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Abstract

Patients and animals with chronic kidney disease (CKD) exhibit profound alterations in
the gut environment including shifts in microbial composition, increased fecal pH, and increased
blood levels of gut microbe-derived metabolites (xeno-metabolites). The fermentable dietary
fiber—high amylose maize resistant starch type 2 (HAMRS2)—has been shown to alter the gut
milieu, and in CKD rat models leads to markedly improved kidney function. The aim of the
current study was to identify specific cecal bacteria and cecal, blood, and urinary metabolites
that associate with changes in kidney function, in order to identify potential mechanisms
involved with CKD amelioration in response to dietary resistant starch. Male Sprague-Dawley
rats with adenine induced CKD were fed a semi-purified low fiber or a high fiber diet (59% w/w
of HAMRS2) for 3 weeks (n=9/grp). The cecal microbiome was characterized, and cecal
contents, serum, and urine metabolites were analyzed. HAMRS2-fed rats displayed decreased
cecal pH, decreased microbial diversity, and an increased Bacteroidetes to Firmicutes ratio.
Several URS solutes were altered in the cecal contents, serum, and urine, many of which had
strong correlations with specific gut bacteria abundances: i.e., serum and urine indoxyl sulfate
were reduced by 36% and 66%, respectively in HAMRS2-fed rats, and urine p-cresol was
reduced by 47% in HAMRS2-fed rats. Outcomes from this study were coincident with
improvements in kidney function indices and amelioration of CKD outcomes previously reported
for these rats, suggesting an important role for microbial-derived factors and gut microbe

metabolism in regulating host kidney function.
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Introduction

Patients and animal models with CKD exhibit an altered gut microbiota and increased
gut permeability (52, 76, 78, 79). These changes in gut milieu may occur for several reasons,
including diet (i.e., decreased dietary fiber intake), prolongation of intestinal transit time, and
influx of uremic retention solutes (30) from the systemic circulation into the colonic lumen. URS
are metabolites that accumulate in the blood and tissues of CKD patients and animal models
due to the decline in the number of functioning nephrons (68, 72). In CKD patients the
concentration of urea in the intestinal fluids is similar to its serum concentration. Urea, at
concentrations found in stable end-stage renal disease (ESRD) patients, has been shown to
significantly reduce the epithelial tight junction proteins in human colonocytes. The damaging
effect of urea was greatly amplified in the presence of urease, an enzyme that is abundantly
expressed by numerous gut microbial species (77). Earlier studies by the Vaziri lab have shown
marked alterations of the gut microbiome in rats and humans with advanced CKD (75). The
CKD-induced changes in the gut microbiome were characterized by expansion of microbial
families possessing genes encoding urease, uricase, indole and p-cresol metabolizing

enzymes, and depletion of microbes expressing short chain fatty acid-forming enzymes (85).

Patients with CKD are often advised to limit their consumption of fiber-rich foods that are
high in potassium and phosphorus, to prevent cardiac arrhythmias and bone mineral disorders,
respectively (1, 56). This is, however, of potential concern since decreased dietary fiber intake
can also increase gut permeability (21, 23, 24), which in theory could increase the blood
exposure to gut-derived URS or other factors that impact kidney function and inflammation.
Low fiber diets promote the growth of bacteria that consume host glycans, leading to
degradation of the protective mucus barrier lining of the intestinal epithelia and thereby facilitate

translocation of luminal contents, such as bacteria and their noxious products/components, into
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the intestinal wall and systemic circulation (17, 63, 64, 79). Indeed, patients with CKD often
display elevated blood levels of the microbial-modified amino acids indoxyl sulfate and p-cresol
sulfate. The rise in these URS is attributed to reduced renal elimination (55), however it is not
known at this time to what extent, if any, other factors such as increased gut permeability,
changes in intestinal transport and/or increased microbial production may also contribute to
increased circulating levels. These URS metabolites are known to promote inflammation and
increase the risk of cardiovascular disease (6, 41, 73). Interestingly, dietary fibers have been
shown to improve kidney function and decrease levels of these potentially harmful metabolites

(47, 60).

One dietary fiber shown to decrease nitrogenous and microbial-derived URS is high-
amylose maize resistant starch type 2 (HAMRS2) (60, 74). HAMRS?2 is derived from corn that
has been naturally selected to contain a higher amylose:amylopectin ratio. The linear amylose
molecules form granules that partially resist digestion by mammalian enzymes in the small
intestine. The remaining approximately 60% of undigested HAMRS2 passes into the large
intestine where it can be fermented by microbes (3). In animal models, HAMRS2 increased
fecal nitrogen excretion, lowered plasma urea and altered gut bacterial communities (16, 32,
87). Using the adenine-induced CKD rat model, we recently reported that 3 weeks of dietary
HAMRS2 (59% by weight of the diet) led to significant improvements in kidney histology and
kidney function (74). Based on these observations, we set out to identify specific cecal bacteria
and cecal, blood, and urinary metabolites that associate with changes in kidney function, in
order to identify potential mechanisms involved with CKD amelioration in response to dietary

resistant starch.

Materials and Methods

Animals and Diets
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Animals, housing conditions, and diets have been previously described (74). Briefly, 10
week old male Sprague-Dawley rats (Harlan Laboratories, Indianapolis, IN) were fed powdered
chow (Harlan, 2020X) containing 0.7% adenine for 2 weeks to induce a CKD-like phenotype.
Rats were then randomized to receive semi-purified pelleted diets supplemented (59% by
weight) with either the rapidly digestible starch amylopectin (low fiber) or HAMRS2 (Hi-Maize
260, Ingredion, Westchester, IL) for 3 weeks (n=9/group). Isocaloric diets were prepared by
Harlan Laboratories (Madison, WI) and had an energy content of 14.5%/66.9%/18.6%
protein/carbohydrate/fat, respectively. All animals were provided ad libitium access to food and
water. Rats were placed in metabolic cages for 24 hour urine collection. On the day of tissue
harvest, ad libitum-fed rats were anesthetized (ketamine, 50 mg/kg plus xylazine, 4 mg/kg IP)
and euthanized via cardiac exsanguination, between ca. 08:00-11:00. Blood was collected and
left at room temperature for 30 minutes to clot, serum was collected, frozen on dry ice and
stored at -70°C until processing. Cecal contents were removed and frozen on dry ice and
stored at -70°C until processing. Hydration of cecal contents was determined by weighing a
frozen aliquot, then oven drying overnight at 100°C, allowed to cool, and weighed twice to
ensure a constant weight was obtained. All experiments were approved by the University of

California Irvine Institutional Committee for the Use and Care of Experimental Animals.

pH of cecal contents

Cecal contents were thawed on ice and approximately 400 mg of cecal contents was
transferred to a clean tube and HPLC grade water was added at a 10:1 ratio, homogenized for 2
minutes at 1200 rpm on a Geno/Grinder, then centrifuged for 10 min at 4°C at 3509 g (Sorvall

Legend X1R). A Corning 320 pH meter was used to determine pH of the cecal water.

Metabolomics
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Details of this procedure have been previously published for serum or plasma (19).
Untargeted primary metabolite analysis (i.e. sugars, amino acids, nucleotides and their
derivatives) of cecal contents, serum, and urine was performed on all 9 rats in each group at the
West Coast Metabolomics Center (http://metabolomics.ucdavis.edu/) using GC-TOF-MS. For
serum and wurine, 15 pL was added to 1 mL of ice-chilled extraction solution
(acetonitrile:isopropanol:water, 3:3:2) and vortexed for 10 seconds. This same procedure was
conducted using an approximately 10 mg sample of frozen cecal contents. Samples were
centrifuged for 2 minutes at 14,000 g (Eppendorf 5415D), 500 pL of supernatant was
evaporated (Labconco Centrivap) to complete dryness. For derivitization, 10 pL of
methoxyamine hydrochloride (Aldrich) was added to dried samples and left on a shaker for 90
minutes at 30°C, and then 91 pL of 100:1 N-methyl-N-(trimethylsilyl)-trifluoroacetamide (Aldrich):

fatty acid methyl ester mixture was added. Samples were left on shaker for 30 minutes at 37°C.

