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Abstract

Background Growing evidence has demonstrated that patients undergoing peritoneal dialysis (PD) are more
likely to experience cognitive impairment than patients with non-dialysis end-stage renal disease (ESRD); however,
the underlying mechanisms remain unclear. This study aimed to identify the role and predictive significance of gut
microbiome alterations in PD-associated cognitive impairment.

Methods A total of 29 non-dialysis ESRD patients and 28 PD patients were enrolled in this study and divided

into subgroups according to the Montreal Cognitive Assessment (MoCA). Faecal samples were analyzed using 16 S
rRNA. Mini-Mental State Examination (MMSE) and MoCA scores were used to assess the degree of cognitive impair-
ment in patients.

Results The 16 S rRNA analysis demonstrated differences in gut microbiome abundance and structure between PD
and non-dialysis ESRD patients and between PD patients with cognitive impairment (PCl) and PD patients with nor-
mal cognition (PNCI). At family and genus levels, Prevotellaceae exhibited the greatest structure difference, while Lac-
tobacillus exhibited the greatest abundance difference between PCl and PNCI. Altered microbiota abundance signifi-
cantly correlated with cognitive function and serum indicators in PD. In addition, different modules related to fatty
acid, lipid, pantothenate, and coenzyme A biosynthesis, and tyrosine and tryptophan metabolism were inferred
from 16 S rRNA data between PCl and PNCI. Both groups could be distinguished using models based on the abun-
dance of Lactobacillaceae (Area under curve [AUC]=0.83), Actinomycetaceae (AUC=0.798), and Prevotellaceae
(AUC=0.778) families and Lactobacillus (AUC=0.848) and Actinomyces (AUC=0.798) genera.

Conclusion Gut microbiome evaluation could aid early cognitive impairment diagnosis in patients undergoing PD.
Keywords Peritoneal dialysis, Cognitive impairment, Gut microbiome, 165 rRNA

Background
Peritoneal dialysis (PD) is a common therapy for end-
stage renal disease (ESRD). Compared to haemodialysis,
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with cognitive impairment, loss of executive function or
memory may lead to errors in PD management, increas-
ing the risk of PD-associated peritonitis [2]. Addition-
ally, cognitive impairment is an independent indicator
of mortality and survival in patients undergoing PD [3].
Therefore, risk factors of PD-associated cognitive impair-
ment should be explored.

The gut microbiome is a complex ecosystem. In a
healthy physiological state, a stable gut microbiome can
protect peritoneal function by preventing colonization
by various pathogens [4]. However, long-term adverse
living habits or pathological states can impair the gut
microbiome structure, which affects the internal envi-
ronment and metabolism of the human body, eventually
causing the occurrence and progression of various dis-
eases [5]. Recently, increasing evidence has shown that
gut microbiome disorders are strongly linked to the onset
and progression of nervous system diseases, the underly-
ing mechanism of which may be related to the ‘microbe-
gut-brain’ axis [6]. This association has been reported
in various conditions, including Alzheimer’s disease [7],
hypertension [8], ESRD [9], and in those undergoing hae-
modialysis [10]. However, the relationship between cog-
nitive impairment and the faecal microbiome in patients
undergoing PD remains unclear. This study aimed to
delineate novel information regarding the pathogen-
esis, prevention, and treatment of cognitive disorders in
patients undergoing PD.

Methods

Study cohort and clinical data collection

This study was conducted at The First Affiliated Hospi-
tal of Anhui Medical University from November 2019
to October 2021 and was approved by the hospital Eth-
ics Committee (approval number: PJ2022-02-54). The
inclusion criteria were as follows: (1) age 18-65 years;
(2) the PD group met both conditions: (a) the duration
of dialysis was longer than 6 months, and no PD-related
peritonitis had occurred in the last 3 months, (b) regu-
lar follow-up in the PD clinic of our hospital, receiving
simultaneous nursing, exercise [11], and dietary educa-
tion [12]; (3) the non-dialysis ESRD group was diagnosed
according to the National Kidney Foundation guidelines
[13] and had not previously received any form of dialysis;
and (4) no history of kidney transplantation. Exclusion
criteria included: (1) prescribed any medication known
to affect the gut microbiome, including antibiotics, gluco-
corticoids, statins, immunosuppressive agents, prebiotic
supplements, phosphorus binders, and gastrointestinal
drugs, within the past 1 month; (2) history of digestive
diseases; (3) acute infections or other acute illnesses;
(4) history of mental illness; and (5) the presence of a
severe visual or hearing impairment that would preclude
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assessment completion by participants; (6) other factors
that may influence the gut microbiome, such as a bedrid-
den state for more than a month.

Fasting blood samples from the patients were collected
and sent to our hospital laboratory for routine blood
tests, liver and kidney functions, lipid profile, comple-
ment, tumour necrosis factor-alpha and interleukin-1
beta (IL-1P) levels, and c-reactive protein (CRP) levels.

