

  nutrients-14-00805




nutrients-14-00805







Nutrients 2022, 14(4), 805; doi:10.3390/nu14040805




Article



The Effect of ß-Glucan Prebiotic on Kidney Function, Uremic Toxins and Gut Microbiome in Stage 3 to 5 Chronic Kidney Disease (CKD) Predialysis Participants: A Randomized Controlled Trial



Zarina Ebrahim 1,*,†[image: Orcid], Sebastian Proost 2,3,*,†[image: Orcid], Raul Yhossef Tito 2,3, Jeroen Raes 2,3, Griet Glorieux 4[image: Orcid], Mohammed Rafique Moosa 5 and Renée Blaauw 1[image: Orcid]





1



Division of Human Nutrition, Department of Global Health, Stellenbosch University, Cape Town 8000, South Africa






2



Laboratory of Molecular Bacteriology, Department of Microbiology and Immunology, Rega Institute, KU Leuven, 3000 Leuven, Belgium






3



Center for Microbiology, VIB, 3000 Leuven, Belgium






4



Department of Internal Medicine and Pediatrics, Nephrology Section, Ghent University Hospital, 9000 Ghent, Belgium






5



Department of Medicine, Stellenbosch University, Cape Town 8000, South Africa









*



Correspondence: zarina@sun.ac.za (Z.E.); sebastian.proost@kuleuven.be (S.P.)






†



These authors contributed equally to this work.









Academic Editors: Silvio Borrelli and Kamyar Kalantar-Zadeh



Received: 13 November 2021 / Accepted: 8 February 2022 / Published: 14 February 2022



Abstract

:

There is growing evidence that gut dysbiosis contributes to the progression of chronic kidney disease (CKD) owing to several mechanisms, including microbiota-derived uremic toxins, diet and immune-mediated factors. The aim of this study was to investigate the effect of a ß-glucan prebiotic on kidney function, uremic toxins and the gut microbiome in stage 3 to 5 CKD participants. Fifty-nine participants were randomized to either the ß-glucan prebiotic intervention group (n = 30) or the control group (n = 29). The primary outcomes were to assess kidney function (urea, creatinine and glomerular filtration rate), plasma levels of total and free levels of uremic toxins (p-cresyl sulfate (pCS), indoxyl-sulfate (IxS), p-cresyl glucuronide (pCG) and indoxyl 3-acetic acid (IAA) and gut microbiota using 16S rRNA sequencing at baseline, week 8 and week 14. The intervention group (age 40.6 ± 11.4 y) and the control group (age 41.3 ± 12.0 y) did not differ in age or any other socio-demographic variables at baseline. There were no significant changes in kidney function over 14 weeks. There was a significant reduction in uremic toxin levels at different time points, in free IxS at 8 weeks (p = 0.003) and 14 weeks (p < 0.001), free pCS (p = 0.006) at 14 weeks and total and free pCG (p < 0.001, p < 0.001, respectively) and at 14 weeks. There were no differences in relative abundances of genera between groups. Enterotyping revealed that the population consisted of only two of the four enterotypes: Bacteroides 2 and Prevotella. The redundancy analysis showed a few factors significantly affected the gut microbiome: these included triglyceride levels (p < 0.001), body mass index (p = 0.002), high- density lipoprotein (p < 0.001) and the prebiotic intervention (p = 0.002). The ß-glucan prebiotic significantly altered uremic toxin levels of intestinal origin and favorably affected the gut microbiome.
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1. Introduction


Chronic kidney disease (CKD) prevalence is increasing globally with a prevalence of between 9 and 13% [1,2]. In sub-Saharan Africa, it is slightly higher at 14% [3], although this percentage may be underestimated owing to a lack of CKD statistics [4]. Cardiovascular disease (CVD) is the leading cause of mortality in CKD patients, despite medical treatment [5]. Reducing the progression of CKD is challenging and complex owing to the pathophysiology of the disease. The modulation of the gut microbiome has in recent years been suggested to be a therapeutic target in the management of CKD, because of its important role in kidney health [6,7,8].



The gut microbiome is home to trillions of cells of over 1000 species and is responsible for maintaining normal gut integrity and promoting immunological functions. It is involved with nutrient uptake and metabolism of nutrients, degradation of oxalates, and preventing the proliferation of harmful microorganisms [9,10]. It is considered to be an essential ‘organ’ due to its varied composition and roles in human health. In CKD, gut dysbiosis occurs because of gut wall edema, lack of fiber in the diet due to dietary restrictions, and use of antibiotics and phosphate binders, resulting in increased gut permeability [10,11]. Gut dysbiosis, in turn, contributes to uremic toxicity, inflammation and CVD [6,12,13,14]. This bidirectional relationship enhances the progression of CKD [6].



The gut-derived uremic toxins that are increased in CKD include indoxyl sulfate (IxS), p-cresyl sulfate (pCS), p-glucuronide (pCG), indole acetic acid (IAA) and trimethylamine-N-oxide (TMAO). They are associated with insulin resistance, increased oxidative stress and endothelial dysfunction [12,13,15]. The pro-inflammatory nature of these toxins results in the progression of CKD and increases mortality [14]. They originate in the colon, where aromatic amino acids are metabolized by bacteria into phenolic (p-cresol and phenol) and indolic compounds (indole and IAA) [16]. Phenolic compounds are produced by breakdown of tyrosine and phenylalanine, mainly by anaerobes, while indoles are produced by the bacterial breakdown of tryptophan by both aerobes and anaerobes [13].



A recent systematic review on the gut microbiome in CKD found differences in overall microbial diversity to be inconclusive between patients and healthy controls [17], but 20 microbial taxa were differentially abundant.



In general, gut microbiota can be stratified into four non-discreet community types, referred to as enterotypes [18]. The Bacteroides 2 enterotype, which is characterized by a large fraction of Bacteroides while having lower Faecalibacterium levels and overall microbial density, is known to be associated with inflammation [18,19]. Furthermore, Bacteroides 2 has also been found to be associated with systemic inflammation linked with a high body mass index (BMI) [20] and mental health disease [21].



Pre-, pro- and synbiotics are potential therapeutic options to alter gut microbiota and reduce uremic toxin generation [22]. A systematic review reveals a low certainty of the effect of these agents owing to the varying results [22]. In addition, studies investigating the effect of prebiotics on kidney function, uremic toxins and the gut microbiome simultaneously are scarce.



Limited studies have investigated the use of prebiotics on the gut microbiome in CKD, making this an attractive therapeutic option to explore. ß-glucan, which is found in oats, seems promising to modulate the gut. Some studies in healthy individuals and those at risk of CVD showed that ß-glucan increased Bifidobacterium and Lactobacillus, reduced cholesterol levels and enhanced the production of short-chain fatty acids (SCFAs) [23,24] as well as reduced pCS in healthy individuals [25].



The aim of this study was to investigate the effect of ß-glucan on kidney function, uremic toxins and the gut microbiome in stage 3 to 5 CKD participants. The study hypothesis was that the prebiotic would improve kidney function, uremic toxin levels and the gut microbiome. This novel study is the first to investigate the effect of a prebiotic on all of these outcomes.