Analyses were performed using an Agilent 6890 GC equipped with a Gerstel automatic
liner exchange system that includes a multipurpose sample (MPS2) dual rail, and a Gerstel CIS
cold injection system (Gerstel, Muehlheim, Germany) with the temperature ramp: 50°C to 275°C
final temperature at a rate of 12 °C/s, and held for 3 minutes. Injection volume was 0.5 pL with
10 pL/s injection speed on a splitless injector with purge time of 25 seconds. The liner (Gerstel
#011711-010-00) was changed after every 10 samples. Before and after each injection, the 10
ML injection syringe was washed three times with 10 uL ethyl acetate. Gas Chromatography
conditions: A 30 m long, 0.25 mm i.d. Rtx-5Sil MS column (0.25 pm 95% dimethyl 5% diphenyl
polysiloxane film) with additional 10 m integrated guard column was used (Restek, Bellefonte
PA). Helium (99.9999% purity) with built-in purifier (Airgas, Radnor PA) was set at constant flow
of 1 mL/min. The oven temperature was held constant at 50°C for 1 min and then ramped at

20°C/min to 330°C at which it was held constant for 5 min.
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Mass spectrometer settings and data acquisition: A Leco Pegasus IV time of flight mass
spectrometer was used, controlled by the Leco ChromaTOF software vs. 2.32 (St. Joseph, MI).
The transfer line temperature between gas chromatograph and mass spectrometer was set to
280°C. Electron impact ionization at 70V was employed with an ion source temperature of
250°C. Acquisition rate was 17 spectra/second, with a scan mass range of 85-500 Da. Result
files were exported to servers and processed by the Fiehn lab metabolomics database, known
as BinBase (20). Database entries in BinBase were matched against the Fiehn mass spectral
library of 1,200 authentic metabolite spectra using retention index and mass spectrum
information or the NIST05 commercial library. Identified metabolites were reported if present in
at least 50% of the samples, regardless of treatment group (as defined in the SetupX database)
(58). Each metabolite was normalized by the sum of identified metabolite quantifier ion peak
heights (QIPH) present in each individual sample. These relative abundances were used for
subsequent statistical analysis. Cecal-derived metabolite abundances were corrected for dry
weight by dividing the metabolite abundance by percent dry matter obtained by oven drying as

described above.

Cecal Microbiota

Total cecal DNA was extracted by bead beating with 0.1 mm zirconia/silica beads
(BioSpec) followed by DNA purification using the QlAamp DNA stool mini kit (Qiagen Inc.,
Valencia, CA). Twenty ng/uL of DNA was used to amplify the V4 region of the 16S rRNA gene
with 30 PCR cycles at 94°C for 45 seconds, 54°C for 60 seconds, and 72°C for 30 seconds
using barcoded 515 forward (5-GTGCCAGCMGCCGCGGTAA-3’) and 806 reverse (5'-
GGACTACHVGGGTWTCTAAT-3’) primers (12). Equal molar amounts of PCR amplicons were
then pooled and gel purified using Wizard SV Gel and PCR clean-up system (Promega
Corporation, Madison, WI). Sequencing of pooled 250-bp paired-end amplicons was performed

with an Illlumina MiSeq (San Diego, CA) at the UC Davis Genome Center
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(http://dnatech.genomecenter.ucdavis.edu). Raw lllumina FASTQ files were de-multiplexed and
quality filtered with Quantitative Insights Into Microbial Ecology software (QIIME Version 1.8.0)
(11). Assembled reads were used for Operational Taxonomic Unit (OTU) picking. OTUs
sharing at least 97% nucleotide identity were identified using an open-reference OTU picking
process according to a 16S rRNA sequence database, Greengenes version 13_8 and further

analyzed in QIIME.

Statistical Analysis

Statistical analyses were performed using GraphPad Prism (Version 5.04 for Windows,
GraphPad Software, San Diego, CA) or R version 3.1.2 (51). Dietary related differences in
cecal hydration, cecal tissue weight, cecal pH and number of cecal microbial species were
assessed with a two-tailed unpaired Student’s t-test. Bacterial percent abundance data
expressed as mean percent abundance and group differences were assessed with Mann-
Whitney U tests. Group comparison of all metabolomics data were assessed by Mann-Whitney
U tests. Results from univariate comparisons were adjusted to account for the false discovery
rate (FDR) using the Benjamini and Hochberg (8) and statistical significance was considered at
a = 0.05. Multivariate analysis of metabolomics data was performed using partial least squares-
discriminate analysis (PLS-DA) from the R package “pls” (45). PLS-DA was utilized due to its
ability to reduce the dimensionality of the data while maximizing the variance between the
dependent and exploratory variables. Data used in PLS-DA models were assessed for
univariate outliers using Grubb’s test with the R package “outliers” (34). Outliers were removed
if determined to be significant at a = 0.01. In total, 95 outliers were removed; which accounted
for 0.4% of the entire metabolomics data. Removed outliers were imputed using k nearest
neighbors from the Bioconducter “impute” package (27). PLS-DA model accuracy was
assessed with a cross-validation scheme where the data were randomly partitioned into training

and test datasets encompassing 2/3 (n=6/grp) and 1/3 (n=3/grp) of all animals, respectively.
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Training data were scaled and centered to unit variance prior to model development, while test
data were scaled and centered using the means and standard deviations from the training data.
Metabolites of interest were identified with training data using variable importance in projection
(VIP) measurements from bootstrapped PLS-DA models. VIP is a weighted measure of the
contribution of each metabolite to discriminate the classification groups (low fiber vs. HAMRS2).
A VIP score of 2 1 has been argued as an adequate threshold to determine discriminant
variables in the PLS-DA model (40, 83); therefore, we used this criterion as a cutoff to assess
which metabolites provide discriminate information in the models. Metabolites that had a
bootstrapped VIP = 1 and an FDR corrected MWU p-value < 0.05 were chosen for inclusion in
final PLS-DA models. Model performance was assessed based on the model’s ability to
accurately predict the classification of the test set animals using data from the training set. Final
models were able to predict the classification of the test set animals with 100% accuracy.
Variance explaining group classification related to dietary differences were visualized in scores
plots using scores from the first two dimensions in PLS-DA models. In these scores plots, each
symbol represents a single rat and group membership are represented by shape and color.
Group confidence regions are represented by ellipses based on 95% confidence intervals
determined by Hotelling’s T2. Rats whose symbols are closer to one another have a more
similar metabolite profile, whereas rats with larger distances from each other have dissimilar
metabolite profiles. Principal Component Analysis (PCA) scores plots from rats used in the
validation model can be found in Figure 1. Metabolites used to generate these plots were the
same that were used to generate the PLS-DA scores plots for serum, urine, and cecal
metabolites. PCA is an unsupervised multivariate analysis, meaning that the model is

generated without information regarding treatment groups.
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Results

Our previous publication described kidney function, renal histopathology, renal
expression of inflammatory, oxidative, and fibrosis pathway proteins, as well as colonic tight
junction protein levels in this cohort of CKD rats (74). Briefly, supplementation with HAMRS2
markedly improved kidney function and gut permeability indices: i.e., decreased serum
creatinine, increased creatinine clearance, improved tubulo-interstitial injury score, decreased
kidney protein levels of inflammatory proteins (i.e. NF-kB, MCP-1, COX-1, TGF-B), increased
kidney protein levels of endogenous antioxidants (i.e. CuZn SOD, catalase, glutathione
peroxidase) and restored colonic tight junction proteins (occludin and claudin-1). No changes in
body weight were observed. The focus of the current research was to explore the effect
HAMRS2 on metabolite and microbiome patterns, and their possible association with the

observed improvements in kidney function in rats with CKD.

HAMRS2 significantly altered cecal milieu and microbiota

Cecal characteristics and bacterial phyla summary are depicted in Table 1. The cecal
contents of HAMRS2-supplemented rats were significantly more hydrated than low fiber-fed
rats; this is consistent with fecal hydration data previously reported for these animals (74).
Cecal tissue weight was significantly greater and cecal content pH was significantly reduced in
the HAMRS2 fed rats. Rats consuming HAMRS2 harbored a distinct cecal microbiota
compared to those fed the low fiber diet, as indicated by Principal Coordinates Analysis (PCoA)
of the unweighted UniFrac metric (42), for which 44% of the variation in bacterial composition
could be explained by the inclusion of HAMRS2 in the diet (see separation along the PC1
dimension, Figure 2A). There were, on average, 15% fewer observed bacterial species in the
cecum of the HAMRS2 group. Detailed bacterial abundance data can be found in
Supplemental Table S1. The relative abundances of Actinobacteria and Proteobacteria were

significantly greater, and Firmicutes were significantly reduced, in the HAMRS2-fed rats
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compared to low fiber-fed rats. HAMRS2-fed rat ceca contained a 66% higher ratio of
Bacteroidetes to Firmicutes (B:F) when compared to the low fiber-fed rats despite no significant

difference in the proportions of Bacteroidetes between groups (Table 1).