Faecal sample collection and 16 S rRNA sequencing
According to the Kidney Disease Outcomes Quality Ini-
tiative (KDOQI)’s recommendations [14], patients were
given a low-salt and low-fat diet. The faecal samples were
collected the day after admission, which were stored in
a refrigerator at —80 °C within 24 h of collection. After
all samples were collected, they were sent to BGI (Shen-
zhen, China) for 16 S rRNA sequencing. Microbial com-
munity deoxyribonucleic acid (DNA) was extracted using
the MagPure Stool DNA KF Kit B (Magen, Guangzhou,
China) following the manufacturer’s instructions. Vari-
able regions V3-V4 of the bacterial 16 S rRNA gene were
amplified with degenerate polymerase chain reaction
(PCR) primers, including 341 F (5"-ACTCCTACGGGA
GGCAGCAG-3’) and 806 R (5'-GGACTACHVGGG
TWTCTAAT-3"). Both forward and reverse primers
were tagged with the Illumina adapter, pad, and linker
sequences (Illumina Inc., San Diego, CA, USA). PCR
cycling conditions were as follows: 94 °C for 3 min, 30
cycles of 94 °C for 30 s, 56 °C for 45 s, 72 °C for 45 s, and
a final extension for 10 min at 72 °C. The PCR products
were purified using AmpureXP beads and eluted with an
elution buffer. The 16 S rRNA amplicon strategy was used
to construct the library. Libraries were qualified using an
Agilent 2100 Bioanalyzer (Agilent, Palo Alto, CA, USA).
The validated libraries were used for sequencing on the
[llumina MiSeq platform (BGI, Shenzhen, China) follow-
ing the standard Illumina pipeline to generate 2x 300 bp
paired-end reads.

Cognitive, emotional, and gastrointestinal functional
assessments

Questionnaire completion was guided by two trained
physicians, and the scores were determined after discus-
sion. Global cognitive function was assessed using the
mini-mental state examination (MMSE) [15] and Mon-
treal cognitive assessment scale (MoCA) [16]. Depression
status was assessed using the self-rating depression scale
(SDS) [17] and Hamilton depression scale (HAMD) [18].
Anxiety status was assessed using the self-rating anxiety
scale (SAS) [19] and Hamilton anxiety scale (HAMA)
[20]. Gastrointestinal symptoms were assessed using the
gastrointestinal symptom rating scale (GSRS) [21]. Con-
sidering that the MoCA is more sensitive in identifying
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mild cognitive disorder than the MMSE [22], cognitive
impairment was grouped according to the MoCA score,
using the method described by Yu et al. [23]. MoCA
scores>26 and <26 indicated ‘normal’ and impaired
cognition, respectively. In the pre-experiments, we
enrolled six patients in the non-dialysis ESRD and PD
groups respectively and evaluated the average MoCA
score of each patient as a calculation standard for sample
size (non-dialysis ESRD group, 25.50+2.43; PD group,
21.33 +3.78). PASS software (version 15.0.5) was used for
the sample size calculation as previously described [24].
The group allocation ratio was set as non-dialysis ESRD
group: PD group=1:1. After calculation, the total num-
ber of patients should not be less than 48, and the mini-
mum sample size for each group should not be less than
24. From November 2019 to October 2021, we enrolled
29 non-dialysis ESRD patients and 28 PD patients. After
scoring, the non-dialysis ESRD group was subdivided
into 17 patients with normal cognition (NCI) and 12 with
cognitive impairment (CI), while the PD group was sub-
divided into 9 patients with normal cognition (PNCI) and
19 with cognitive impairment (PCI).

Bioinformatics and statistical analysis

Bacterial microbiota composition and diversity analysis

The MicrobiomeAnalyst website (https://www.micro
biomeanalyst.ca/) was used to perform microbiome com-
position and diversity analyses [25]. We used the data
filter option on the website to exclude low-count (mini-
mum count was specified as 4; prevalence in sample was
set at 20%) and low-variance data (prevalence to remove
was set at 20%, based on interquartile range). Shannon
and Simpson indices were calculated to analyse alpha
diversity, which indicated species richness within a sam-
ple. Principal coordinate analysis (PCoA) was performed
to evaluate beta diversity, which helped assess differences
in community composition between the groups. In the
PCoA analysis, we used the Bray—Curtis dissimilarity
method to calculate the distance matrix, and the analysis
of similarities (ANOSIM) statistical method to evaluate
whether there were any differences between the groups.

Difference analysis of gut microbiome

In order to find significant differences in the bacterial
species between the groups, the Wilcoxon or Kruskal-
Wallis test was performed using the R software (ver-
sion 3.4.1) to compare the relative abundance of the gut
microbiome. LEfSe clustering and linear discriminant
analysis (LDA) were performed using the LEfSe software
(https://huttenhower.sph.harvard.edu/galaxy/) to com-
pare differences in the gut microbiome composition. An
LDA score>4 was considered a biomarker of statistical
difference between the groups.
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Correlation and functional difference analysis

The SparCC algorithm was employed to calculate cor-
relation networks using the MicrobiomeAnalyst website
[25]. The Kyoto Encyclopedia of Genes and Genomes
(KEGG) and MetaCyc pathways were predicted using the
PICRUSt software (http://picrust.github.io/picrust/) [26].
Significant function was determined using the R software
based on the Wilcoxon or Kruskal-Wallis test.