2. Materials and Methods


This randomized control trial (RCT) was a single-center, single-blinded study investigating the effects of a ß-glucan prebiotic on kidney function, plasma levels of uremic toxins and the gut microbiome. Participants were randomized to either receive a daily prebiotic supplement together with CKD dietary advice (intervention group) or to remain on the diet only (control group). Ethics approval was obtained from the Health Research Ethics Committee of Stellenbosch University (S18/03/064), and the study adhered to the Declaration of Helsinki principles. The protocol submitted for ethics approval was adhered to during the study. Informed consent was obtained from participants before they enrolled in the study. The study was registered with the Pan African Trial Registry (PACTR202002892187265).



2.1. Participants


Participants (over 18 years) attending a predialysis clinic in Cape Town, South Africa, with CKD stage 3 to 5 (classified by a GFR< 60 mL/min per 1.73 m2) were enrolled. Only participants over 18 years old were recruited. Participants were excluded if they met the following criteria: taking antibiotics, prebiotics or probiotic supplements currently or in the past four weeks, participants with inflammatory bowel disease, bowel malignancy, previous colorectal surgery (or any other serious bowel disorder), pregnancy, diabetes mellitus, coeliac disease, human immunodeficiency virus (HIV) disease, malignant hypertension, crescentic glomerular nephritis, participants on immunosuppressant medications, and those expected to start immediate dialysis. Figure 1 shows the CONSORT flow diagram for progress of participants through the trial. There were 108 participants eligible for inclusion, of whom 70 participants were enrolled for the pre-randomization period. Eleven were lost to follow-up at the baseline, with only 59 participants being randomized.




2.2. Design


As depicted in Figure 2, all participants had a four-week run-in period on diet only before being randomized to the prebiotic supplement or the diet control group using a simple computer-generated randomized list with an equal allocation ratio. Sequentially numbered sealed opaque envelopes were used to assign group allocation. The principal investigator (PI) was blinded to the treatment. Participants had follow-ups at week 4 (only for issuing product and checking adherence to the diet), week 8 and week 14. They were therefore on the intervention or control for 14 weeks. Nutritional assessments (including anthropometry, biochemical, clinical and dietary intake and adherence scores), blood samples for quantification of uremic toxins and stool samples for characterization of the gut microbiome were obtained at each of the time points, except for week 4. Education of the gut microbiome stool sample collection and completion of the Bristol Stool Scores (BSS) was done at pre-randomization.




2.3. Sample Size


Sample size was calculated to estimate a change from baseline to the end of the intervention of 12% in urea, 5% in creatinine and an increase in Lactobacillus of 20% using a two-sample t-test using the Power Analysis and Sample Size software (PASS program), based on a previous study [26]. A 90% power was used. The estimated numbers to detect the change were 16 for urea, 15 for creatinine, and 23 for Lactobacillus in each arm of the trial. Therefore, 23 were the minimum required in each group. To compensate for possible withdrawals during the study, 70 participants were enrolled.




2.4. Anthropometry and Biochemistry Methods


The following measurements were performed by the researchers at all three time points: weight, height, waist circumference, and mid-upper arm circumference using standard measures [27]. BMI was calculated, and waist and BMI were interpreted according to WHO standards [28]. Blood was collected by the clinic nurse and sent to the National Health Service laboratory for biochemical analysis. Biochemical tests included kidney function tests, lipid function tests, electrolytes and C-reactive protein (CRP). Blood pressure measurements were performed by the clinic nurse. Participants were asked about gastrointestinal symptoms according to a Likert scale of ‘never’, ‘mild’, ‘moderate’ or ‘severe’ for the following: nausea, vomiting, flatulence, anorexia, constipation and diarrhea.




2.5. Dietary Intake, Education and Prebiotic Product


The researchers gave in-person dietary advice based on evidence-based CKD guidelines to all patients. The detail of the dietary education has already been described [29]. In short, this entailed education on a simplified diet based on natural, healthy food with the avoidance of take-away, salt and processed foods rich in additives. A protein restriction of 0.8 g/kg was advised. The participants were advised on the diet four weeks before they were randomized to ensure that changes that occurred in the study were not due to dietary changes. The diet was adhered to during the study.



Participants in the IG were advised to use 13.5 g of ß-glucan prebiotic fiber supplement (GlucaChol-22®; manufacturer—At Life Products, Bryanston, South Africa) containing 6 g of fiber of which 3 g is ß-glucan per serving) daily. Dietary tips were given to use the prebiotic supplement in various ways, such as adding it to smoothies, cereals or yoghurts. Participants were given sufficient prebiotic supplement until their next appointment. The PI was responsible for the measurements of participants and assessment of dietary intake. To ensure that the PI remained blinded to the study intervention (the prebiotic supplement), the research assistant was responsible for the issuing of the supplement. Product adherence was measured by the return of empty containers.



Dietary intake was measured at all three time points using an interview-administered 160-item CKD adapted quantified food-frequency questionnaire (FFQ). Portions were calculated to a daily intake and analyzed using the SA foods database [30]. An adapted dietary adherence score sheet was used to measure dietary adherence. There were 12 questions on dietary changes from various food groups with a set of criteria which were selected based on information advised in the infographic and the dietary advice given. The detail of this score sheet and the FFQ have been described [29]. Participants scored a point if they adhered to the criteria, with a maximum of 12 points. An adherence of 10–12 (85–100%) was classified as excellent adherence, while 8–9 (67–75%) was good adherence, 6–7 (50–58%) was average adherence and <5 (<50%) was considered poor adherence.




2.6. Uremic Toxin Quantification


For the quantification of uremic toxins (UTs), venous blood was collected at all time points (except week 4) in K-EDTA tubes (9 mL). Blood was immediately centrifuged at 2100× g for 10 min at 4 °C. Plasma was aliquoted on ice at 500 µL in sterile tubes, then stored at −80 °C before it was sent on dry ice to the Nephrology laboratory of the Ghent University Hospital in Belgium for batch analysis. Total and free concentrations of pCS, IxS, pCG and IAA were determined by liquid chromatography and fluorescence detection as previously described [31]. In brief, for quantification of the total toxin concentrations, plasma samples were deproteinized by heat, centrifuged and filtered through an Amicon® Ultra 0.5 µL (Merck Millipore Ltd. Carrigtwohill, Ireland) (molecular weight cut-off 30 kDa filter). For the free fraction, the untreated plasma was first filtered through the Amicon filter. The ultrafiltrate was transferred into an autosampler vial, and fluorescein was added as an internal standard. Analysis was performed by ultra-performance liquid chromatography with an Agilent 1290 Infinity device (Agilent, Santa Clara, United States of America). IxS (λex: 280 nm, λem: 376 nm), pCS and pCG (λex: 264 nm λem: 290 nm), IAA (λex: 280 nm, λem: 350 nm), and fluorescein (λex: 443 nm, λem: 512 nm) was detected by an Agilent G1316C fluorescence detector.




2.7. Stool-Sample Collection


All participants were given adequate instructions and stool-sample collection kits together with ice packs and a cooler bag. An information leaflet was also provided. They were asked to collect the sample the day before the study appointment and asked to freeze the sample immediately after collection. After their appointment, the samples were immediately frozen at −80 °C. Participants were also asked to complete the BSS which explains the type and consistency of the stool, ranging from 1 to 7 (from very hard to very loose), the time of the sample collection, and the time of their last stool. The samples were sent on dry ice to VIB laboratories at KU Leuven, Belgium, for further analysis.




