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Abstract

Background The intestinal microbiome is involved in the pathogenesis of chronic kidney disease (CKD).
Despite its importance, the microbiome of the small intestinal mucosa has been little studied due to
sampling difficulties, and previous studies have mainly focused on fecal sources for microbiome studies.
We aimed to characterize the small intestinal microbiome of CKD patients by studying the microbiome
collected from duodenal and fecal samples of CKD patients and healthy controls.

Methods Overall, 28 stage 5 CKD patients and 21 healthy participants were enrolled. Mucosal samples
were collected from the deep duodenum during esophagogastroduodenoscopy and fecal samples were also
collected. The 16S ribosomal RNA gene sequencing using Qiime2 was used to investigate and compare the
microbial structure and metagenomic function of the duodenal and fecal microbiomes.

Results The duodenal flora of CKD patients had decreased alpha diversity compared with the control group.
On the basis of taxonomic composition, Veillonella and Prevotella were significantly reduced in the
duodenal flora of CKD patients. The tyrosine and tryptophan metabolic pathways were enhanced in the
urea toxin-related metabolic pathways based on the Kyoto Encyclopedia of Genes and Genomes database.
Conclusions The small intestinal microbiome in CKD patients is significantly altered, indicating that
increased intestinal permeability and production of uremic toxin may occur in the upper small intestine of

CKD patients.

Keywords chronic kidney disease, gut microbiome, duodenal microbiome, metagenomics, pathway

analysis

Introduction

Chronic kidney disease (CKD) is a progressive disease characterized by structural and functional changes
in the kidneys due to a variety of causes. The number of CKD patients is on the rise worldwide and it is
estimated that one to two million people will die from CKD each year, which will make it the fifth leading
cause of death worldwide by 2040. Across different countries, 6%—10% of adult men are classified as
having various stages of CKD, making this disease a serious global health problem [1].

The gut microbiome plays an important role in the pathogenesis of CKD. The gut microbiome is involved
in the production of uremic substances by metabolic modification of amino acids in the gastrointestinal
tract. Regarding the formation of uremic substances, indoxyl sulfate is metabolized from tryptophan to
indole and p-cresyl sulfate is metabolized from tyrosine to p-cresol by intestinal bacteria [2] [3].
Trimethylamine N-oxide is also produced by the metabolism of choline and L-carnitine to trimethylamine
by intestinal bacteria [4]. These uremic toxins disrupt the tight junctions in the intestinal tract [5],

facilitating the increase of uremic toxins in the blood circulation. Furthermore, as CKD progresses, uremic



substances tend to accumulate in the body, leading not only to kidney fibrosis [6] but also to uremia and
risk of cardiovascular complications [7].

In addition to uremic toxins, dysbiosis of the intestinal microbiome is thought to cause an increase in
peptidoglycan and lipopolysaccharide in the intestinal tract due to overgrowth of pathogenic bacteria. These
bacterial-derived substances also activate intestinal immunity by increasing intestinal permeability [8], and
exacerbate CKD by inducing inflammation through inflammatory cytokines [9]. Thus, the relationship
between intestinal bacteria and CKD is considered as "the gut-kidney axis" [10].

Most studies investigating the intestinal microbiome in CKD patients have used fecal samples due to the
ease of specimen collection; however, recent studies have reported differences in intestinal bacteria among
the various parts of the gastrointestinal tract and the feces [11] [12]. Bacterial metabolites also differ
between feces and the gastrointestinal mucosa, and uremic toxin have been shown to be more abundant in
the small intestinal mucosa [13] [14]. However, the bacterial flora in the small intestine of CKD patients
has not been well studied because of the difficulty of obtaining samples and our limited understanding of
the characteristics of the small intestinal microbiome. Previous studies have shown that the composition of
the duodenal and jejunal flora is similar [11], and we therefore examined the duodenal flora of CKD patients

to characterize the microbial population and estimate the bacterial gene function of the small intestinal flora.

