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Differences in gut microbiota structure in patients
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Abstract: The gut microbiota can affect human metabolism, immunity, and other biologic pathways through the
complex gut-kidney axis (GKA), and in turn participate in the occurrence and development of kidney disease. In
this study, 39 patients with stage 4-5 chronic kidney disease (CKD) and 40 healthy individuals were recruited and
16S rDNA sequencing was performed to analyze the V3-V4 conserved regions of their microbiota. A total of 795
operational taxonomic units (OTUs) shared between groups or specific to each group were obtained, among which
255 OTUs with significant differences between the two groups were identified (P<0.05). Adonis differential analysis
showed that the diversity of gut microbiota was highly correlated with CKD stages 4-5. Additionally, 61 genera with
differences in the two groups were identified (P<0.05) and 111 species with significant differences in the phyla,
classes, orders, families, and genera between the two groups were identified (P<0.05). The differential bacterial
genera with the greatest contribution were, in descending order: c_Bacteroidia, o_Bacteroidales, p_Bacteroidetes,
c_Clostridia, o_Clostridiales, etc. Those with the greatest contribution in stages 4-5 CKD were, in descending order:
p_Proteobacteria, f_Enterobacteriaceae, o_Enterobacteriales, c_Gammaproteobacteria, c_Bacilli, etc. The results
suggest that the diversity of the microbiota may affect the occurrence, development, and outcome of the terminal
stages of CKD.
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Introduction organ” of the human body, play an important

role in health and disease development [4]. The

Lederberg et al. [1] first proposed the concept
of the human microbiome, which is a generic
term for the symbiotic, commensal, and patho-
genic microbes in the human body. The broad
category of human genes includes a combina-
tion of the human genome and the microbiome;
therefore, the metabolic function of humans
has characteristics of both humans as well as
microbes. As a large number of gut microbiota
encode 150 times as many genesas the total
genes in human cells, the gut microbiota is
called “the second genome of human body” [2]
and has drawn widespread attention. In many
cases, microbes are presumed to be the cause
of variation and can affect the host phenotype
[3]. The gut microbiota, as an “endogenous

gut microbiota can affect metabolism, immuni-
ty, and other biologic pathways through the
complex gut-kidney axis (GKA) [5], a mecha-
nism in a new biological concept, and partici-
pate in the occurrence and development of kid-
ney disease. Only when the human genome and
microbiome are unified can the stability of the
human ecosystem be guaranteed.

Recent studies have shown that the gut micro-
biota, including its gene expression products,
play an indispensable role in multiple physiolog-
ic functions, such as regulating host bowel
movement and immune system response and
development, maintaining the balance of the
host gut microecosystem, and affecting the
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digestion and absorption of nutrients. Athe-
rosclerosis, hypertension, type 2 diabetes, in-
flammatory bowel disease, obesity, cardiovas-
cular disease, chronic kidney disease (CKD),
and other diseases have been confirmed to be
related to structural disorders of the microbiota
[6]. The increasing prevalence of CKD, its high
treatment cost, as well as its numerous and
severe complications [7] make it necessary to
identify the endogenous and exogenous risk
factors of CKD to better delay its progression.
In this study fecal samples from patients with
CKD and healthy individuals (control) were
collected; high-throughput 16S rDNA sequenc-
ing analysis of the V3-V4 regions of the gut
microbiota was conducted; and the species
richness, composition, systematic evolution,
and other information regarding the microbiota
between the groups were analyzed and com-
pared. The main structural differences in the
gut microbiota between the CKD and control
groups were further explored to determine the
gut microbiota primarily responsible for the
occurrence of CKD.

Materials and methods
Inclusion and exclusion criteria

Inclusion criteria: (1) patients met the diagnos-
tic criteria for CKD in Kidney Disease: Improving
Global Outcomes (KDIGO), 2012 [8] and (2)
patients were diagnosed with stage 4-5 CKD
(eGFR <29 ml/min/1.73 m?) and had not
received dialysis therapy. CKD is defined as a
kidney injury (renal dysfunction or structural
abnormality) with various causes, with or with-
out a decrease in glomerular filtration rate (GFR
<60 ml/min/1.73 m?2), with clinical manifesta-
tions such as abnormal kidney pathology or kid-
ney injury, abnormal blood and urine composi-
tion, or abnormal findings in imaging examina-
tions for at least 3 months.

Exclusion criteria: (1) patient also had constipa-
tion, diarrhea, or other intestinal diseases; (2)
patient had received agents containing cathar-
tic ingredients, such as antibiotics, urinalysis,
and laxative drugs, within 4 weeks prior to sam-
pling; (3) patient had a family history of kidney
disease or other infectious diseases such as
viral hepatitis or tuberculosis; (4) patient had
smoking and drinking habits or could not com-
municate normally and work with others; (5)
patient had tumors, acute and chronic infec-
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tions, or active complications of autoimmune
diseases; (6) the patient had a history of blood
transfusion within the last 3 months, or had
taken adrenocorticosteroids and immunosup-
pressants within 2 weeks prior to sampling.