2.8. Analysis of Gut Microbiome


To analyze microbiota taxonomic composition, fecal DNA extraction, library preparation and 16S ribosomal RNA (rRNA) gene sequencing were performed as described by Tito et al. [32] using the MiSeq platform at VIB laboratories in Leuven, Belgium.



The gut microbiome results were analyzed using the 16SRNA amplicon method by amplifying the V4 region of the 16S rRNA gene with the 515F and 606R primer (GTGYCAGCMGCCGCGGTAA and GGACTACNVGGGTWTCTAAT, respectively) to produce dual barcoded libraries. This modification was done to contain a barcode sequence between each primer and the Illumina adaptor sequence [33]. Before the sequencing, size selection was performed using Agencourt AMPure (Beckman Coulter, Indianapolis, United States of America) to remove fragments below 200. The Illumina MiSeq platform (Illumina, San Diego, United States of America) (MiSeq Reagent Kit v2, 500 cycles, 15.38% PhiX, 2 × 250 PE) was used. Fastq sequences were further analyzed per sample using the DADA2 pipeline [34]. This was done after de-multiplexing with sdm, while no mismatching was allowed as part of the LotuS pipeline [35]. After inspecting for quality, sequences were trimmed to remove the primers and the first 10 bases of the primer, which resulted in only 200 bases for R1 files and 130 for R2 files. After removing chimeras and merging sequences, taxonomy was assigned using the formatted RDP training set, ‘rdp_train_set_16’.




2.9. Statistical Analysis


Baseline data were described using means and standard deviation for normally distributed continuous variables and medians, and interquartile ranges for non-normally distributed variables. Frequencies were used for categorical data. Data were checked for normality using Kolmogorov tests, histograms and skewness values. To control for proper randomization, baseline comparisons between the intervention and the control groups were done using t-tests for normally distributed data and Mann–Whitney tests for non-normal data. Categorical data were compared using chi-square tests.



Generalized estimating equation (GEE) models were fitted to identify time effects and differences between the intervention and control group (treatment effects) in terms of kidney function, uremic toxin levels and gut microbiome. In all models, we included the time point (baseline, week 8 and week 14), the treatment group (treatment and control) variables and their interaction as predictors.



A log link with a gamma distribution for the residual was chosen to model severely non-normal variables, including biochemistry, uremic toxin levels and dietary data. An identity link with the normal distribution of residuals was used to model anthropometric data. The models were fitted by using a Huber–White robust estimator with an unstructured correlation matrix.



All analyses were conducted using IBM®SPSS® version 27 (10 November 2021). A 5% level of significance was used to reject the null hypothesis in statistical tests (two sides). A p-value of <0.05 was considered significant.




2.10. Gut Microbiome Statistical Analysis


Statistical analyses were performed using R Statistical Software version 3.6.1 (http://www.r-project.org/, accessed on 15 September 2021).



Prior to analysis, 16S reads were rarefied to an even depth of 10,000 reads per sample; genera with low prevalence (present in less than 20% of the samples) were excluded from further tests. Alpha diversity, using the Shannon Diversity Index, was calculated using an in-house script. The Principal Coordinate Analysis and other analyses based on the Bray–Curtis distances were done using Scikit-learn (v0.24.1) and Scikit-bio (v0.5.5) using Python (v3.8.2) [36,37]. Comparisons between groups were made using the package statannot, which applies a pairwise Kruskal–Wallis test with Bonferroni correction for multiple testing. Genus-level, microbiome profiles variation explained by various features in the metadata was performed using univariate or multivariate stepwise distance-based redundancy analysis as implemented in R (v3.6.1) using the rda function from the vegan (v2.5-6) package [38]. Group-wise comparisons at genus level were performed using ALDEx2 (v1.18.0, ran using R v3.6.1), with mc.samples = 256, leaving other parameters at their default values [39]. The function T-test was used with default parameters (either in paired or unpaired mode, depending on the comparison). Correlations between genera and metadata were established using FlashWeave (v0.18 ran with Julia 1.6.1), using default parameters [40].



Samples’ community types, hereafter referred to as enterotypes, were obtained by combining 16S rRNA gene data from this cohort with data from the Flemish Gut Flora Project (FGFP) [35] and applying an approach based on Dirichlet Multinomial Mixtures (DMM) [36].





3. Results


3.1. Baseline Data


Fifty-nine participants were enrolled in the trial from August 2018 to December 2019; 30 were randomized to the intervention group and 29 to the control group (Figure 1). Baseline characteristics are described in Table 1. Participants had a mean age of 41.0 ± 11.9 years and were predominantly female. The main cause of kidney failure as documented in the medical files was hypertension. Half of the participants were unemployed, with most participants having a monthly income of less than US $126.



The overall BMI was 28.3 ± 6.6 kg/m2, with a high prevalence of overweight and obesity in 67.7% of participants. Biochemistry and the plasma levels of uremic toxins are shown in Table 2 and are reflective of CKD.



The baseline protein intake percentage was 15% of energy intake, which was 0.7 g per kg of ideal body weight for the group at baseline, carbohydrate intake was 56% and fat intake 33% of energy intake, of which saturated fat intake was 8.6%. Fiber intake was 17.6 g (14.1, 21.3), while total sugar intake was 61.5 ± 23 g. Mineral intake is shown in Table 1.



There were no significant differences between the intervention and the control group in baseline characteristics except for slightly higher high-density (HDL) levels in the intervention group.




3.2. Post-Intervention Data


Forty-five participants completed both arms of the trial in full. (Figure 1).




3.3. Kidney Function and Biochemistry


There were no significant changes in serum urea and creatinine concentrations or glomerular filtration rate over 14 weeks (Table 3). There was a significant reduction in low-density lipoprotein (LDL) cholesterol in the intervention group (Table 4), with a significant treatment effect. At week 8, the decrease in the intervention group was 0.88 times the decrease in the control group, but at week 14 the difference disappeared. Total cholesterol, HDL cholesterol and triglycerides (TG) did not change (Table 4). All the other biochemical values, including potassium, phosphate, sodium, and CRP, remained unchanged throughout the study (Supplementary Table S1). CRP was raised (>3 mg/L) in 64% of participants.




3.4. Plasma Levels of Colon-Derived Uremic Toxins


There was a significant decrease of free IxS over time in the intervention group, with a significant treatment effect (Table 5). The decrease in the intervention group was 0.46 times the decrease in the control group during week 8 (p = 0.003), and 0.35 times during week 14 (p < 0.001). Supplementary Figures S1–S3 graphically show the mean change over time in uremic toxins.



There was a significant intervention effect on free pCS; the decrease in the intervention groups was 0.48 times the decrease in the control group at week 14 (p = 0.006).



There was a significant decrease in total pCG and free pCG at week 14, with a significant intervention effect. For total pCG, the decrease in the intervention group was 0.14 times the decrease than in the control group (p < 0.001) at week 14, and for free pCG, the decrease in the intervention group was 0.13 times the decrease than in the control group (p < 0.001) at week 14. Free IAA was 0.56 times the decrease in the intervention vs. the control group at week 14, with it being very close to statistical significance (p = 0.051).