Percent changes of select bacteria in HAMRS2-fed CKD rats relative to low fiber CKD
controls are shown in Figure 2B. Within the Actinobacteria phylum, proportions of the genus
Bifidobacterium were significantly greater in the HAMRS2-fed rats which had an average
relative abundance of 1.11% compared to low fiber-fed rats which had 0.62% (p=0.002). Within
the Bacteroidetes phylum, proportions of the family Barnesiellaceae were greater in the
HAMRS2-fed rats compared to low fiber-fed rats, at 0.30% vs. 0.15%, respectively (p=0.0003).
The HAMRS?2 rats also had greater proportions of the Bacteroidetes family S24-7 compared to
the low fiber group, with 9.75% and 3.58% abundance, respectively (p=0.0003). Conversely,
the Bacteroidetes genus Prevotella was reduced in the HAMRS2-fed rats compared to low fiber-
fed rats, with 0.11% and 0.05%, respectively (p=0.0004). Although the total numbers of
bacteria within the Firmicutes phylum declined with HAMRS2 consumption, there were strikingly
higher proportions of bacteria within the genus Allobaculum, with 0.56% relative abundance in
the low fiber group and 15.43% in the HAMRS2-fed rats (p=0.003). Similarly, Faecalibacterium
also had greater proportions in the HAMRS2 group with 0.84% compared to 0.71% in the low
fiber group (p<0.05). Ruminococcus, another genus within the Firmicutes, was higher in the
HAMRS2 group with 21.27% compared to 5.86% in the low fiber group (p=0.0003). The
following Proteobacteria proportions were significantly enriched in rats fed HAMRS2: order
RF32 (Alphaproteobacteria), genus Sutterella (Betaproteobacteria), family Enterobacteraceae
(Gammaproteobacteria). There was a significant reduction in the family Desulfovibrionaceae

(Deltaproteobacteria) in the HAMRS2 fed rats compared to the low fiber group.

HAMRS2 significantly alters cecal, serum, and urine metabolite profiles




244

245

246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

Partial least squares-discriminant analysis (PLS-DA) scores plots for metabolomics
results in cecal contents, serum, and urine of rats used for statistical model generation are
shown in Figure 3. In these plots, it is readily apparent that variance in selected metabolites
can discriminate rats in the low fiber group compared to the HAMRS2 group. Annotated
metabolites that were featured in PLS-DA models are listed in Tables 2-4 (note that non-
annotated metabolites are not listed, for brevity). A general pattern of metabolite changes in the
cecal contents, serum, and urine is presented in Table 6. All of the metabolomics data
including non-annotated and annotated metabolites identified in cecal contents, serum, and

urine can be found in Supplemental Table S2.

Cecal Metabolites

A total of 465 cecal metabolites were detected using the GC-TOF analytical platform. Of
these, 202 metabolites were annotated in the metabolite database; the remaining metabolites
were non-annotated and labeled with a numerical BinBase ID (Supplemental Table S2A). A
total of 256 metabolites had an adjusted P-value < 0.05 and a mean bootstrapped VIP = 1 in the
PLS-DA model; of these, 109 metabolites were annotated (Table 2). The majority of cecal
metabolites were markedly reduced in the HAMRS2 group compared to the low fiber group
(Column “F” in Supplemental Table 2A). Three metabolites that were higher in the HAMRS2-
fed rats were lactose, succinic acid and the resistant starch breakdown product maltose. The
following cecal amino acids were significantly reduced in the HAMRS2 fed group: aspartic acid,
isoleucine, leucine, lysine, methionine, phenylalanine, serine, and valine. Other nitrogenous
metabolites that were significantly reduced in the HAMRS2 rats include: adenine, creatinine,
indole-3-lactate, inosine, methionine sulfoxide, thymidine, uracil, urea, uric acid, uridine, and
xanthine. The sugar alcohols 1,5-anhydroglucitol, galactinol, myo-inositol, and xylitol were also

reduced in the HAMRS2-fed rats.

Serum Metabolites
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A total of 300 serum metabolites were detected, 145 of which were annotated
(Supplemental Table S2B). The abundances of 20 metabolites were found to be significantly
different between treatment groups; 12 of which were annotated (Table 3). Two xeno-
metabolites derived from microbial metabolism of tryptophan, indole-3-acetate and indole-3-
lactate, were higher in the HAMRS2 fed rats. Two DNA bases, cytosine and thymidine, were
reduced in the serum of HAMRS-fed rats. Another nitrogen-containing metabolite, uric acid,
was reduced in the HAMRS2-fed rats compared to low fiber-fed rats. Two polyols, erythritol and
xylitol, were greater in the HAMRSZ2 rats compared to low-fiber rats, respectively. Another
polyol, 1,5-anhydroglucitol, was reduced in the HAMRS2-fed rats. The organic acids fumaric
acid and malic acid were greater in the HAMRS2 fed rats. The ketone body -hydroxybutyric

acid was also greater in the HAMRS2-fed rats.

Urine Metabolites

In urine, 276 metabolites were detected and of these, 143 metabolites were annotated
(Supplemental Table S2C). Abundances of 114 metabolites were significantly different
between treatment groups; 47 of which were annotated (Table 4). There were 23 annotated
metabolites for which concentrations were significantly increased in HAMRS2 rats. Tartaric acid
was particularly noteworthy in the HAMRS2-fed rats; this metabolite had the highest VIP and
greatest change of any urine metabolite. Three xeno-metabolites resulting from microbial
metabolism were lower in the HAMRS2 group: 2,8-dihydroxyquinoline, 3-(3-
hydroxyphenol)propionic acid, and 3-hydroxyphenolacetic acid. Concentrations of several
amino acids were also higher in the HAMRS2 rat urine compared to the low fiber group: i.e.,
alanine, isoleucine, taurine, and tyrosine. The following sugars were higher in the HAMRS2
urine compared to the low fiber group: erythritol, fucose, inulotriose, maltose, ribose, sucrose,

and xylitol. Several fatty acids were reduced in the HAMRS2 compared to the low fiber group:
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capric, caprylic, heptadecanoic, myristic, and palmitic. The urine metabolomics dataset is also

presented as estimated 24 hour excretion for each metabolite, in Supplemental Table S2D.

HAMRS?2 alters uremic retention solutes

Trends in URS metabolite concentrations in the cecal contents, serum, and urine are
compared in Table 5. Overall, most URS were reduced in cecal contents, with the exceptions
of putrescine, erythritol and mannitol. Serum metabolite trends did not always track cecum
concentration patterns, perhaps due to the dynamics of gut absorption coupled to kidney
excretion—both of which would impact the net accumulation in the blood pool. For instance,
cecal creatinine was 52% lower in the HAMRS2-fed rats, but this marked reduction was less
apparent in serum. Urine creatinine concentration, on the other hand, was robustly increased.
This may be due to improved creatinine clearance or reduced CKD-induced muscle wasting in
the fiber fed rats. Notably, the metabolomics results for urinary creatinine were consistent with
results from our previous report that utilized a more traditional enzyme-based creatinine assay
(74); the values from the two types of analyses had a Spearman’s correlation coefficient of 0.77
(p<0.0001). Urea was reduced by 79.0% in cecal contents, yet there was no change in serum;
the latter is consistent with previous findings from these rats in which an enzyme-based urea
assay was employed (74). Levels of uric acid were significantly lower in the serum and cecal
contents, and ~50% higher in the urine of rats fed HAMRS2. HAMRS2-fed rats had 65.7%
lower indoxyl sulfate in the urine and 36% lower abundance in the serum. Indoxyl sulfate was
not reported as detectable in the cecal contents, consistent with the idea that the sulfate
metabolite is produced by the host from microbe-derived indole (15). There were several other
examples in which the various metabolite pools differed in the directionality of concentration
between the treatment groups. For instance, there was no significant difference in urine and
cecal indole-3-acetate between treatment groups, yet its serum level was 615% greater in the

HAMRS2-fed rats. Indole-3-lactate abundance was reduced by ~70% in the cecal contents and
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>50% in urine of HAMRS2-fed rats, yet its serum abundance was 135% higher compared to
low-fiber fed rats. p-cresol, derived from microbial transformation of tyrosine, was reduced by
47% in the urine of the HAMRS2 group, but was not reported as detectable in the serum or
cecal contents. Hippuric acid was reduced by >70% in the urine of HAMRS2 fed rats and not
reported as detectable in the serum or cecal contents. Erythritol concentration was greater in
serum and urine of the HAMRS2-fed rats, but was not different in cecal contents. Mannitol was
reduced in the serum but increased by >200% in the cecal contents of the HAMRS2-fed rats;
there was no change in urine abundance. No differences were observed in serum or urine
abundances of myo-inositol; however, cecal content abundance was reduced in the HAMRS2
group. Phenol was not reported as detectable in the serum, and was reduced by >70% in the

urine and cecal contents of the HAMRS2-fed rats.