The inclusion criteria for the control group: (1)
participants with eGFR >90 ml/min/1.73 m?;
(2) no abnormality by routine urine and kidney
imaging examinations; (3) no history of chronic
diseases that would cause damage to the kid-
neys, such as hypertension or diabetes; (4) no
history of kidney transplantation; (5) no active
inflammation; and (6) had not received any anti-
microbial agents or immunosuppressants with-
in 3 months, and no obvious infections such as
viral, bacterial, or fungal infections. Informed
consent was obtained from all subjects, and
the study was approved by the medical ethics
committee of Fujian Provincial Hospital
(K2018-01-025).

General information

A total of 39 patients with stage 4-5 CKD who
were admitted to the Fujian Provincial Hospital
from April 2018 to September 2019 and who
met the screening criteria were enrolled; the
group included 19 men and 20 women, with an
average age of 56.52+15.72 years old. Forty
healthy individuals from the physical examina-
tion center of Fujian Provincial Hospital were
recruited as the control group; this group
included 18 males and 22 females, with a
mean age of 56.35+10.96 years old. The age
and gender were comparable between the two
groups (all P>0.10). Routine blood and bio-
chemical index data were gathered, and blood
trimethylamine n-oxide (TMAO, MEIMIAN, mm-
2294h1) levels were detected by ELISA (Table
1).

Fecal sample collection and DNA extraction

Patients were prohibited from drinking and tak-
ing drugs one day before the examination and
were asked to fast for eight hours before the
examination. The samples were prepared ac-
cording to the manual of procedures for the
human microbiome project (Version 12.0,
Accession: phd003190.2). The samples were
then stored at -80°C immediately after pack-
ing. DNA extraction was performed in strict
accordance with the specifications of the
MoBio PowerSoil DNA Isolation Kit. The univer-
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Table 1. Comparison of clinical biochemical data between the stage 4-5 CKD group and the control

group

[tem Stage ?r_]ic?g)) group Control group (n = 40) gt\?:litéccf:—x\;a\l;ﬁjg; P value
Sex (male/female) 19 (51.3%)/20 (48.7%) 18 (45.0%)/22 (55.0%) 0.110° 0.074
Age (years) 56.52+15.72 56.35+10.96 -0.054# 0.957
BMI (kg/m?) 21.21 (13.46~6.66) 23.50 (21.51~25.63) 1.504 0.022
WBC (x10°/L) 6.63+2.14 6.18+1.77 -1.009# 0.316
NE (%) 73.40 (63.30~76.90) 56.35 (49.23~61.83) 2.857 0.000
Hb (g/L) 78.00 (68.00~96.00) 139.00 (132.00~148.00) 4.105 0.000
ALB (g/L) 31.05+5.85 44.73+3.44 12.695* 0.000
PLT (x10%/L) 203.00 (154.00~248.00) 228.50 (203.50~271.50) 1.609 0.011
ALT (U/L) 12.00 (6.00~15.00) 18.00 (11.00~23.00) 1.652 0.009
AST (U/L) 14.00 (11.00~19.00) 18.0000 (15.00~20.75) 1.729 0.005
TG (mmol/1) 1.05 (0.81~2.14) 1.51 (1.17~1.85) 1.849 0.002
CHOL (mmol/I) 3.76 (3.26~4.82) 5.08 (4.35~5.53) 2.282 0.000
LDL-C (mmol/L) 2.55(1.96~3.23) 3.69 (3.06~4.13) 2.307 0.000
HDL-C (mmol/L) 1.05+0.34 1.23+0.30 2.473% 0.016
FPG (mmol/I) 4.78 (3.94~5.60) 5.00 (4.75~5.49) 1.256 0.085
URIC (umol/I) 425.00 (315.00~538.00) 350.50 (292.00~404.50) 1.615 0.011
eGFR (ml/min/1.73 m?) 5.35 (4.37~7.37) 94.10 (80.21~104.40) 4.444 0.000
TMAO (mg/1) 4.29 (2.31~8.87) 2.48 (3.08~5.53) 1.401 0.039

Note: * = x2 value; # = T value; BMI (kg/m?) = body mass index; WBC = white blood cell; NE = neutrophil; Ho = hemoglobin;
ALB = albumin; PLT = platelet count; ALT = alanine aminotransferase; AST = aspartate aminotransferase; TG = triglyceride;
CHOL = cholesterol; LDL-C = low-density lipoprotein cholesterol; HDL-C = high-density lipoprotein cholesterol; FPG = fast-

ing plasma glucose; eGFR = epidermal growth factor receptor; TMAO = trimethylamine N-oxide. The CKD-EPI equation was
calculated using the formula eGFR (ml/min/1.73 m?) (Levey AS, Stevens LA, Schmid CH, Zhang YL, Castro AF 3rd, Feldman HI,
Kusek JW, Eggers P, Van Lente F, Greene T and Coresh J; CKD-EPI (Chronic Kidney Disease Epidemiology Collaboration). A new
equation to estimate glomerular filtration rate. Ann Intern Med 2009; 150: 604-612).

sal primers 27F/1492R for the 16S rRNA gene
(27F: 5-AGAGTTTGATCMTGGCTCAG-3’; 1492R:
5-TACGGYTACCTTGTTACGACTT-3’) were used
for the PCR amplification of the extracted DNA
samples, and the quality control of PCR prod-
ucts was performed using a Thermo NanoDrop
2000 and agarose gel electrophoresis. The
27F/1492R primers were synthesized by Li-
fetech/Thermo.