Materials and Methods

Subjects

Patients with stage 5 CKD who underwent esophagogastroduodenoscopy (EGD) at Kyushu University
Hospital between April 2020 and October 2021 and healthy controls were enrolled in the study. Patients
with gastrointestinal malignancies, inflammatory bowel disease, and those who had taken antibiotics or
probiotics 3 months prior to EGD were excluded due to the possibility of significant effects on the intestinal
microbiome. Patients who were post renal transplant or undergoing dialysis treatment were also excluded.
All participants signed an informed consent form. Ultimately, 28 CKD patients and 21 healthy subjects
were enrolled. The study was approved by the Ethics Review Committee of the Kyushu University Medical
School District Office (Permit No. 2020-332) and was conducted in accordance with the 1964 Declaration
of Helsinki.

Sample Collection

The metabolic pathway of tryptophan, which is involved in the metabolism of major uremic toxins, has
been shown to be abundant in the duodenum (Supplementary figurel), and therefore duodenal and stool
samples were collected. Duodenal samples were collected from the mucosal surface of the descending or
horizontal part with a COOK medical endoscopy cytology brush (Cook Medical, Tokyo, Japan) during

EGD at approximately 9:00-10:00. The collected samples were stored frozen at —80°C. Fecal samples were




collected either the day before or the day after the EGD. Fecal samples were stored at 2°C in DNA storage
solution (Techno Suruga Laboratory, Shizuoka, Japan) until processing.

Bacterial DNA was extracted from the mucosal samples using NucleoSpin® Tissue XS (Macherey-Nagel,
Duren, Germany) after homogenization with BEADS CRUSHER pT-12® (TAITEC, Koshigaya, Japan).
Fecal bacterial DNA was extracted using the same procedure with NucleoSpin® Tissue (Macherey-Nagel,
Duren, Germany).

As described previously, 16S ribosomal RNA (rRNA) gene sequencing was conducted with minor

modifications [15].

Bioinformatics and Statistical Analysis

Amplicon sequence quality control was performed using the Divisive Amplicon Denoising Algorithm2
(DADA?) and reads were processed using QIIME2 (ver. 2021.2) [16] .. Representative sequences were
classified using the SILVA database (v.138) [17] and by training a naive Bayes classifier using the q2-
feature-classifier plugin.

The alpha diversity was indexed using the a-rarefaction plugin and assessed by the Kruskal-Wallis test.
Beta diversity was calculated using the core-metrics-phylogenetic plugin and the Bray—Curtis distance, and
these distances were displayed by the non-metric multidimensional scaling (NMDS). The NMDS plots
were visualized using the ggplot2 package in R software (https://www.r-project.org/), and each group was
surrounded by an ellipse with 95% confidence intervals and anlyzed with a similarity analysis test.

QIIME2 was used to obtain tables of composition and abundance for each sample at two taxonomic levels
(phylum and genus). Phylogenetic Investigation of Communities by Reconstruction of Unobserved States
plugin (PICRUSt2) [18] was used to predict the functional profile of microbial communities, and the
MetaCyc pathway [19] and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway were normalized
within QIIME2. The open-source software STAMP (Statistical Analysis of Metagenomics Profiles) was
used to assess the significance of differences in microbial community structure and functional profile
predictions between groups and differences were analyzed using Welch's t-test option [20]. Results were

considered statistically significant when p < 0.05.

RESULTS

Table 1 shows the clinical characteristics of the participants (28 in the CKD group and 21 in the control
group). Median age was 68 years in the CKD group and 55 years in the control group. Regarding gender,
28.6% of the patients were female in the CKD group and 57.1% in the control group. No differences were
found in BMI, alcohol, smoking, or use of medications such as antithrombotic drugs, proton pump inhibitor
(PPI), or steroids. The most common cause of CKD was glomerulonephritis (32.1%), followed by diabetes

(28.6%) and hypertension (10.7%). Blood data showed that white blood cell count was higher and



hemoglobin and albumin levels were lower in the CKD group. Not surprisingly, blood urea nitrogen (BUN),
creatinine (Cr), estimated glomerular filtration rate (eGFR), and creatinine clearance (Ccr) all revealed

significantly lower renal function in the CKD group.

Comparison of alpha and beta diversity

To compare the homogeneity and abundance of the intestinal microbiome within the samples, the Chaol
index, Shannon index, and Simpson index were calculated and compared as a measure of alpha diversity
(Figure 1). In the duodenal flora, Chaol index was significantly lower in the CKD group, and Shannon
index and Simpson index also tended to be lower in the CKD group, although no significant differences
were observed. There was no difference in alpha diversity of the fecal microbiome between the two groups.