Spearman’s correlations between kidney function-relevant phenotype data, URS
metabolites and the cecal bacteria for all rats are depicted in Figure 4. Cecal bacteria were
included based on having greater than 0.05% mean relative abundance present in each group
and an adjusted p-value < 0.05 when comparing microbiome differences between treatment
groups. Several bacteria groups were associated with improved kidney function as measured
by creatinine clearance, which co-varied with cecal changes reflective of HAMRS2 diet (i.e.,
cecal tissue weight, reduced pH, cecal hydration). These included, for instance, the
Bacteroidetes families S24-7 and Barnesiellaceae, the Firmicutes genus Ruminococcus, and
the Proteobacteria genus, Sutterella. The suite of bacteria that correlated with improved kidney
function also had negative correlations with cecal URS compounds such as creatinine, indole-3-

lactate, spermidine, urea, uric acid, phenol, and myo-inositol.
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Discussion

Resistant starch may improve CKD outcomes by altering the gut environment and hence
systemic exposure to certain metabolites or other gut-derived factors that may impinge upon
inflammation and kidney function. Relevant to this concept, a microarray study of cecal tissue
gene expression in healthy rats fed HAMRS2 revealed that genes involved in cell growth,
proliferation, differentiation, mucin production, and tissue structure were differentially expressed
compared to low fiber-fed rats (33); these changes may aid in reducing translocation of harmful
substances into systemic circulation. In the current study, HAMRS2 increased cecal tissue
growth and increased hydration of cecal contents. Resistant starch has been shown to increase
fecal output in both humans and animal models (32, 49); increased fecal output may indicate
decreased fecal transit time. A recent paper by Vandeputte et al. described how decreased
fecal transit time and increased fecal hydration can alter the gut microbiota to favor the
presence of rapidly-growing bacteria (71). Furthermore, increased loss of water—and
accompanying electrolytes—through feces might help limit the systemic water load on the

kidneys.

Significant reductions in several cecal content amino acids were observed which may be
due to an increased need for nitrogen to maintain protein synthesis if bacteria are reproducing
more rapidly (or, if there are more bacteria) and gut tissue growth is enhanced; thus, under
HAMRS2-fed conditions the gut may be acting as a “nitrogen sink” (86). This would serve to
sequester nitrogen in the gut, reducing the amount that enters portal circulation and hence
lowering the nitrogen load on the liver and kidneys. A recent study found conventional mice had
lower amino acids entering the hepatic portal vein compared to germfree mice. The authors

attributed the lower level of amino acids to increased synthesis of microbial biomass (44).

Another interesting consideration is that HAMRS2 feeding might elicit increases in gut

urea transporters; this would facilitate bacterial protein synthesis under conditions of resistant
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starch feeding, considering the microbial conversion of urea to amino acid backbones. This
could partially explain why resistant starch reduced blood urea in non-CKD animal models (32,
87). That said, in our CKD rats, metabolomics analysis revealed no diet-associated differences
in serum urea. This may be due to reduced distal tubular urea reabsorption, which is a major
component of the urine concentrating process and is disturbed in chronic interstitial nephropathy
(25). It should be noted that HAMRS2, unlike many cereal fibers, is completely devoid of
protein and therefore may be better suited at reducing the nitrogenous load on host liver and

kidneys as well as reduce microbial fermentation of amino acids in the colon (4, 14).

To further explore relationships between metabolite abundances, cecal characteristics
and specific microbe populations, a cross-correlation plot was created which revealed a variety
of significant associations (Figure 4). This analysis is hypothesis-generating; i.e., one may ask
if HAMRS2-driven reductions in cecal urea are the result of increasing urea utilization by
microbes that display a negative correlation with urea concentration (Allobaculum, e.g.). Other
possibilities for decreased cecal urea include trapping of urea and its degradation products by
HAMRS2 or its HAMRS2 breakdown products, urea dilution in larger volume of the cecal
content, or rapid elimination of urea occasioned by shortened fecal transit time. These events
can simultaneously lower the detectable urea in cecal fluid and minimize enterohepatic recycling
of urea. Increased amounts of urea and its breakdown products such as ammonia have been
shown to increase gut permeability (9, 77). Ammonia is generated by the microbial metabolism
of urea by the enzyme urease, which can be further converted to ammonium hydroxide.
Ammonium hydroxide increases intestinal pH and can lead to disruption and loss of the

intestinal tight junction proteins and thereby increase gut permeability (9, 78).

Recent study of the fecal microbiota in patients with end-stage renal disease has shown
a marked expansion of bacteria that possess the urease enzyme, as well those expressing

enzymes that ferment aromatic amino acids and produce indoles and p-cresol (84). Microbial
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aromatic amino acid fermentation that results in the production of metabolites such as phenol,
and microbial proteases that can act as virulence factors and target the host epithelium, are
more active at a neutral or basic pH (43, 61, 62). Phenol, which was reduced in the cecal
contents and urine of HAMRS2-fed rats, has been shown to have toxic effects on human colonic
epithelial cells in vitro and contribute to increased intestinal permeability in CKD (36). The net
effect of HAMRS2-associated cecal metabolite changes may be a reduction in the systemic
exposure to potentially harmful URS metabolites in CKD such as the microbial-derived indole
(converted to indoxyl sulfate by the host) and p-cresol. Metabolomics analysis revealed
reductions in urinary levels of these URS metabolites and both were important in discriminating
dietary treatment groups in PLS-DA models. Recently, it was shown that supplementing
patients on hemodialysis with 15 grams per day of resistant starch for 6 weeks reduced plasma
levels of unbound indoxyl sulfate (60), consistent with the results herein for CKD rats. It should
be noted that indole itself may not be harmful and beneficial effects of indole and indole-3-
acetate have been reported (5, 31). Some of the most robustly-increased serum metabolites in
HAMRS2-fed CKD rats were indole-3-acetate and indole-3-lactate, despite unchanged or
reduced levels in cecum and urine. The basis for this is not known, but it is speculated that
resistant starch feeding increases microbial production of metabolites and/or effects changes to
transporters or kidney reabsorption, which in turn drives relative accumulation in the blood pool.
Another metabolite altered by HAMRS is uric acid. Uric acid and oxalic acid are normally
excreted in the urine; however, in chronic renal failure the colon replaces the kidney as the
primary site of their excretion (28, 29). This adaptive response may account for the minor rise in
serum oxalic acid observed in HAMRS2-fed rats compared to the low fiber group

(Supplemental Table S2).

Many other non-URS metabolites were also altered by HAMRS2 feeding. The

metabolite with the greatest change was urinary tartaric acid, which was >800% greater in the
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HAMRS2 group. Tartaric acid is generally associated with grape and wine consumption, so the
etiology behind this striking increase remains to be elucidated. It likely involves HAMRS2-
associated changes in gut microbe ecology and metabolism of chow components. Two other
urinary metabolites that were significantly elevated in the HAMRS2 group were furoylglycine
and levoglucosan. These metabolites have been reported to form due to heating foods at high
temperatures and may have occurred during the manufacturing process of the rodent diets (10,
48). Increased levels in the urine may reflect enhanced urinary excretion in the HAMRS2 group
due to improved kidney function. Other metabolites that have been reported to be modulated by
the gut microbiota were also changed in the HAMRS2 group. Urinary hippuric acid was
significantly reduced in the HAMRS2-fed rats. This metabolite can be formed in a few ways,
one of which is by microbial metabolism of aromatic amino acids to form benzoic acid which the
host can then conjugate with glycine to form hippuric acid (39, 82). Interestingly, the hippuric
acid precursor benzoic acid was significantly reduced in the cecal contents and urine; there was
no change in serum levels. Another microbial-derived metabolite, 3-(3-hydroxyphenyl)propionic
acid (HPHPA), was reduced by ~85% in the urine and ~100% greater in the cecal contents of
the HAMRS2-fed rats. Elevated urinary HPHPA levels have been found in individuals with
autism and these levels decreased after antibiotic treatment, the latter speaking to the microbial
origins of this xeno-metabolite (59). Several metabolites that have been reported to have
antimicrobial activity were also changed in the HAMRS2 group including: 4-hydroxybenzoic
acid, 3,4-dihydroxybenzoic acid, phenylacetic acid, 3-hydroxyphenylacetic acid, 4-
hydroxyphenylacetic acid, and 3, 4-dihydroxyphenylacetic acid (13). In summary, changes in
xeno-metabolites appear to reflect the dramatic shifts that occur in the gut microbiota with both

HAMRS2 consumption and CKD.