16S rRNA gene sequencing analysis of its V3-
V4 regions

After PCR amplification, purification, and library
quality screening, the 16S rDNA samples were
quantified using Qubit and the samples were
mixed for normalization in corresponding pro-
portions according to the data volume require-
ment of each sample. The specific variable
regions V3-V4 were amplified using specific
primers for the 16S rDNA to obtain an amplified
fragment of approximately 425 bp. MiSeq
PE300 was used for sequencing after adaptor
linkage. Paired reads obtained by double-end-
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ed sequencing were spliced into a sequence
using PANDAseq (V2.9) software using overlap-
ping relationships, and long reads within the
hypervariable region were obtained. The spliced
reads were then processed using an internal
writing program, as follows: (1) reads with an
average quality value <20 were removed; (2)
reads with over 3 bases containing N were
removed; and (3) the length of reads ranged
from 250 to 500 nt. Clean reads were obtained,
and the length, distribution, and quantity were
analyzed [9]. After splicing, further 16S rDNA
analysis was performed using the following
primer sequences: U341, CCTACGGGRSGCAG-
CAG; U806, GGACTACVVGGGTATCTAATC [10,
11]. Sequencing was performed by Shanghai
Ruiyi Biotechnology Co., Ltd.

Operational taxonomic unit (OTU) clustering
analysis

To facilitate diversity analysis of the down-
stream species, OTUs were introduced for
reads clustering. Clean reads with the same
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Table 2. Differential analysis of clean reads, mapped

reads, and final OTUs (median, M) between the stage 4-5

CKD group and the control group

analysis was performed using LEfSe
Tools (V1.0). Principal coordinates
analysis (PCoA) was performed using

the dudi.pco function of the ade4 pack-

[tem Stage4-5  Control -, o Significance - : :
CKD group  group age in R (V3.5.1). An Adonis analysis
Clean Reads 36260.0 35204.0 1.396 0.041 was performed using the Adonis func-
Mapped Reads ~ 32124.0 27809.5 2.760  <0.001 tion of the vegan package in R (V3.5.1).
Final OTUs 120.0 1875 2398  <0.001 The corrplot package of R language

sequences were classified as a type of tag. The
richness (number of reads) of each tag was
counted, and the tags were ranked according
to their richness. Singletons (sequences with
only one corresponding reads) that might have
been caused by sequencing errors were re-
moved and were not used in the OTU clustering
analysis. Usearch software (V7.0.1090) was
used for sequence clustering, setting a similar-
ity cutoff of 0.97. After chimera filtering, the
final OTUs for the species classification were
obtained. All clean reads were then aligned to
the OTU sequences, and the reads organized
into OTUs were extracted to obtain the final
mapped reads [12]. The Ribosomal Database
Project (RDP, http://rdp.cme.msu.edu) was
used to align the representative sequences
and 16S rDNA of the known species. An OTU
richness table was obtained based on the
sequence number of each OTU after classifica-
tion according to the species and annotations
[13, 14].

Complexity analysis of samples and differen-
tial analysis between groups

Alpha diversity (such as Observed species in-
dex, Chaol index, PD whole tree index, Shann-
on index, Simpson index and Goods coverage
index) and beta diversity (such as Unifrac,
MRPP analysis, PCoA analysis and Adonis anal-
ysis) were analyzed using QIIME (V1.9.1) [15,
16], and the iterative algorithm was used for
variance calculation based on the weighted
species classification richness information and
unweighted species classification richness
information, respectively. A distance box plot
between groups was drawn. The Wilcoxon test
function in the R language (V3.5.1) stats pack-
age was used for differential analysis between
two groups, and the Kruskal-Wallis test func-
tion in the R language was used for differential
analysis between more than two groups. Linear
discriminant analysis (LDA) effect size (LEfSe)
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(V3.5.1) was used to draw a Spearman
correlation heatmap among the differ-
ent species. The 16S rDNA functions were pre-
dicted using the PICRUSt (V1.0.0) software.

Results
OTU analysis

The richness of the OTUs could preliminarily
indicate the species richness of the samples.
The rank-sum test indicated that the number of
final OTUs in the stage 4-5 CKD group was
lower than that in the control group, demon-
strating that the samples in the stage 4-5 CKD
group had fewer unique species than those in
the control group (Tables 2 and S1).

