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Abstract

Background: Membranous nephropathy (MN) is one of the most common forms of primary glomerulonephritis worldwide and is closely
associated with immune dysregulation. Increasing evidence suggests that the gut microbiota plays a critical role in regulating renal dis-
ease through the gut–renal axis. However, the use of metagenomic sequencing to analyze changes in the gut microbiota in patients with
MN has not yet been reported. Methods: This study employed a metagenomic approach to comprehensively analyze the gut microbiota
in patients with MN (n = 10) and normal controls (NCs; n = 10). Shotgun metagenomic sequencing was performed on fecal samples.
Microbial diversity, taxonomic composition, and functional pathways were assessed, followed by Kyoto Encyclopedia of Genes and
Genomes (KEGG) enrichment analyses. In addition, correlations between gut microbial characteristics and clinical indicators were also
evaluated. Results: The gut microbial community in the MN group showed distinct differences from the control group, particularly
with an increased abundance in phylum: Proteobacteria, Firmicutes_C, and Cyanobacteria; the genera Dialister, Selenomonadales,
Clostridium, Bacillus, Megamonas, Romboutsia, and Inesitibacter; the species Bilophila_wadsworthia, Enterococcus_C, Megamonas
funiformis, and Clostridium_perfringens. Furthermore, Bacillus_A showed a significant positive correlation with both serum creati-
nine and the protein-to-creatinine ratio. Conversely, higher levels of Victivallis were associated with lower blood urea nitrogen, while
increased Fusicatenibacterwas correlated with lower phospholipase A2 receptor levels. KEGG analysis indicated that theMN gut micro-
biota was enriched for pathways related to tryptophan metabolism, oxidative phosphorylation, and pathogenic Escherichia coli infection.
Additionally, receiver operating characteristic analysis revealed that a four-genus model comprising enrichedDialister, Enterococcus_C,
and Clostridium_P, and reduced Fusicatenibacter yielded an area under the curve of 0.90 ± 0.12, suggesting promising discriminatory
potential that warrants further validation. Conclusion: These findings demonstrate alterations in the composition and functional poten-
tial of the gut microbiota in patients with MN compared with the control group. Given the cross-sectional design of this study, these
observations should be interpreted as associative, and further studies are required to validate these findings and explore any associated
biological relevance.

Keywords: glomerulonephritis, membranous; metagenomics; gastrointestinal microbiome; oxidative phosphorylation; tryptophan
metabolism

1. Introduction
Immune-mediated kidney diseases, particularly mem-

branous nephropathy (MN), have emerged as amajor global
health challenge [1,2]. These conditions not only impact
patients’ quality of life but can also lead to end-stage re-
nal disease and renal failure. The main pathological fea-
tures of MN include deposition of immune complexes in
the glomerular basement membrane, with 70% to 80% of
cases exhibiting autoantibodies against the phospholipase
A2-receptor (PLA2R) [2,3]. Immunosuppressive therapies
that are most often employed clinically have demonstrated
partial effectiveness in delaying the disease; however, they

are frequently not sufficient to prevent renal damage and de-
terioration of renal function. The etiology of MN remains
unclear and may be associated with environmental factors
[4], genetic predisposition [5], or autoimmunity [6,7].

The gut microbiota is a complex community of mi-
croorganisms living in the human gut, consistings of bene-
ficial bacteria, neutral bacteria, and harmful bacteria. The
gut microbiota is a multifaceted microecosystem that forms
a symbiotic relationship with the host, establishing a com-
plex ecological network that supports homeostasis [8,9]. It
is becoming increasingly evident that the gut microbiota is
closely linked to the pathogenesis of numerous diseases,
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including inflammatory conditions, obesity [10], diabetes
[11], and Parkinson’s disease [12]. Research has confirmed
that the gut microbiota coordinates systemic immune and
metabolic homeostasis by promoting chronic inflammatory
responses, regulating microbial metabolic activity, and al-
tering the intestinal microenvironment [13–16].