3.5. Anthropometry, Dietary Changes and Adherence to the Diet


There were no significant anthropometrical, and dietary changes from baseline to the end of the study (Supplementary data—Tables S2 and S3).



Diet adherence was excellent (above 85% throughout) and improved as the study progressed (Supplementary data—Table S4).



Compliance with the product as measured by the return of empty containers was good, with an 89.6% compliance at week 4, a 90.4% compliance at week 8, and an 82.7% compliance at the end of the study. Some participants did not return their containers, although they reported that they were using the prebiotic. Nearly all participants (>90%) did not experience gastrointestinal symptoms such as nausea, vomiting, flatulence, anorexia, constipation and diarrhea at baseline, and this did not change over time between the two groups.




3.6. Gut Microbiome


The most abundant genera were Faecalibacterium, Prevotella, Bacteroides, Blautia and Roseburia as shown in Figure 3. Although there was a trend to increase in Prevotella and a trend to reduction in Bacteroides and Blautia in the intervention group, this was not significant after correcting for multiple testing using ALDEx2. (Supplementary data—Table S5).



Gut microbiota were characterized by a high relative abundance of Prevotella and Bacteroides 2 as shown in Figure 3. This was further confirmed by enterotyping using the Flemish Gut Flora Project as a background (Supplemental Figure S4), where all participants were assigned to either the Prevotella or Bacteroides 2 enterotype [41]. There were no participants with the Ruminococcus or Bacteroides 1 enterotype present in this cohort. There were no significant differences in relative abundances between groups using ALDEx2 (Supplementary data—Table S5).



When comparing the intervention and the control group as shown in Figure 4, the relative abundance of Bacteroides 2 was slightly higher in the intervention group at randomization; however, this lowered over the study period from 52% to 45%, whereas it went up in the control group from 50 to 60%. However, these within-group differences were not statistically significant (ALDEx2 test, p = 0.298).



Figure 5A shows the principal coordinate analysis of inter-individual differences (beta diversity) by Bray–Curtis dissimilarity. The inter-individual Bray–Curtis distance was significantly higher in the control group than the intervention group at baseline (p < 0.0001) and remained higher throughout the total study period. Furthermore, a significant difference was observed between the baseline and week 8 in the control group (p < 0.001) (Figure 5B). There were no differences in alpha diversity between the intervention and control group (Shannon index) at randomization and week 8 or 14 (Figure 5C).



The redundancy table analysis (RDA) (Figure 6) shows that the following non-redundant factors influenced the gut microbiome’s compositional variation by 12.1%: triglyceride levels (step stepwise dbRDA, R2 = 2.97%, p < 0.001), the cause of kidney failure (stepwise dbRDA, R2 = 1.96%, p < 0.001), gender (stepwise dbRDA, R2 = 1.56%, p < 0.001, BMI (stepwise dbRDA, R2 = 0.82%, p = 0.002), GFR (stepwise dbRDA, R2 = 0.73%, p = 0.002), age (stepwise dbRDA, R2 = 0.60%, p = 0.002), the prebiotic intervention (stepwise dbRDA, R2 = 0.55%, p = 0.002), high-density lipoprotein (HDL) (stepwise dbRDA, R2 = 0.69%, p < 0.001), low-density lipoprotein (LDL) (stepwise dbRDA, R2 = 0.46%, p = 0.008), free IAA (stepwise dbRDA, R2 = 0.39%, p = 0.016), total sugar intake (stepwise dbRDA, R2 = 0.45%, p = 0.008), urea (stepwise dbRDA, R2 = 0.34%, p = 0.019), free pCS (stepwise dbRDA, R2 = 0.30%, p = 0.036), and finally alcohol intake (stepwise dbRDA, R2 = 0.29%, p = 0.049).



From Table 6, it can be seen that many genera were positively and negatively correlated with the various uremic toxins and other outcomes. Bifidobacterium correlated negatively with urea, while Gemmiger correlated negatively with creatinine. Blautia, Clostridium_XlVa, Acetanaerobacterium correlated positively with TG, while Prevotella correlated positively with HDL. Bulleidia correlated negatively with total IxS, while Ruminococcus2 correlated positively. Weight was positively correlated to Dialister and Butyricicoccus, while BMI was negatively correlated to Howardella. Faecalibacterium correlated negatively with total pCS, while correlating positively with Methanobrevibacter, Desulfovibrio and Peptococcus. Free pCS correlated positively with Escherichia/Shigella.





4. Discussion


In this intervention study, the supplementation of the prebiotic β-glucan resulted in a decrease in especially the free concentrations of the colon-derived uremic toxic levels IxS, pCS and pCG, without a change in kidney function over the 14-week study period. There was a trend to shift from a Bacteroides 2 to Prevotella enterotype (going from 50% of subjects having the Prevotella enterotype at baseline to 38% at week 14 in the control group, opposed to 45% going to 57% in the intervention group, Figure 4), and as there were no changes in dietary intake, these changes may be ascribed to the prebiotic intervention. The RDA analysis showed that the prebiotic significantly affected the gut microbiome. As Bacteroides 2 is associated with various conditions, especially inflammation, the trend to shift from Bacteroides 2 to Prevotella may be considered beneficial.



Previous studies show varying results of prebiotics on kidney function [42]. The effect of prebiotics on kidney function is small [22], in agreement with a recent meta-analysis which showed a reduction in urea, but not creatinine [43]. These changes were not influenced by the dose of fiber, the intervention time or dialysis [43]; the reduction in urea may be due to the fiber intake promoting the growth of colonic bacteria to incorporate nitrogen, resulting in an increased fecal excretion. However, in the present study, no significant differences in the relative abundances of urease-producing genera were observed between groups. In addition, urea may have remained stable owing to the participants’ low protein intake.



Patients with CKD have a high risk of cardiovascular mortality [5]. Dyslipidemia is one of the many traditional risk factors contributing to the development of CVD in the CKD population [44]. In addition, elevated uremic toxins levels have been associated with cardiovascular damage [45]. Dyslipidemia in the later stages of CKD is characterized by increasing total cholesterol and LDL as GFR decreases [46]. In the current study, there was a significant change in LDL cholesterol after 8 weeks, but not at 14 weeks. This reduction may be due to the effect of the ß-glucan prebiotic, since there were no significant changes in dietary intake over time. The ß-glucan prebiotic has been shown to reduce LDL cholesterol in ‘at risk’ CVD patients [23], which is similar to the present findings. Potential mechanisms through which gut microbiota may affect circulating lipid levels could be through the gel-forming property of ß-glucan reducing cholesterol and bile salt absorption, the action of bile salt hydrolase (BSH) [23], as well as through the action of SCFAs [47].



