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Abstract: Owing to the symbiotic relationship between the microbiota and the human body, the microbiome is
considered a “second human genome”. Microorganisms are inextricably associated with human diseases and can
affect the host phenotype. In the present study, 25 female patients with stage 5 chronic kidney disease (CKD5)
undergoing hemodialysis in our hospital and 25 healthy subjects were recruited. The structure of the oral micro-
biota of the study participants was analyzed using the MiSeq PE300 sequencing platform and high-throughput
16S rDNA sequencing. The microbiota was compared between the groups using QIIME and the stats package in
R. In total, 1,336 operational taxonomic units (OTUs) were obtained, and the relative frequencies of 450 OTUs dif-
fered significantly between the two groups (P < 0.05), indicating that the samples were rich in OTUs. A comparison
of B-diversity indicated a significant difference in the microbial community structure between the two groups (P <
0.05). These results indicated that the biological diversity of the oral microbiota was highly correlated with CKD5. In
this experiment, 189 genera, with significant differences in abundance between the groups (P < 0.05), were found.
Furthermore, differences in the structure of the oral microbiota were observed between the groups at the phylum,
class, order, family, and genus levels. Collectively, an imbalance in the oral microbiota may accelerate the progres-
sion of CKD and cause additional complications.

Keywords: Stage 5 chronic kidney disease, hemodialysis, oral microbiota, 16S rDNA sequencing, immune imbal-
ance

Introduction

Lederberg et al. [1] proposed the concept of the
human microbiome, which is the general term
for the symbiotic and pathogenic microorgan-
isms in the ecological community found in or on
the human body. Owing to the symbiotic rela-
tionship, the microbiome is considered a “sec-
ond human genome” and has been studied
extensively. Generally, human genes include
genes in both the human genome and the
microbiome; thus, the metabolic functions of
humans have characteristics of both humans
and microorganisms. Microorganisms are inex-
tricably linked to human diseases and pheno-
typic variation. Many microorganisms can be

found in the oral cavity, and the oral mucosa
consistently interacts with several microorgan-
isms. The oral cavity contains the most microor-
ganisms in the human body after the intestine.
Interactions among oral microbes contribute
to the response to adverse external stimuli.
Imbalances in the microbiota can lead to oral
diseases, such as dental caries and periodonti-
tis [2], mucosal diseases, and other systemic
diseases [3], such as those of the gastrointesti-
nal and nervous systems [4]. Thus, the oral
microbiota plays an important role in human
microbial communities and human health [5].

An imbalance in the intestinal microbiota in
patients with stage 5 chronic kidney disease
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(CKDb5) receiving hemodialysis (HD) has been
clearly demonstrated [6]. Additionally, the oral
cavity is the main entry site of the gastrointesti-
nal tract, and oral pathogenic microorganisms
induce disruptions in the intestinal microflora in
animal models [7]. A previous study has shown
that the content of periodontal pathogens in
patients with end-stage renal disease is higher
than that in non-CKD controls [8, 9]. The peri-
odontal tissue of adolescent patients with
CKD not receiving dialysis is destroyed, result-
ing in a change in the oral microbiota [10]; how-
ever, the degree of periodontal lesions increas-
es in patients undergoing dialysis, resulting in
a step-by-step change in the oral microbiota.
When categorizing patients with CKD into
hemodialysis, continuous peritoneal dialysis,
and non-dialysis treatment groups [11], the
severity of periodontal disease was the great-
est in the CKD group, with substantial changes
in the degree of periodontal disease and the
oral microbiota in the hemodialysis group [11].
In the first study on the relation of serum anti-
bodies with oral pathogenic microorganisms
and renal function, Kshirsagar et al. found that
the serum IgG levels against various patho-
gens, including Porphyromonas gingivalis, Tre-
ponema denticola, Haemophilus, and Actino-
mycetes, in the abnormal oral microbiota were
negatively correlated with the glomerular filtra-
tion rate, a measure of renal damage [12].

In this study, we analyzed the composition of
the oral salivary flora and metabolic profiles in
patients with CKD and healthy controls. We
determined the main microbial taxa in the oral
cavity of patients with CKD and the effect of
hemodialysis on the microbiota. These results
provide a theoretical basis for the regulation of
the oral microbiota during adjuvant treatment
for CKD.