A clinical study found that patients with MN often
exhibit alterations in the structure of their gut microbiota
[17]. Additionally, specific changes in the gut microbiota
composition of patients with MN may promote the for-
mation of anti-PLA2R antibodies through immune mech-
anisms such as epitope spreading or self-antigen modifica-
tion [18]. Nevertheless, current research mainly uses 16S
ribosomal RNA (rRNA) sequencing technology to investi-
gate gut microbiota composition, which primarily provides
taxonomic data but lacks the ability to analyze community
function and detailed metabolic activities. Li et al. [19]
employed 16S rRNA sequencing to compare gut micro-
biome differences between MN and other chronic kidney
disease (CKD) subtypes. However, its taxonomic resolu-
tion is largely limited to the genus/family level, and func-
tional profiling mainly relies on indirect inference rather
than direct gene- and pathway-level annotation, thereby re-
stricting the detection of species/strain signatures and the
systematic characterization of MN-related functional path-
way shifts.

By contrast, shotgun metagenomic sequencing en-
ables species- and strain-level profiling and provides
a gene-resolved view of microbial functional capacity
through the direct annotation of microbial genes, path-
ways, and metabolic modules [20]. This higher-resolution
framework facilitates the identification of MN-associated
taxa together with their functional repertoires (e.g., path-
ways related to amino acidmetabolism, energymetabolism,
and pathogen-associated functions) and supports integra-
tive analyses linking microbial features to clinical phe-
notypes. Moreover, metagenomics can capture clinically
relevant genetic elements such as virulence factors and
antibiotic resistance genes that are inaccessible to 16S
rRNA gene sequencing approaches [21], thereby offering a
more mechanistically informative characterization of MN-
associated gut microbiome alterations beyond prior 16S
rRNA sequencing-based studies.

This research utilized metagenomic technology to an-
alyze the gut microbiome in patients with MN to better un-
derstand its functional role and possible mechanisms in dis-
ease progression. These findings may provide potential in-
sights for the diagnosis and treatment of MN and support
the development of therapeutic strategies targeting the mi-
crobiome.

2. Methods
2.1 Subjects

This research was approved by the ethics commit-
tee of Shenzhen Longhua District Central Hospital (Ap-

proval No. 2025-108-01) and was carried out in accordance
with the principles of the Declaration of Helsinki (1975).
Ten patients with MN and ten normal controls (NCs) were
recruited at the Department of Nephrology of Shenzhen
Longhua District Central Hospital (Shenzhen, China). The
participants were chosen as follows: (1) confirmed MN
via renal tissue biopsy; (2) age 18 to 70 years old; (3) no
use of antibiotics, steroids, immunosuppressants, or probi-
otics, and no ingestion of foodswith active bacterial compo-
nents within the last month; (4) no recent severe infection,
such as fever, respiratory or gastrointestinal infection; and
(5) provision of voluntary written informed consent. Ex-
clusion criteria included: age less than 18 years or older
than 70 years; secondary kidney diseases (e.g., diabetic
nephropathy, systemic lupus erythematosus nephritis, acute
cardiovascular or cerebrovascular disease, allergic purpura
nephritis) or severe illness; pregnancy/lactation; and endo-
scopic procedures (gastroscopy or colonoscopy) in the past
3 months.

2.2 Fecal Sample and Clinical Data Collection
This study collected baseline demographic data from

the participants, including age, sex, height, weight, smok-
ing history, and alcohol consumption history. Laboratory
investigations included 24-h urine protein quantification,
red blood cell count, serum creatinine (CR), blood urea ni-
trogen (BUN), C-reactive protein (CRP), and random urine
protein/CR ratio. For patients with MN, fecal specimens
were obtained within 72 h after renal biopsy, with each sam-
ple weighing at least 8 g and placed in a sterile, dry stool
container. Fecal samples from the normal controls were
similarly collected within 3 days of their physical examina-
tion and were immediately transferred to –80 °C for long-
term storage.

2.3 Genomic DNA Extraction
Genomic DNA was extracted from the fecal sam-

ples using the cetyltrimethylammonium bromide (CTAB)
method. Samples were first homogenized in a CTAB ex-
traction buffer (2% CTAB, 100 mM Tris-HCl, 20 mM
Ethylenediaminetetraacetic acid (EDTA), and 1.4MNaCl),
followed by proteinase K (Aladdin, Shanghai, China) treat-
ment to digest proteins and cellular debris. After incuba-
tion at 65 °C, the mixture was treated with chloroform-
isoamyl alcohol to isolate the DNA-containing aqueous
phase. DNA was then precipitated from this phase using
isopropanol and recovered by centrifugation. To eliminate
impurities, the DNA pellet underwent a 70% ethanol wash.
The purified DNAwas finally resuspended in nuclease-free
water, quantified, and assessed for purity via Nanodrop, and
checked for integrity on an agarose gel, confirming no no-
table degradation before storage at –80 °C.
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2.4 Metagenomic Library Construction and Sequencing
Genomic DNA was fragmented using ultrasonic