The HAMRS2-fed rats exhibited less microbial diversity than the low fiber-fed rats. More

microbial diversity is generally associated with a healthier phenotype (2). However, the
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decrease in diversity observed in the HAMRS2 rats is likely due to the homogeneous
composition and configuration of HAMRS2. Decreased microbial diversity upon feeding
resistant starch has been previously reported (70). HAMRS2 is composed solely of glucose
with a-1,4 bonds (3). Fibers with a variety of monosaccharides and bond types likely select for
a more diverse microbial population simply by providing a wider array of substrates. A
significant increase in the Bacteroidetes:Firmicutes ratio was observed in the HAMRS2-fed rats.
A starch-related increase in the Bacteroidetes:Firmicutes ratio has been reported in previous
studies and has generally been associated with a healthy gut microbial community (67, 69).
Despite an overall reduction in Firmicutes, there was a bloom in the specific Firmicutes genera
Ruminococcus. Ruminococcus bromii has been described as a primary starch degrader that
provides substrates to other bacteria (89). We found that the relative abundance of
Ruminococcus and several other bacteria had negative correlations with cecal content pH. The
decrease in pH is likely due to increased microbial fermentation of the HAMRS2, resulting in
increased production of short-chain fatty acids such as acetate, propionate, and butyrate (7, 46).
A decreased intestinal pH is thought to be beneficial to the host by altering gut bacteria (i.e.
changes in metabolite production/utilization, growth, virulence factors) and maintaining the
integrity of the intestinal epithelium (57, 66). Another Firmicutes genera that was substantially
higher in the HAMRS2-fed rats was the butyrate-producer Allobaculum, which has been
associated with a lean phenotype and found to be increased in aged mice fed HAMRS2 (54,
67). However, Allobaculum has also been negatively correlated with colonic tight junction and
anti-inflammatory gene expression in the colon (37), making its putative role in host health less

certain.

The HAMRS2-fed group had an increase in the phylum Proteobacteria, with a bloom in
order RF32 (Alphaproteobacteria) and the genus Sutterella (Betaproteobacteria). There is

scant information related to Sutterella; this genus has been found to be elevated in the feces
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and intestinal biopsies of children with autism (80, 81), and in feces from dogs with acute
hemorrhagic diarrhea (65). We did observe decreased levels of the family Desulfovibrionaceae
(Deltaproteobacteria) in the HAMRS2 rats. Bacteria from this family are capable of producing
sulfide which may disrupt disulfide bridges in the protective mucus layer leading to increased
intestinal permeability (38, 50). This bacteria has also been found to be increased in mice fed a

high-fat diet and reduced by pre-biotic supplementation (18).

The intent of this study was to determine if HAMRS2-associated alterations in specific
gut microbes as well as cecal, serum, and urine metabolites are correlated with one another and
associate with the positive gut and renal outcomes previously reported for these rats (74); this
has identified potential mechanisms by which resistant starch impacts kidney function and
ameliorates CKD. To demonstrate this, the diet was supplemented 59% by weight with
HAMRS2, which is a high amount relative to dietary supplementation in humans but is a level
certain to elicit marked alterations in gut microbiota in this proof-of-principle experiment.
Approximately 40% of the HAMRS2 is absorbed in the small intestine and the remaining portion
reaches the colon where it can be degraded by microbes. Therefore, the amount of starch
reaching the colon is approximately 36% by weight of the diet. Future experiments should be
conducted to determine dose response, changes in gut permeability and if the phenotype can
be replicated via cecal/fecal transplantation. A limitation of the current study that was not
controlled for was coprophagy. Coprophagy may impact results from this, and other related
rodent studies, by potentially influencing the recycling of microbes and metabolites. Therefore,
extrapolation of these data—especially the serum and urine metabolites-- to the human
condition may be limited. The impact of coprophagia on microbiota and metabolomics results

warrants further investigation.

In summary, dietary resistant starch has a protective effect on kidney function in CKD

rats that takes place concurrent with alterations in gut microbe ecology and shifts in specific
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groupings of gut bacteria. Yet, the complete sets of mechanisms linking the microbiome and
kidney function remain to be elucidated. Our results support the idea that resistant starch-
associated phenotypes stem in part from change in the gut microbiome that alter URS
dynamics, nitrogen and water balance, gut pH, and by minimizing inflammation via preservation
of the gut epithelial barrier. A working model of the effects of HAMRS2 based on findings from
this study and our previous results with the same rats is shown in Figure 5. Should the
protective actions of HAMRS2 observed in the rat model recapitulate in human patients with
developing or fulminant kidney disease, dietary resistant starch or other means to modify the
microbiome could provide a new approach to complement existing medical therapies. Relevant
in this regard, individuals consuming up to 45 grams HAMRS2 per day reported little to no
gastrointestinal discomfort or gas (26), and HAMRS?2 is inexpensive and readily incorporated
into common foods such as yogurt, orange juice, and baked goods (22). Several
epidemiological and clinical studies have shown that increased fiber intake can improve or delay
the progression of CKD (35, 53, 88). Thus, HAMRS2 could provide a useful dietary adjunct to
existing clinical strategies to retard CKD progression and its associated systemic inflammation
and cardiovascular complications. Finally, our discussion of metabolites focused largely on
URS and nitrogen-containing molecules. Yet, the survey of metabolism enabled by
metabolomics analysis of cecal contents highlighted that modification of dietary resistant starch
intake--and concomitant shifts in the gut microbiome--lead to dramatic alterations in gut lumen
xeno-metabolite profiles. Elucidating how these metabolites contribute to the systemic
metabolome, host health, intestinal function, and the gut microbial ecology presents an exciting

frontier for research.
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Titles and Legends

TABLE 1. Cecal characteristics and bacterial phyla distribution in male CKD rats fed a low fiber
diet or HAMRS2.

TABLE 2. Cecal annotated metabolites with mean bootstrapped VIP 21 in PLS-DA models, and
a false discovery rate MWU p-value < 0.05, ranked by percent change in HAMRS2-fed CKD rats
relative to low fiber fed CKD controls.

TABLE 3. Serum annotated metabolites with mean bootstrapped VIP =1 in PLS-DA models,
and a false discovery rate MWU p-value < 0.05, ranked by percent change in HAMRS2-fed CKD
rats relative to low fiber fed CKD controls.

TABLE 4. Urine annotated metabolites with mean bootstrapped VIP 21 in PLS-DA models, and
a false discovery rate MWU p-value < 0.05, ranked by percent change in HAMRS2-fed CKD rats
relative to low fiber fed CKD controls.

TABLE 5. Percent changes in uremic retention solutes in cecal contents, serum , and urine in
male CKD rats fed HAMRS2, relative to low fiber-fed CKD controls.

TABLE 6. General patterns of metabolite changes in cecal contents, serum, and urine in male
CKD rats fed HAMRSZ2, relative to low fiber-fed CKD controls.

Supplemental TABLE S1. Cecal Bacteria Taxon Percent Abundances in male CKD rats fed a
low fiber diet or HAMRS2.

Supplemental TABLES S2A-D. Cecal, serum, urine and 24 hour urine metabolites in male
CKD rats fed a low fiber diet or HAMRSZ2. n=9/group.

FIGURE 1. Principal Coordinates Analysis scores plots of cecal contents, serum, and urine
metabolites from male CKD rats in the model validation group fed a low fiber diet or HAMRS2.
Ellipses represent 95% confidence intervals based on Hotelling’s T2 statistic and each symbol
represents a rat. Metabolites that contributed to these plots can be found in Tables 2-4.



787  Metabolomics was performed on 9 rats per group, model developed using 6 rats per group and
788  model validation was performed using 3 rats per group.

789

790 FIGURE 2A. Unweighted UniFrac Beta-Diversity Principal Coordinates Analysis plot displays
791  separation between treatment groups based on the cecal microbiota of male CKD rats fed a low
792  fiber diet or HAMRS2. Axes represent percent of the variance that can be accounted for based
793  on cecal microbiota profile. Ellipses represent 95% confidence intervals based on Hotelling’s T2
794  statistic and each symbol represents a rat. n=9/group.

795

796  FIGURE 2B. Percent change of select cecal bacteria in CKD-HAMRS?2 rats relative to the CKD-
797  Low Fiber group. Bacteria included had a minimum of 0.05% mean abundance in each group
798 and p-value <0.05. Bacteria are listed to the lowest level of classification (i.e. if last taxon

799 assignmentis f_, family is the lowest level of classification. p_=phylum, o_=order, f_=family,
800 g_=genus). n=9/group

801

802 FIGURE 3. Partial Least Squares-Discriminant Analysis scores plots based on serum, urine,
803  and cecal metabolites of male CKD rats fed a low fiber diet or HAMRS2. Ellipses represent
804  95% confidence intervals based on Hotelling’s T2 statistic and each symbol represents a rat.
805 Metabolites that contributed to these plots can be found in Tables 2-4. Metabolomics was
806  performed on 9 rats per group, model developed using 6 rats per group and model validation
807  was performed using 3 rats per group. QIPH: Quantifier lon Peak Heights

808

809 FIGURE 4. Spearman’s correlation matrix of cecal bacteria versus meta-data and uremic

810 retention solutes in cecal contents, serum, and urine of male CKD rats fed a low fiber diet or
811 HAMRS2 . Bacteria included had a minimum of 0.05% mean abundance in each group and an
812  adjusted Mann-Whitney U p-value <0.05. Bacteria are listed to the lowest level of classification
813  (i.e. if last taxon assignment is f_, family is the lowest level of classification. p_=phylum,

814 o _=order, f =family, g_=genus). Metabolites were selected based on being identified as URS.
815  Those metabolites that had a mean bootstrapped VIP=1 are indicated with an asterisk (*).