There was a significant reduction in especially the free plasma levels of the colon- derived uremic toxin levels IxS, pCS and pCG, which might be beneficial since free levels of specific uremic toxins are associated with overall mortality and CVD risk [48]. Additionally, free pCS and free IxS were also significantly associated with the gut microbiome according to the RDA analysis. The effect of prebiotics on uremic toxin levels in CKD patients varies; some studies show changes in pCS but not IxS. pCS and pCG are the main conjugates of p-cresol, which is generated as an end product of tyrosine metabolism and contributes to uremic toxicity [49]. The reduction in pCG is a positive and novel finding and may be linked to the prebiotic fiber intake in the intervention group. Advanced CKD has been linked to increased glucuronidation of p-cresol and to CVD and mortality [50]. If fiber is sufficient, gut bacteria use less protein as an energy source, resulting in lower uremic toxin production [48]. Studies have shown significant reductions in pCS [51] and IxS [24] with prebiotic use in hemodialysis patients, while synbiotics showed significant changes in pCS in predialysis patients [52] and hemodialysis patients [53], with one study showing a reduction in IxS in hemodialysis patients [54]. Wu et al. [55] reported only on a reduction of pCS in their meta-analysis of fiber supplementation effects on uremic toxins, while in a very recent meta-analysis, Yang et al. [43] showed that fiber supplementation reduced pCS and IxS significantly. They found that the reduction in pCS was not influenced by dose, dialysis, diabetes or intervention time, while a significant reduction in IxS was found in dialysis patients. Another possible reason for these positive changes that requires further exploration is that SCFA production alters intestinal integrity, thereby preventing entry of uremic toxins into blood circulation [43].



Gryp et al. [16] reported that the bacterial species involved in phenolic compound generation were mostly from the Bacteroidetes and Firmicutes phyla and suggested to target Bacteroides in interventions. While studies have shown Prevotella to be negatively associated with pCS and IxS [56], it may be that the trend to shift from Bacteroides 2 to Prevotella enterotype in the intervention group, contributed to the reduction of these uremic toxins. Furthermore, Desulfovibrio, Methanobrevibacter, and Peptococcus were positively correlated with pCS. The abundance of Desulfovibrio has been associated with a lower GFR [57]. Faecalibacterium was negatively correlated with pCS in the current study; it has been found to be lower in CKD patients and has been found to have a positive correlation with GFR [17,58]. Methanobrevibacter has been reported to be pro-inflammatory, while Peptococcus is considered to be a pathogen [59,60]. The correlations of the uremic toxins were associated with genera that are reflective of CKD dysbiosis and inflammatory conditions.



The total sugar intake, although within recommended guidelines, was found to significantly affect the gut microbiome according to the RDA analysis. Stanford et al. have linked microbiome variation to individual food groups with a high sugar content [56]. A high sugar intake modifies the ratio of Bacteroidetes and Proteobacteria, to have increased pro-inflammatory properties, and reduced immune functioning [61]. The baseline dietary intake was quite varied in this current study. This pattern may have also contributed to the higher Bacteroides 2 prevalence than Prevotella at baseline in the group overall.



While the α-diversity was not significantly different, there were differences in the ß-diversity. The higher ß-diversity in the control group may be linked to the lower trend in animal protein intake, studies have shown that microbial diversity is lower in diets high in animal protein [62]. Increased dietary fiber has been linked to a reduction in gut inflammation, which in turn is often associated with low bacterial loads and diversity, resulting in the Bacteroides 2 enterotype [19]. Furthermore, fiber has been found to increase Prevotella genera [63], which may explain some of the trends seen, owing to the addition of the prebiotic fibre. Prebiotic fiber enhances the selective stimulation of indigenous bacteria in the gut that results in many benefits to the host [62]. This trend in the shift away from the Bacteroides 2 enterotype in the intervention group is in line with observations in other studies [20,21]. Though given transitions from one enterotype to another are rare (Vandeputte D et al. unpublished data), a larger cohort would be required to find significant results here. Studies on the gut microbiome in CKD patients show changes in Bifidobacterium and Lactobacillus with synbiotics and lactulose [52,64]; however, there were no significant changes in the abundances of these genera in this current study. It may be that these abundances were relatively low to start with. CKD has been associated with lower intestinal colonization of Bifidobacterium and Lactobacillus [16,65]. However, ß-glucan was found to significantly increase Bacteroides and moderately increase Prevotella in individuals with elevated cholesterol levels without showing bifidogenic properties [66].



In contrast to previous findings, BSS, a proxy for intestinal transit time, does not explain variation of the gut microbiota composition in this cohort [41,67]. There were no changes over time in gastrointestinal symptoms in both groups. The gut microbiome composition was significantly associated with the TG, HDL, BMI, the prebiotic as well as other factors. The finding of the increased TG and BMI are similar to a study by Viera-Silva et al. [20]. Obesity (35.5%), highly prevalent in participants, has been linked with the progression of CKD [68]. Obesity is associated with an alteration in the gut microbiome [69]. In the current study, the TG and weight were positively associated with various organisms. Zeng et al. [70] identified gut microbiota markers for the classification of obesity-related metabolic abnormalities and over 20 genera associated with multiple clinical factors such as weight, waist circumference and lipid abnormalities. TG show associations with gut microbiome biomarkers that may explain some of the changes in the gut microbiome.



Gut dysbiosis in CKD is closely linked to chronic inflammation [57]. CRP was the only measure of inflammation in the current study; it was high in a majority of participants at baseline but did not change over time. The Bacteroides 2 enterotype which was highly prevalent in the current study may be contributing to inflammation. It has been found to be lower in statin-treated obese individuals; the mechanistic action for this may be in line with the microbiota-inflammation hypothesis [20]. The action of the ß-glucan fiber may be similar to the lipid-lowering effect of statins and has a positive role to play in the change in the composition of the gut microbiome, at least in CKD patients. Statins have been found to positively correlate with secondary gut-derived bile acids that contribute to the magnitude of LDL-lowering [71]. This mechanism of ß-glucan fiber may also be linked to the action of bile salts; the concentration of bile salts seems to affect the proliferation of bacteria [72,73]. In addition, studies suggest that ß-glucan increase BSH activity, which in turn increase cholesterol excretion and bacteria, such as Bifidobacterium, Bacteroides and Lactobaccillus [74]. There may therefore be different ways that the ß-glucan affects the gut microbiome, through the action of bile salts. The exact mechanisms need to be further elucidated.



4.1. Strengths of the Study


This single-blind RCT is the first study to examine the effect of the ß-glucan prebiotic on the gut microbiome, uremic toxins and kidney function in parallel in a cohort of participants with CKD not on dialysis using 16S rRNA sequencing methods. It is also the first study to examine enterotypes in this study population as well as the redundancy analysis (RDA) which examined the factors contributing to the gut microbiome variation. In addition, it is the first study to show a high prevalence of Bacteroides 2 in the CKD population. Dietary confounders were controlled by using a dietary run-in period, adapted dietary assessment methods and dietary adherence score sheets. Most nutrition status assessment factors remained unchanged during the study, which minimized confounding.




4.2. Limitations of the Study


The study limitations include a large number of participant dropouts from pre-randomization to the end of the study, although every effort was made to contact participants for follow-ups. However, this is reflective of a real-time clinic scenario. The duration of the study may have been too short to see an effect on kidney function and cardiovascular outcomes. Although changes were seen in the gut microbiome, a larger number of participants are probably needed to detect significant shifts from Bacteroides 2 to Prevotella, as well as shifts in the relative abundances in gut microbiota. The gut microbiome in the two groups would be very similar at baseline due to CKD dysbiosis, and one would need larger sample sizes to detect large variations in these groups compared with healthy individuals where there are distinct differences in the gut microbiome. Dietary intake assessment also has limitations, although the same methodology was applied throughout the study to ensure that the diet intake was adequately assessed and monitored. The lack of a placebo supplement was also a limitation, since patients could not be blinded. However, this did not affect their adherence to the diet.




