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Purpose: Emerging evidence has revealed that gut microbiota plays a pivotal role in the pathogenesis of type 2 diabetes mellitus
(T,DM) and diabetic kidney disease (DKD). However, few studies have used metagenomic sequencing to analyze the alterations of gut
microbiota community in patients with early-stage DKD.

Methods: We carried out metagenomic sequencing in fecal samples of 10 DKD patients (DKD group) and 10 T,DM patients who
appeared to be less prone to DKD (non-DKD group), aiming to compare the composition and function of gut microbiota between the
DKD and non-DKD groups.

Results: The gut microbial community of the DKD group was significantly different from that of the non-DKD group, characterized
by a marked increase in phylum Proteobacteria, genus Selenomonadales, Neosynechococcus, Shigella, Bilophila, Acidaminococcus,
species, Escherichia coli, Bacteroides plebeius, Megasphaera elsdenii, Acidaminococcus unclassified, and Bilophila wadsworthia. The
amounts of species Citrobacter farmeri and Syntrophaceticus schinkii were significantly and positively correlated with the urinary
albumin creatinine ratio in the DKD group. Furthermore, functional analysis based on dbCAN and KEGG databases showed aberrant
lipopolysaccharide (LPS) biosynthesis and carbohydrate metabolism in the gut microbiome of the DKD group.

Conclusion: Our findings provided evidence for alterations in the composition and function of gut microbiota in patients with DKD
versus the non-DKD group. These data may contribute to a more comprehensive understanding of the pathological mechanisms of
DKD.
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Introduction
With the rapidly increasing world population and proportion of elderly, type 2 diabetes mellitus (T,DM), a well-known
metabolic disease, has become a major global public health problem.' Diabetic kidney disease (DKD), characterized by
proteinuria, hypertension, and progressive reductions in kidney function, is considered one of the most common diabetic
complications and is the leading cause of end-stage renal disease (ESRD).? Besides the traditional risk factors such as
high blood glucose level, high blood pressure, and altered lipid profiles, previous epidemiological studies have suggested
the emerging role of genetic factors in DKD. It is estimated that only 30—40% of T,DM patients with long-term
hyperglycemia ultimately develop DKD.? Also, DKD has been observed in some T,DM patients with good glycemic
control, indicating that genetic susceptibility may play a critical role in the pathogenesis of DKD.*

Gut microbiota is increasingly recognized to be associated with various metabolic diseases, such as obesity,’
diabetes,® and cardiovascular diseases.” The human gastrointestinal tract harbors thousands of bacterial species, together
comprising 10-100 trillion microbes, which encode approximately 150-fold more genes than the human genome.®® The
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gut microbiota has been shown to modulate both local and systemic immunity and metabolism by inducing chronic
inflammation and altering microbial metabolism and microenvironment.'®

Accumulating evidence has shown that changes in the composition and proportion of gut microbiota are closely
related to an increased risk of developing T,DM and its associated complications.'' Improvement of the gut microbiota
alleviates the symptoms of diabetes, glucose tolerance, and insulin sensitivity in patients with T,DM.'>'* The
disturbance of the gut-kidney axis contributes to the pathogenesis of kidney disease through diverse mechanisms,
including toxin secretion, epigenetic modification,'> inflammation,'® immune response,'” mitochondrial dysfunction,'®
glycometabolism,'® and short-chain fatty acids (SCFAs) metabolism,?® all of which are key events during the progression
of diabetes and DKD. However, no studies have compared the gut microbiota in T,DM patients with or without DKD.
Whether gut microbiota alteration is a predisposing factor in DKD warrants exploration.

In this study, we performed metagenomic analysis to compare the composition and functional profiles of gut
microbiota in T,DM patients with or without DKD, aiming to determine whether alterations in the existing gut dysbiosis
may increase the susceptibility of T,DM patients to DKD. Our results may provide new insights into the role of gut
microbiota in the pathogenesis of DKD.