The beta diversity analysis was displayed in an NMDS plot based on the calculation of the Bray—Curtis
distance (Figure 2). Both the duodenal and fecal flora revealed that the community composition of the
bacterial flora in the CKD group differed from that of the control group.

The duodenal microbiota of CKD patients with diabetes mellitus (DM) (n=8) was compared with that of

CKD patients without DM (n=20), and no significant differences were found in both alpha and beta

diversity (Supplementary figure 3). When PPI users (CKD group; n=2, control group; n=4) were excluded,

the diversity of duodenal microbiota was similar to that of those not excluded (Supplementary figure 4).

Comparison of taxonomic composition

Figure 3 shows the comparison of the taxonomic composition of the duodenal and fecal flora of the CKD
and control groups at the phylum level. Firmicutes, Bacteroides, Proteobacteria, and Actinobacteriota,
which are the major phylum of human intestinal bacteria, accounted for the majority of bacteria in the CKD
group, but the proportions of these bacteria in the duodenal and fecal flora were significantly different
(Figure 3a). For the duodenal flora, Proteobacteria were significantly increased in the CKD group, while
Firmicutes and Actinobacteriota were significantly decreased in the CKD group (Figure 3b). No significant
differences were found in the proportion of major bacterial phylum present in the fecal flora (Figure 3c).
Figure 4 compares the taxonomic composition of the bacteria at the genus level. Again, the composition of
the duodenal and fecal flora differed significantly. Streptococcus, Veillonella, and Prevotella were abundant
in the duodenal flora, while Bacteroides, Bifidobacterium, and Blautia were abundant in the fecal flora
(Figure 4a). In the duodenal flora, Veillonella, Prevotella, Rothia, and Megasphaera were decreased and
Capnocytophaga was increased in the CKD group compared with the control group (Figure 4b). In the fecal
flora, Parabacteroides increased in the CKD group, whereas Fusicatenibacter and Dorea decreased (Figure

4c).

Prediction of bacterial metabolic pathways in CKD

Supplementary figure 2 compares the relative abundance of genes involved in pathways in the CKD and



control groups analyzed by PICRUSTs2. In the duodenal flora, the relative abundance of 120 pathways was
significantly altered. Compared with the control group, the relative abundance of 72 pathways was
significantly increased and that of 48 pathways was significantly decreased in the CKD group. The 10
pathways with the greatest changes are shown in Figure 5a. Inflammation-inducing bacterial wall
components such as peptidoglycan recycling I and factors involved in the synthesis of sulfur-containing
amino acids such as superpathway of sulfate assimilation and cysteine biosynthesis and superpathway of
L-methionine biosynthesis were significantly increased in the CKD group. In the fecal flora, 39 pathways
were significantly altered, and 24 pathways were increased and 16 pathways were decreased in the CKD
group compared to the control group. The 10 pathways with the largest changes are shown in Figure 5b. In
the fecal flora, peptidoglycan recycling I was also increased in the CKD group.

To investigate the effect of the gut microbiome on uremic toxin, functional composition prediction and
annotation of tyrosine and tryptophan metabolism were performed based on the KEGG database.
Comparing the duodenal flora of the CKD and control groups, 11 pathways for tyrosine metabolism and
four pathways for tryptophan metabolism were significantly altered (Figure 6a). All of these pathways were
increased in the CKD group. In the fecal flora, five pathways related to tyrosine metabolism and six
pathways related to tryptophan metabolism were significantly altered (Figure 6b). All but one pathway
involved in tyrosine metabolism was increased in the CKD group, and all pathways involved in tryptophan

metabolism were increased in the CKD group.

Discussion

To the best of our knowledge, this study is the first to investigate the duodenal microbiome in CKD patients.
The relationship between CKD and the intestinal microbiome has been intensively studied through analysis
of fecal samples, and abnormalities in the fecal microbiome have been implicated in the development and
progression of CKD [21]. Comprehensive metabolic maps of the gastrointestinal tract have also shown that
metabolites in stool and mucosa are different, and that uremic toxins derived from enterobacteria are
abundant in the small intestinal mucosa [13,14]. Little is known about the characteristics of the
gastrointestinal mucosal flora in CKD patients, which are thought to contribute to the pathogenesis of CKD,
and we believe that this study is significant because it provides a characterization of the duodenal mucosal
flora.