shearing to generate DNA fragments of appropriate sizes.
Fragments ranging from 200 to 400 base pairs (bp) were
precisely selected via magnetic bead-based size selection
to optimize library preparation. In the end-repair and A-
tailing steps, reaction systems were carefully formulated to
repair DNA termini and add adenine (A) overhangs to the
3′ ends, facilitating adapter ligation. Adapter ligation was
subsequently performed to attach sequencing adapters to
the DNA fragments. The ligated products were amplified
by Polymerase Chain Reaction (PCR) and purified using
magnetic beads to ensure library quality.

For final library preparation, the PCR products
were denatured into single-stranded DNA, followed by
circularization to generate single-stranded circular DNA
molecules, with removal of unligated linear DNA. These
circularized templates were then subjected to rolling cir-
cle replication and combinatorial probe anchor synthe-
sis sequencing technology. During this process, single-
stranded circular DNA was amplified into DNA nanoballs
and loaded onto high-density nanochips. This workflow
significantly enhanced sequencing throughput and accu-
racy, completing the metagenomic library construction and
sequencing pipeline.

2.5 Metagenomics Data Processing and Analysis Workflow
Raw sequencing data underwent stringent quality

control (SOAPnuke v1.5.0, BGI, Shenzhen, Guangdong,
China, https://github.com/BGI-flexlab/SOAPnuke) to gen-
erate high-quality clean data by removing reads with>10%
ambiguous bases (N), adapter-contaminated reads (≥15 bp
matched), low-quality reads (≥50% bases with Q <20),
and host-derived reads by mapping to the human refer-
ence genome (GRCh38/hg38) and discarding mapped se-
quences. The resulting clean data were then assembled de
novo with MEGAHIT, retaining contigs ≥200 bp. Open
reading frames were predicted by MetaGeneMark, fol-
lowed by redundancy removal via Cluster Database at
High Identity with Tolerance (known as CD-HIT), setting
a threshold of 95% sequence identity and 90% coverage.
Gene abundance was quantified in Transcripts Per Mil-
lion using Salmon. Non-redundant genes were annotated
to Kyoto Encyclopedia of Genes and Genomes (KEGG)
orthologs using DIAMOND BLASTP (v0.4.7), available
online at: http://ab.inf.uni-tuebingen.de/software/diamond,
and functional profiles were aggregated to KEGG path-
ways for downstream analyses. Taxonomy was profiled
with Kraken2 (v2.1.2; https://ccb.jhu.edu/software/krake
n2/) / Bracken (v3.1; https://github.com/jenniferlu717/Brac
ken) against the Unified Human Gastrointestinal Genome
database. Microbial diversity was assessed via alpha diver-
sity indices (Chao1, Shannon, Simpson) and beta diversity
metrics (Bray-Curtis) using R packages to evaluate commu-
nity structure and inter-group differences.

2.6 Correlation and Predictive Performance Analyses

The correlations between clinical biochemical pa-
rameters and various microbial taxa were assessed using
Spearman’s rank correlation coefficient and visualized as a
heatmap in R (v4.4.2; https://www.r-project.org/) with the
pheatmap package. To identify microbial biomarkers capa-
ble of distinguishing patients with MN from normal con-
trols, we first applied the Wilcoxon rank-sum test to se-
lect taxa with significant abundance differences. The di-
agnostic utility of these candidate biomarkers was then rig-
orously evaluated by performing receiver operating char-
acteristic (ROC) curve analysis using Python (v3.10.12;
https://www.python.org/).

3. Results
3.1 Subject Characteristics

This study enrolled 20 participants, comprising 10
patients with biopsy-confirmed membranous nephropathy
(MN) and 10 normal controls (NCs). All patients were diag-
nosed with MN based on the biopsy results. We conducted
a comparative analysis of the data between the MN and NC
groups (Table 1). The two groups were well-matched in age
and sex distribution, and all participants were non-smokers
and non-drinkers. However, the MN group had a signifi-
cantly higher body mass index (BMI), systolic blood pres-
sure (SBP), diastolic blood pressure (DBP), creatinine lev-
els (CR), and blood urea nitrogen (BUN) levels compared
to the NC group.