Other statistical analysis

All other statistical analyses were performed using SPSS
software (version 26.0). Normally distributed quantita-
tive variables are presented as means *standard devia-
tions (SD) and were compared using the t-test or analysis
of variance. Non-normally distributed variables are pre-
sented as medians and interquartile ranges, compared
using the Mann—Whitney U or Kruskal-Wallis test. Pear-
son’s and Spearman’s correlation coefficients were used
to determine the normally and non-normally distrib-
uted variables, respectively. The P value for correlation
between clinical markers and gut microbiome were cor-
rected using false discovery rate (FDR) [27]. ROC curves
were constructed, and the area under the curve (AUC)
values were used to evaluate performance. A hypothesis
diagram was constructed using the BioRender website
(https://app.biorender.com/). Graphing was performed
using GraphPad Prism (version 8.0.0) or the R software.
Statistical significance was set at P<0.05.

Results

Demographic patient characteristics

Of the 57 patients included in this study, 28 were under-
going PD and 29 had non-dialysis ESRD. Baseline patient
characteristics are presented in Table 1 and Table S10.
We observed no differences in age, sex, body mass index,
years of education, or the SAS, SDS, HAMA, and HAMD
scores. However, the MoCA, MMSE, and GSRS scores
significantly differed in the PD group (£<0.05), indicat-
ing more severe cognitive impairment and gastrointesti-
nal symptoms.

Composition and diversity analysis of gut microbiome

Cumulative curve is shown in Figure S1. Simpson and
Shannon indices were significantly lower in the PD group
than in the non-dialysis ESRD group (Fig. 1A and D).
Additionally, the richness of the gut microbiome com-
munity in PCI was significantly lower than that in PNCI
(Simpson indices P<0.05 (Fig. 1B and E), but not between
the CI and NCI groups (both Simpson and Shannon
indices P>0.05 (Fig. 1C and F). Based on beta diversity,
the gut microbiome community composition signifi-
cantly differed between the PD and non-dialysis ESRD
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Table 1 The baseline characteristics of the patients

Variables ESRD (n=29) PD (n=28) t (Z) value P value
Sex (M/F) 16/13 13/15 -0.654 0.513
Age (Years) 45.24+8.02 45751111 -0.199 0.843
Education (Years) 8.00 (6.50, 11.50) 8.00 (6.00, 8.00) -1.470 0.141
BMI (kg/mz) 2345+347 21.82£295 1.905 0.062
eGFR [ml/min-1.73 m?] 7.00 (9.00, 6.00) 4.00 (4.75, 3.00) -5.143 0.000
MoCA 2541295 2243+478 2.827 0.007
MMSE 29.00 (27.00, 29.00) 27.00 (24.25, 28.75) -2.223 0.026
SAS 34.00 (30.50, 34.50) 34.50 (30.25, 39.00) -1.935 0.053
SDS 38.93£820 36.96+857 0.886 0.380
HAMA 1045+5.08 8.54+5.00 1432 0.158
HAMD 6.93£4.30 5.86+3.59 1.022 0311
GSRS 21.00 (19.00, 24.50) 23.00 (20.25, 26.00) -2.095 0.036

Notes: The details of the patients are provided in Table S10

Abbreviations: ESRD End stage renal disease, PD Peritoneal dialysis, BMI Body mass index, eGFR Estimated glomerular filtration rate, MoCA Montreal cognitive
assessment scale, MMSE Mini-mental state examination, SAS Self-rating anxiety scale, SDS Self-rating depression scale, HAMA Hamilton anxiety scale, HAMD Hamilton

depression scale, GSRS Gastrointestinal symptom rating scale

groups (ANOSIM: R=0.046; P=0.031) and between
PCI and PNCI (ANOSIM: R=0.202; P=0.029), but not
between the CI and NCI groups (ANOSIM: R=0.020;
P=0.358) (Fig. 1G-L, Table S1). At the phylum level
(Fig. IM-N, Table S2), the gut microbiome of PNCI
group were enriched with Bacteroidetes (43.84%), Fir-
micutes (45.93%), Proteobacteria (9.81%), Fusobacteria
(0.07%), and Actinobacteria (0.35%). In contrast, the PCI
group, a subsequent reduction in the abundance of Firm-
icutes (29.48%) and Actinobacteria (0.17%) was observed,
while there was increase in the abundance of Bacteroi-
detes (49.82%), Proteobacteria (17.72%), and Fusobacteria
(2.8%).

Difference analysis of gut microbiome

Table 2 lists the altered microbiomes in different clas-
sifications. Compared to the ESRD group, lactic acid-
producing bacteria, such as Bifidobacterium, short-chain
fatty acid-producing bacteria, such as Butyricicoccus,
and digestion-resistant starch bacteria, such as Rumino-
coccus2, were significantly decreased in the PD group.
Compared to PNCI, lactic acid-producing bacteria, such
as Lactobacillus, and short-chain fatty acid-producing
bacteria, such as Propionibacteriaceae and Clostridium
butyricum, were significantly decreased in PCI, whereas

(See figure on next page.)