Previous studies using fecal material have reported that the diversity, overall richness, and structure of the
microbiome are significantly different in CKD patients compared with healthy humans [22] [23]. In this
study, analysis of the alpha diversity of the gastrointestinal mucosal flora revealed a significant decrease in
Chaol index in CKD patients, which is consistent with previous reports using fecal samples. Not only

bacteria in the stool, but also metabolic products produced by mucosa-associated bacteria in the digestive

tract, are absorbed into the host's circulation. Several uremic toxins are reported to be more abundant in the




small intestine mucosa [14]. Furthermore, while stool samples are influenced by the lower digestive tract,

duodenal samples reflect the mucosa-associated bacterial community in regions more involved in

absorption [11]. The difference in alpha diversity between the CKD and control groups shown in the

gastrointestinal mucosal flora in this study was not detected in the fecal flora, suggesting that the
gastrointestinal mucosal flora may more sensitively reflect changes in diversity. Analysis of beta diversity
also showed that the bacterial flora of CKD patients and healthy humans form different communities in the
gastrointestinal tract.

In the gastrointestinal mucosal flora of CKD patients, Proteobacteria were increased among the major
phylum and the proportion of Firmicutes and Actinobacteriota was decreased. Proteobacteria are anaerobic
bacteria that comprise a small percentage of the intestinal microbiome in healthy humans, but have been
found to increase in dysbiosis, and an increase in Proteobacteria often coincides with a deterioration of the
intestinal microbiome structure and inflammation [24]. The characteristics of the gastrointestinal mucosal
flora in patients with CKD may suggest dysbiosis.

In this study, Veillonella and Prevotella were also noticeably decreased in the gastrointestinal mucosal
flora of CKD patients. Veillonella is also decreased in saliva and oral cavity of CKD patients [25], and
Veillonella in feces has been shown to be negatively correlated with p-cresyl sulfate [26]. It has been
suggested that the decrease in Veillonella may play an important role in the progression of CKD, and the
results of this study support this theory. Prevotella has also been reported to be decreased in CKD patients
in studies using fecal samples [27]. Prevotella in feces is also reported to be negatively correlated with the
uremic toxin TMAO and p-cresylglucuronic acid [26], and a decrease in Prevotella in the gastrointestinal
mucosal flora of CKD patients may affect the production and absorption of uremic toxin. Prevotella is a
butyrate-producing bacterium, and butyrate plays a role in regulating inflammation in the body by
controlling Treg cell differentiation [28]. The role of the small intestine in immunity is important, and a
decrease in Prevotella in the upper small intestinal flora is an important change, which may contribute to

CKD. While it is not clear whether replenishing these depleted bacterial species becomes a treatment for
CKD, Recent study showed that Bacteroides play an important role in tryptophan metabolism and altering

Bacteroides can modulate circulating uremic toxin [29]. In CKD patients, there have been reports of

microbiota modulation through nutritional therapy contributing to CKD management [30]. Future treatment

strategies targeting the microbiota are also anticipated.

In this study, both gastrointestinal mucosal and fecal bacterial flora suggested an enhanced predicted
function of the Peptidoglycan recycling I pathway in the CKD group. Peptidoglycans are components of
bacterial cell walls and cause inflammation in the host organism. Peptidoglycans can cross the intestinal
epithelial barrier under conditions of increased intestinal permeability, such as CKD, and activate the
Hypothalamic-Pituitary-Adrenal (HPA) axis via activation of the immune system [31]. Activation of the
HPA axis has been reported to be associated with the prevalence of CKD in patients with type 2 diabetes
[32].



The amino acids, tyrosine and tryptophan, ingested from the diet are metabolized by the gut microbiome
into p-cresol and indole, which are then absorbed from the gut into the blood and metabolized in the liver
into the uremic toxins p-cresyl sulfate and indoxyl sulfate [33] [34]. Precursors of enterobacteria-derived
uremic toxins, including p-cresol and indole have reported that their absorption is an event that occurs in
the small intestine [13] [14]. Although the density of the gut microbiome in the small intestine is lower than
in the large intestine, the different composition of the small and large intestinal microbiome may be
associated with different metabolic functions and have different effects on the host. In the present study,
the finding that changes in predicted KEGG function related to tyrosine and tryptophan metabolism in the
duodenal microbiome were, for the most part, abundant in CKD patients indicates that the production of
these uremic toxins occurs not only in the colon but also in the small intestine, where they may be absorbed
and enter the systemic circulation, possibly contributing to the exacerbation of CKD.