Table 1. Comparison of data between the MN group and NC
groups.

Characteristics MN NC p-value

Age (y) 41.20 ± 8.65 36.40 ± 7.47 p ≥ 0.05
Smoking [n (%)] 0 (0%) 0 (0%) -
Drinking [n (%)] 0 (0%) 0 (0%) -
Sex p ≥ 0.05
Male [n (%)] 7 (70%) 6 (60%) -
Female [n (%)] 3 (30%) 4 (40%) -

BMI (kg/m2) 25.46 ± 2.84 22.01 ± 1.53 p < 0.05
SBP (mmHg) 133.50 ± 9.20 110.80 ± 6.07 p < 0.05
DBP (mmHg) 87.80 ± 13.39 70.30 ± 4.64 p < 0.05
CR (µmol/L) 97.10 ± 25.60 73.30 ± 13.08 p < 0.05
BUN (mmol/L) 5.11 ± 1.18 3.57 ± 0.57 p < 0.05
MN, membranous nephropathy; NC, normal control; BMI, body
mass index; SBP, systolic blood pressure; DBP, diastolic blood
pressure; CR, creatinine; BUN, blood urea nitrogen.

3.2 Differences in Gut Microbial Communities Between
the MN and NC Groups

In our study, we performed metagenomic sequencing
on fecal samples collected from patients with MN and NC
to investigate the difference in gut microbial communities.
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Table 2. Quality control data for metagenomic sequencing samples.
Sample name Raw reads Clean reads Clean data rate (%) Q30 (%)

NC_1 68,800,000 66,913,574 97.26 87.90
NC_2 69,440,000 67,176,342 96.74 88.08
NC_3 69,760,000 67,273,456 96.44 91.66
NC_4 75,520,000 67,016,176 88.74 89.57
NC_5 68,640,000 67,111,284 97.77 87.49
NC_6 68,480,000 66,898,090 97.69 88.06
NC_7 68,800,000 67,072,716 97.49 87.98
NC_8 68,269,958 66,538,652 97.46 87.77
NC_9 75,840,000 66,784,750 88.06 89.80
NC_10 68,800,000 66,889,992 97.22 88.25
MN_1 77,920,000 66,890,438 85.85 91.63
MN_2 69,760,000 66,918,788 95.93 89.99
MN_3 69,680,000 66,795,586 95.86 90.33
MN_4 69,760,000 66,919,152 95.93 90.05
MN_5 69,760,000 66,945,760 95.97 90.95
MN_6 70,480,000 66,811,778 94.80 90.61
MN_7 70,240,000 67,013,630 95.41 90.48
MN_8 69,920,000 66,994,836 95.82 90.15
MN_9 69,600,000 66,979,054 96.23 90.35
MN_10 69,920,000 66,835,418 95.59 90.47

As shown in Table 2, each fecal sample produced about 68–
76 million raw reads. After quality filtering, 85.85–97.77%
of reads were retained as clean reads, with an average clean
data rate of 95.11%. The Q30 values ranged from 87.49%
to 91.66%, indicating high sequencing accuracy suitable
for downstream analyses. Rarefaction curves at the species
level indicated that the dataset was sufficiently large and
reliable (Fig. 1).

Fig. 1. Species richness rarefaction curves for the MN and NC
groups, showing the relationship between sequencing sample
size and observed species counts.

Subsequently, alpha-diversity analysis was performed
to assess community diversity between the MN and NC
groups. As shown in Fig. 2A, the Chao1 index was sig-
nificantly lower in the MN group than in the NC group
(Wilcoxon, p = 0.037), whereas the Simpson and Shannon

indices showed no significant differences between the two
groups (p ≥ 0.05). Beta-diversity analysis based on non-
metric multidimensional scaling (Fig. 2B) demonstrated a
partial separation between the MN and NC samples, with a
stress value of 4 × 10−4.