4.3. Recommendations


A study with a larger sample size and of longer duration would be needed to detect significant changes, especially for studies with a focus on changes within the gut microbiome where inter-individual variability is substantial. Post hoc analysis is recommended for future investigation. Other markers of inflammation should be investigated such as interleukin-1ß, interleukin-6, interleukin-10, tumor necrosis factor, and possibly calprotectin in the stool. The findings of the study suggest that the ß-glucan prebiotic fiber supported by simplified CKD dietary advice favorably affects the gut microbiome. Although this study showed benefits with the ß-glucan prebiotic use, more RCTs are needed before generalized recommendations are made. Owing to the high prevalence of obesity found in the group, other measures should also be sought to address these outcomes, such as weight management, behavior modification and physical activity interventions. SCFAs and bile salt levels should be assessed in future studies to investigate the mechanisms involved in cholesterol-lowering and altered gut microbiota composition. Discount vouchers for healthy, natural foods should be sought for this population. The development of a placebo similar in appearance to the prebiotic with minimal nutritional content or effect on the gut microbiome should be considered. Foods containing natural ß-glucans may be encouraged, this can be found in barley, oats, rye and wheat. Although the results of the study cannot be extrapolated to include these foods, they are high in fibre and could be considered as part of a natural, healthy diet.





5. Conclusions


In conclusion, the current study found that the supplementation of ß-glucan fiber resulted in reduced plasma levels of the free fraction of colon-derived uremic toxins, as well as a favorable change in the composition of the gut microbiome. We therefore reject the hypothesis that kidney function would change with the prebiotic and accept the hypothesis that uremic toxins and the gut microbiome improved with the prebiotic intervention. The uremic toxins correlated with bacteria that were characteristic of gut dysbiosis. There was a high prevalence of Bacteroides 2 enterotype and the RDA showed that the prebiotic significantly affected the gut microbiome. Chronic systemic inflammation may be a contributing factor related to the gut dysbiosis in CKD. An increase in uremic toxin levels can contribute to alterations in gut microbiota, resulting in gut dysbiosis, which seems to be exacerbated by metabolic syndrome factors such as obesity and hypertension, which were highly prevalent in the current study population. The mechanism for the changes in this current study may be linked to the lipid-lowering action of the ß-glucan fiber through the action of bile salts and/or attenuation of inflammation, although the only measure of inflammation (CRP) did not show any significant changes.
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Figure 1. CONSORT flow diagram on the effects of a ß-glucan prebiotic on kidney function, plasma levels of uremic toxins and the gut microbiome in predialysis participants with CKD stage 3 to 5. 
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Figure 2. Schematic representation of the study flow; Nutrition status includes anthropometry, clinical, dietary assessment, other nutrition-related biochemical tests. 
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Figure 3. Relative abundances at the genera level. 
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Figure 4. Enterotype percentages of the intervention and control group over time. 
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Figure 5. Alpha and beta diversity comparisons by groups. (A) Principal coordinate analysis (PCoA2) of inter-individual differences (beta diversity) by Bray–Curtis dissimilarity. (B) Alpha diversity according to the Shannon index. (C) Within-group inter-individual Bray–Curtis distance. 
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Figure 6. Cumulative effect size of covariates affecting the compositional variation of the gut microbiome selected by the redundancy analysis (grey bars) compared with individual effect sizes assuming independence (black bars). 
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Table 1. Baseline characteristics of participants at randomization.
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Total

(N = 59)

	
Intervention Group (N = 30)

	
Control Group

(N = 29)

	
p Value






	
Age (years) (mean)

	
41.0 ± 11.6

	
40.6 ± 11.4

	
41.3 ± 12.0

	
0.082




	
Socio-demographics

	
N(%)

	
N(%)

	
N(%)

	




	
Sex

	
Male

	
25 (42.4)

	
11 (44)

	
14(56)

	
0.367




	
Female

	
34 (57.6)

	
19 (55.6)

	
15 (44.1)




	
Income (/month)

	
$0−$126

	
24 (40.7)

	
10 (41.6)

	
14 (58.3)

	
0.332




	
$127–$316

	
16 (27.1)

	
7 (43.8)

	
9 (56.2)




	
$317–$633

	
13 (22.0)

	
8 (61.5)

	
5 (38.4)




	
$634–$949

	
4 (6.8)

	
3 (75.0)

	
1 (25.0)




	
>$949

	
2 (3.4)

	
2 (100.0)

	
0




	
Employment

	
Employed

	
29 (49.2)

	
17 (58.6)

	
12 (41.3)

	
0.240




	
Unemployed

	
30 (50.8)

	
13 (43.3)

	
17 (56.6)




	
Clinical data

	

	
N (%)

	
N (%)

	
N (%)

	




	
Cause of kidney failure

	
Polycystic kidneys

	
3 (5.1)

	
1 (33.3)

	
2 (66.6)

	




	
Hypertension

	
29 (49.2)

	
13 (44.8)

	
16 (55.2)

	
0.456




	
Glomerular disease

	
13 (22.0)

	
9 (69.2)

	
4 (30.7)




	
Other

	
14 (23.7)

	
7 (50.0)

	
7 (50.0)




	
GFR categories (mL/min/1.73 m2)

	
30–59 Stage 3

	
19 (32.2)

	
9 (47.3)

	
10 (52.6)

	
0.867




	
15–29 Stage 4

	
16 (27.1)

	
9 (56.2)

	
7 (43.8)




	
<15 Stage 5

	
24 (40.7)

	
12 (50.0)

	
12 (50.0)




	

	

	
Median Interquartile range (IQR)

	
Median (IQR)

	
Median (IQR)

	




	
Blood pressure

	
Systolic (mmHg)

	
142.0 (128.3, 168,3)

	
145.0 (134.0, 170.0)

	
140.0 (136.0, 147.0)

	
0.549




	

	
Diastolic (mmHg)

	
80.0 (72.0, 92.8)

	
82.0 (72.0, 93.0)

	
80.0 (78.0, 91.0)

	
0.765




	
Anthropometry

	

	
Mean ± standard deviation (SD)

	
Mean ± SD

	
Mean ± SD

	




	
Weight (kg)

	

	
75.7 ± 20.7

	
73.5 ± 18.5

	
78 ± 22.9

	
0.461




	
BMI (kg/m2)

	

	
28.3 ± 6.6

	
27.4 ± 6.2

	
29.2 ± 6.99

	
0.300




	
Waist circumference (cm)

	

	
89.6 ± 15.0

	
86.9 ± 13.1

	
92.4 ± 16.5

	
0.161




	
MUAC (cm)

	

	
30.2 ± 5.1

	
29.8 ± 5.2

	
30.7 ± 5.1

	
0.527




	

	

	
N (%)

	
N (%)

	
N (%)

	




	
BMI categories

	
Underweight

	
3 (5.0)

	
2 (6.7)

	
1 (3.4)

	
0.791




	