816  Colonic tight junction data was imputed for two rats per group using k-nearest neighbors as
817  described in the materials and methods. Direction of ellipses represent positive or negative
818  correlation and width of ellipse represents strength of correlation (narrow ellipse=stronger

819  correlation).

820
821 FIGURE 5. Working model of how HAMRS2 may improve CKD.
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Metabolite Class

[ Nitrogenous
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[ Phenol

creatinine clearance
cecal dry matter
cecal tissue weight
cecal pH
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cecal content
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*urea
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Increases cecal tissue

l

Gut serves as “nitrogen-sink” for
increased bacterial and tissue
growth

l

Decreased nitrogen
load on kidneys

¢ 1 HAMRS2 1 )

l

Fermentable carbohydrate substrate
increases growth of beneficial gut bacteria

l

Alters production/utilization of microbial derived
xeno-metabolites (phenol, p-cresol, SCFAs) and
other uremic retention solutes (urea)

Increases gastrointestinal
water loss to limit systemic
water load

Multiple effects including decreased cecal pH,
improved gut barrier function

‘U'

Decreased translocation of bacteria,
bacterial products, metabolites

‘U'

Decreased inflammatory
response in kidneys

l

N

)

Improved kidney function
N

|4



TABLE 1. Cecal characteristics and bacterial phyla distribution in male CKD rats fed a low fiber diet or HAMRS2™.

Variable CKD-Low Fiber CKD-HAMRS2 p-value
Percent dry matter of cecal contents 23.1% +0.75 19.7% + 0.95 0.011
Cecal weight (g) 0.7343 +£0.053 1.937 £ 0.098 <0.0001
Cecal pH 8.09+0.05 6.75+0.16 <0.0001
Number of observed microbial species in cecum 791+4 673 +12 <0.0001
Phylum CKD-Low Fiber CKD-HAMRS2 FDR p-value
Unassigned 0.43% + 0.06 0.66% + 0.35 0.6261
Actinobacteria 0.73% £ 0.05 1.34% +0.18 0.0086
Bacteroidetes 19.36% + 2.82 27.49% + 1.98 0.1094
Firmicutes 77.32% +2.72 64.77% + 2.58 0.0181
Proteobacteria 1.51% + 0.07 4.73% + 0.61 0.0027
Tenericutes 0.58% £ 0.16 0.98% + 0.65 0.6831
Verrumicrobia 0.07% £ 0.04 0.04% + 0.004 0.6831
Bacteroidetes:Firmicutes ratio 0.26 £ 0.05 0.44 +0.05 0.02

Values are means + SEM; n=9 per group; FDR, false discovery rate



TABLE 2: Cecal metabolite characteristics of male rats with chronic kidney disease fed a low-fiber or
HAMRS2 supplemented diet.!

Cecal Contents

CKD-Low Fiber Mean CKD-HAMRS2 Mean Percent

Metabolite * SEM + SEM Change P VIP
Amino Acids
serine 43444.3 £2742.1 33057.7 £+ 6846.4 -24% 0.02 1.16
valine 225602.4 +12889.2  152212.7 £ 33535.6 -33% 0.02 1.09
lysine 149830.3 £19852.5 100913 + 27205.2 -33% 0.02 1.01
methionine 23834.4 + 2557.4 12149.7 £ 3021.5 -49% 0.012 1.14
aspartic acid 264657.2 +48166.6  128401.8 £ 27873.9 -51% 0.012 1.04
isoleucine 111782.2 +9227.6 49476.5 + 8454.1 -56% <0.0001 1.19
phenylalanine 50456.3 + 5242.2 20266.7 + 5402.5 -60% 0.002 1.00
leucine 206390.4 + 21887 46656.4 + 11976.8 -77%  <0.0001 1.15
Other Nitrogenous Metabolites
glycyl proline 4677.5 444 3800.3 £ 2659.7 -19% 0.01 1.26
oxoproline 241076.5 +27920.3  114907.7 + 16551.6 -52% 0.002 1.08
creatinine 2290.5 + 363.9 1087.2 +228.4 -53% 0.007 1.08
trans-4-hydroxy-L-
proline 2060.6 * 368 855.7+£122.6 -58% 0.002 1.01
methionine sulfoxide 13339.5+1135.3 5522.4 + 686.9 -59%  <0.0001 1.23
maleimide 3121.1 £220.5 1167.6 £ 153.6 -63% <0.0001 1.26
adenosine-5-
monophosphate 2765.8 +414.1 1011.3 £309.9 -63% 0.002 1.09
ethanolamine 31963.1 +4555.3 11460.5 + 1778.1 -64% 0.002 1.12
pyrrole-2-carboxylic acid 2322.4 + 265.7 823.5+63.4 -65%  <0.0001 1.11
N-acetyl-D-hexosamine 7645.4 +717.3 2535.4 £ 557.8 -67%  <0.0001 1.18
N-acetylglutamate 2451.4 +£492.3 807.3 +266.3 -67% 0.005 1.06
5-deoxy-5-
methylthioadenosine 2646.7 + 361.5 843.5 +88.5 -68%  <0.0001 1.19
nicotinic acid 48218.4 £ 5940.8 15342.4 + 3685.3 -68%  <0.0001 1.03
phosphoethanolamine  1148.8 + 147.8 362.9+77.6 -68% 0.002 1.11
hydroxycarbamate 1743.1 £ 161.5 529+ 78.7 -70%  <0.0001 1.21
4-pyridoxic acid 1281.1+261 387.9+58.4 -70%  <0.0001 1.11
5-methoxytryptamine 13583 + 1989.7 3921.6 + 552 -71%  <0.0001 1.12
indole-3-lactate 5236.1 £ 768.7 1482.7 + 408.7 -72%  <0.0001 1.05
epsilon caprolactam 7419.9 + 836.4 1919.6 £ 267.9 -74%  <0.0001 1.22
UDP-N-
acetylglucosamine 1528.6 + 459.7 395.2+86.1 -74% 0.002 1.08
hydroxylamine 11307 + 1514.3 2871 £ 352 -75%  <0.0001 1.19
urea 6541.4 + 795.6 1373.9+ 138 -79%  <0.0001 1.21
uracil 45220.5 £ 4289.8 8969.8 + 1785.4 -80%  <0.0001 1.19
xanthine 10992.1 +1241.4 2177.1+£461.3 -80%  <0.0001 1.17



N-acetylgalactosamine 12823 + 1604.4 2448.7 +420.7 -81% <0.0001 1.22
5-hydroxy-3-indoleacetic

acid 3188.8 £672.8 538.7£49.5 -83%  <0.0001 1.19
uridine 14453.6 £ 2591.4 2220.9 £ 785.9 -85% <0.0001 1.19
N-acetylmannosamine  3326.3 +£1196.1 508.8 £ 79.3 -85% <0.0001 1.16
uric acid 2105.1 +3104 313.2+70.2 -85% <0.0001 1.22
pseudo-uridine 5208.8 + 844.3 754.2 £204.9 -86%  <0.0001 1.15
thymidine 5173.3 £955.2 705.7 £ 309.7 -86% <0.0001 1.22
N-acetylaspartic acid 14061.1 £ 1755.9 1590.1 + 350.6 -89%  <0.0001 1.23
inosine 46887 + 10785.8 3185.4+1122.9 -93% <0.0001 1.13