Species richness analysis

According to the results of the species annota-
tion, histograms showing the species profile of
each sample were plotted with respect to the
phyla, classes, orders, families, and genera.
The relative richness histograms of the species
could be used to intuitively deduce the species
with a relatively higher richness and the corre-
sponding proportion in each sample at differ-
ent classification levels, as shown in Figure 1.

Alpha diversity analysis

Alpha diversity reflects the species diversity of
a single sample, including the observed spe-
cies index, Chaol index, and the PD whole tree
index [15]. The observed species and Chaol
indices reflected the species richness, wherein
more species were not detected if the speci-
es diversity was higher in each sample. The
Shannon and Simpson indices reflect the spe-
cies diversity in the community. The PD whole
tree index reflects the difference in the preser-
vation of the evolutionary history of the species
found in the samples. A larger PD whole tree
index indicates a greater difference in the pres-
ervation of evolutionary history. The Goods cov-
erage index is an intuitive representation of the

Am J Transl Res 2021;13(9):10056-10074
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Figure 1. Profiling histograms of the species at the level of the phylum (A), class (B), order (C), family (D), and genus (E) in the different groups. The horizontal axis
is the grouping (A is the stage 4-5 CKD group, B is the healthy control group) and the vertical axis is the proportion of relative richness. The colors correspond to the
identity of the different species and the lengths of the color blocks indicate the relative richness proportions of these species.

10060 Am J Transl Res 2021;13(9):10056-10074



Gut microbiota in chronic kidney disease patients

Table 3. Alpha diversity analysis of samples (median, M) be-
tween stage 4-5 CKD group and the control group

Stage 4-5 Control

Iltem CKD group group Zvalue Significance
Chaol 132.8000 209.5417  2.060 <0.001
Observe 99.0000 173.0000 2.182 <0.001
PD whole tree 9.2921 12.5580 2.173 <0.001
Shannon 3.5848 4.3331 1.966 0.001
Simpson 0.8254 0.8934 1.612 0.011
Goods coverage 0.9986 0.9979 1.857 0.002

Table 4. Differential analysis of the species multi-response
permutation procedure (MRPP) between the groups

Observe Expect

Group Statistic Delta Delta

Significance

Weighted unifrac ~ 0.076952 0.370465 0.401349 0.001
Unweighted unifrac  0.044941 0.544606 0.570233 0.001

Note: Observe Delta: Observe Delta value corresponding to the Unifrac
distance index; Expect Delta: Expect Delta value corresponding to the Unifrac
distance index. An A>0 indicates that the difference between groups was
more significant than that within groups, while an A<O indicated the opposite
result. A smaller observed delta value indicates that the difference between
the groups was smaller, and a smaller expected delta means that the differ-

sis was conducted using a permu-
tation test. Therefore, it could be
inferred that the diversity of intes-
tinal microbes was highly corre-
lated with the incidence of stages
4-5 CKD.

Significant difference analysis

LEfSe analysis was used to esti-
mate the effect of the richness of
each component (species) on the
differences and to determine the
community or species that had
significant impact on sample clas-
sification. LEfSe analysis empha-
sizes statistical significance and
biologic correlations [18]. The clu-
stering tree diagram showing
significant species differences is
displayed in Figure 3. The micro-
bial groups that significantly con-
tributed to the species diffe-
rences were analyzed by linear
regression analysis, and the LDA

ence within groups was smaller.

sample sequencing depth. Values closer to one
mean that the sequencing data covered most
of the species in the samples. The Chaol,
Observe, PD whole tree, Shannon, and Simpson
indices of the fecal colonies in the stage 4-5
CKD group were lower than those of the control
group (all P<0.05), indicating that the control
group had higher species diversity (Tables 3
and S2).

Beta diversity analysis

Beta diversity analysis is an analysis of species
diversity between pairs of samples [17]. PCA
analysis and Adonis analysis are two methods
that can analyze the overall differences am-
ong different groups. The Adonis analyses (n=5
per group) performed in this study indicated
significant differences in microbiota structure
between groups (P<0.05), as shown in Table
4 and Figure 2. Through Adonis analyses, the
total variance can be decomposed into a semi-
metric (such as Unifrac) or a metric distance
matrix (such as Euclidean). The dilution of
sample differences caused by different group-
ing or environmental factors was analyzed
using a linear model, and a significance analy-
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scores are shown in Figure 4.

Compared with the stage 4-5
CKD group, the bacterial genera with the great-
est contribution to the species differences in
the control group were, in descending order:
c_Bacteroidia, o_Bacteroidales, p_Bacteroidet-
es, c_Clostridia, o_Clostridiales, f_Ruminoco-
ccaceae, f_Prevotellaceae, g_Prevotella, g_
Faecalibacterium, g_Roseburia, etc. Compared
with the control group, the bacterial genera
with the greatest contribution to the stage 4-5
CKD group were as follows, in descending
order: p_Proteobacteria, f_Enterobacteriaceae,
o_Enterobacteriales, c¢_Gammaproteobacter-
ia, c_Bacilli, o_Lactobacillales, g_Escherichia_
Shigella, g_Enterococcus, f_Enterococcaceae,
and f_Lactobacillaceae.

