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Chronic hepatitis B (CHB) remains a significant global health challenge, with
research indicating the gut microbiota’s influence on disease progression,
although investigations have primarily been limited to the genus level. This study
conducted species-level research using the Human Gut Microbiome Analysis
Database (HGMAD) to examine differences in gut microbiota between CHB
patients and healthy controls (HC), to investigate enterotype associations with
CHB, to assess the predictive capacity of enterosignatures for CHB phenotypes,
and to determine causal relationships among gut microbiota, metabolites, and
CHB. The cross-sectional investigation included 129 CHB patients and 58 HC,
with fecal samples analyzed by 16S rRNA gene sequencing of the V3-V4
region. Significant differences in a-diversity and p-diversity (P < 0.05) were
observed between the CHB and HC groups. Taxonomic analysis revealed that
the high prevalent bacteria group was lower in CHB patients (61.15%) than
in HC (98.05%), indicating increased gut microbiota heterogeneity in CHB.
Among known bacterial species, pathogens showed higher prevalence in CHB
patients (22.80% vs. 11.49%), with several potential enteropathogenic bacteria
(e.g., Bacteroides fragilis and Haemophilus parainfluenzae) enriched in CHB.
Dimensionality reduction and clustering analysis of gut microbiota in CHB
patients revealed two distinct enterotypes: ET-P dominated by Prevotella and
ET-B dominated by Bacteroides. ET-P demonstrated a correlation with elevated
levels of hepatitis B virus (HBV) DNA, hepatitis B surface antigen (HBsAg),
hepatitis B e antigen (HBeAg), CD4"T-cell count and CD8%T-cell count, and
alpha-fetoprotein (AFP). The enterosignatures of ET-P and ET-B effectively
predicted key clinical indicators: the area under the curve (AUC) was 0.78
(95% confidence interval [Cl]: 0.69-0.86) for HBeAg levels, 0.86 (95% CI: 0.79-
0.93) for HBV DNA levels, 0.75 (95% ClI: 0.65-0.84) for AFP status, and 0.85
(95% CI: 0.77-0.92) for CD4*T-cell count status. Mendelian randomization (MR)
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analysis, integrating two gut-microbiota databases, provided genetic evidence
for causal relationships between 16 species-level gut microbes and CHB. An
elevated abundance of Prevotella copri was associated with an increased risk
of CHB (OR = 142, 95% CI: 1.01-2.00, P = 0.045). Additionally, mediation
MR analyses revealed potential metabolite-mediated mechanisms underlying
the role of gut microbiota in CHB. Two enterotypes were identified in CHB
patients, ET-P demonstrated positive associations with HBV activity and viral
load. The enterosignatures derived from both enterotypes effectively predicted
key CHB clinical indicators, establishing causal links and potential underlying
mechanisms between gut microbiota and CHB. These findings indicate that the
gut microbiota maintains close connections to HBV infection, correlating with

viral load, host immune status, and disease prognosis in hepatitis B.
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Introduction

Hepatitis B virus infection presents a significant global public
health challenge. Chronic hepatitis B (CHB) is characterized by
infection persisting beyond 6 months (Ott et al, 2012). The
persistence of covalently closed circular DNA in hepatocytes, even
in cases with apparent serological resolution, maintains lifelong
risks of cirrhosis and hepatocellular carcinoma (Wong et al,
2013), highlighting the critical need for innovative therapeutic
approaches aligned with clinical practice guidelines from the
European Association for the Study of the Liver that emphasize
viral suppression (Terrault et al, 2016). The liver and gut,
originating from identical embryonic germ layers, share substantial
anatomical and functional connections, termed the “gut-liver axis”
(Jeng et al., 2023). Mounting evidence demonstrates the vital role
of gut microbiota in liver disease development, progression, and
treatment response, suggesting that gut microbial translocation
across the intestinal barrier contributes to inflammation and
disease progression in CHB (Liu et al., 2019; Chua et al., 2023;
Deng et al., 2023). However, previous studies relied on genus-
level analysis and neglected gut microbiota heterogeneity in
patients under disease conditions. In 2011, Arumugam et al.
(2011) introduced enterotypes as a concept for clustering and
grouping gut microbes, broadly categorizing them into those
dominated by Bacteroides, Prevotella, and Ruminococcus. Various
clustering approaches have yielded heterogeneous results, with
increasing evidence linking enterotypes to disease progression and
phenotype characteristics in conditions such as COVID-19 (Su
et al, 2024), asthma (Sohn et al, 2023), inflammatory bowel
disease (Caenepeel et al, 2024), and human immunodeficiency
virus (HIV)/AIDS (Noguera-Julian et al, 2016). Enterotypes
demonstrate stability independent of age, sex, cultural background,
or geographical location (Arumugam et al,, 2011), and remain
unaffected by clinical characteristics or antibiotic types (Vallet
et al, 2023). This stability offers an optimal approach for
studying gut microbiota variations in heterogeneous populations,
potentially informing therapeutic strategies and explaining disease
progression patterns across clinical phenotypes (Costea et al,
2017). Recognizing that correlation does not imply causation,
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the causal relationship between gut microbiota and CHB,
including underlying mechanisms, remains unclear. To address
this, Mendelian randomization research follows the principle that
“parental alleles are randomly allocated to offspring” (Davey Smith
and Ebrahim, 2003). Since genotype influences phenotype, it serves
as an instrumental variable to establish causal links between CHB
and gut microbiota through phenotypic disease expression.