Lipids
nonadecanoic acid 3610.6 + 358.3 1626.2 £ 169.3 -55% 0.002 1.13
cholesterol 39072.7 + 3735.8 14822.3 +2475.1 -62%  <0.0001 1.06
myristic acid 32541.3 £4157.9 11530.2 £1072.1 -65% <0.0001 1.21
heptadecanoic acid 26909.5 + 3680.6 9442 + 869.3 -65%  <0.0001 1.20
beta sitosterol 110165 + 15754.3 38054.2 + 3766.6 -65%  <0.0001 1.09
octadecanol 5076 £ 703.4 1745.5 + 486 -66% 0.005 1.09
isoheptadecanoic acid 16336 + 1949 4922 +1491.5 -70% 0.002 1.21
capric acid 1806.5 +195.4 515.8 £ 83.9 -71%  <0.0001 1.24
stearic acid 1196670.9 + 174737.5 340323.5 + 23564.8 -72%  <0.0001 1.25
cerotinic acid 2312.2 +368.4 643.1+75.6 -72%  <0.0001 1.16
palmitic acid 167954.1 £ 27149 46428 +3412.1 -72%  <0.0001 1.23
2,4-hexadienedioic acid 1316.5 +169.4 322.3+53.8 -76%  <0.0001 1.22
arachidic acid 60200.6 + 10426.6 14142.7 + 1374.3 -77%  <0.0001 1.18
cholestan-3-ol 24019.1 + 3967.6 5422.7 £ 539 -77%  <0.0001 1.15
linoleic acid 13161 + 3851.3 2791.5 £543.5 -79% 0.002 1.01
stigmasterol 11333.5 + 1508 2304.3 £219.8 -80%  <0.0001 1.20
lauric acid 20617.6 + 2496.1 3380.4 £ 635.3 -84%  <0.0001 1.22
phytol 3508.9 £ 539.8 479.7+71.1 -86%  <0.0001 1.15
Carbohydrates

maltose 564929.4 £ 86191.8 3231747.1 +192336. 472%  <0.0001 1.20
lactose 12348.6 + 3868.6 60782.5 + 11649.2 392% <0.0001 1.00
ribose 161964.7 +£22717.2 60156.3 + 11073.9 -63% <0.0001 1.01
6-deoxyglucose 35299.7 +4108.1 11454.5 + 3485.9 -68% 0.002 1.06
3,6-anhydro-D-galactose 3058.4 +441.9 983.5+65.7 -68%  <0.0001 1.08
1,5-anhydroglucitol 2702.2 £416 732.8+79.6 -73%  <0.0001 1.19
xylitol 2318.3£223.2 610.1 £ 133.5 -74%  <0.0001 1.07
xylulose 8667.4 £ 959.9 2206.6 + 397.3 -75%  <0.0001 1.16
pinitol 1042.6 + 159.5 239.3+254 -77%  <0.0001 1.14
threonic acid 2039.1 + 366.8 443.7 £ 81 -78%  <0.0001 1.09
myo-inositol 12685.8 £ 2773.1 2123.8 £379.7 -83%  <0.0001 1.14
fucose 111501.7 £ 15245.8  18341.1 +3357.4 -84%  <0.0001 1.20
galactinol 9455.7 + 1485.3 746 +199.5 -92%  <0.0001 1.20
lyxose 56930.9 + 14883.6 1328.6 +335.8 -98%  <0.0001 1.22



xylose 504305.2 +67733.7 4899.4 £ 596.5 -99%  <0.0001 1.28
Other Metabolites

succinic acid 502829.7 + 462586.3 2659290.5 + 226139. 429% 0.005 1.27
lactic acid 66885 + 7178.2 39474.2 + 17482.1 -41% 0.007 1.13
2-hydroxybutanoic acid 6727.5 + 640 2915.1 £ 1076 -57% 0.01 1.26
dihydroxyacetone 6276.1 +820.4 1986.4 + 530.2 -68% 0.002 1.13
propane-1,3-diol 54707.3 £ 4623.7 17201.4 £ 1686.8 -69%  <0.0001 1.25
glyceric acid 52044.2 + 6060.3 16186.2 + 6607.7 -69% 0.007 1.16
adipic acid 3097.4 £ 446.4 958.6 + 124.7 -69%  <0.0001 1.12
ribonic acid 1165.3 £ 132.6 350.9+44.7 -70% <0.0001 1.21
3-hydroxyphenylacetic

acid 3661.5 + 608.4 1077.4 £ 111 -71%  <0.0001 1.02
glycerol alpha phosphate 5536.2 + 764.1 1494.4 £ 156.2 -73%  <0.0001 1.20
glycerol-3-galactoside 1888.2 +210.5 505.5 +32.2 -73%  <0.0001 1.24
dehydroabietic acid 2119+ 252.6 549.9 £52.5 -74%  <0.0001 1.18
phenol 5565 + 846.1 14419+ 124.1 -74%  <0.0001 1.17
shikimic acid 6306.6 + 654.7 1535.5 +296.1 -76%  <0.0001 1.22
gamma tocopherol 18386.5 + 3081.9 4197.8 £ 196.9 -77%  <0.0001 1.18
hexuronic acid 12872.1 £ 2298.7 2862.6 £ 723.7 -78%  <0.0001 1.05
gluconic acid 2267.3 £287.2 477.9+87.7 -79%  <0.0001 1.12
ethylsuccinate 2665.6 £ 378.4 552.9+97.6 -79%  <0.0001 1.21
alpha tocopherol 45003 + 6800.2 7962.4 +491.4 -82% <0.0001 1.19
pantothenic acid 2542.9 + 353.9 415.9+97.6 -84%  <0.0001 1.21
behenic acid 52647.5 + 8780 8593.8 + 881.2 -84%  <0.0001 1.22
benzoic acid 12287.6 + 1546 1978.5+332.4 -84%  <0.0001 1.26
azelaic acid 2848.2 +423.4 428.4 +48.8 -85%  <0.0001 1.13
pelargonic acid 22382.1 +3025.4 3253.7 £891.9 -85%  <0.0001 1.25
glycolic acid 50511.1 + 8802.1 6922.8 + 709.6 -86%  <0.0001 1.16
2-hydroxyglutaric acid 7370.1 +1423.2 996.8 + 250.2 -86% <0.0001 1.22
sulfuric acid 2176.6 £447.9 285.2 £ 46 -87%  <0.0001 1.14
methanolphosphate 1676.1 £ 282.6 218.4+28.6 -87%  <0.0001 1.23
glycerol 118868.5 £29459.2  13476.8 £ 2562.8 -89%  <0.0001 1.20

! Values are means + SEM, n = 9 per group. Selected metabolites are annotated metabolites
that had mean bootstrapped variable importance in projection (VIP) measurements > 1 and
bootstrapped variable importance in projection (VIP) measurements > 1 and significant group
differeneces after false discovery rate (FDR) correction. For sake of brevity, non-annotated

metabolites are not presented, but are provided in supplementary table S2.

2 Group comparisons assessed by Mann Whitney U tests. P-value has been adjusted for FDR
correction. Statistical significance set at Padj < 0.05.

* VIP calculated from bootstrapped partial least squares-discriminant analysis (PLS-DA)
models derived from training data (n = 6 animals per group).



TABLE 3: Serum metabolite characteristics of male rats with chronic kidney disease fed a low-fiber or

HAMRS2 supplemented diet.!

Serum
CKD-Low Fiber = CKD-HAMRS2 Mean Percent
Metabolite Mean + SEM + SEM Change p? vIp®
Nitrogenous Metabolites
indole-3-acetate 185.4+12.1 1325+122.5 615% <0.0001 1.98
indole-3-lactate 320.1+41.2 752.9 £ 105.1 135% 0.045 1.52
thymidine 3468 + 80.1 2797.7 £ 86.6 -19%  <0.0001 1.67
cytosine 1106 +£47.1 800.6 £ 65.1 -28% 0.02 1.37
uric acid 1389.8 + 81 878.7 £50.7 -37%  <0.0001 1.65
Carbohydrates
erythritol 1029.8 + 101 2288.2 £ 309.8 122% <0.0001 1.69
xylitol 593.7 £ 58.9 1157.2 £ 139.1 95% 0.045 1.52
threonic acid 2234.3+122.8 3060.1 £191.3 37% 0.045 1.30
1,5-anhydroglucitol 16524.3 £+ 1147.7 11231.1+704.1 -32% 0.035 1.61
Other Metabolites
malic acid 414.7 £ 26.6 777.1 £53.7 87% <0.0001 1.68
B-hydroxybutyric acid 8938.1 +£879.2 14936.8 + 1466.2 67% 0.02 1.44
fumaric acid 265+ 15.3 401.2 £ 29.8 51% 0.02 1.40

! Values are means + SEM, n = 9 per group. Selected metabolites are annotated metabolites
that had mean bootstrapped variable importance in projection (VIP) measurements > 1 and
bootstrapped variable importance in projection (VIP) measurements > 1 and significant group
differeneces after false discovery rate (FDR) correction. For sake of brevity, non-annotated

metabolites are not presented, but are provided in supplementary table S2.

2 Group comparisons assessed by Mann Whitney U tests. P-value has been adjusted for FDR

correction. Statistical significance set at Padj < 0.05.

> VIP calculated from bootstrapped partial least squares-discriminant analysis (PLS-DA)

models derived from training data (n = 6 animals per group).



TABLE 4: Urine metabolite characteristics of male rats with chronic kidney disease fed a
low-fiber or HAMRS2 supplemented diet.!