To further investigate the differences in microbial
composition, we analyzed the relative abundance of bacte-
rial taxa at the phylum level (Fig. 2C,D). Across most of the
samples, Bacteroidota andFirmicutes_Awere the dominant
phyla, followed by Proteobacteria. The relative abundance
of Proteobacteria (14.83% vs. 8.98%) and Firmicutes_C
(4.35% vs. 1.39%) was higher in the MN group than
in the NC group, whereas the relative abundance of Bac-
teroidetes (55.49% vs. 59.01%) and Firmicutes_A (18.36%
vs. 23.95%) was lower in the MN groups compared to
the NC group. Non-parametric statistical testing (Wilcoxon
test) was subsequently applied to identify phyla with signif-
icant differences between the two groups (Fig. 2E). Firmi-
cutes_C (4.35% vs. 1.39%) and Cyanobacteria (0.025%
vs. 0.006%) were significantly enriched in the MN group
(p < 0.05), whereasMyxococcota was markedly decreased
(p < 0.05).

We next profiled the microbiota at the species level,
As shown in Fig. 2F, Prevotella_sp900557255 (11.99%
vs. 2.27%), Escherichia_coli_D (7.33% vs. 3.77%), and
Klebsiella_pneumoniae (2.69% vs. 1.47%) were more
abundant in the MN group, whereas Phocaeicola_dorei
(2.94% vs. 9.26%), Phocaeicola_massiliensis (1.79% vs.
5.26%), Bacteroides_uniformis (1.86% vs. 4.57%), and
Alistipes_putredinis (1.03% vs. 2.69%) showed reduced
abundance compared with the NC group. Subsequently,
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Fig. 2. Differences in gut microbial diversity and composition between the MN and NC groups. (A) Boxplots showing alpha
diversity indices (Chao1, Simpson, and Shannon) in the MN, and NC groups. (B) Non-metric multidimensional scaling plot based on
Bray-Curtis dissimilarity depicting beta diversity between the two groups. (C) Relative abundance of major bacterial phyla in each
sample. (D) Average relative abundance of dominant bacterial phyla in the MN and NC groups. (E) Differentially abundant phyla
between groups identified by the Wilcoxon rank-sum test. (F) Relative abundance of the top 20 most abundant bacterial species in the
MN and NC groups. (G) Differentially abundant species between the MN and NC groups were identified using the Wilcoxon rank-sum
test. *p < 0.05, **p < 0.01 and ***p < 0.001.

statistical significance analysis was performed on the
differential species to identify those with significant
changes. A total of several taxa exhibited significant
changes in relative abundance between the MN and NC
groups (Fig. 2G). Prevotella_sp900557255 was markedly
enriched in the MN group, while Phocaeicola_dorei, Bac-
teroides_uniformis, and Bacteroides_xylanisolvens were
significantly decreased (p < 0.05). In addition, several

opportunistic bacteria, including Megamonas_funiformis,
Enterococcus_asini and Clostridium_perfringens were
elevated in patients with MN, whereas butyrate-producing
and beneficial commensal species such as Faecal-
ibacterium_prausnitzii, Dialister_invisus, and Rose-
buria_succinatiphilus were significantly reduced (p <

0.05).
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Fig. 3. Functional differences of gut microbiota between the MN and NC groups. (A) Principal coordinate analysis (PCoA) based
on Bray-Curtis distances illustrating the overall differences in metagenomic functional profiles between the MN and NC groups. (B)
Analysis of similarities (ANOSIM) showing the variation in microbial functional composition among and within groups. (C) Kyoto
Encyclopedia of Genes and Genomes (KEGG) functional classification of predicted microbial pathways across categories including
metabolism, genetic information processing, environmental information processing, cellular processes, human diseases, and organismal
systems.

3.3 Functional Profiling Based on KEGG Annotation

To explore the potential functional alterations associ-
ated with microbial dysbiosis in patients with MN, func-
tional profiling based on KEGG pathway annotation was
performed. Principal coordinate analysis (PCoA) of pre-
dicted microbial functions revealed a clear separation trend
between the MN and NC groups (Fig. 3A), indicating dis-
tinct functional patterns of the gut microbiota. Analysis of
similarities (ANOSIM) analysis further confirmed a statis-
tically significant difference between the two groups (R =
0.118, p = 0.043) (Fig. 3B).

As shown in the KEGG classification (Fig. 3C),
microbial functions were predominantly enriched in
metabolism-related pathways, including carbohydrate
metabolism, amino acid metabolism, lipid metabolism, and
energy metabolism. In addition to metabolic pathways,

functional categories related to cellular processes (e.g.,
transport and catabolism, cell growth and death, and
cell motility) and environmental information processing
(e.g., membrane transport and signal transduction) were
also detected. Pathways involved in genetic information
processing, such as replication and repair, transcription,
and translation, were present as well. Moreover, a small
proportion of pathways were associated with human dis-
eases (e.g., bacterial and parasitic infections, antimicrobial
resistance) and organismal systems (e.g., environmental
adaptation and immune system functions).