Our study had several limitations. First, the sample size was not sufficient because the study was

conducted at a single institution. The gut microbiota is known to be relatively stable in the long term [35],

but exhibits diural oscillations have also been reported [36]. Therefore, we employed a consistent collection

protocol to the best extent possible. However. the sample collection during EGD is slightly invasive and
not frequently performed making more difficult to collect the duodenal samples compared with fecal

samples in other studies, which are easier and less invasive to collect. CKD patients experience various

complications, with DM being the most common underlying condition known to impact the gut microbiota

37]. However, in this study, no significant difference was observed in the comparison between DM and

non-DM individuals. Additionally, CKD patients often take multiple medications, which can also

significantly influence the gut microbiota. Even when excluding PPI [37], our results were similar.

Nevertheless, within the sample size of this study, we were unable to determine the extent to which factors

other than renal function affect the gut microbiota. The association between gut microbiome and functional

pathways of CKD were analyzed by PICRUST?2 and did not measure p-cresol and indole in the serum. In

animal experiments, modulation of bacteria has successfully reduced circulating uremic toxin levels [29],
indicating a causal relationship. However, the impact of the gut microbiota on CKD in humans needs to be

investigated metabolites in small intestine and the circulation.

In conclusion, we investigated the duodenal microbiome of CKD patients and found that the intestinal
microbiome is significantly altered compared with healthy volunteers. The changes in the small intestinal
microbiome that were observed in this study may contribute to increased intestinal permeability and
production of uremic toxin in the upper small intestine, which may be an exacerbating factor in CKD. When
investigating the relationship between CKD and the intestinal microbiome, analysis of the mucosal
microbiome of the duodenum and other sections of the gastrointestinal tract may provide new insights that

cannot be detected by analysis of the fecal microbiome.
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Table 1. Characteristics of participants.

CKD (n=28) Control (n=21) p-value

Age 60.5+15.7 58.6+16.7 0.688
Gender(female) 8 (28.6%) 12 (57.1%) 0.077
BMI 22.9+4.1 22.7+4.2 0.877
Alcohol 4 (14.3%) 4 (19.1%) 0.71
Smoking 3 (10.7%) 3 (14.3%) 1
Antithrombotic agent 7 (25%) 2 (9.5%) 0.267
PPI/P-CAB 2 (7.1%) 4 (19.1%) 0.381
Steroid 2 (7.1%) 0 0.5
Helicobactor pylori 4 (14.3%) 6 (28.6%) 0.275
Cause of  chronic
kidney disease

Glomerulonephritis 9 (32.1%) -

Diabetes 8 (28.6%) -

Hypertension 3 (10.7%) -

Polycystic  kidney 2 (7.1%) -
disease

Other 6 (21.4%) -
WBC(x103/uL) 6.59+2.9 5.2+1.65 0.028
Hb(g/dL) 9.87+1.41 13.5+1.77 <0.001
Plt(x104/uL) 20.99+8.03 22.78+5.34 0.381
TP(mg/dL) 6.21+0.81 6.57+0.59 0.088
Alb(mg/dL) 3.41+0.72 3.99+0.46 0.003
BUN(mg/dL) 65.5+15.94 14.33+5.88 <0.001
Cr(mg/dL) 6.74+2.51 0.64+0.11 <0.001
e- 7.83+2.79 84.6+21.94 <0.001
GFR(mL/min/1.73m2 )
Cer(mL/min) 10.42+4.13 90.18+34.18 <0.001
CRP(mg/dL) 0.3+0.41 0.11+0.18 0.051
Glu(mg/dL) 111.32+44.11 90.81+34.99 0.086
TC(mg/dL) 177.57+46 189.14+35.95 0.35
TG(mg/dL) 134.64+65.62 119.05+74.36 0.441
HbAlc(%) 5.78+0.89 5.63+0.22 0.482