Prevotellaceae was significantly increased. At the fam-
ily and genus levels (Fig. 2A), Lactobacillus showed the
most obvious difference in abundance between PNCI
and PCI (Wilcoxon test, P<0.001). LEfSe analysis can
determine the ‘value’ of each species as a discriminant
group by calculating its LDA value (Fig. 2B-C). The com-
parison showed that Ruminococcaceae had a good group
identification value between the non-dialysis ESRD and
PD groups, whereas Prevotellaceae had the best identi-
fication value between PNCI and PCI (LDA >4). More
details are provided in Table S3 and S4.

Correlation analysis of gut microbiome at Family

and Genus levels

Subsequently, we focused on correlation analysis of the
altered microbiome at the family and genus levels. Micro-
biomes with P<0.05 in the Wilcoxon test (or Kruskal—
Wallis test) or LDA score >4 were subjected to a clinical
correlation analysis.

Gut microbiome correlation network

Figure 3 shows the gut microbiome correlation network
between PNCI and PCI at the family and genus levels. At
the family level, the altered microbiota between PNCI
and PCI had potential interactions and competitive

Fig. 1 Comparison of the gut microbiome structures.Simpson indices between (A) non-dialysis ESRD and PD, (B) PNCI and PCl, (C) NCl and Cl.
Shannon indices between (D) non-dialysis ESRD and PD, (E) PNCl and PCl, (F) NCl and Cl. Beta diversity (2D plot) between (G) non-dialysis ESRD
and PD, (H) PNCl and PCl, (I) NCl and Cl. Beta diversity (3D plot) between (J) non-dialysis ESRD and PD, (K) PNCl and PCl, (L) NCl and CI. M Stacked
bar chart for relative abundance in the phylum classification. N Pie chart for the proportion of gut microbiome in the phylum classification. *P

< 0.05, **P < 0.01. ESRD, end-stage renal disease; PD, peritoneal dialysis; Cl, cognitive impairment; NCI, normal cognition; PCl, peritoneal dialysis
patients with cognitive impairment; PNCI, peritoneal dialysis patients with normal cognition
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Table 2 Gut microbiomes with differential relative abundance
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Level Change ESRD vs.PD PNCl vs. PCI
Phylum Up Tenericutes /
Down Actinobacteria, Firmicutes /
Class Up Mollicutes /
Down Actinobacteria, Clostridia /
Order Up Mycoplasmatales /
Down Bifidobacteriales, Clostridiales Actinomycetales
Family Up Christensenellaceae, Mycoplasmataceae, Peptoniphilaceae Prevotellaceae
Down Bifidobacteriaceae, Ruminococcaceae Actinomycetaceae, Lactobacillaceae, Propionibacteriaceae,
Streptococcaceae
Genus Up Christensenella, Dialister, Mycoplasma, Olsenella, Peptoniphilus ~ /
Down Anaerosporobacter, Bifidobacterium, Butyricicoccus, Coprococ-  Actinomyces, Atopobium, Lactobacillus, Oribacterium, Strep-
cus, Dorea, Fusicatenibacter, Gemmiger, Parasutterella, Rumino-  tococcus
coccus?2, Terrisporobacter
Species Up Anaerostipes_caccae, Christensenella_minuta, Clostridium_ Alistipes_indistinctus, Butyricimonas_virosa
aldenense, Clostridium_ramosum, Clostridium_scindens,
Eubacterium_eligens, Faecalicoccus_pleomorphus, Myco-
plasma_hominis, Prevotella_timonensis
Down Anaerosporobacter_mobilis, Anaerostipes_hadrus, Bacte- Actinomyces_dentalis, Actinomyces_odontolyticus, Atopo-

roides_massiliensis, Blautia_luti, Blautia_obeum, Blautia_schinkii,

Clostridium_fimetarium, Clostridium_tarantellae, Collinsella_
aerofaciens, Coprococcus_catus, Dialister_invisus, Dorea_longi-
catena, Fusicatenibacter_saccharivorans, Gemmiger_formicilis,
Parasutterella_excrementihominis, Roseburia_inulinivorans,
Ruminococcus_champanellensis, Ruminococcus_faecis, Rumi-
nococcus_lactaris, Terrisporobacter_glycolicus

bium_rimae, Clostridium_butyricum, Clostridium_colinum,
Lachnoanaerobaculum_umeaense, Lactobacillus_fermentum,
Lactobacillus_iners, Clostridium_colinum, Oribacterium_sinus,
Ruminococcus_champanellensis

Notes: “Up” represents a significant increase in abundance in the PD (or PCl) group (P<0.05); “Down” represents a significant decrease in abundance in the PD (or PCl)
group (P<0.05). The details of the results are shown in Table S3 and S4

Abbreviations: ESRD End stage renal disease, PD Peritoneal dialysis, PNCI Peritoneal dialysis patient with normal cognition, PCI Peritoneal dialysis patient with cognitive

impairment

relationships with a variety of other gut bacteria. At the
genus level, there existed a complex crosstalk among the
species composing the gut microbiome.