Materials and methods
Diagnostic, inclusion, and exclusion criteria

CKD was diagnosed if one of the diagnostic cri-
teria was met [33]. The inclusion criteria of
CKD5 hemodialysis were: 1) patients (aged >
20 years) were diagnosed with CKD5 and
received regular dialysis therapy for more than
3 years (three times per week). 2) patients
received regular phosphorus binder treatment,
and all individuals resided in local areas and
had similar eating habits. The exclusion criteria
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were as follows: 1) oral infections, inflamma-
tion, pustules, ulcers, benign or malignant
masses, and other oral diseases; 2) the use of
antibiotics, Niaoduqing, or other preparations
containing catharsis ingredients within 4 weeks
before sampling; 3) a family history of genetic
kidney diseases; 4) smoking and drinking hab-
its; 5) inability to communicate and cooperate
normally; 6) history of autoimmune diseases
with tumors, acute and chronic infections, and
active diseases; 7) blood transfusion in the
past 3 months and the use of adrenal cortex
hormones and immunosuppressive agents
within the past 2 weeks; and 8) lack of com-
plete soft tissues (including the gums, oral
mucosa, tongue, pharynx, and tonsils) or miss-
ing more than eight teeth for any reason. The
inclusion criteria of controls were as follows: 1)
eGFR > 90 mL/(min-1.73 m?); 2) there was no
abnormality in routine urine and renal imaging;
3) no history of chronic diseases (hypertension,
diabetes, hyperuricemia and rheumatic im-
mune diseases) that cause damage to the kid-
ney; 4) no history of kidney transplantation; 5)
no active inflammation; 6) no antibacterial
drugs and immunosuppressants have been
used within 3 months, and there was no obvi-
ous infection of viruses, bacteria or fungi and
other pathogens.

Saliva sample collection and DNA extraction

Pre-dialysis patients were not allowed to eat,
drink, smoke, or chew gum 30 min before sam-
pling. The mouth was rinsed with drinking
water. The saliva was retained in the mouth for
at least 1 min and repeatedly collected in a
sterilized centrifuge tube. Once a sufficient vol-
ume of saliva (2-5 mL) was obtained, the sam-
ple was centrifuged at 3000 rpm for 15 min.
The supernatant was then discarded and the
remaining sample was quickly frozen in liquid
nitrogen and stored at -80°C. For salivary
microbial genome extraction, the 16S rRNA uni-
versal primer-341F/806R-was used for PCR
amplification of the extracted DNA. The 341F/
806R primers were synthesized by Lifetech/
Thermo.

Sequencing of the V3-V4 region of the 16S
rRNA gene

After PCR amplification, product purification,

and inspect of the library quality, Qubit was
used for library quantification. Mixing and
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homogenization were carried out according to
the data volume requirements for each sample.
16S-specific primers were used to amplify the
V3-V4 region, and an amplified fragment of
approximately 425 bp was obtained. After the
adapter was added, lllumina MiSeq was used
for sequencing. PANDAseq (V2.9) was used to
assemble paired-end reads [34]. After splicing,
a long base sequence (clean read) was obtain-
ed for the 16S rRNA analysis. The sequencing
primers for bacterial 16S rDNA were U341
(CCTACGGGRSGCAGCAG) and U806 (GGACTA-
CVVGGGTATCTAATC) [35, 36]. Sequencing was
performed by Shanghai Applied Protein Tech-
nology Co., Ltd. (Shanghai, China).

Operational taxonomic unit clustering

To facilitate the analysis of species diversity,
long reads were clustered into OTUs. Clean
reads were classified based on unique se-
quence tags. The abundance of each tag was
determined (i.e., read counts were obtained),
and then tags were sorted according to their
abundance. Clustering was performed with a
similarity threshold of 0.97. After chimera filter-
ing of the clustered sequences, the OTUs were
obtained, and all clean reads were aligned to
the OTU sequence [37]. Using the Greengenes
database, the representative sequence was
compared with the 16S DNA of known species.
After species classification and annotation of
each OTU, the OTU abundance table was ob-
tained [38].

Sample complexity and comparison between
groups

QIIME was used to analyze alpha and beta
diversity indices [13]. An iterative algorithm
was used to calculate the difference between
groups based on weighted species classifica-
tion abundance information and unweighted
species classification abundance information
and results were visualized using distance-
based box plots. The difference between the
two groups was analyzed using the Wilcoxon
test implemented in the R stats package. The
Kruskal test in R was used for comparisons
between more than two groups.