Methods

Subjects

A total of 20 patients who were diagnosed with T,DM according to the WHO Diabetes Diagnostic Criteria (1999) were
recruited from the First Affiliated Hospital of Xi’an Jiaotong University between March 2018 and January 2019. Among
them, 10 patients were diagnosed with stage III/IV DKD, presenting normal renal function and a urinary albumin
creatinine ratio (ACR) of >30 pg/mg (the DKD group). To better compare the role of gut microbiota in the pathogenesis
of DKD, we selected 10 subjects who had suffered from T,DM for more than 10 years, had no renal damage, and showed
an ACR of < 30 pg/mg as control subjects (the non-DKD group). Clinically, change of ACR is an early sign of DKD.?!
All patients had an HbAlc level of 6—7% and normal blood pressure and lipid profiles.

The exclusion criteria for both groups were as follows: (1) patients with tumors, hypertension, obesity, coronary heart
disease, liver cirrhosis, fatty liver, or thyroid disease; (2) patients using glucocorticoids, probiotics, antibiotics, and
immunosuppressant within 1 month before sample collection; (3) patients with gastrointestinal diseases or surgery
history; (4) patients with renal impairment due to other causes.

All patients were Han Chinese from Shaanxi Province in China. The two groups were matched for gender and age
(Table 1). This study was approved by the Ethics Committee of the First Affiliated Hospital of Xi’an Jiaotong University.
All subjects provided written informed consent and were informed about the study.

Sample Collection and DNA Extraction

Fresh stool samples from each patient were collected in sterile collection containers, immediately transported on ice to
the laboratory, and stored at —80°C until extraction. The bacterial DNAs were isolated from stool samples using the E.Z.
N.A.® Stool DNA Kit (D4015; Omega Bio-Tek, Norcross, GA, USA). The integrity and concentration of DNAs were
assessed using 1.2% agarose gel electrophoresis (LC-Bio Technology Co. Ltd., Hangzhou, China).

Bioinformatics and Statistical Analysis

The metagenomic libraries were generated using the TruSeq Nano DNA LT Library Preparation Kit (FC-121-4001). The
library quality was evaluated by the Qubit@2.0 Fluorometer (Life Technologies, Eugene, OR, USA) and the Agilent
Bioanalyzer 2100 system (Agilent Technologies Inc., Santa Clara, CA, USA). The sequencing was performed using the
Illumina HiSeq4000 platform and PE150 mode.

The adapters were removed by Cutadapt (V1.9) and the host genome was discarded using Bowtie2 (V2.2.0). The
quality of the sequencing reads was assessed using FastQC software (V0.10.1). The high-quality reads were assembled to
contigs by SPAdes (V3.7.0) and evaluated using QUAST (V 3.2). MetaGeneMark software was used for the CDS
(Coding Region) prediction on contigs (=500 bp) from each sample. The reads shorter than 100 nt were excluded. Then,
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Table | Demographic and Clinical Characteristics of All Patients at Baseline

Characteristics Non-DKD Group DKD Group p-value
n 10 10 -
Age (years) 64.90+7.37 56.00+14.97 0.109
Female/male 2/8 119 0.531
BMI (kg/m?) 25.43+3.64 27.05+3.41 0.318
SBP (mmHg) 128.90£7.03 125.40+10.45 0.391
DBP (mmHg) 78.70+7.32 78.70+9.97 1.000
DM process (years) 15.20+4.24 14.90+8.97 0.925
HbAlc (%) 6.80+0.98 7.57+1.82 0.254
ACR (ug/mg) 8.54 (5.82-13.85) 381.66 (94.30-1226.71) 0.000
ALB (g/L) 38.95+3.21 40.95+4.04 0.236
Urea (mmol/L) 6.33 (5.24-7.56) 6.16 (5.24-7.56) 0.650
CRE (umol/L) 67.40+15.36 72.00+23.80 0.614
TC (mmol/L) 3.66+0.85 4.42+0.63 0.035
LDL (mmol/L) 2.10+.74 2.70+0.56 0.057
TG (mmol/L) 1.15 (0.77-1.73) 1.61 (1.18-2.81) 0.151