Correlation between clinical markers and gut microbiome

In order to exclude false-positive results, we provided
both P value and FDR in Fig. 4 and Table S5. Several
significant correlations were noted between the relative
abundance of the gut microbiota and clinical markers.
Serum IL-1p levels were negatively correlated with Rumi-
nococcus2 (P<0.05) and Parasutterella (P<0.05). CRP
levels were negatively correlated with Lactobacillaceae
(P<0.05) and Lactobacillus (FDR <0.1). White blood cell
(WBC) counts had a negative relationship with Pepton-
iphilaceae (P<0.05) and Olsenella (FDR<0.05). Patients
with a higher serum albumin (Alb) concentration dem-
onstrated enrichment of Bifidobacterium (FDR<O0.1)
and Anaerosporterbacter (P<0.05). Lipid indicators were
correlated with the richness of Ruminococcus2, Dorea,
and Olsenella. Liver functions were correlated with four
microbiota (Fusicatenibacter, Bifidobacterium, Paras-
utterella, and Terrisporobacter). The richness of Lac-
tobacillaceae, Lactobacillus, Lachnoanaerobaculum,

Oribacterium, and Prevotellaceae were correlated with
serum complement level. The prognostic nutritional
index (PNI), which is calculated using the Alb level and
peripheral lymphocyte count, is a common indicator of
the nutritional status and prognosis of various diseases
[28]. Our results demonstrated a positive relationship
between the PNI and two microbiota (Bifidobacterium
and Anaerosporobacter).

Correlation between cognitive or emotional scores and gut
microbiome

A comparison of the clinical data between PNCI and
PCI is summarized in Table 3 and Table S11. There
were significant differences in age; years of education;
CRP, C3, and C4 levels; and the MoCA and MMSE
scores between the two groups (P<0.05); however,
there was no significant differences in gender, hyper-
tension history, diabetes, and cardiovascular disease,
total dialysate glucose content, and use of blood pres-
sure medications (P>0.05). At the family and genus
levels, five gut microbiota, including Actinomyceta-
ceae, Lactobacillaceae, Actinomyces, Atopobium, and
Lactobacillus, significantly and positively correlated
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with the total MoCA score (P<0.05), and one gut
microbiota (Prevotellaceae) negatively correlated with
it (P<0.05). Moreover, four microbiota (Actinomyces,
Streptococcus, Oribacterium, and Atopobium) posi-
tively correlated with the MMSE score (P<0.05). In
addition, microbiome alteration was associated with
depression; the HAMD scores positively correlated
with Prevotellaceae (P<0.05) and negatively with
Propionibacteriaceae (P<0.05) (Fig. 5). Considering
that the age difference can be a confounder factor, we
recalculated the age-adjusted correlation using par-
tial correlation analysis (Table S6). The results suggest
that Streptococcaceae and Atopobium are still strongly
correlated with MoCA scores after controlling for age
(P<0.05).

Receiver operating characteristic (ROC) analysis

The MoCA score was used as the grouping standard to
establish ROC curves of the differential bacteria. The
higher the AUC of an ROC curve, the better the model
is for distinguishing between binary classes. Lactobacil-
laceae (AUC=0.83), Actinomycetaceae (AUC=0.789),
Prevotellaceae (AUC=0.778), and Streptococcaceae
(AUC=0.737) at the family level and Lactobacillus
(AUC=0.848), Actinomyces (AUC =0.798), Streptococ-
cus (AUC=0.737), and Atopobium (AUC=0.713) at the
genus level showed good distinguishing values in PCI
(Table 4; Fig. 6).

Functional difference analysis of the gut Microbiome

The PICRUSt website was used to infer the function of
the gut microbiome, and MetaCyc and KEGG data were
used to enrich the metabolic pathways (Table 5, Table S7,
S8, S9, Fig. 7). The function prediction results showed
many different modules, such as seleno-compound
metabolism, drug metabolism, and amino acid degrada-
tion and synthesis, which were differentially enriched
between PD and non-dialysis ESRD. The enriched mod-
ules in PCI included fatty acid and lipid biosynthesis
(second level of MetaCyc) and tyrosine metabolism (third
level of KEGG). In contrast, cell structure biosynthesis
(second level of MetaCyc), pantothenate and coenzyme A
synthesis (third level of KEGG), tryptophan metabolism
(third level of KEGG), and proteasomes (third level of
KEGGQG) were decreased in PCI.

Discussion

Kidney disease [9] and haemodialysis [29] can disrupt
the gut microbiome. As a peritoneal cavity-dependent
treatment, PD is closely related to peritoneal function
and the gut microbiome. Currently, the gut microbiome
in patients undergoing PD is believed to be unbalanced
[30]; however, the gut microbiome between patients
undergoing PD and their household contacts are not
significantly different [31]. Our study further confirmed
the differences in gut microbiome abundance and struc-
ture between patients undergoing PD and those with
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non-dialysis ESRD. In addition, the cognitive function
score of the PD group was lower than that of the non-
dialysis ESRD group, whereas the gastrointestinal symp-
tom score was higher. The abundance and structure of
the gut microbiome were also lower in PCI than in PNCI.
Recently, Wang et al. demonstrated that gut microbiota
alteration impaired the brain default mode network con-
nectivity by enhancing systemic inflammation in patients
with ESRD [9]. Additionally, gut microbiota and serum
metabolites may be involved in the pathogenesis of hae-
modialysis-related mild cognitive decline [10]. However,
the gut microbiome has not been reported to be involved
in PD-related cognitive decline.