Metabolites and correlation analysis

Metabolomics based on UHPLC-Q-TOF MS were
used to analyze differences in metabolic pro-
files between samples. The experimental
instruments and reagents used were as fol-
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lows: AB Triple TOF 5600/6600 mass spec-
trometer (AB SCIEX); Agilent 1290 Infinity LC
ultra-high pressure liquid chromatograph (Agi-
lent); low-temperature high-speed centrifuge
(Eppendorf 5430R); Waters, ACQUITY UPLC
BEH Amide 1.7 ym, 2.2 mm x 100 mm column
and Waters, ACQUITY UPLC HSS T3 1.8 um,
2.1 x 100 mm column; acetonitrile (Merck,
1499230-935); and ammonium acetate (Sig-
ma, 70221). After data were preprocessed
using Pareto-scaling, multi-dimensional statis-
tical analyses were performed, including unsu-
pervised principal component analysis (PCA),
supervised partial least-squares discriminant
analysis (PLS-DA), and orthogonal partial least-
squares discriminant analysis (OPLS-DA). One-
dimensional statistical analyses included the
Student’s t-test and multiple analysis of vari-
ance. R software was used to construct volca-
no plots. Spearman correlation coefficients
were used to analyze the correlations between
microbial taxa with significant differences in
abundance and significant differential meta-
bolites. Thereafter, using R and Cytoscape, a
matrix heat map was generated and hierar-
chical clustering, KEGG enrichment analysis,
and correlation network analysis were per-
formed. The interactions between microbial
taxa and metabolites were explored from mul-
tiple perspectives.

Statistical methods

The clinical data of this subject were analyzed
using SPSS 20.0 software. The normally distrib-
uted measures were expressed as mean =+
standard deviation, and independent samples
t-test was used for comparison between two
groups. The non-normally distributed measures
were expressed as median (M) and 25-75%
quartiles (Quartiles), and the Two-Sample Kol-
mogorov-Smirnov test was used for compari-
son between two groups, while the chi-square
test was used for comparison between groups
of count data. In addition, flora statistical analy-
sis was performed according to the R language,
as described previously. All P values were two-
tailed, and P < 0.05 was considered statisti-
cally significant.

Results
General information

A total of 25 patients undergoing hemodialysis
with CKD who met the relevant diagnostic and
inclusion criteria were enrolled from June 2020
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Table 1. Comparison of clinical parameters between the CKD5 hemodialysis group and control group

item CKD5 hemodialysis group (n=25) control group (n=25) F value P value
Sex (male/female) 13 (52%)/12 (48%) 12 (48.0%)/13 (52.0%) 0.110 0.074
Age (years) 55.56+7.59 54.84+14.223 0.594 0.445
BMI (kg/m?) 22.21 (17.75-26.33) 23.25 (17.04-28.65) 1.360 0.249

eGFR (mL/(min-1.73m3))
uric acid (umol/L)

5.35 (4.37-7.37)

425.00 (315.00-538.00)

94.10 (80.21-104.40) 4.444 0.000
350.50 (292.00-404.50) 1.615 0.011

Note: BMI, Body Mass Index; CKD, Chronic Kidney Disease; eGFR estimate Glomerular Filtration Rate.

to September 2020. A total of 25 healthy con-
trols (12 males and 13 females) were recruited
from the physical examination center of our
hospital as controls. See Table 1 for details.
This study was approved by the Ethics Com-
mittee of Fujian Provincial Hospital in China.
The recruited subjects signed the informed
consent form.

Operational taxonomic units identification and
species abundance analysis

In total, 1,336 operational taxonomic units
(OTUs) were obtained from 50 samples
(Supplementary Table 1). Based on species
annotation results, histograms for species pro-
filing were generated for each sample at the
phylum, class, order, family, and genus levels. A
histogram of the relative species abundance
can be used to visually evaluate the relative fre-
qguencies of taxa in samples at different classi-
fication levels (Figure 1A-E). According to the
species accumulative curve, the sample size
was sufficient (Figure 1F and 1G).