the prediction results were filtered using the CD-HIT software (V4.6.1) to obtain non-redundant genes and cluster
predicted genes with 95% identity and 90% coverage. Then, the gene reads counts were calculated by Bowtie2 (V2.2.0)
and the unigenes were obtained through the calculation of the corresponding abundance. Finally, the taxonomic assign-
ment and functional annotation were performed by DIAMOND (V0.7.12) using the following databases: Non-Redundant
(NR), Kyoto Encyclopedia of Genes and Genomes (KEGG), and Carbohydrate-Active enzymes (CAZy) (e-value<le-5).

The KEGG or CAZy sequence hits with the highest scores were assigned as the annotations of unigenes. By
combining the hierarchical structure of the KEGG pathway or CAZy database, the information at each level was
obtained. The partial least square-discriminant analysis (PLS-DA) was performed using R software (V3.3.2). The
LDA effect size (LEfSe) analysis was performed to identify the difference in the bacterial taxa between the DKD and
non-DKD groups using LEfSe software (V1.0) with an effect size cutoff of 2.0. The differential abundance analysis
between the two groups was performed using Welch’s t-test. The correlations of clinical characteristics with top 50
differential species were analyzed by Spearman’s rank correlation coefficient and visualized by the R package “heatmap”.
The demographic data between the two groups were compared using the Student’s #-test. A p-value <0.05 was considered
statistically significant.

Results
Demographic and Clinical Characteristics of All Subjects

To explore the differences in gut microbial composition between the DKD and non-DKD groups, we analyzed their fecal
samples using metagenomic sequencing (n=10 per group). All participants (n=20) were of Han ethnicity, born in
northeastern China, and had a similar dietary pattern. Their demographic and clinical characteristics are summarized
in Table 1. No significant difference was observed in the clinic characteristics except for ACR and the level of total
cholesterol (TC).

Taxonomic Characterization and Gut Microbial Composition
A total of 143.6 million high-quality reads were generated with an average (standard deviation) of 7.18 (1.13) million
clean reads for each sample (Supplementary Table S1). The most abundant gut microbiota in each subject at phylum (top

10) and genus (top 20) levels is shown in Figure 1. The dominant phyla in both DKD and non-DKD groups are
Bacteroidetes, Firmicutes, Proteobacteria, and Actinobacteria (Figure 1A). At the genus level, Bacteroides, Prevotella,
and Faecalibacterium are the most abundant genera in both groups (Figure 1B). Then, the PLS-DA was performed to
analyze the samples at the phylum level. The plot shows the difference in the microbial profile between the DKD and
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Figure | The relative abundance of gut microbiota in two groups. (A) The relative abundance of top 10 microbial taxa at the phylum level. (B) The relative abundance of top
20 microbial taxa at the genus level. Each bar represents a bacterial taxon and the length of the bar indicates the abundance level.

non-DKD groups (Figure 2), indicating an altered gut microbial community structure in T,DM patients who were
susceptible to early-stage DKD.

Differences in Gut Microbial Communities Between Two Groups

To identify the microbial communities associated with DKD, the gut microbial composition of the DKD and non-DKD
groups was compared using LEfSe analysis with a cutoff value of 2.0. As shown in Figure 3, there was a remarkable
difference in the composition of gut microbiota between the DKD and non-DKD groups. The phylum Proteobacteria was
increased in the DKD group. At the genus level, the DKD group possessed more abundant Selenomonadales,
Neosynechococcus, Shigella, Bilophila, Acidaminococcus and Escherichia, while Phlyctochytrium was increased in the
non-DKD group. Further, to analyze at the species level, the relative abundance of Escherichia coli, Bacteroides
plebeius, Megasphaera elsdenii, Acidaminococcus unclassified, Ruminococcus torques, and Bilophila wadsworthia in
the DKD group was higher than those in the non-DKD group, while the non-DKD group presented a higher abundance of
Bacteroides coprocola, Bacteroides xylanisolvens, and Bacteroides sp D22, etc.
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Figure 2 The score plot of the PLS-DA model between the DKD and non-DKD groups. Red cycle: DKD group; blue triangle: non-DKD group.