To overcome existing study limitations-including reliance on
genus-level analyses, insufficient consideration of inter-individual
patient heterogeneity, and inability to establish causal relationships
between gut microbiota and CHB-this research conducted a
species-level analysis using the Human Gut Microbiome Analysis
Database (Wang et al, 2025). The study aimed to examine
enterotype-CHB relationships and develop predictive models for
clinical phenotypes using enterotype-specific microbial signatures
(Enterosignatures) (Frioux et al, 2023). The methodology
integrated clinical disease phenotype indicators, gut microbiome
profiles, and single nucleotide polymorphisms identified through
genome-wide association studies linked to gut microbiota,
metabolites, and CHB. Through defining CHB patient enterotypes
and identifying phenotype-correlated enterosignatures, this
research validated the causal relationship between gut microbiota
and CHB.

Materials and methods

Study population and sample collection

This study recruited consecutive CHB patients hospitalized
at the Shanghai Public Health Clinical Center. A total of 129
patients with CHB participated in the study, excluding those with
HIV, hepatitis C virus, hepatitis D virus, and other viral hepatitis
infections. Hepatitis B virus (HBV) DNA, hepatitis B e antigen
(HBeAg), hepatitis B surface antigen (HBsAg), HBsAb, and HBeAb
levels were monitored during follow-up.

The exclusion criteria encompassed: (1) HBV infection within
the past 3 months; (2) antibiotic use within 3 months; (3)
probiotic use within 3 months; (4) concomitant hypertension;
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(5) diabetes; (6) obesity or significantly low body weight; (7)
obvious atherosclerosis; (8) chronic kidney disease; (9) history
of gastrointestinal surgery; (10) inflammatory bowel disease; (11)
irritable bowel syndrome; (12) malignant tumors; (13) autoimmune
diseases; (14) Parkinson’s disease, Alzheimer’s disease, and stroke;
(15) mental illness; and (16) pregnant or lactating women.

The Ethics Committee of the Shanghai Public Health Clinical
Center approved the study (approval number: 2019-S043-02).
For the healthy control (HC) group, gut microbiological data
from 58 healthy individuals previously published by our research
group were utilized (Yang et al., 2020). These healthy individuals
had no gastrointestinal symptoms (e.g., nausea, abdominal
pain, diarrhea), gastrointestinal diseases (e.g., gastroenteritis,
gastrointestinal infections), autoimmune diseases, or psychiatric
disorders. The remaining fecal samples from these participants
were collected for analysis after testing at the hospital laboratory.
The study design appears in Figure 1.

Library construction and sequencing

DNA extraction from fecal samples was performed using the
QIAamp Fast DNA Stool Mini Kit (Qiagen, Germany) according to
the manufacturer’s protocol. The V3-V4 region of the 16S rRNA
gene was amplified from the extracted DNA using the barcoded
primers 338F (5-ACTCCTACGGGAGGCAGCAG-3") and 806R
(5'-GGACTACHVGGGTWTCTAAT-3'). Quality assessment was
performed on all samples to ensure sequencing standards were met.
Subsequently, all qualified samples were sequenced at Shanghai
Majorbio Bio-pharm Technology Co., Ltd.