Alpha diversity analysis

Alpha diversity indices reflect the species diver-
sity of a single sample, including the observed
species, Chaol, and phylogene diversity (PD)
whole tree indices [13, 14], as well as the
Shannon and Simpson indices. A curve that
tends to be flat indicates that the amount of
sequencing data is sufficient to reflect the
microbial information for the sample (Figure
1F). The larger the PD whole tree index, the
greater the difference in the preservation of the
evolutionary history of the species. As deter-
mined by rank sum tests (i.e., Kruskal-Wallis
tests), the Chaol, PD whole tree, Shannon,
Simpson, Goods coverage, and observed spe-
cies differed significantly between the groups
(P <0.1) (Table 2).
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Beta diversity analysis

Beta diversity indicates differences in species
diversity between a pair of samples [15]. Beta
diversity was compared based on weighted
UniFrac distances, indicating a significant dif-
ference in the microbial community structure
between the two groups (P < 0.05) (Figure 1K).
At the phylum, class, order, family, and genus
levels, the differences in species diversity
among samples were further evaluated using
principal components analysis (PCA), principal
coordinates analysis (PCoA), and non-metric
multi-dimensional scaling (Figure 1H, 1J, and
1K). When two samples are close in these anal-
yses, the species composition of the two sam-
ples is similar. ANOSIM also indicated a signifi-
cant difference between the two groups (Figure
11). The diversity of oral microbes differed sub-
stantially between patients with CKD5 under-
going hemodialysis and controls.

Identification of key taxa associated with CKD5

An LDA effect size (LEfSe) analysis was used to
estimate the influence of the abundance of
each component (species) and determine the
communities or species that have a signifi-
cant effect on sample division. LEfSe analysis
emphasizes statistical significance and biologi-
cal relevance [16]. A phylogeny of species with
significant differences is shown in Figure 1L.
The microbial groups with significant differenc-
es in abundance between patients with CKD5
and healthy controls were identified (P < 0.5)
(Figure 2A). The abundance of each biomarker
in different groups is shown in Supplementary
Figure 1. A STAMP difference analysis, which
was used to compare the abundance of spe-
cies between two sets of samples or multiple
sets of samples, indicated a significant differ-
ence in oral microbial taxa between the CKD5
group and healthy controls (Figure 2B-D).
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Figure 1. A. Histogram of the relative abundance of each taxon at the phylum level. B. Relative abundance of species
in each group at the phylum level; different colors represent different species. The abscissa represents different
samples or groups, the ordinate represents the relative abundance of different species. C. Rank-abundance curve.
Abscissa: OTU abundance grade; ordinate: relative frequency of the sequence for the OTU of this grade. The sample
ID is displayed on the right. D. Histogram of the relative abundance of each sample at the genus level. E. Histogram
of the relative abundance of each group at the phylum level. Different colors represent different species, shown on
the right side of the figure. The abscissa represents different samples or groups, and the ordinate represents the
relative abundance of different species. F. Species accumulation curves. The abscissa represents the sample size,
and the ordinate represents the number of OTUs after sampling. G. Shannon curve. The abscissa represents the
number of randomly selected sequence reads, and the ordinate represents the Shannon index. H. Each point repre-
sents a sample, and the distance between points represents the degree of difference; samples in the same group
are shown in the same color. I. Anosim analysis. Abscissa: Between two groups, and the other two axes showed
results within the respective groups. The ordinate represents the rank of the distance between the samples. The R
value is between (-1, 1); an R value greater than O indicates a significant difference between groups, whereas an R
value less than O indicates that differences within groups are greater than differences between groups. J. PCA. The
abscissa represents the first principal component, the ordinate represents the second principal component, and the
percentage represents the contribution to the sample difference. K. PCoA based on weighted UniFrac distances. The
abscissa represents the first principal component, and the ordinate represents the second principal component.
The percentage represents the contribution to the sample difference. Each point in the figure represents a sample,
and different colors represent the group to which the sample belongs. L. Cladogram. The inner-to-outer circles rep-
resent the classification from the phylum to genus (or species) level. At different classification levels, each small
circle represents a classification at that level, and the diameter is proportional to the relative abundance. Red and
green indicate important contributions to different groups; yellow nodes indicate microbial groups that do not play
an important role in the two groups. R, patients with stage 5 chronic kidney disease on hemodialysis; C, controls.