Correlations Between Gut Microbiota and Clinical Characteristics

Next, we explored whether the top 50 differential microbial species between the DKD and non-DKD groups correlated
with the clinical characteristics of these patients (Figure 4). At the species level, Citrobacter farmeri (Spearman
rho=0.53, P=0.0167) and Syntrophaceticus schinkii (Spearman rho=0.61, P=0.0052), which were abundantly present
in the gut microbiota of the DKD group, were significantly and positively correlated with the ACR level. Enterococcus
caccae (Spearman rho= —0.55, P=0.0125), which was enriched in the non-DKD group, was negatively correlated with
the ACR level. Additionally, Lachnospiraceae bacterium 3 1 46FAA, which was abundant in the DKD group, showed
a positive correlation with the levels of TC (Spearman rho=0.53, P=0.0182).

Functional Pathways Analysis

To further investigate the functional profiles of gut microbiota in the DKD and non-DKD groups, the functional annotation
based on KEGG and dbCAN databases was performed. The results showed that most genes were annotated with
metabolism function (Figure S1). As shown in the differential gene enrichment bubble chart, there are five key pathways:
glycosaminoglycan biosynthesis—heparan sulfate/heparin, glycosaminoglycan biosynthesis—chondroitin sulfate/dermatan
sulfate, lipopolysaccharide (LPS) biosynthesis, phosphotransferase system (PTS), and histidine metabolism (Figure 5). It
is well known that gut microbiota also plays a pivotal role in the metabolism of dietary carbohydrates of the host.”* The
carbohydrate-active enzymes (CAZymes) produced by gut microbiota are associated with the synthesis, modification, and
degradation of carbohydrates.”® Thus, we analyzed the genes related to carbohydrate metabolism. As illustrated in Figure 6,
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Figure 3 The LDA scores of differentially abundant microbiota at genus and species levels between the DKD and non-DKD groups.
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Figure 4 The correlations between gut microbiota and clinical characteristics. The color gradient indicates p-value; red: positive correlation; blue: negative correlation.
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a total of 199 genes were annotated by the dbCAN database at level 2. Nineteen CAZymes were significantly different
between the two groups, including GH50 (B-agarase), GT17 (B1, 4-N-acetylglucosaminyl transferase, GnTIII), etc, all of
which were much less abundant in the fecal microbiome of DN patients (Table S2).

Discussion

In this study, we performed a comprehensive metagenomics comparison of the taxonomic and functional profiles of gut
microbiota in T,DM patients with or without DKD and its correlation with clinical characteristics. Our data revealed
distinctions in the compositional and functional characteristics of gut microbiota between the DKD and non-DKD
groups, suggesting that alterations in the intestinal microbiota may play a key role in the pathogenesis of DKD in T,DM
patients who were susceptible to this disease.

Although the dominant microbial phyla in T,DM patients were similar, our data showed that the DKD group
possessed a distinctive microbiota composition, characterized by a high abundance of phylum Proteobacteria. Recent
evidence has shown that Proteobacteria in gut microbial dysbiosis is essential for the metabolic and immune disorders,
inflammation, and nutritional status of the host.”* In clinical and experimental studies, gastrointestinal inflammation
increases the risk of kidney disorders through the gut-kidney axis.*> Multiple studies have consistently demonstrated that

2627 which is a key contributor

Proteobacteria-dominated microbiome profiles are associated with elevated inflammation,
to the pathogenesis of DKD.?® Moreover, we found the non-DKD group presented a higher increase in the species
Bacteroides coprocola, Bacteroides xylanisolvens, and Bacteroides sp D22, which were classified as Bacteroidetes.
Bacteroidetes is well-known for its capability to ferment dietary fiber into SCFAs, an emerging therapeutic target for
systemic inflammatory, immune, and metabolic diseases, especially in glucose tolerance, obesity, and insulin resistance.?’
SCFAs have been shown to mediate cellular signaling pathways, including cell proliferation, apoptosis, and histone
acetylation.”® Importantly, Li et al found that SCFAs protected diabetic mice against DKD by activating G protein-
coupled receptors and reducing inflammation.>' Similarly, we found that Proteobacteria, were more abundant in the DKD
group, resulting in a reduced abundance of SCFA-producing microbiota and SCFAs production, which might promote the
progression of DKD.