Data are presented as mean (+ standard deviation) or number (%)

CKD chronic kidney disease, BMI body mass index, PPl proton pump inhibitor, P-CAB potassium

12



competitive acid blocker, WBC white blood cell, Hb hemoglobin, Plt platelet, TP total protein, A/b albumin,
BUN blood urea nitrogen, Cr creatinine, e-GFR estimated glomerular filtration rate, Ccr creatinine
clearance, CRP C-reactive protein, Glu glucose, TC total cholesterol, 7G triglyceride, HbAlc hemoglobin
Alc

Figure Legends

Figurel Alpha diversity comparisons by groups
Alpha diversity of duodenal and fecal microbiome in patients with chronic kidney disease (CKD) and
healthy control subjects. Comparison of duodenal (a) and fecal (b) microbial diversity, as estimated by the

Chaol index and Shannon index and Simpson index.

Figure2 Beta diversity comparisons by groups

Beta diversity of duodenal and fecal microbiome in patients with chronic kidney disease (CKD) and healthy
control subjects.

NMDS (non-metric multidimensional scaling) analysis results based on Bray—Curtis distances of the
duodenal (a) and fecal (b) microbiome. CKD and control subjects are denoted with red and blue symbols,

the ellipses indicate 95% confidence intervals, respectively.

Figure3 Comparison of the composition of the duodenal and fecal flora at the phylum level in the chronic
kidney disease (CKD) and control groups

The bar plots show the comparison of the microbiome's relative abundance at the level of phylum between
CKD and control groups, respectively (a). Relative changes of duodenal (b) or fecal (c) bacterial taxa at the

Phylum level in the CKD and control groups.

Figure4 Comparison of the composition of the duodenal and fecal flora at the genus level in the chronic
kidney disease (CKD) and control groups

The bar plots show the comparison of the microbiome's relative abundance at the level of genus between
CKD and control groups, respectively (a). Relative changes of duodenal (b) or fecal (c) bacterial taxa at the

genus level in the CKD and control groups.

FigureS Histogram of the 10 most different pathways determined by Statistical Analysis of Metagenomics
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Profiles (STAMP) analysis
(a) STAMP analysis between chronic kidney disease (CKD) and control groups in duodenal flora. (b) Stamp

analysis between CKD and control groups in fecal flora.

Figure6 Histograms of Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway abundance and
stamp analysis in tyrosine and tryptophan metabolism

(a) Statistical Analysis of Metagenomics Profiles (STAMP) analysis of tyrosine metabolism between CKD
and control groups in duodenal microflora. (b) STAMP analysis of tryptophan metabolism between CKD
and control groups in duodenal microflora. (c) STAMP analysis of tyrosine metabolism between CKD and
control groups in fecal microflora. (d) STAMP analysis of tryptophan metabolism between CKD and

control groups in fecal microflora.

Supplementary figurel Comparison of the predictive functional profiles of microbial communities

Proportion of genes involved in tryptophan metabolic pathways.

Supplementary figure2 Histogram of differing pathway abundances and Statistical Analysis of
Metagenomics Profiles (STAMP) analysis
(a) STAMP analysis between CKD and control groups in duodenal flora. (b) STAMP analysis between

CKD and control groups in fecal flora.

Supplementary figure3 Alpha and beta diversity comparisons (DM-CKD vs nonDM-CKD)

(a) Alpha diversity of duodenal microbiota in chronic kidney disease (CKD) patients with and without DM.
(b) Qualitative measurement of the dissimilarity (Bray-Curtis distance) of the microbial community of CKD
patients with DM and CKD patients without DM. In the Principal Coordinate Analysis (PCoA) generated
by EMPeror, CKD patients with DM are shown in red and CKD patients without DM in blue.

Supplementary figure4 Alpha and beta diversity comparisons (excluded PPI users).

(a) Alpha diversity of the duodenal microbiota in patients with chronic kidney disease (CKD) and healthy
controls when PPI adherents are excluded. (b) Qualitative measurement of the dissimilarity of the microbial
community (Bray-Curtis distance) between CKD and controls when PPI adherents are excluded. In the
Principal Coordinate Analysis (PCoA) produced by EMPeror, individuals with CKD are shown in red and

controls in blue.
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