At the family and genus levels, the Wilcoxon test
showed the most significant differences for Lactobacillus.

LEfSe analysis suggested that Prevotellaceae had the
highest grouping values, whereas correlation and ROC
analyses indicated that multiple differential bacterial taxa
had a significant relationship with serum index and cog-
nitive function in patients undergoing PD. An increased
abundance of Prevotellaceae has been observed in the
guts of patients with schizophrenia [32] and cerebral
palsy [33], and altered in the gut of a monkey model of
major depression [34]. Lactobacillus plantarum treat-
ment can regulate plasma trimethylamine oxide lev-
els in APP/PS1 mice (an autosomal dominant mouse
model), thereby improving cognitive status [35]. Our
study showed that many differential bacterial taxa in
the PD vs. non-dialysis ESRD groups were correlated
with several clinical markers, including Alb, TC, and TG
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Table 3 Comparison of clinical data of subgroup

Variables PNCI (n=9) PCl(n=19) t (Z) value P value
Sex (M/F) 4/5 9/10 -0.142 0.887
Age (Years) 36.11+£11.80 5032+7.41 -3.905 0.001
Education (Years) 8.00 (8.00, 8.50) 6.00 (3.00, 8.00) 2335 0.020
BMI (kg/mz) 2042+3.61 2248+242 -1.791 0.085
Hypertension (yes/no) 7/2 15/3 -0.069 0.945
Diabetes (yes/no) 1/8 2/17 -0.046 0.963
Cardiovascular disease (yes/no) 5/4 11/8 -0.378 0.706
Total dialysate glucose content (g/d) 4.50 (4.50, 6.50) 4.50 (7.00, 8.00) -1.409 0.159
ARB (yes/no) 1/8 3/15 -0.324 0.746
CCB (yes/no) 6/3 14/5 -0.377 0.706
B-receptor blocker (yes/no) 2/7 7/12 -0.760 0.447
TNF-a (pg/ml) 19.50 (18.25, 22.45) 18.80 (16.50, 23.70) -0.517 0.605
IL-1B (pg/ml) 5.29(5.00, 21.45) 5.00 (5.00, 6.54) -1.262 0.207
CRP (mg/L) 0.75 (0.60, 1.08) 1.81(0.94,8.97) -2.533 0.011
WBC (*10°/L) 6.21+1.78 7154226 -1.091 0.285
Scr (mmol/L) 1072.21 £295.01 1149.19+£264.01 -0.695 0494
Alb (g/L) 3892+3.37 36.24+3.77 1.817 0.081
ALT (U/L) 414445566 2347 +33.05 1.074 0.293
AST(U/L) 20.00 (15.50, 25.00) 18.00 (15.00, 20.00) -1.087 0.277
TG (mmol/L) 1.22 (1.07,2.09) 1.62(0.87,3.23) -0.369 0712
TC (mmol/L) 3.97(3.36,6.27) 4.37(3.76,5.38) -0.344 0.731
HDL (mmol/L) 0.98+0.21 1.06+£0.26 -0.776 0.445
LDL (mmol/L) 3.04+145 2.85+093 0419 0.679
C3(g/L) 0.84+0.20 1.00£0.11 -2.813 0.009
C4 (g/L) 0.27+0.10 0.38+0.09 -2.738 0011
PNI 4532+5.04 42.29+4.56 1.588 0.124
MoCA 2733£1.22 20.11+£3.98 7.220 0.000
MMSE 27.50 (27.00, 30.00) 26.00 (23.00, 28.00) -2.757 0.006
SAS 3556£5.90 35.11£7.29 0.201 0.843
SDS 37114756 36.89+9.20 0.061 0.952
HAMA 6.89+3.89 932+537 -1.210 0.237
HAMD 456+2.96 647+3.76 -1.341 0.192
GSRS 26.00 (20.00, 27.50) 22.00 (21.00, 26.00) -0.322 0.747

Notes: PNI=Alb (g/L) +5* [total lymphocyte count (*10%/L)];"ARB, CCB and B-receptor blocker” represent the drug used in the previous month. The details of the

patients are provided in Table S11

Abbreviations: PNC/ Peritoneal dialysis patient with normal cognition, PC/ Peritoneal dialysis patient with cognitive impairment, ARB Angiotensin receptor blocker,
CCB Calcium channel blockers, BMI Body mass index, TNF-a Tumor necrosis factor-alpha, IL-18 Interleukin-1beta, WBC White blood cell, CRP C-reactive protein, Scr
Serum creatinine, Alb Albumin, ALT Alanine aminotransferase, AST Aspartate aminotransferase, TC Total cholesterol, TG Triglyceride, HDL High-density lipoprotein, LDL
Low- density lipoprotein, C3 Complement-3, C4 Complement-4, PN/ Prognostic nutritional index, MoCA Montreal cognitive assessment scale, MMSE Mini-mental state
examination, SAS Self-rating anxiety scale, SDS Self-rating depression scale, HAMA Hamilton anxiety scale, HAMD Hamilton depression scale, GSRS Gastrointestinal