Table 2. Comparison of alpha diversity indices between groups (median, M)

Iltem CKD 5 hemodialysis group Control group Z value P value
Chaol 451.4819 412.1302 1.414 0.037
Observe 362.0400 336.6400 1.273 0.078
PD whole tree 11.3877 10.6919 0.990 0.012
Shannon 4.4672 4.3440 0.707 0.047
Simpson 0.8784 0.8672 0.849 0.046
Goods coverage 0.9989 0.9986 1.414 0.010

Note: CKD 5, stage 5 Chronic Kidney Disease.

Comparison of metabolites (TMAQ), and ribitol (Supplementary Tables 2

and 3). Volcano maps and cluster graph were

A typical TIC chromatogram obtained via
UHPLC-Q-TOF MS is presented in Figure 3A-D.
OPLS-DA is a supervised discriminant analysis
method. The Q2 parameter for our OPLS-DA
model was greater than 0.5, and R2Y was close
to 1, indicating that the model was stable
(Figure 3E-H).

The variable importance in projection (VIP)
obtained via the OPLS-DA model was used to
evaluate the influence of the expression pat-
tern of each metabolite on the classification
and determine the differential metabolites
with biological significance. The differences
between each group were screened with VIP >
1 as the threshold. Univariate statistical analy-
ses were used to verify whether the differences
in the metabolites were significant. Metabolites
with P < 0.05 were identified as significantly dif-
ferent between the groups and included bi-
3-hydroxybutyric acid, trimethylamine N-oxide
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drawn to visually demonstrate the differences
in species at various levels (Figure 31 and 3J;
Supplementary Figures 2, 3, 4, 5). A KEGG
enrichment analysis revealed that the differen-
tial metabolites were related to ABC transport-
er, central carbon metabolism in cancer, and
protein digestion and absorption (Figure 4A).

Analysis of correlations between dominant
species

A correlation analysis revealed an association
between significantly different microbiota and
significant metabolites. The groups were clearly
distinguished according to metabolomics and
microbial diversity. Ten microbial taxa and 172
metabolites with significant differences be-
tween the groups were screened (Supple-
mentary Figure 6). Based on Spearman correla-
tion coefficients, the relationships between
taxon abundances and metabolite levels were

Am J Transl Res 2023;15(5):3342-3354
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Figure 3. Typical metabolic profiles of samples in each group. A-D. Typical TIC chromatogram obtained by UHPLC-Q-TOF MS. A. Positive ion TIC of samples from the
CKD5 group. B. Positive ion TIC of the control sample. C. Negative ion TIC of samples from patients with stage chronic kidney disease. D. Negative ion TIC of the con-
trol sample. E and F. OPLS-DA score chart for positive and negative ion mode. G and H. OPLS-DA replacement test for positive and negative ion mode. The abscissa
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represents the permutation retention of the permutation test, and the ordinate represents the value of R2 or Q2;
all Q2 points from left to right are lower than the original blue Q2 point on the far right, indicating that the model is
robust and reliable, without overfitting. | and J. Volcano plot for positive and negative ion modes. The red dots repre-
sent metabolites with FC > 1.5 and P < 0.05, which are differential metabolites screened by a univariate statistical
analysis. R, patients with stage 5 chronic kidney disease on hemodialysis; C, controls. OPLS-DA, orthogonal partial
least-squares discriminant analysis.
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Figure 4. A. KEGG pathway enrichment analysis results. The color of the circle represents the size of the enriched P-
value; the size of the dot represents the number of metabolites involved in the corresponding pathway. Ordinate: the
metabolic pathway where the target metabolite is enriched; abscissa: enrichment factor. B. Spearman correlation
analysis network diagram of significant differential microbiota and metabolites. The circles represent bacterial gen-
era, the rectangles represent significantly differential metabolites. Blue and red represent a positive and negative
correlation coefficient; the thickness of the line is proportional to the absolute value of the correlation coefficient.
The node size is positively correlated with the degree; the greater the degree, the larger the node size. R, patients

with stage 5 chronic kidney disease on hemodialysis; C, controls.

calculated. Three and fifteen pairs of metabo-
lites from the oral microbiota with significant
positive and negative correlations, respective-
ly, were found (Figure 4B). Using R and Cy-
toscape, in-depth data mining was performed
to evaluate the microbiota and metabolites

(Supplementary Table 4 and Supplementary
Figures 7 and 8).