Differential analysis of the OTUs between
groups

In the stage 4-5 CKD group and the con-
trol group, a total of 795 OTUs shared be-
tween groups or specific to each group were
obtained by the rank-sum test, among whi-
ch 255 OTUs with significant differences be-
tween the two groups were identified (P<
0.05) (Table S3). Heatmaps, box plots, and
PCA statistical graphs were constructed to

Am J Transl Res 2021;13(9):10056-10074
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Figure 2. Adonis differential analysis shows the distribution of samples between the groups (n=5 per group). The horizontal and vertical coordinates represent the
first and second principal coordinates, respectively, and the percentage represents the contribution of the corresponding principal coordinates to the sample differ-
ences. The points in the figures represent each sample. (A) is the stage 4-5 CKD group and (B) is the control group. The value distributions of the different groups on
the first and second principal coordinates are exhibited in the horizontal and vertical box plots, respectively. (A) The Unweighted UniFrac and (B) Weighted UniFrac.
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a: f__Actinomycetaceae

b: f__Corynebacteriaceae

c: f__Micrococcaceae

d: o__Actinomycetales

e: c__ Actinobacteria

f: p__Actinobacteria

g: f__Prevotellaceae

h: f__Rikenellaceae

i: o__Bacteroidales

j: ¢__Bacteroidia

k: p__Bacteroidetes

I: g__Saccharibacteria_genera_incertae_sedis
m: p__Candidatus Saccharibacteria
n: f__Staphylococcaceae

o: o__Bacillales

p: f__Aerococcaceae

q: f__Carnobacteriaceae

r: f__Enterococcaceae

s: f__Lactobacillaceae

t: f__Streptococcaceae

u: o__Lactobacillales

v: ¢__Bacilli

w: f__Catabacteriaceae

x: f__Eubacteriaceae

y: f__Lachnospiraceae

z: f__Peptostreptococcaceae

a0: f__Ruminococcaceae
al: o_ Clostridiales

a2: c__Clostridia

a3: f__Erysipelotrichaceae
ad: o__Erysipelotrichales
a5: c__Erysipelotrichia

a6: f__Acidaminococcaceae
a7: f_Veillonellaceae

a8: o__Selenomonadales
a9: c_ Negativicutes

b0: f__Rhodospirillaceae
bl: o__ Rhodospirillales
b2: f_Oxalobacteraceae
b3: f_ Sutterellaceae

b4: o__Burkholderiales

b5: f__Neisseriaceae

b6: o Neisseriales

b7: c__Betaproteobacteria
b8: f__Enterobacteriaceae
b9: o__Enterobacteriales
c0: f__Moraxellaceae

cl: f__Pseudomonadaceae
c2: o__Pseudomonadales
c3: c__Gammaproteobacteria
c4: p__Proteobacteria

Figure 3. In the microbiota clustering tree diagrams, different colors represent different groups (A is the stage 4-5 CKD group, B is the control group). The colored
nodes indicate the microbiota that play an important role in each group. The yellow nodes represent the microbiota that do not play an important role in each group.

The names of the species are listed in the legend on the right.
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Figure 4. LEfSe analysis was used to statistically resolve the microbiota with
significant effects in the different groups. The LDA threshold was set as 2. (A)

The stage 4-5 CKD group and (B) the control group.

show the differential OTUs, as shown in Figure
5.
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Differential analysis of the
genera between groups

In this experiment, 61 genera
with differences between the
stage 4-5 CKD group and the
control group were found
(P<0.05), as shown in Table
S4. Heatmaps, box plots, and
PCA statistical graphs were
plotted to show the differen-
tial genera (Figure 6). A total
of 111 species with obvious
differences between groups
were found at the phylum,
class, order, family, and genus
levels (P<0.05), as shown in
Table S5. Heatmaps, box plo-
ts, and PCA statistical graphs
were constructed to show the
species differences at various
levels (Figure 7).

Spearman correlation coef-
ficient analysis of the domi-
nant species

The top 30 significantly differ-
ent species with the largest
contribution to species rich-
ness were selected at all lev-
els of flora through LEfSe
analysis, and a Spearman’s
heatmap was drawn using R
software, which represented
the interaction pattern be-
tween dominant species, su-
ch as the symbiosis and an-
tagonistic relationships of ea-
ch flora. The important pat-
terns and relationships be-
tween the dominant species
can be intuitively observed in
Figure 8A.