symptom rating scale

levels and the PNI. Ruminococcaceae is an important
taxa, which plays a crucial role in the digestion of resist-
ant starch and is associated with intestinal, immune, and
nervous system diseases [29]. It has been reported to be
linked to the severity of chronic kidney diseases, such as
diabetic nephropathy [36] and idiopathic nephrotic syn-
drome [37]. Previous randomized controlled clinical tri-
als have shown that oral administration of bacteria, such

as Bifidobacterium and Lactobacillus, can help preserve
residual kidney function in patients requiring PD [38].
Regulation of the intestinal microbiota through person-
alized diet and oral bacterial therapy can provide a new
treatment plan for patients undergoing PD.

Clinical correlation results suggested that Lacto-
bacillaceae, Lactobacillus, Oribacterium, and Prevo-
tellaceae were associated with serum complement
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Fig. 5 Correlation between gut microbiome and cognitive function.Correlation analysis with cognitive and emotional scores: (A) heatmap and (B)
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Table 4 ROC curve analysis

Variables AUC 95% Cl Cut-off Sensitivity Specificity Youden index
f_Lactobacillaceae 0.830 0.661-1.000 0.001 0.842 0.778 0.620
f_Actinomycetaceae 0.798 0.605-0.991 0.003 0.684 0.889 0.573
f_Prevotellaceae 0.778 0.603-0.953 0.071 0474 1.000 0474
f_Streptococcaceae 0.737 0.548-0.926 0.007 0.526 1.000 0.526
f_Propionibacteriaceae 0.333 0.170-0.497 1.000 0.000 0.000
g_Lactobacillus 0.848 0.687-1.000 0.001 0.895 0.778 0673
g_Actinomyces 0.798 0.605-0.991 0.003 0.684 0.889 0573
g_Streptococcus 0.737 0.548-0.926 0.007 0.526 1.000 0.526
g_Atopobium 0713 0.526-0.901 0.001 0.895 0.556 0450
g_Oribacterium 0.292 0.109-0476 1.000 0.000 0.000

Abbreviations: AUC Area under curve, Cl Confidence interval, ffamily, g genus, Inf Infinity small

and CRP levels. Serum complement is an essential
factor involved in the microbial defence response and
immune regulation of the human body. Zhang et al's
study confirmed that complement plays a critical role
in brain white matter damage [39], which is closely
related to cognitive decline. Serum complement has
also been associated with synapse loss in Alzheimer’s
disease [40]. CRP is a commonly used clinical monitor-
ing index and sensitive marker of non-specific inflam-
matory responses. High levels of CRP can increase the
production of adhesion molecules and chemokines,
regulate monocyte accumulation, and promote vascular
inflammation [41]. Relevant data have shown that CRP

levels are associated with dementia [42] and schizo-
phrenia [43].

The function prediction results showed differences in
modules related to fatty acid, lipid, pantothenate, and
coenzyme A biosynthesis, and tyrosine and tryptophan
metabolism between PCI and PNCI. Previous prospec-
tive follow-up studies have suggested that adequate pan-
tothenate supplementation could help prevent cognitive
decline in older patients with diabetes [44]. Short-chain
fatty acids (SCFAs) are metabolites of the intestinal
microorganisms. SCFAs can regulate neurotrophic fac-
tors and neuroinflammation by affecting the morphol-
ogy and function of microglia [45]; thus, they have been



Wang et al. BMC Nephrology

(2023) 24:360

0.8

0.6

Sensitivity (TPR)

— f_Lactobacillaceae (AUC = 0.830)
— f_Actinomycetaceae (AUC = 0.798)
— f_Prevotellaceae (AUC = 0.778)
— {_Streptococcaceae (AUC = 0.737)
f_Propionibacteriaceae (AUC = 0.333)
T T

Page 12 of 16

1.0 4

0.8

0.6

Sensitivity (TPR)

— g_Lactobacillus (AUC = 0.848)
— g_Actinomyces (AUC = 0.798)
— g_Streptococcus (AUC = 0.737)
— g/ Atopobium (AUC =0.713)
g_Oribacterium (AUC = 0.292)
T