3.4 KEGG Pathway Enrichment Analysis

To further explore functional alterations of the gut mi-
crobiota between the MN and NC groups, KEGG pathway
enrichment analysis was performed to identify significantly
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Fig. 4. KEGG pathway enrichment analysis showing the top 10 most enriched pathways in the MN and NC groups. Enrichment
significance was evaluated using the Reporter Score method. Pathways with a corrected Z-score >1.65 or <–1.65 were considered
significantly enriched (p < 0.05). The red box marks the key pathways (EHEC/EPEC signature, cobalamin biosynthesis, tryptophan
metabolism) that we consider critical for further discussion. EHEC/EPEC, Enterohemorrhagic E. coli/Enteropathogenic E. coli; NADH,
Reduced nicotinamide adenine dinucleotide; NAD, Nicotinamide adenine dinucleotide.

enriched pathways. As shown in Fig. 4, the MN group
exhibited enrichment in pathways associated with bacte-
rial pathogenicity and redox metabolism, such as Enterohe-
morrhagic E. coli/Enteropathogenic E. coli (EHEC/EPEC)
pathogenicity signature, reduced nicotinamide adenine din-
ucleotide (NADH): quinone oxidoreductase (prokaryotes),
Nicotinamide adenine dinucleotide (NAD) biosynthesis,
anthranilate degradation, and cytochrome c oxidase. No-
tably, tryptophan metabolism was also enriched in the MN
group, representing a key pathway involved in immune
modulation and host-microbe interactions. By contrast,
the NC group was enriched in pathways related to amino
acid and cofactor metabolism, such as leucine degrada-
tion, pyrimidine degradation, heme biosynthesis (bacteria),
phylloquinone (vitamin K1) biosynthesis, methionine sal-
vage pathway, and trans-cinnamate degradation.

3.5 Correlations Between Gut Microbiota and Clinical
Characteristics

We further performed a correlation analysis between
gut microbiota and clinical parameters. The results showed
that several bacterial genera were significantly associated
with renal function-related indicators (Fig. 5). Specifically,
Bacillus_Awas significantly positively correlated with both
serum creatinine (CR) and protein-to-creatinine ratio (PCR)
(p < 0.05). In contrast, Stoqueifchus and Victivallis were
significantly negatively correlated with blood urea nitro-
gen (BUN) (p< 0.05); andFusicatenibacterwas negatively
correlated with phospholipase A2 receptor (PLA2R). These
findings suggest that distinct gut microbial taxa are closely
associated with renal function and immunological parame-
ters in patients with MN.

3.6 Microbial Markers for the Potential Detection of MN

To evaluate the discriminatory power of the key mi-
crobial taxa between the MN and NC groups, ROC curve
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Fig. 5. Spearman correlation heatmap between gut bacterial genera and clinical indicators. Red indicates positive correlations,
blue indicates negative correlations, and color intensity reflects the strength of association. *p < 0.05. CRP, C-reactive protein; RBC,
red blood cell; PRO, urine protein; PLA2R, phospholipase A2-receptor; 24UTP, 24hour urinary total protein.

analysis was performed for four differential genera, Dialis-
ter, Enterococcus_C,Fusicatenibacter, andClostridium_P.
Fig. 6 showed that the combined model achieved an aver-
age area under the curve (AUC) of 0.90± 0.12, suggesting
that this four-genus signature may have the ability to dif-
ferentiate MN and NC samples. Notably, Dialister, Ente-
rococcus_C, and Clostridium_P were enriched in the MN
group, whereasFusicatenibacterwas significantly reduced.
Both enriched and depleted taxa contributed to the overall
diagnostic performance.

4. Discussion
Gut microbiota diversity and abundance are crucial

for sustaining normal physiological function [16,22]. This
study employed metagenomic sequencing to comprehen-
sively characterize the gut microbial community of patients
with MN. Our results revealed substantial differences in
microbial diversity, taxonomic composition, and functional
potential across patient groups and normal controls.