LEfSe analysis of the KEGG
pathways

48 6.0 .
The LEfSe analysis method

was used to estimate the
effect of the metabolic path-
ways (KEGG pathway) of each
component on the species dif-
ferences and to identify the
metabolic pathways that had significant differ-
ences in the sample classification (the default
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Figure 5. The heatmap, box plot, and PCA graphs of differential OTUs in the microbiota (A is the stage 4-5 CKD group and B is the control group). (A) Horizontal
clustering indicates similar richness of the species in each sample. A closer distance and a shorter branch suggest that the composition of the two species is more
similar between samples. Vertical clustering represents the expression similarity of all species in the different samples. A closer distance and a shorter branch
length indicate that the composition and richness of species between samples are more similar. (B) The horizontal coordinate indicates the names of the OTUs and
the vertical coordinate shows the log, value of the relative richness. (C) The horizontal coordinate represents the first principal component, and % represents its
contribution to the sample differences. The vertical coordinate represents the second principal component, and % represents its contribution to the sample differ-
ences. Every point in the graph represents a sample.
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Figure 6. The heatmap, box plot, and PCA graphs of the differential species at the genus level in the microbiota (A is the stage 4-5 CKD group and B is the control
group). (A) Horizontal clustering indicates similar richness of the species in each sample. A closer distance and a shorter branch suggest that the composition of the
two species was more similar between samples. Vertical clustering represents the expression similarity of all species in different samples. A closer distance and a
shorter branch length indicate that the composition and richness of species between samples are more similar. (B) The horizontal coordinate indicates the names
of the genera and the vertical coordinate shows the log, value of the relative richness. (C) The horizontal coordinate represents the first principal component and %
represents its contribution to the sample differences. The vertical coordinate represents the second principal component and % represents its contribution to the
sample differences. Every point in the graph represents a sample.
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Figure 7. The heatmap, box plot, and PCA graphs of differential species at all levels in the microbiota (A is the stage 4-5 CKD group and B is the control group). (A)
Horizontal clustering indicates similar richness of the species in each sample. A closer distance and a shorter branch suggest that the composition of the two spe-
cies is more similar between samples. Vertical clustering represents the expression similarity of all species among the different samples. A closer distance and a
shorter branch length indicate that the composition and richness of species between samples are more similar. (B) The horizontal coordinate shows the names of
the species and the vertical coordinate shows the log, value of the relative richness. (C) The horizontal coordinate represents the first principal component and %
represents its contribution to the sample differences. The vertical coordinate represents the second principal component and % represents its contribution to the
sample differences. Every point in the graph represents a sample.
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Figure 8. A. Shows the correlation coefficients of the top 30 species according to differential richness. The blue on the right represents a positive correlation and
the red shows a negative correlation. A darker shade indicates a stronger correlation between species. The left prefix “k_", “p_", “c_", “0_", “f_" before the species
shows that they are respectively annotated to the kingdoms, phyla, classes, orders, and families. B. The horizontal coordinate is the log value obtained through the
LDA of the KEGG pathway that has a significant effect on the different groups, which represents the enrichment degree of the KEGG pathway in the different groups.
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screening condition was set as LDA >2). The
results suggested that the relevant metabolic
and other functions changed along with altera-
tions in the relevant flora structures (Figure
8B).

Discussion

The human gut microbiota form an intestinal
microecosystem and their steady-state struc-
ture failure can cause clinical symptoms [19].
The homeostasis of the intestinal microecosys-
tem is related to the richness of the flora pres-
ent in the tissues. For example, in obese indi-
viduals, the ratio of intestinal Firmicutes/
Bacteroides was increased, while the richness
of polymorphic Bacteroidetes decreased signif-
icantly [20]. Additionally, dietary patterns can
also lead to changes in the steady-state struc-
ture of the intestinal microecosystem, such as
changes in the composition of the gut microbio-
ta induced by intermittent fasting [21]. Drug
abuse, such as antibiotic abuse, may also
cause the translocation of gut microbiota,
resulting in colony instability and inflammation
[22]. An imbalance in the human gut microbiota
caused by multiple risk factors can further
affect kidney function [23].

The mechanism by which the gastrointestinal
tract and kidney interact with each other
through the microbiota remains unclear. The
microbiota mainly play a bridging role in the
interaction between the gut and the kidney
through the GKA mechanism, which is a two-
way information exchange system that involves
structural changes in the gut microbiota, intes-
tinal barrier, inflammatory response, immune
response, material and energy absorption, and
the presence of certain metabolites [23-25].
The gut microbiota are a core component of the
GKA. A chronically unstable intestinal micro-
ecology is prone to cause an imbalance in
the gut microbiota, leading to a significant
decrease in the number of beneficial bacteria
such as Bifidobacteria and Lactobacillus and
an increase in the number of pathogenic bacte-
ria such as enterobacteria and Enterococcus
[26]. However, intestinal barrier dysfunction
may permit intestinal bacteria and endotoxins
such as lipopolysaccharides to continuously
enter the blood circulation through the intesti-
nal tract in trace amounts and form a subclini-
cal level of endotoxemia, which activates the
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mononuclear-macrophage system, releases a
large number of inflammatory cytokines, and
induces a systemic inflammatory response
[27]. The systemic inflammatory response is an
independent risk factor for the deterioration
brought about by CKD and is also a risk factor
for cardiovascular disease (CVD) complications
caused by CKD. Therefore, the occurrence and
development of CKD can be delayed by improv-
ing the systemic inflammatory response [28].
Administration of probiotics can slow the
decline in kidney function in patients with non-
dialysis CKD [29, 30].