Urine
CKD-Low Fiber CKD-HAMRS2 Percent
Metabolite Mean + SEM Mean + SEM Change p? vip?
Amino Acids
taurine 11165.6 £ 2015.9  44428.1 + 10799. 298% 0.002 1.22
tyrosine 4618.8 +357.4 7810.4+879.4 69% 0.011 1.20
isoleucine 955.7 £ 63.6 1566.3 + 156.9 64% 0.027 1.00
alanine 8575.8 £ 827.1 13386.2 + 1104.6 56% 0.009 1.18
Other Nitrogenous Metabolites
pantothenic acid 359.7 £ 58.6 933.4+95.4 159% 0.002 1.33
furoylglycine 1208 £ 169.7 2377.6 £270.4 97% 0.022 1.19
creatinine 19434.2 + 2430 35627 £ 3013.7 83% 0.011 1.41
isothreonic acid 3736.1£330.1 6228.2 £420.1 67% 0.004 1.44
pseudo uridine 25851.9+2184.4 42166 + 3476.7 63% 0.008 1.35
oxoproline 15061.7 + 1181 21692.2 +1730 44% 0.014 1.13
p-cresol 182951.3 £ 13963.6 96566.9 £ 21254 -47% 0.017 1.08
4-pyridoxic acid 406.9 + 23.3 2142 +15.4 -47% 0.001 1.46
indole-3-lactate 1045 +113.1 473.6 £52.7 -55% 0.005 1.25
methionine sulfoxide 2984.9 £ 220.4 1270.1+133.6 -57% 0.001 1.43
indoxyl sulfate 3955 +517.4 1357.9+ 116 -66% 0.002 1.23
hydroxylamine 13658.7 +1759.4  4623.3 + 1614 -66% 0.009 1.27
hippuric acid 37300.9 £5689.2  9868.6 +1130.4 -74% 0.001 1.43
2,8-dihydroxyquinoline 3870.6 £ 466.5 619.7+85.4 -84% 0.001 1.48
Lipids
heptadecanoic acid 2625.7 + 349 1494.4 £ 296.2 -43% 0.027 1.03
palmitic acid 27796.3 +3393.8  14969.3 +3104.1 -46% 0.017 1.02
myristic acid 6624.2 £720.8 3521 +735.1 -47% 0.014 1.03
caprylic acid 2837.8+189.4 1454.4 + 300.2 -49% 0.009 1.07
pelargonic acid 8742.8+1092.4 4334.6 £ 1250.2 -50% 0.027 1.09
capric acid 1062.1 £ 131.9 301.1+71.8 -72% 0.002 1.25
Carbohydrates
sucrose 2818 £490.3 12824.6 £ 1849.4 355% 0.001 1.41
inulotriose 509.1 £55.9 1875.4 + 307.6 268% 0.001 1.38
levoglucosan 661 +44.5 2208.6 £ 159 234% 0.001 1.53
maltose 76813.1 +18249.1 196750.6 + 3332( 156% 0.014 1.23
xylitol 2024 +200.5 4067.7 £ 649.4 101% 0.009 1.25
fucose 9950.4 + 700 17077.6 £ 1361.1 72% 0.004 1.39
erythritol 10914 +944.7 18329.7 + 1329.5 68% 0.006 1.45
ribose 906.2 +43.4 1253.4 +107.7 38% 0.032 1.01
threitol 1411.7 £ 126.1 1872 +109.1 33% 0.04 1.19
digalacturonic acid 516.8+37.4 265.4 + 46 -49% 0.009 1.14
Other Metabolites
tartaric acid 9574.2 £ 2039.6 92107.6 + 11429. 862% 0.001 1.53



isocitric acid

ribonic acid

aconitic acid

pyruvic acid

glycolic acid

azelaic acid

benzoic acid

ferulic acid
3-hydroxyphenylacetic acid
phenol

3-(3-hydroxyphenyl)propionic
acid
glycerol-3-galactoside

4551 + 364.7
1392.2 +166.1
2150.7 +174.7
443.6 £47.4
1799.8 + 160.7
408.1 £57.2
7514.4 £ 679.2
457.4 £ 57
583.4+41.1
5549.9 +779.2

3547.2 +870.4
7002.1 £ 557.6

7746.3 £ 838.8
2211 +226.8
3162.9 £ 350.7
286.8 £35.5
1119.6 +134.1
204.3 £54.2
3506.1 £ 797
200.9 £ 36.7
210.8+36.4
1445.2 +239.8

560.4 £ 63.6
913.3 £88.7

70%

59%

47%
-35%
-38%
-50%
-53%
-56%
-64%
-74%

-84%
-87%

0.017
0.022
0.032

0.04
0.014
0.032
0.011
0.004
0.001
0.001

0.004
0.001

! Values are means + SEM, n = 9 per group. Selected metabolites are annotated metabolites
that had mean bootstrapped variable importance in projection (VIP) measurements > 1 and

bootstrapped variable importance in projection (VIP) measurements > 1 and significant group

differeneces after false discovery rate (FDR) correction. For sake of brevity, non-annotated

metabolites are not presented, but are provided in supplementary table S2.

2 Group comparisons assessed by Mann Whitney U tests. P-value has been adjusted for FDR
correction. Statistical significance set at Padj < 0.05.

> VIP calculated from bootstrapped partial least squares-discriminant analysis (PLS-DA)

models derived from training data (n = 6 animals per group).

1.30
1.14
1.14
1.01
1.08
1.16
1.11
1.08
1.46
1.32

1.36
1.51



TABLE 5. Percent changes in uremic retention solutes in cecal contents, serum , and urine in
male CKD rats fed HAMRS2 relative to low fiber-fed CKD controls®

Metabolite Cecal Contents Serum Urine
Nitrogenous Metabolites
creatinine -52.5% * -13.4% 83.3% *
hippuric acid N.R. N.R. -73.5% *
indole-3-acetate -12.1% 614.7% * -2.6%
indole-3-lactate -71.7% * 135.2% * -57.4% *
indoxyl sulfate N.R. -36.0% -65.7% *
p-cresol N.R. N.R. -47.2% *
putrescine 57.9% N.R. -20.4%
spermidine -70.7% N.R. -32.6% §
urea -79.0% * -0.3% -15.4%
uric acid -85.1% * -36.8% * 51.1% §
Polyols
erythritol 26.9% 122.2% * 67.9% *
mannitol 245.5% -27.9% § -1.3%
myo-inositol -83.3% * 5.50% 17.8%
Other
phenol -74.1% * N.R. -74.0 *

' N.R. metabolite not reported by GC-TOF-MS. Metabolites that were featured in
partial least squares-discriminant models are denoted with an *. Metabolites that were
significantly different (Mann Whitney U test) before false discovery rate (FDR)
correction are denoted with a §.



Summary of Metabolite Changes

Cecum

Serum

Urine

465 identified metabolites
256 metabolites significantly different
e 109 metabolites annotated

Main Findings:
Nitrogenous metabolites reduced in
HAMRS2 group:
e Branched-chain amino acids
e Lysine, methionine, phenylalanine,
serine and proline derivative
e Purine catabolites (inosine, uric acid,
xanthine)
e Urea

300 identified metabolites
20 metabolites significantly different
e 12 metabolites annotated

Main Findings:
Nitrogenous metabolites reduced in
HAMRS2 group:
e indole-3-acetate, indole-3-lactate
e Uric acid

276 identified metabolites
114 metabolites significantly different
e 47 metabolites annotated

Main Findings:
Nitrogenous metabolites reduced in
HAMRS2 group:
e Alanine, isoleucine, taurine,
tyrosine
e Creatinine, indole-3-lactate,
indoxyl sulfate, p-cresol

Lipid metabolites reduced in HAMRS2 group:
Capric acid (C10)

Lauric acid (C12)

Myristic acid (C14)

Palmitic acid (C16)

Heptadecanoic acid (C17)
Isoheptadecanoic acid

Stearic acid (C18)

Linoleic acid (C18:2)

Nonadecanoic acid (C19)

No difference in measured lipid
metabolites between groups

Lipid metabolites reduced in HAMRS2
group:

Caprylic acid (C8)
Pelargonic acid (C9)

Capric acid (C10)

Myristic acid (C14)

Palmitic acid (C16)
Heptadecanoic acid (C17)

Carbohydrate metabolites greater in HAMRS2
group:
e Lactose, maltose

Carbohydrate metabolites greater in
HAMRS2 group
e  Erythritol, xylitol

Carbohydrate metabolites greater in
HAMRS2 group
e  Erythritol, maltose, sucrose

Carbohydrate metabolites reduced in
HAMRS2 group:
e  Sugar alcohols: 1,5-anhydroglucitol,
myo-inositol, xylitol

Carbohydrate metabolites reduced in
HAMRS2 group
e 1,5-anhydroglucitol

Other metabolites greater in HAMRS
group
e  Organic acids: fumaric acid, malic
acid
e Ketone body: B-hydroxybutyric
acid

Other metabolites reduced in HAMRS2

group
e Organic acids: pyruvic acid
e Phenol
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