ACR is a key indicator for the diagnosis of renal injury at the early stage of DKD. Tao et al showed that DKD patients
with an eGFR of > 60 mL/min/1.73 m” and an ACR of > 30 pg/mg could be distinguished from diabetic patients by
g Escherichia-Shigella, which belongs to Proteobacteria.>? Consistently, we observed a significant correlation between
ACR and increased numbers of Citrobacter farmeri and Syntrophaceticus schinkii in the DKD group, both of which were
classified as Proteobacteria. A previous study also reported the abundance of Proteobacteria in the intestine of DKD
patients,* indicating that an elevated level of Proteobacteria is closely associated with an increased risk of DKD. Further
studies are needed to explore the sole effect of Proteobacteria on the pathogenesis of DKD.

Our functional analysis demonstrated a differential abundance of functional pathways in the gut microbiota between
the DKD and non-DKD groups. The PTS is an important bacterial signaling pathway related to carbohydrate uptake and
is associated with the metabolism and longevity of the host.>* Imidazole propionate is a histidine derivative produced by
gut microbiota and has been found to impair insulin signaling through mechanistic target of rapamycin complex 1 in
T,DM patients.*> A high level of Proteobacteria in gut microbiota has been shown to induce the biosynthesis of LPS,
resulting in a chronic low-grade inflammation via activating macrophages/monocytes and neutrophils.*® Furthermore,
Toll-like receptors (TLRs), an important component of the innate immune system, play a key role in the pathogenesis of
DKD. LPS is an endogenous ligand of TLRs and can promote the expression of inflammatory factors and activate the
specific immune system by binding with TLRs.*® Altogether, these results suggest that the metabolic functions of gut
microbiota are changed in DKD patients and the increased levels of Proteobacteria may contribute to the pathogenesis of
DKD via a disturbed inflammatory and immune system.

The emerging correlation of gut microbiota with carbohydrate metabolism and glucose homeostasis in diabetes led us
to investigate the genes associated with CAZymes. Compared to the non-DKD group, the DKD group showed a lower
level of GnTIII, an N-acetylglucosaminyl transferase (OGT). OGT is a key enzyme involved in the post-translational
modification of O-link N-acetylglucosamine (O-GlcNAc) and has been found to be closely related to the pathogenesis of
DKD.*” During the process of O-GlcNAcylation, a single O-GlcNAc moiety was added to the serine and/or threonine
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residues of various proteins by OGT.*® Alejandro et al reported that the knockout of OGT in islet B cells resulted in
reduced insulin secretion and increased blood glucose in mice.*” The host-microbe metabolic axis is a multi-directional
interaction between the host and the gut microbiota.*® Our findings suggest that the decrease in OGT level, which is
closely related to the glycemic level and kidney damage, may result in aberrant O-GlcNAc modification in DKD
patients.

There are some limitations of this study that need to be taken into account. First, the sample size was small due to
strict inclusion criteria, which required that all enrolled T,DM patients had normal renal function and a well-controlled
blood glucose level. Second, our study is a cross-sectional study. The causal direction between the abundance of
Proteobacteria in gut microbiota and the progression of DKD remains unknown. A longitudinal study with a large
sample size is needed for causal inferences.

Conclusions

In summary, T,DM patients with DKD showed altered composition and function of gut microbiota compared to those
without DKD. Increased abundance of Proteobacteria was observed in DKD patients, which might contribute to the
pathogenesis of DKD via regulating LPS biosynthesis, SCFA production, and carbohydrate metabolism. Our result may
provide new insights into the application of microbial intervention as a potential treatment for DKD patients.
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