16S rRNA gene sequencing analysis

Paired-end reads were separated by their unique barcodes,
trimmed to remove barcode and primer sequences, then merged
using BBMerge (Bushnell et al,, 2017) to combine overlapping
fragments into raw tags. Raw tags underwent quality filtering using
fastp (v0.23.1) to produce high-quality clean tags (Bokulich et al.,
2013). Effective tags were processed using QIIME2 (v2022.02)
with DADA2/deblur to generate amplicon sequence variants
(ASVs). Taxonomic classification was performed using VSEARCH
against the HGMAD database (DOI: 10.6084/m9.figshare.2728140)
within the QIIME2 pipeline (Wang et al, 2025), a reference
database established by our research group for species-level
characterization of gut microbial communities. Alpha diversity
indices, including ACE, Shannon, and Simpson diversity indices,
were calculated using the diversity function of the vegan R
package. For beta diversity visualization, Bray-Curtis distances
between samples were computed and represented on principal
coordinates analysis (PCoA) ordination plots. Permutational
multivariate analysis of variance (PERMANOVA) was conducted
using the adonis2 function to assess sample dispersion across
indicated variables. The microeco package was utilized to
evaluate gut microbiota differences, with genera identified by
an effect size linear discriminant analysis (LDA) score > 2
considered differentially enriched taxa. Microbial functional
pathway analysis was conducted using PICRUSt2, based on the
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Kyoto Encyclopedia of Genes and Genomes (KEGG) and Clusters
of Orthologous Groups (COG), following the PICRUSt2 protocol
(Douglas et al., 2020).

Classification of the gut microbiota
based on enterotypes

To demonstrate compositional differences in microbial
populations, samples were clustered using the partitioning around
medoids (PAM) clustering algorithm, with optimal cluster numbers
determined using the Calinski-Harabasz (CH) index, as previously
described (Lovmar et al., 2005). Fecal microbiota samples were
clustered using the Jensen-Shannon divergence at the genus level,
accounting for both abundance and phylogenetic distance of
shared genera (Arumugam et al., 2011; Costea et al., 2017).

MR analyses and mediation analysis

We conducted a two-sample MR analysis to examine the causal
relationship between the gut microbiota and CHB. A two-step
and multivariable MR approach was employed to identify the
mediating effect of metabolites on the relationship between the
gut microbiota and CHB. Genetic variants influencing the relative
abundance of microbial taxa were identified using microbiota
quantitative trait loci (mbQTL) mapping. The analysis defined 131
genera, 35 families, 20 orders, 16 classes, and 9 phyla (Kurilshikov
etal,, 2021). However, this genome-wide association study (GWAS)
dataset lacked species-level gut microbiota data. Therefore, we
integrated data from the DMP to enhance our analysis. The GWAS
summary data for DMP included 5 phyla, 10 classes, 13 orders,
26 families, 48 genera, and 105 species (Lopera-Maya et al.,, 2022).
The GWAS data collection for 1,400 metabolites was conducted
comprehensively using multiple datasets (Chen et al., 2023). The
GWAS summary statistics were obtained from the EBI GWAS
Catalog (accession numbers: GCST90199621 to GCST90201020),
and outcome data were sourced from the GWAS Catalog database?
using identifier GCST90018584 for Asian populations (Sakaue
etal., 2021). For instrumental variable screening, we selected single
nucleotide polymorphisms (SNPs) (F statistics = B2/SE?) with
genome-wide significance (P < 1 x 107°) and F statistics > 10,
indicating strong correlation with exposure factors. For 1,400
metabolites, the significance level was adjusted to 5 X 107°.
The independence test criterion evaluated selected instrumental
variables with a linkage disequilibrium threshold of r> < 0.001
and a genetic distance of 10,000 kb. The inverse variance weighted
(IVW) approach served as the primary analysis method. MR
results were expressed as odds ratios (ORs) with 95% confidence
intervals (CI). Results were considered statistically significant
when IVW P-values were below 0.05, with multiple statistical
methods used for sensitivity analysis. MR-PRESSO tests were
tests were performed to detect horizontal pleiotropy (P < 0.05)
and remove outlier SNPs (Bowden et al., 2015). The MR Egger
intercept assessed pleiotropy levels (Verbanck, 2018). Cochran’s