Difference in the microbiota between patients
with stage 5 chronic kidney disease and
healthy controls at the genus level

The relevant bacterial genera (in descending
order) with a greater contribution to the CKD5
and hemodialysis group than healthy controls
were Leptotrichia, Capnocytophage, Coryne-
bacterium, Burkholderia, Odoribacter, Alloba-
culum, Azospira, Salinibacterium, and Agro-
bacterium. The relevant bacteria with a greater
contribution to healthy controls (in descending
order) than patients were Haemophilus, Agg-
regatibacter, Mogibacterium, Actinobacillus,
Escherichia, Leptothrix, and Sutterella (Figure
2C).

3350

Discussion

In the present study, 189 bacteria and 172
metabolites with significant differences be-
tween groups were identified, providing clear
evidence for the imbalance in the oral microbi-
ota in cases of CKD5 and hemodialysis.
Notably, in the healthy human oral cavity,
Aggregatibacter can produce large amounts of
lactic acid, which significantly reduces the pH
of the oral environment, ultimately inhibiting
the growth and reproduction of basophilic
pathogens and reducing disease development
[17]. Aggregatibacter can produce bacterio-
cins, such as lactosporin and coagulin, key anti-
bacterial substances. The high thermal stability
of coagulin contributes to its long-term effects
against Listeria, Leuconostoc, Pediococcus,
and Oenococcus. In addition, coagulin has syn-
ergistic beneficial effects with Lactobacillus
and Lactococcus, inhibiting the metabolism of
proteins, DNA, and RNA in pathogens [17] and
thereby effectively inhibiting the growth and
reproduction of pathogenic bacteria. Lacto-
sporin is an anionic antibacterial substance
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that can penetrate and destroy the surface of
pathogenic bacterial cells. As a result, inorgan-
ic salt ions and other substances leak out of
the cell, causing the death of pathogenic bacte-
ria. In addition to inhibiting the growth of patho-
genic bacteria via bacteriocins, Bacillus coagu-
lans can reduce oxidation induced by reactive
oxygen species and enhance the macrophage
activity of neutrophils [17].

Cell wall components and the fermentation
supernatant of B. coagulans improve immune
and antioxidative activity and promote phago-
cytosis via the regulation of cytokines [18]. The
abundance of B. coagulans in patients with
CKD5 on hemodialysis was lower than that in
healthy controls, suggesting that immunity was
weaker in patients than healthy controls. This
reduced immune activity makes it easy for vari-
ous gingival pathogens to enter the blood
through the inflamed periodontal tissue, induce
systemic inflammation, and accelerate the
development of CKD, causing various compli-
cations.

Leptotrichia is a genus of non-motile, faculta-
tive anaerobic bacterium that mainly exists in
the oral cavity but is found in other parts of the
human body, including Lactobacillus labifor-
mis, Lactobacillus paleophyllus, Lactobacillus
hofsida, Lactobacillus hongkongensis, Lacto-
bacillus shahai, Lactobacillus trevisani, and
Lactobacillus valedi [19]. Some species can
only grow in the serum or blood. However, all
species can ferment carbohydrates and pro-
duce lactic acid, which may be related to tooth
decay. As opportunistic pathogens, they are
involved in various diseases and have been iso-
lated from individuals with immunodeficiency
and strong immunity. Mucositis, oral lesions,
wounds, and abscesses may easily result in
sepsis due to Trichoderma. Capnocytophaga is
a class of microorganisms that can survive
under high concentrations of carbon dioxide,
parasitize the human oral cavity, and cause
oral diseases such as periodontitis [20]. Cory-
nebacterium is a gram-positive bacterium that
mainly secretes exotoxins. This bacterium usu-
ally grows and multiplies on the mucous mem-
brane of the throat and secretes exotoxins,
which can cause inflammation and form a gray-
white pseudomembrane. After an exotoxin
enters the blood, it causes systemic poisoning,
often damaging the myocardium and peripher-
al nerves [20].
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According to Kaysen [21], the micro-inflamma-
tory state is a type of immune inflammation not
caused by a non-pathogenic microorganism.
This state can cause various complications in
patients, such as cardiovascular diseases and
nutrition-related diseases (e.g., malnutrition
and anemia). The mechanism underlying micro-
inflammation remains unclear. However, it may
be related to dialysis-related factors, abnormal
lipid metabolism, bacterial infections (e.g.,
Helicobacter pylori), oxidative stress, kidney
factors, immune factors, and various genes.