0.0
0.125 0.50 0.75 1.00 0.00 0.125 O.'SO 0.75 1.00
1-Specificity (FPR) 1-Specificity (FPR)
Fig. 6 ROC analysis.f, family; g, genus
Table 5 Functional differences analysis
Subgroup Methods Change Pathways P value
ESRD vs. PD MetaCyc Up Amino Acid Degradation 0.017
Down Amino Acid Biosynthesis 0.020
Antibiotic Resistance 0.029
Degradation/Utilization/Assimilation — Other 0.008
Ko_Level 1 Down Genetic Information Processing 0.032
Cellular Processes 0.049
Ko_Level 2 Up Xenobiotics biodegradation and metabolism 0.017
Down Amino acid metabolism 0.002
Folding, sorting and degradation 0.005
Ko_Level 3 Up Selenocompound metabolism 0.025
Drug metabolism - other enzymes 0.036
Ascorbate and aldarate metabolism 0.015
Down Lysine biosynthesis 0.024
Protein export 0.002
Histidine metabolism 0.002
Glycine, serine and threonine metabolism 0.043
PNCl vs. PCl MetaCyc Up Fatty Acid and Lipid Biosynthesis 0.049
Down Cell Structure Biosynthesis 0.044
Ko_Level 3 Up Tyrosine metabolism 0.044
Down Pantothenate and CoA biosynthesis 0.049
Tryptophan metabolism 0.026
Proteasome 0.027

Notes: “Up” represents a significant increase in the PD (or PCl) group (P <0.05); “Down” represents significant decrease in the PD (or PCI) group (P < 0.05). The details of

the results are shown in Table S7, S8, and S9

Abbreviations: ESRD End stage renal disease, PD Peritoneal dialysis, PNCI Peritoneal dialysis patient with normal cognition, PCI Peritoneal dialysis patient with cognitive

impairment, Ko KEGG Ortholog
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widely reported to be related to cognitive state [46]. The
potential modulation of intestinal amino acids metabo-
lism is an important factor in affecting the gut-brain
axis. Consistent with previous evidence, Liu et al. also
detected changes in tryptophan and tyrosine metabo-
lism using faecal sequencing in Alzheimer’s disease [7].
Accumulating evidence reveals that the gut microbiota
has versatile impacts on intestinal tryptophan, includ-
ing tryptophan degradation [47], the serotonin synthesis
pathway [48], and kynurenine pathway [49]. Tryptophan
is the sole precursor of serotonin, which is an important
monoamine neurotransmitter in central nervous system
development [48]. Additionally, the activation of kynure-
nine pathway has been linked to a reduced hippocampal
volume, resulting in memory loss in those with severe
depression [50]. Furthermore, tyrosine levels are asso-
ciated with oxidative stress in the brain and astrocytes,
leading to cognitive impairment [51]. Sarkis et al. found
that gut microbiota can metabolize tyrosine into 4EP,

which is then converted into 4EPS under the action of
host sulfotransferase (SULT1A1). 4EPS can enter the
brain of mice, affect the activation and connections of
specific brain areas, and regulate the brain activity and
anxiety-like behaviours of mice [52]. Taken together,
these functions inferred by PICRUSt present new oppor-
tunities for future research on PD-related cognitive
impairment.

In summary, we propose the following hypothesis
(Fig. 8): Patients undergoing PD have gut microbiome
disorders. The bacterial communities, represented by
Prevotellaceae and Lactobacillus, differed in terms of the
metabolic functions of amino acids, fatty acids, and pan-
tothenate and were correlated with serum indices, such
as CRP, C3, and C4 levels, thereby affecting the cognitive
function and depressive mood of patients. The different
bacterial communities represented by Ruminococcaceae
and Bifidobacteriaceae are associated with serum indices,
such as WBC counts and Alb, TG, TC, LDL, and IL-13
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levels, and are thereby associated with the disease status
of patients. Evaluating the gut microbiome of patients
undergoing PD could help monitor their cognitive and
disease statuses, effectively preventing and delaying the
occurrence of cognitive disorders.

This study had some limitations. First, the sample
size was small. Second, routine follow-up was not per-
formed. Therefore, any association between the differen-
tial microbiota and prognosis of patients undergoing PD
remains unclear. Third, the information gained from the
PICRUSt website is only inferred function, which has not
been measured experimentally or clinically; therefore,
these results need to be further explored and validated in
future studies.

Conclusion

This study is the first to describe the differences in fae-
cal microbiota between patients undergoing PD with and
without cognitive impairment. Our findings demonstrate
that the faecal microbial composition of PCI undergo-
ing PD is altered, characterized by abnormal microbiota
function related to amino acid and lipid metabolisms.
The bacterial community represented by Prevotellaceae
and Lactobacillus is correlated with cognitive scores and
has good value in the differential diagnosis of PCI. The
knowledge gained from this study will facilitate early
diagnosis and therapeutic attempts to target the com-
mensal microbiota in patients undergoing PD with cogni-
tive impairment.

Abbreviations

PD Peritoneal dialysis

ESRD End-stage renal disease

pCl PD patients with cognitive impairment
PNCI PD patients with normal cognition
MoCA Montreal Cognitive Assessment

MMSE Mini-Mental State Examination

SDS Self-rating depression scale

SAS Self-rating anxiety scale

HAMA Hamilton anxiety scale

HAMD Hamilton depression scale

GSRS Gastrointestinal symptom rating scale
165 RNA 165 ribosomal ribonucleic acid

PCoA Principal coordinate analysis

ANOSIM  Analysis of similarities

FDR False discovery rate

KEGG Kyoto Encyclopedia of Genes and Genomes
LDA Linear discriminant analysis

AUC Area under the curve

I-18 Interleukin-1 beta

CRP C-reactive protein

SCFAs Short-chain fatty acids
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