The composition and functions of the gut microbiota
may change due to diet and geographic variations, as well
as disease progression [23,24]. To minimize the impact of
dietary and lifestyle differences on the study results, we

enrolled normal controls who lived in the same area with
similar lifestyles. Our results indicated that fecal microbial
richness of patients with MN was significantly reduced in
comparison to normal controls, which was consistent with
earlier studies [19,25]. Taxonomic analyses also revealed
that patients withMN had a distinct form of microbiota dys-
biosis in the gut, characterized by an expansion in possi-
ble pathobionts and a reduction in health-related commen-
sals. Specifically, the relative abundances of Proteobac-
teria (e.g., E. coli, K. pneumoniae), C. perfringens, Ente-
rococcus spp., and M. funiformis were increased. E. coli
and K. pneumoniae are intestinal opportunistic pathogens
and their overproliferation is typically associated with in-
testinal barrier dysregulation, lipopolysaccharide (LPS)-
induced hypersecretion, and systemic immune enhance-
ment [26,27]. Previous studies based on 16S rRNA se-
quencing have reported enrichment of Escherichia in pa-
tients with MN, with further linking these taxa to disease
stage or immunopathological features [19]. However, in-
creased intestinal levels of E. coli have also been reported
in other kidney diseases, including IgA nephropathy [28]
and diabetic nephropathy [29]. These findings suggest that
the expansion of Escherichia may represent a shared fea-
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Fig. 6. Receiver operating characteristic (ROC) curve analysis
based on four genera in the fecal microbiota (Dialister, Entero-
coccus_C, Fusicatenibacter, and Clostridium_P). The blue line
represents the mean ROC curve with the corresponding area under
the curve (AUC), and the shaded area indicates the ±1 standard
deviation. The red dashed line denotes the reference line (AUC =
0.5).

ture associated with renal dysfunction or chronic inflam-
matory states rather than a microbiota alteration unique to
MN. C. perfringens secretes a variety of toxins that disrupt
intestinal epithelial integrity, leading to intestinal inflam-
mation and metabolic imbalances [30]. Enterococcus spp.
are highly drug-resistant pathogens capable of producing
extracellular proteases and bile salt hydrolases, thereby en-
hancing intestinal permeability and inducing immune acti-
vation [31], which may exacerbate systemic inflammation
and renal injury.

Moreover, the increase of pathogenic and pro-
inflammatory bacteria species in patients with MN was
accompanied by considerable changes in the microbial
metabolic pathways. KEGG annotation-based functional
prediction indicated that bacterial genes related to redox
metabolism, tryptophan metabolism, and pathogenicity-
associated mechanisms were highly upregulated in the MN
group. Enhanced NADH:quinone oxidoreductase activ-
ity and cytochrome c oxidase pathways suggest increased
bacterial oxidative phosphorylation and redox imbalance,
which could result in excessive generation of ROS and fa-
cilitate the development of mucosal oxidative stress. Such
oxidative stress reportedly disrupts the intestinal tight junc-
tion, exacerbating epithelial integrity and bacterial translo-
cation [32].

Notably, the enrichment of the tryptophan metabolism
pathway in patients with MNmay represent a change in mi-
crobial catabolism toward the generation of immunomod-
ulatory metabolites, including indole derivatives, kynure-
nine, and indoxyl sulfate. These substances may act as lig-
ands to aryl hydrocarbon receptor (AhR) and other immune
signaling receptors, affecting mucosal immune homeosta-
sis and systemic inflammation [33]. Miao et al. [34] re-
ported that gut microbiota–derived tryptophan metabolites
are closely linked to intrarenal activation of the AhR inMN,
with alterations in tryptophan metabolite profiles accompa-
nying enhanced AhR signaling and increased renal immune
activation. Potential mechanisms suggest that disrupted
tryptophan metabolism may interfere with immune cell dif-
ferentiation (particularly affecting the balance between pro-
inflammatory Th17 cells and regulatory T cells [Tregs])
and modulate B-cell activation [35]. These immunologi-
cal alterations may be linked to pathogenic autoantibody re-
sponses against podocyte antigens, including PLA2R. Fur-
thermore, indoxyl sulfate is produced by microbial tryp-
tophan metabolism and reportedly correlates with oxida-
tive stress, endothelial dysfunction, and renal fibrosis, all
of which contribute to the progression of CKD [36,37].