	
Normal weight

	
16 (27.1)

	
10 (62.5)

	
6 (37.5)




	

	
Overweight

	
19 (32.2)

	
8 (42.1)

	
11 (57.9)




	

	
Obese

	
21 (35.5)

	
10 (47.6)

	
11 (52.3)








Abbreviations: GFR: glomerular filtration rate, IQR: interquartile range, SD: standard deviation, BMI: body mass index, MUAC: mid-upper arm circumference.
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Table 2. Baseline biochemistry and uremic toxin levels of participants at randomization.
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	Total

(N = 59)
	Intervention Group

(N = 30)
	Control Group

(N = 29)
	p Value





	Biochemistry
	Median (IQR)
	Median (IQR)
	Median (IQR)
	



	Urea (mmol/L)
	14.2 (9.1, 28.6)
	14.4 (11.5, 21.0)
	14.1 (10.9, 28.1),
	0.952



	Creatinine (mmol/L)
	232.0 (175.0, 461.0)
	230.0 (208.0, 53.0)
	308.0 (187.0, 33.0)
	0.921



	GFR (mL/min.1.73) m2
	20.0 (11.0, 35.0)
	21.0 (13.0, 27.0)
	19.0 (11.0, 35.0)
	0.976



	Potassium (mmol/L)
	5.0 ± 0.7
	4.9 ± 0.8
	5.0 ± 0.7
	0.509



	Phosphate (mmol/L)
	1.16 (1.0, 1.5)
	1.2 (1.1, 1.4)
	1.1 (1.0, 1.5)
	0.844



	Cholesterol (mmol/L)
	4.7 ± 1.1
	4.7 ± 1.1
	4.8 ± 1.2
	0.958



	LDL (mmol/L)
	2.6 ± 1.0
	2.6 ± 0.8
	2.6 ± 1.1
	0.859



	HDL (mmol/L)
	1.1 (0.9, 1.3)
	1.2 (1.1, 1.4)
	1.0 (0.9, 1.1)
	0.032



	Triglycerides (mmol/L)
	1.6 (1.2, 2.4)
	1.4 (1.2, 1.9)
	1.9 (1.4, 2.6)
	0.079



	CRP (mg/L)
	4.0 (2.0, 8.0)
	5.0 (2.0, 8.0)
	3.0 (2.0, 5.0)
	0.760



	Uremic toxins
	Median (IQR)
	Median (IQR)
	Median (IQR)
	



	Total IxS (mg/L)
	3.96 (1.55, 10.27)
	3.44 (2.01, 4.93)
	5.28 (2.84, 8.32)
	0.533



	Free IxS (mg/L)
	0.10 (0.03, 0.26)
	0.06 (0.06, 0.14)
	0.13 (0.64, 0.22)
	0.724



	Total pCS (mg/L)
	5.69 (2.86, 10.37)
	5.08 (4.20, 7.12)
	5.81 (4.09, 7.24)
	0.840



	Free pCS (mg/L)
	0.14 (0.06, 0.30)
	0.14 (0.09, 0.28)
	0.14 (0.67, 0.19)
	0.391



	Total pCG (mg/L)
	0.10 (0.03, 0.26)
	0.11 (0.03, 0.21)
	0.10 (0.04, 0.17)
	0.920



	Free pCG (mg/L)
	0.09 (0.02, 0.20)
	0.10 (0.03, 0.18)
	0.09 (0.03, 0.15)
	0.933



	Total IAA (mg/L)
	0.80 (0.49, 1.33)
	0.66 (0.55, 1.12)
	0.92 (0.70, 1.06)
	0.662



	Free IAA (mg/L)
	0.12 (0.09, 0.25)
	0.11 (0.10, 0.24)
	0.14 (0.11, 0.23)
	0.906



	Dietary intake
	Median (IQR)

Mean ± SD
	Median (IQR)

Mean ± SD
	Median (IQR)

Mean ± SD
	



	Energy (kcal)
	5710 (4480.0, 6982.0)
	5685.6 (5149.9, 6662.1)
	5955.52 (4528.0, 6704.8)
	0.773



	Protein (g)
	51.9 ± 20.5
	54.3 ± 17.0
	49.5 ± 23.7
	0.085



	Plant protein (g)
	16.6 (14.0, 21.1)
	16.7 (15.1, 19.5)
	15.6 (14.5,20.7)
	0.544



	Animal protein (g)
	32.5 ± 14.5
	34.5 ± 12.0
	30.3 ± 16.6
	0.127



	Total sugar (g)
	61.5 ± 23
	60.3 ± 21.5
	62.6 ± 24.7
	0.298



	Fiber (g)
	17.6 (14.1, 21.3)
	17.6 (16.9, 19.9)
	16.2 (14.1, 20.5)
	0.448



	Fat intake (g)
	50 (35.1, 60.8)
	47.7 (40.5, 53.7)
	50.3 (38.4, 55.4)
	0.785



	Saturated fat (g)
	13.05 (9.6,18.8)
	13.1 (11.7, 17.0)
	13.1 (9.4, 15.4)
	0.371



	Trans fat (g)
	0.3 (0.1,0.6)
	0.3 (0.2, 0.5)
	0.3 (0.2, 0.6)
	0.844



	Potassium (mg)
	1923.0 (1553.5, 2405.4)
	2048.9 (1751.9, 2338.6)
	1774.5 (1564.4, 2267.7)
	0.396



	Phosphate (mg)
	735.6 (523.0, 939.7)
	767.8 (638.6, 865.3)
	581.3 (521.4, 848.4)
	0.102



	Sodium (mg)
	1829.23 (1290.4, 2584.8)
	1999.3 (1666.6, 2435.5)
	1803.8 (1186.5, 2090.0)
	0.907







Abbreviations: GFR: glomerular filtration rate, LDL: low-density lipoprotein, HDL: high-density lipoprotein, CRP: C-reactive protein, IxS: Indoxyl sulfate, pCS: p-cresyl sulfate, pCG: p-cresyl glucuronide, IAA: indole-3-acetic acid. Bold if p < 0.005.
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Table 3. Generalized estimation equation models for change in kidney function over time in the intervention over the control group (proportions).
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Model 1

Outcome: Urea

	
Model 2

Outcome: Creatinine

	
Model 3

Outcome: eGFR




	
Parameter

	
Exp

(b)

	
95% CI

	
p

	
Exp

(b)

	
95% CI

	
p

	
Exp

(b)

	
95% CI *

	
p






	
[Intervention group]

	
0.93

	
0.66–1.30

	
0.669

	
0.92

	
0.63–0.35

	
0.625

	
0.97

	
0.66–1.43

	
0.869




	
[week 8]

	
1.05

	
0.92–1.19

	
0.479

	
1.02

	
0.94–1.10

	
0.613

	
1.02

	
0.93–1.12

	
0.710




	
[week 14]

	
1.01

	
0.88–1.16

	
0.850

	
1.01

	
0.89–1.14

	
0.891

	
1.02

	
0.93–1.12

	
0.636




	
[Intervention group] * [week 8]

	
1.14

	
0.98–1.33

	
0.092

	
1.12

	
0.97–1.28

	
0.118

	
0.95

	
0.84–1.06

	
0.244




	
[Intervention group] * [week 14]