The gut microbiota are also one of the sources
of uremic toxins. Due to an increase in the num-
ber of pathogenic bacteria that can produce
uremic toxins in CKD, a large number of enter-
ogenous uremic toxins, such as para-cresol sul-
fate (PCS) and indoxyl sulfate (IS), accumulate
in the blood, while levels of short-chain fatty
acids (SCFAs), which are beneficial to the body
and can regulate blood pressure under norm-
al conditions to protect kidney cells, show a
decreasing trend [31]. Anaerobic bacteria in
the gut microbiota ferment tyrosine and trypto-
phan in food to produce para-cresol and
indoles, which are then metabolized in the liver
to produce PCS and IS [32]. The injection of
PCS into uninephrectomized B-6 mice resulted
in increased tubulointerstitial oxidative stress
levels, inducing the expression of inflammatory
factors, damaging renal tubular cells, aggravat-
ing renal fibrosis [33], inducing CpG island
methylation of the Klotho gene, and reducing
Klotho expression in renal tubular cells. In rats
that underwent 5/6 nephrectomy, oral adminis-
tration of IS significantly increased their oxida-
tive stress levels, showing more obvious glo-
merulosclerosis, and leading to the progression
of CKD [25]. The accumulation of both IS and
PCS can lead to the occurrence of renal oste-
opathy [34]. IS and PCS are mainly secreted
and excreted by organic anion transporters on
the basal membrane side of renal tubules, and
they are not easily cleared through dialysis. IS
and PCS are closely related to CKD progression
and the occurrence of fatal CVD [35]. IS and
PCS may be involved in the pathogenesis of
CVD in a variety of ways, such as through stimu-
lation of inflammation and the oxidative stress
response, stimulating the heart, damaging vas-
cular endothelial cells, increasing platelet activ-
ity, and inducing the production of atheroscle-
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rotic lesions [36]. Intestinal adsorbents such as
AST-120 can remove enterotoxins and delay
the deterioration of kidney function in uremic
rats [37].

Trimethylamine n-oxide (TMAOQ) is also a uremic
toxin. Choline and carnitine, which are found in
certain foods such as red meat and shellfish,
are the main raw materials for the production of
TMAO. Under the action of trimethylamine lyase
produced by the gut microbiota, this kind of
food is metabolized as trimethylamine, and
TMAQO is generated through the catalysis of liver
flavin-containing monooxygenase 3 and is ulti-
mately cleared through the kidney. Long-term
administration of TMAO or choline in a mouse
model has been shown to lead to renal fibrosis
and elevated levels of tubular injury markers
[38]. Although TMAO is a small molecule that
can be effectively cleared by dialysis, its harm-
ful effects cannot be ignored. Current studies
show that the elevated levels of TMAO in the
blood of patients with CKD is related to the for-
mation of foam cells, atherosclerosis, and the
occurrence of CVD [39] and that TMAO is also
an independent predictor of coronary athero-
sclerosis [40]. CKD patients with high levels of
TMAQO in their blood have poor prognosis, a low
probability of long-term survival, and a high risk
for CVD complications [41].

Mounting evidence suggests that immune
response is an important pathophysiological
mechanism of the GKA [32, 42]. Bifidobacteria
in the gut microbiota can promote the expres-
sion of the tight junction proteins ZO1 and
occludin in intestinal epithelial cells, maintain-
ing the integrity of the intestinal mucosal barri-
er. In addition, segmented filamentous bacteria
such as Bacteroides and Clostridium difficile
can regulate the proliferation and differentia-
tion of intestinal immune-regulatory T cells,
auxiliary T lymphocytes, and intestinal mucosa-
secreted IgA, resulting in a strong innate and
adaptive immune response of the intestinal
tract [43, 44]. Kidney function is closely related
to the immune system; for instance, the exis-
tence of different forms of inflammation and
infection, the overstimulation of the immune
system, and the dominant Thl immune response
leads to an increased possibility of proliferative
and crescentic glomerulonephritis [45]. An
imbalance in the ratio of gut microbiota in mice
fed a high-salt diet for a long term was accom-
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panied by an impaired intestinal immune gene
expression, kidney injury, as well as CVD [46].
Long-term dysbacteriosis aggravates microin-
flammation in patients with CKD as the micro-
biota and its metabolites can participate in the
immune inflammatory response in CKD, caus-
ing the activation of the systemic immune sys-
tem [47]. The levels of C-reactive protein in
patients with CKD were decreased but their
immune-related indices increased after sup-
plementation with probiotics (such as Bifido-
bacterium and Bactrium) [48]. Patients with
CKD often have weakened adaptive immunity,
making them susceptible to infection, increas-
ing the risk and incidence of complications
such as CVD. However, fecal microbiota trans-
plantation can improve this situation; for exam-
ple, patients with CKD are prone to develop
Clostridium difficile-associated diarrhea but
fecal microbiota transplantation with beneficial
bacteria can reduce the incidence of enteritis
and diarrhea in these patients. It was suggest-
ed that the connection between dysbacteriosis
and immune inflammation in the gut microbiota
accelerates the progression of CKD [49].

