.; Parekh, R.; Meyer, T.W.; Hostetter, T.H.; Coresh, J.; Powe, N.R. Retained Organic Solutes,
Patient Characteristics and All-Cause and Cardiovascular Mortality in Hemodialysis: Results from the Retained Organic Solutes
and Clinical Outcomes (ROSCO) Investigators. BMC Nephrol. 2013, 14, 134. [CrossRef]

38. Miller, V.; Mente, A.; Dehghan, M.; Rangarajan, S.; Zhang, X.; Swaminathan, S.; Dagenais, G.; Gupta, R.; Mohan, V.; Lear, S.; et al.
Fruit, Vegetable, and Legume Intake, and Cardiovascular Disease and Deaths in 18 Countries (PURE): A Prospective Cohort
Study. Lancet Lond. Engl. 2017, 390, 2037–2049. [CrossRef]

39. Kelly, J.T.; Palmer, S.C.; Wai, S.N.; Ruospo, M.; Carrero, J.-J.; Campbell, K.L.; Strippoli, G.F.M. Healthy Dietary Patterns and Risk
of Mortality and ESRD in CKD: A Meta-Analysis of Cohort Studies. Clin. J. Am. Soc. Nephrol. CJASN 2017, 12, 272–279. [CrossRef]

40. Huang, X.; Jiménez-Moleón, J.J.; Lindholm, B.; Cederholm, T.; Arnlöv, J.; Risérus, U.; Sjögren, P.; Carrero, J.J. Mediterranean Diet,
Kidney Function, and Mortality in Men with CKD. Clin. J. Am. Soc. Nephrol. CJASN 2013, 8, 1548–1555. [CrossRef]

41. Krishnamurthy, V.M.R.; Wei, G.; Baird, B.C.; Murtaugh, M.; Chonchol, M.B.; Raphael, K.L.; Greene, T.; Beddhu, S. High Dietary
Fiber Intake Is Associated with Decreased Inflammation and All-Cause Mortality in Patients with Chronic Kidney Disease. Kidney
Int. 2012, 81, 300–306. [CrossRef] [PubMed]

42. Chen, X.; Wei, G.; Jalili, T.; Metos, J.; Giri, A.; Cho, M.E.; Boucher, R.; Greene, T.; Beddhu, S. The Associations of Plant Protein
Intake with All-Cause Mortality in CKD. Am. J. Kidney Dis. Off. J. Natl. Kidney Found. 2016, 67, 423–430. [CrossRef] [PubMed]

43. Kalantar-Zadeh, K.; Kopple, J.D.; Deepak, S.; Block, D.; Block, G. Food Intake Characteristics of Hemodialysis Patients as Obtained
by Food Frequency Questionnaire. J. Ren. Nutr. Off. J. Counc. Ren. Nutr. Natl. Kidney Found. 2002, 12, 17–31. [CrossRef] [PubMed]

44. Luis, D.; Zlatkis, K.; Comenge, B.; García, Z.; Navarro, J.F.; Lorenzo, V.; Carrero, J.J. Dietary Quality and Adherence to Dietary
Recommendations in Patients Undergoing Hemodialysis. J. Ren. Nutr. Off. J. Counc. Ren. Nutr. Natl. Kidney Found. 2016, 26,
190–195. [CrossRef]

45. Noori, N.; Kalantar-Zadeh, K.; Kovesdy, C.P.; Murali, S.B.; Bross, R.; Nissenson, A.R.; Kopple, J.D. Dietary Potassium Intake
and Mortality in Long-Term Hemodialysis Patients. Am. J. Kidney Dis. Off. J. Natl. Kidney Found. 2010, 56, 338–347. [CrossRef]
[PubMed]

46. St-Jules, D.E.; Goldfarb, D.S.; Sevick, M.A. Nutrient Non-Equivalence: Does Restricting High-Potassium Plant Foods Help to
Prevent Hyperkalemia in Hemodialysis Patients? J. Ren. Nutr. Off. J. Counc. Ren. Nutr. Natl. Kidney Found. 2016, 26, 282–287.
[CrossRef]

47. Saglimbene, V.M.; Wong, G.; Ruospo, M.; Palmer, S.C.; Garcia-Larsen, V.; Natale, P.; Teixeira-Pinto, A.; Campbell, K.L.; Carrero,
J.-J.; Stenvinkel, P.; et al. Fruit and Vegetable Intake and Mortality in Adults Undergoing Maintenance Hemodialysis. Clin. J. Am.
Soc. Nephrol. CJASN 2019, 14, 250–260. [CrossRef]