	
1.06

	
0.90–1.25

	
0.514

	
1.03

	
0.87–1.22

	
0.718

	
0.93

	
0.81–1.05

	
0.340








Exp: exponential; b = estimated model coefficient; p = p-value (Wald χ2 test); eGFR: estimated glomerular filtration rate; * Intervention by time treatment effect.
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Table 4. Generalized estimation equation models for change in lipid values over time in the intervention over the control group (proportions).
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Model 4:

Outcome: Total

Cholesterol

	
Model 5

Outcome: LDL

Cholesterol

	
Model 6

Outcome: HDL

	
Model 7

Outcome: TG




	
Parameter

	
Exp

(b)

	
95% CI

	
p

	
Exp

(b)

	
95% CI

	
p

	
Exp

(b)

	
95% CI

	
p

	
Exp

(b)

	
95% CI

	
p






	
[Intervention group]

	
0.98

	
0.88–1.12

	
0.997

	
1.01

	
0.84–1.24

	
0.856

	
1.25

	
1.02–1.54

	
0.031

	
0.69

	
0.50–0.95

	
0.694




	
[week 8]

	
1.02

	
0.96–1.08

	
0.476

	
1.07

	
0.97–1.17

	
0.170

	
1.07

	
1.02–1.13

	
0.010

	
0.86

	
0.75–1.00

	
0.057




	
[week 14]

	
0.98

	
0.91–1.05

	
0.594

	
1.00

	
0.88–1.14

	
0.971

	
1.01

	
0.91–1.11

	
0.866

	
0.90

	
0.74–1.10

	
0.307




	
[Intervention group] * [week 8]

	
0.93

	
0.86–1.01

	
0.571

	
0.88

	
0.76–0.99

	
0.037

	
0.97

	
0.90–1.05

	
0.486

	
1.03

	
0.84–1.26

	
0.777




	
[Intervention group] * [week 14]

	
1.03

	
0.93–1.15

	
0.105

	
1.02

	
0.86–1.22

	
0.776

	
1.03

	
0.91–1.15

	
0.661

	
1.02

	
0.81–1283

	
0.858








Exp: exponential; b = estimated model coefficient; p = p-value (Wald χ2 test); LDL: low density lipoprotein cholesterol; HDL: high density lipoprotein cholesterol; TG: triglycerides, Bold if p < 0.05; * Intervention by time treatment effect.
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Table 5. Generalized expected equations model for changes in plasma levels of uremic toxins over time (mg/L) in the intervention over the control group (proportions).
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Model 1:

Outcome: Total IxS

	
Model 2:

Outcome: Free IxS

	
Model 3:

Outcome: Total pCS

	
Model 4

Outcome: Free pCS

	
Model 5

Outcome: Total pCG

	
Model 6

Outcome: Free pCG

	
Model 7

Outcome: Total IAA

	
Model 8

Outcome: Free IAA




	
Parameter

	
Exp

(b)

	
95% CI

	
p

	
Exp

(b)

	
95% CI

	
p

	
Exp

(b)

	
95% CI

	
p

	
Exp

(b)

	
95% CI

	
p

	
Exp

(b)

	
95% CI

	
p

	
Exp

(b)

	
95% CI

	
p

	
Exp

(b)

	
95% CI

	
p

	
Exp

(b)

	
95% CI

	
p






	
[Intervention group]

	
0.88

	
0.47–1.62

	
0.674

	
1.78

	
0.65–0.09

	
0.264

	
1.16

	
0.76–1.78

	
0.479

	
1.61

	
0.77–3.40

	
0.208

	
3.40

	
0.86–13.5

	
0.081

	
0.34

	
0.84–1.44

	
0.087

	
1.06

	
0.65–1.74

	
0.798

	
1.72

	
0.77–0.86

	
0.185




	
[week 8]

	
1.08

	
0.95–1.24

	
0.211

	
1.14

	
0.93–1.40

	
0.211

	
0.87

	
0.83–1.20

	
0.968

	
1.06

	
0.82–1.38

	
0.630

	
0.77

	
0.35–1.87

	
0.508

	
0.35

	
0.12–0.98

	
0.045

	
1.13

	
1.00–1.28

	
0.050

	
1.13

	
0.96–1.33

	
0.148




	
[week 14]

	
1.09

	
0.96–1.21

	
0.227

	
1.06

	
0.84–1.33

	
0.591

	
1.00

	
0.68–1.11

	
0.258

	
0.83

	
0.61–1.12

	
0.277

	
1.14

	
0.77–1.69

	
0.530

	
0.16

	
0.09–0.29

	
<0.001

	
1.04

	
0.86–1.26

	
0.655

	
1.03

	
0.84–1.27

	
0.749




	
[Intervention group] * [week 8]

	
0.97

	
0.71–1.31

	
0.863

	
0.46

	
0.28–0.76

	
0.003

	
1.09

	
0.85–1.36

	
0.952

	
0.96

	
0.72–1.28

	
0.772

	
0.51

	
0.15–1.75

	
0.286

	
0.45

	
0.12–1.69

	
0.241

	
1.08

	
0.86–1.35

	
0.515

	
0.83

	
0.50–1.36

	
0.449




	
[Intervention group] * [week 14]

	
0.93

	
0.68–1.26

	
0.622

	
0.35

	
0.21–0.60

	
<0.001

	
0.99

	
0.74–1.32

	
0.547

	
0.48

	
0.29–0.82

	
0.006

	
0.14

	
0.08–0.28

	
<0.001

	
0.13

	
0.06–0.27

	
<0.001

	
1.03

	
0.81–1.31

	
0.797

	
0.56

	
0.31–1.00

	
0.051








Exp: exponential; b: estimated model coefficient; p = p-value (Wald χ2 test); IxS: Indoxyl sulfate, pCS: p-cresyl sulfate, pCG: p-cresyl glucuronide, IAA: indole-3-acetic acid; Bold if p < 0.05; * Intervention by time treatment effect.
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Table 6. Correlations of genera to biochemistry and uremic toxins.
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	Variable
	Genus
	* Correlation Value





	Urea
	Bifidobacterium
	−0.266



	Creatinine
	Gemmiger
	−0.177



	LDL cholesterol
	Mogibacterium
	−0.218



	HDL cholesterol
	Prevotella
	0.202



	TG
	Blautia
	0.197



	
	Clostridium_XlVa
	0.205



	
	Acetanaerobacterium
	0.180



	Weight
	Dialister
	0.236



	
	Butyricicoccus
	0.234



	BMI
	Howardella
	−0.182



	Total IxS
	Ruminococcus2
	0.211



	
	Bulleidia
	−0.235



	Total pCS
	Faecalibacterium
	−0.216



	
	Methanobrevibacter
	0.288



	
	Desulfovibrio
	0.183



	
	Peptococcus
	0.259



	Free pCS
	Escherichia/Shigella
	0.222



	Total IAA
	Mogibacterium
	0.330



	
	Howardella
	0.301







Abbreviations: TG: triglycerides, LDL: low-density lipoprotein, HDL: high-density lipoprotein, IxS: Indoxyl sulfate, pCS: p-cresyl sulfate, pCG p-cresyl glucuronide, IAA: indole-3-acetic acid * significant correlations.
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