The results of this study suggest that the rich-
ness of Bacteroidia, Bacteroidales, and Bacte-
roidetes in the intestinal tract of healthy indi-
viduals was higher than those in patients with
CKD and that Bacteroidetes played a dominant
role in the intestinal microbiota of healthy
adults [50]. Bacteroidia, Bacteroidales, and
Bacteroidetes in the natural orifices can pro-
duce butyric acid, propionic acid, acetic acid,
and other SCFAs by fermentation, and SCFAs
can inhibit inflammation and reduce kidney
injury [51]. Clostridia are gram-positive bacteria
that can limit the colonization of pathogenic
Enterobacteriaceae in the intestinal tract of
newborns [52] and also reduce the incidence of
urinary tract infections. Roseburia is a gram-
positive anaerobic bacterium that can prevent
atherosclerosis and alleviate the symptoms of
CKD and CVD [53]. The dominant genus in the
control group was Prevotella while Bacteroides
was the normal microbiota in the oral, gut, and
female genital tracts [54]. Prevotella is associ-
ated with carbohydrate metabolism and low
pathogenicity and its richness can also be
associated with gastrointestinal symptoms.

In the CKD group, 67 differential genera were
identified; therefore, we believe that the initia-
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tion of CKD was related to a disorder in the
gut microbiota. The richness of Proteobacter-
ia, Enterobacteriaceae, Gammaproteobacteria,
and Bacilli in patients with CKD stage 4-5
was dramatically higher than that of the control
individuals, suggesting that CKD had a charac-
teristic microbiota structure. Proteobacteria,
Enterobacteriaceae, and Enterobacteriales in
patients with CKD may be bound to uremic
toxins [26, 55]. A study has reported that the
increased richness of Gammaproteobacteria
was associated with the occurrence of colitis
[56]. Moreover, the classes Bacilli and Gam-
maproteobacteria and order Enterobacteriales
have shown adverse effects on a mouse model
of conventional adenoma of colon cancer at
an early stage [57]. However, the increased
proportion of facultative anaerobes such as
Proteobacteria is a potential factor for intesti-
nal microdysbiosis and a risk factor for kidney
diseases [58].

In the present study, we found that changes
in the microecology of gut microbiota can lead
to the dysregulation of gut microbiota, changes
in specific metabolites, and induction of sys-
temic inflammatory responses, which in turn
can cause immune disorders and atherosclero-
sis, thus accelerating the progression of CKD
and the occurrence of CVD complications. With
the progression of CKD, the imbalance of the
gut microbiota is aggravated, and a vicious cir-
cle of positive feedback is created. For exam-
ple: the abundance of Proteobacteria, Entero-
bacteriaceae, Gammaproteobacteria and Ba-
cilli in patients with stage 4-5 CKD was signifi-
cantly higher than that of the control group,
suggesting that CKD had a characteristic micro-
biota structure. Proteobacteria, Enterobacteria-
ceae, and Enterobacteriales in CKD patients
may be associated with the uremic toxins (e.g.
para-cresol sulfate, indoxyl sulfate, trimethyl-
amine n-oxide). When the intestinal flora is out
of balance, the accumulation of enterogenous
uremic toxins such as para-cresol sulfate,
indoxyl sulfate, trimethylamine n-oxide lead to
the change of intestinal microecological, bacte-
rial translocation, metabolites change, causing
systemic inflammatory response, and then
leading to immune disorders, and atherosclero-
sis. This accelerates the progression of CKD
and the occurrence of cardiovascular complica-
tions. The decline in renal function slows down
the clearance of uremia toxins and accumu-
lates in the blood, forming a vicious cycle, which
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in turn leads to the deterioration of CKD pa-
tients and a high incidence of cardiovascular
complications. Of course, the mechanism may
be more complex than this. We will further
explore the mechanism of the responsible gut
microbiota in the future. Our team will conduct
animal experiments on bacteria associated
with CKD4-5 stage in the future, such as study-
ing the effect of fecal bacteria transplantation
on mice with chronic kidney disease, exploring
the therapeutic effect of fecal bacteria trans-
plantation on chronic renal failure, and screen-
ing the inflammatory cytokines and related sig-
nal pathways involved in the treatment of
chronic renal failure by fecal bacteria trans-
plantation. This study will provide a theoretical
basis for further study of the influence mecha-
nism of fecal bacteria transplantation on chron-
ic renal failure and the treatment of chronic
renal failure by regulating gut microbiota.

We preliminarily found that gut microbiota
diversity was highly correlated with CKD stages
4-5. Hence, in the future, fecal microbiota
transplantation may become a promising treat-
ment for patients with CKD to improve symp-
toms and delay progression.
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