The micro-inflammatory state can cause chang-
es in certain cytokines, especially inflammatory
mediators, such as C-reactive protein (CRP),
interleukin (IL), and tumor necrosis factor (TNF).
In the state of micro-inflammation, the blood
concentration of CRP in the human body in-
creases significantly, consistent with cytokine
activation [22]. IL-6 is an autocrine growth fac-
tor able to stimulate the proliferation of renal
mesangial cells. Studies have shown that an
increase in IL-6 levels is positively correlated
with the mortality of patients with CKD [23].
Elevated TNF is also an indicator of a micro-
inflammatory state [24]. TNF promotes the
occurrence and development of inflammation,
leading to a cascade of micro-inflammatory
reactions in patients with CKD, in turn resulting
in various complications. The unique structure
of the tooth can promote the deposition of bac-
terial biofilms, and the excessive accumulation
of bacterial biofilms at the gingival margin
causes inflammation. The instability of the
microbial internal environment promotes the
expression of virulence factors, which can lead
to local inflammation in periodontal tissues,
gingival ulcer formation, and local vasculariza-
tion. Gingival pathogens can enter the blood
through inflamed periodontal tissue and stimu-
late endothelial cells to express various inflam-
matory factors. Patients with CKD5 on hemodi-
alysis in this study showed a higher abundance
ofthegeneraLeptotrichiaand Corynebacterium,
which may result in the development of a micro-
inflammatory state, leading to systemic inflam-
mation and various complications.

Interestingly, substantial differential metabo-
lites, e.g., TMAO, were detected in patients with
CKD5 on hemodialysis and were produced by
differential microbial taxa with differences in
abundance between groups, such as Lepto-
trichia, Capnocytophage, and Salinibacterium.
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Studies have shown [25] that TMAO is a “ure-
mic toxin”. Choline and L-carnitine, which are
abundant in red meat and shellfish, are the
main raw materials of TMAO. These foods are
metabolized to TMA under the action of tri-
methylamine lyase produced by the intestinal
microbiota, and TMAO is generated by the
catalysis of flavin-containing monooxygenase 3
(FMO3) in the liver, which is finally eliminated
mainly by the kidneys. Studies of a mouse
model have revealed that long-term feeding of
TMAO or choline can lead to renal fibrosis and
increase the levels of renal tubular injury mark-
ers [25]. TMAO is a small molecule that can be
effectively eliminated by dialysis; however, its
harmful effects cannot be ignored. Currently,
an increased level of TMAO in the blood of
patients with CKD is considered to be related to
foam cell formation, atherosclerosis, and car-
diovascular events [26] and is an independent
predictor of coronary atherosclerosis [27].
Patients of CKD with high blood levels of TMAO
have a poor prognosis, a low long-term survival
rate, and a high risk of cardiovascular compli-
cations [28]. TMAO is also associated with
increased insulin resistance [29, 30]. This find-
ing is supported by studies of animal models.
Gao et al. [31] revealed that dietary supplemen-
tation with TMAO can lead to impaired glucose
tolerance in mice and changes in liver insulin
signal transduction pathways and promote
inflammation in adipose tissue. In addition,
insulin inhibits the expression of FMO3 in vitro.
In insulin-resistant mice, the knockout of this
enzyme inhibited forkhead box 01, a key tran-
scription factor involved in the regulation of
insulin signaling [32]. Therefore, high levels of
TMAO in patients with CKD5 on hemodialysis
may be associated with a high risk of cardiovas-
cular and diabetes-related complications.