48. Liu, X.; Hu, Z.; Xu, X.; Li, Z.; Chen, Y.; Dong, J. The Associations of Plant-Based Protein Intake with All-Cause and Cardiovascular
Mortality in Patients on Peritoneal Dialysis. Nutr. Metab. Cardiovasc. Dis. NMCD 2020, 30, 967–976. [CrossRef]

49. Jain, M.; Howe, G.R.; Rohan, T. Dietary Assessment in Epidemiology: Comparison on Food Frequency and a Diet History
Questionnaire with a 7-Day Food Record. Am. J. Epidemiol. 1996, 143, 953–960. [CrossRef]

50. Holvoet, E.; Vanden Wyngaert, K.; Van Craenenbroeck, A.H.; Van Biesen, W.; Eloot, S. The Screening Score of Mini Nutritional
Assessment (MNA) Is a Useful Routine Screening Tool for Malnutrition Risk in Patients on Maintenance Dialysis. PLoS ONE
2020, 15, e0229722. [CrossRef]

51. Cupisti, A.; D’Alessandro, C.; Valeri, A.; Capitanini, A.; Meola, M.; Betti, G.; Barsotti, G. Food Intake and Nutritional Status in
Stable Hemodialysis Patients. Ren. Fail. 2010, 32, 47–54. [CrossRef] [PubMed]

http://doi.org/10.1039/C8FO01876F
http://doi.org/10.1053/j.jrn.2014.11.001
http://doi.org/10.1126/science.abm1638
http://www.ncbi.nlm.nih.gov/pubmed/35926043
http://doi.org/10.3945/ajcn.114.092064
http://www.ncbi.nlm.nih.gov/pubmed/25527750
http://doi.org/10.1038/nrgastro.2012.156
http://www.ncbi.nlm.nih.gov/pubmed/22945443
http://doi.org/10.1093/ndt/gfr624
http://doi.org/10.1093/ajcn/63.5.766
http://doi.org/10.1038/sj.ki.5000115
http://doi.org/10.1186/1471-2369-14-134
http://doi.org/10.1016/S0140-6736(17)32253-5
http://doi.org/10.2215/CJN.06190616
http://doi.org/10.2215/CJN.01780213
http://doi.org/10.1038/ki.2011.355
http://www.ncbi.nlm.nih.gov/pubmed/22012132
http://doi.org/10.1053/j.ajkd.2015.10.018
http://www.ncbi.nlm.nih.gov/pubmed/26687923
http://doi.org/10.1053/jren.2002.29598
http://www.ncbi.nlm.nih.gov/pubmed/11823990
http://doi.org/10.1053/j.jrn.2015.11.004
http://doi.org/10.1053/j.ajkd.2010.03.022
http://www.ncbi.nlm.nih.gov/pubmed/20580474
http://doi.org/10.1053/j.jrn.2016.02.005
http://doi.org/10.2215/CJN.08580718
http://doi.org/10.1016/j.numecd.2020.03.003
http://doi.org/10.1093/oxfordjournals.aje.a008839
http://doi.org/10.1371/journal.pone.0229722
http://doi.org/10.3109/08860220903391234
http://www.ncbi.nlm.nih.gov/pubmed/20113266


Toxins 2022, 14, 589 11 of 11

52. Sueyoshi, M.; Fukunaga, M.; Mei, M.; Nakajima, A.; Tanaka, G.; Murase, T.; Narita, Y.; Hirata, S.; Kadowaki, D. Effects of
Lactulose on Renal Function and Gut Microbiota in Adenine-Induced Chronic Kidney Disease Rats. Clin. Exp. Nephrol. 2019, 23,
908–919. [CrossRef] [PubMed]

53. Calaf, R.; Cerini, C.; Génovésio, C.; Verhaeghe, P.; Jourde-Chiche, N.; Bergé-Lefranc, D.; Gondouin, B.; Dou, L.; Morange, S.;
Argilés, A.; et al. Determination of Uremic Solutes in Biological Fluids of Chronic Kidney Disease Patients by HPLC Assay. J.
Chromatogr. B Analyt. Technol. Biomed. Life. Sci. 2011, 879, 2281–2286. [CrossRef] [PubMed]

http://doi.org/10.1007/s10157-019-01727-4
http://www.ncbi.nlm.nih.gov/pubmed/30895529
http://doi.org/10.1016/j.jchromb.2011.06.014
http://www.ncbi.nlm.nih.gov/pubmed/21727042

	Introduction 
	Results 
	Patient Characteristics 
	Uremic Toxins and Diet 

	Discussion 
	Materials and Methods 
	Study Design 
	Study Population 
	Dietary Intake Assessment and Biological Analysis 
	Statistical Analysis 

	References