By contrast, the gut microbiota of normal controls
showed functional features that supported host metabolic
and redox homeostasis. Pathway enrichment mainly in-
volved amino acid and cofactor metabolic processes, such
as homoprotocatechuate degradation, arginine succinyl-
transferase activity, pyrimidine breakdown, and the biosyn-
thesis of phylloquinone (vitamin K1) and heme. These
metabolic pathways are essential in amino acid catabolism,
antioxidant synthesis, and cofactor reuse, and have thus
been suggested to maintain energy supply and redox bal-
ance in intestinal epithelial cells, thereby promoting mu-
cosal repair and barrier function [33,34]. Moreover, the
normal group showed increased enrichment of symbiotic
bacteria, such as Faecalibacterium prausnitzii and Rose-
buria spp., which synthesize short‑chain fatty acids (SC-
FAs), particularly butyrate. Butyrate activates epithelial
cell metabolism, increases tight junction protein expression,
and induces Treg differentiation, thereby producing anti-
inflammatory and barrier-protective effects [38–40]. These
butyrate-producing bacteria were significantly decreased in
MNpatients, potentially impairing the energy provision and
immune tolerance of the intestinal mucosa, aggravating in-
flammatory reactions and disrupting the immune balance.

This study found that certain gut microbial genera are
associated with renal function indicators in patients with
MN. Fusicatenibacter showed a negative correlation with
PLA2R, suggesting that this butyrate-producing bacterium
may exert immunomodulatory effects on membranous
nephropathy or mitigate PLA2R-mediated autoimmune-
related immune activation. Conversely, Bacillus_A had a
significant positive correlation with CR and PCR, suggest-
ing that its enrichment may reflect impaired renal filtration
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or increased proteinuria. Some Bacillus species can pro-
duce endotoxins or pro-inflammatory metabolites [41,42],
which may exacerbate renal injury and inflammatory re-
sponses.

Our findings indicate that a combination of four spe-
cific fecal bacterial genera (Dialister, Enterococcus_C, Fu-
sicatenibacter, and Clostridium_P) can accurately distin-
guish patients with MN from healthy controls. However,
future studies are crucial for confirming their reliability as
diagnostic and prognostic biomarkers.

Together, our findings indicate that gut dysbiosis in
patients with MN manifests not only as alterations in com-
positional structure but also involves functional reprogram-
ming, leading to a shift in their metabolic state toward
pro-inflammatory, oxidative stress, and uremic conditions.
These altered microbial profiles may be associated with
increased intestinal permeability and systemic inflamma-
tion and may relate to renal injury through the gut–kidney
axis. The sample size in this study was relatively small
(10 MN patients and 10 controls), highlighting the need
for further validation. Future research should integrate
metaproteomics, metabolomics, immunological profiling
and should employ multicenter, large-sample, longitudinal
studies with independent validation cohorts to elucidate the
causal relationships among microbial metabolites, immune
responses, and renal pathology in MN.

5. Limitations and Future Directions
This study had several limitations. First, the sample

size was small (10 MN patients and 10 controls), which
may have limited statistical power, potentially leading to
false-positive or false-negative results and affecting the ro-
bustness and reproducibility of the findings. Second, the
cross-sectional observational design precludes causal infer-
ence, and the results should be interpreted as associations
only. Third, although appropriate statistical methods were
applied, differences in several clinical parameters between
groups, including BMI, blood pressure, CR, and BUN, may
represent potential confounding factors. Renal function im-
pairment and altered metabolic status are known to influ-
ence gut microbiota composition and microbial metabolic
activity, and therefore may have partially contributed to the
observed microbiota alterations. Future research should in-
clude multicenter, large-sample, longitudinal studies with
independent validation cohorts to confirm the reproducibil-
ity of the identified taxa, functional pathways, and the pro-
posed microbial signature model.

6. Conclusion
In this exploratory study, we observed distinct gut mi-

crobial profiles in patients with MN compared with healthy
controls. These findings suggest a potential association be-
tween MN and gut microbiome dysbiosis and provide pre-
liminary evidence for candidate taxa that may be involved
inMN-related host–microbe interactions. Given the limited

sample size, these associations warrant further validation in
larger, well-characterized cohorts. Collectively, our results
provide a foundation for future studies to confirm these mi-
crobial signatures and to further investigate the mechanistic
relationships between gut microbiota alterations and MN.
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