Conclusion

CKD5 and hemodialysis were associated with
an imbalance in the oral microbiota. This
dysregulation of the oral microbiota induced a
micro-inflammatory state, causing a systemic
inflammatory response and immune disorders.
The metabolites of the oral microbiota in
patients with CKD5 on hemodialysis were
abnormal, including TMAO and N1-MN. These
findings were based on sequencing data for
clinical samples and bioinformatics analyses,
and the results still need to be verified by
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functional experiments. The results of this
study provide a theoretical basis for the
regulation of the oral microbiota during the
adjuvant treatment of CKD.
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Supplementary Figure 1. The abundance comparison chart of each biomarker in different groups. Species with a
default LDA value greater than two are biomarkers with statistical differences between groups. The left and right
sides of the figure indicate different groups. The abscissa represents the sample; the ordinate represents the rela-
tive abundance of bacteria. R, stage 5 chronic kidney disease patients on hemodialysis; C, controls.
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Supplementary Figure 2. Hierarchical clustering results of metabolites with significant differences in positive ions.
Hierarchical clustering was performed on each group of samples by using the expression level of qualitative signifi-
cant difference metabolites to assist in the screening of marker metabolites. When the selected candidate metabo-
lites are reasonable and accurate, the same group of samples can appear in the same cluster through clustering. At
the same time, metabolites clustered in the same cluster have similar expression patterns and may be in a relatively
close reaction step in the metabolic process. The Red is positively correlated with its degree; The Blue is negatively
correlated with its degree; the greater the degree, the stronger the correlation. R, stage 5 chronic kidney disease
patients on hemodialysis; C, controls. The abscissa represents grouping; the right ordinate represents differential
metabolites.
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Supplementary Figure 3. Hierarchical clustering results of metabolites with significant differences in negative ions.
Hierarchical clustering was performed on each group of samples by using the expression level of qualitative signifi-
cant difference metabolites to assist in the screening of marker metabolites. When the selected candidate metabo-
lites are reasonable and accurate, the same group of samples can appear in the same cluster through clustering. At
the same time, metabolites clustered in the same cluster have similar expression patterns and may be in a relatively
close reaction step in the metabolic process. The Red is positively correlated with its degree; The Blue is negatively
correlated with its degree; the greater the degree, the stronger the correlation. R, stage 5 chronic kidney disease
patients on hemodialysis; C, controls. The abscissa represents grouping; the right ordinate represents differential
metabolites.
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Supplementary Figure 4. Results of correlation analysis of
metabolites with significant differences in positive ions. The
abscissa: the interval value of the correlation coefficient;
the ordinate and the oblique coordinate: the difference me-
tabolite; blue represents negative correlation, whereas red
represents positive correlation. the greater the degree, the
stronger the correlation. The size of the dot represents the
P value; the larger the dot, the smaller the P value.
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Supplementary Figure 5. Results of correlation anal-
ysis of metabolites with significant differences in
negative ions. The abscissa: the interval value of the
correlation coefficient; the ordinate and the oblique
coordinate: the difference metabolite; blue represents
negative correlation, whereas red represents positive
correlation. the greater the degree, the stronger the
correlation. The size of the dot represents the P value;
the larger the dot, the smaller the P value.
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Supplementary Figure 6. Heat map of the spearman correlation coefficient matrix of the significantly different
flora and the significantly different metabolites. Taking the blue dashed line as the dividing line in the figure, the
correlation coefficient matrix heat map can be divided into four quadrants. The upper left corner shows the correla-
tion between the significantly different bacterial groups; the lower right corner shows the correlation between the
significantly different metabolites. The upper right corner and the lower left corner show the correlation between
the significantly different flora and the significantly different metabolites, which are mirror symmetry. The Spearman
correlation coefficient r is between -1 and +1. r is expressed in color. r>0 indicates a positive correlation, which is
indicated in red. The darker the color, the stronger the correlation.
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Supplementary Figure 7. Hierarchical clustering heat map of spearman correlation analysis between significant difference flora and significant difference metabo-
lites. Each row in the figure represents a significantly different genus, and each column represents a significantly different metabolite. The tree branch on the left
represents the result of clustering the different genera, and the upper tree branch represents the result of the cluster analysis of the different metabolites. Clusters
appearing in the same cluster with significantly different metabolites or different bacterial genera have similar correlation patterns. Each grid in the figure contains
two kinds of information (correlation coefficient r and p value). r is expressed in color. r > O indicates a positive correlation, which is indicated in red. r < O indicates
a positive correlation, which is indicated in blue. The darker the color, the stronger the correlation. p value reflects the significant level of correlation, 0.01<p<0.05,
expressed as *; p value<0.01, expressed as **. The figure shows 426 pairs of significantly correlated different bacterial genera and metabolites, of which 181 pairs
have a p<0.01, and the correlation is more significant.
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Supplementary Figure 8. Scatter plot of correlation. The scattered points in the figure representsamples, and the
colors correspond to different grouping information. The rho shown in the upperleft corner is the spearman cor-

relation coefficient between the relative abundance of the strain andthe metabolite intensity; the p value is the
significant level of the rho.