1 https://www.ebi.ac.uk/gwas/
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Study overview. (A) Taxonomic profiling of gut microbiota in CHB and HC. Microbial composition at the species level was characterized using 16S
rRNA V3-V4 amplicon sequencing, with taxonomic annotation performed via the Human Gut Microbiome Analysis Database (HGMAD) developed by
our research group. (B) Enterotype construction and microbial signature identification in CHB. Enterotypes were constructed based on gut
microbiota composition. Differential taxonomic signatures between enterotypes were identified using linear discriminant analysis effect size (LEfSe)
and random forest models. Spearman correlation analysis and predictive model construction were conducted to evaluate associations between
enterotype-specific microbiota and clinical parameters. (C) Causal inference and mediation analysis. Two-Sample Mendelian Randomization (TSMR)
and Multivariable Mendelian Randomization (MVMR) were employed to elucidate causal relationships between gut microbiota, 1,400 metabolites,
and CHB, while mediation effects of metabolites on microbiota—CHB interactions were quantified.

Q test evaluated heterogeneity among instrumental variables.
A fixed-effects model was used for IVW calculations when
P > 0.05. All MR analyses were performed using R (version
4.3.2; R Foundation for Statistical Computing, Vienna, Austria)
with “TwoSampleMR;” “GWASTools,” “SNPRelate,” “plinkQC,
“gwasglue,” and “VariantAnnotation” packages.

Statistical analysis

Continuous variables were presented as means + standard
deviation (SD), with statistical comparisons conducted using
independent t-tests between two groups and one-way ANOVA
for multiple groups. Non-normally distributed variables were
expressed as medians and interquartile ranges (IQR), while
categorical variables were described as frequencies and percentages.
Non-normally distributed continuous variables were compared
using the Kruskal-Wallis H test across multiple groups, with
Dunn’s multiple comparisons test applied for significant results.
Categorical variables were compared using the Chi square
test. Correlations between variables were computed using
Spearman’s correlation. Multivariable logistic regression was used
to assess associations between multiple independent variables
and categorical dependent variables. A two-step method was
adopted to select signatures for different enterotypes. Initially,
a random forest model (ntree = 500) identified the ten most
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predominant species as candidates for distinguishing different
enterotypes. Subsequently, linear discriminant analysis effect size
(LEfSe) analysis was applied to select different species, with a
threshold for LDA score > 3 and P < 0.05 (Gao et al., 2024).
Finally, overlapping species from both methods were designated
as signatures. The receiver operating characteristic (ROC) curve
was used to determine optimal cutoff points in diagnostic tests and
predictive models, plotting true positive rates against false positive
rates to reflect sensitivity—specificity trade-offs. Statistical analyses
were performed using SPSS version 21.0 and visualized using R
(version 4.3.2) with specified packages. The significance threshold
was established at a two-sided P-value < 0.05.

Results

Hierarchic taxonomic composition of gut
microbial community between hepatitis
B patients and healthy individuals

The study cohort consisted of 129 CHB patients (90 males
and 39 females) with a median age of 52 years (IQR, 40.5-58),
while the 58 HC participants had a median age of 33 years (IQR,
26.5-45.5), with males comprising 48% of the group. The V3-V4
variable region of the 16S rRNA gene was sequenced to detect
ASVs, enabling analysis of taxonomic composition at both genus
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and species levels. Analysis of 129 CHB samples yielded 684 ASVs,
comprising 505 known species, 78 potentially new species, and
101 potentially higher taxa (Figure 2A). Species classification was
based on representative 16S rRNA sequences showing identical or
near-identical matches (>98.7% identity) with known type strain
sequences (Parte, 2014). ASVs representing independent lineages
within known genera were designated as potentially new species
(Yarza et al.,, 2014). The 101 potentially higher taxa showed close
affiliation with known genera, families, orders, or higher-level
groups, suggesting new taxonomic ranks. The HC cohort analysis
revealed 635 ASVs, including 454 known species, 81 potentially
new species, and 100 potentially higher taxa (Figure 2B). Notably,
the majority of the microbiota was identified at the species level,
with relative abundances of dominant taxa reaching 79.32% and
82.53% in CHB and HC, respectively.

Low, Medium, and high prevalent
bacteria groups

Based on bacterial prevalence (McNulty et al., 2011; Yang
et al, 2020), ASVs from both cohorts were categorized into
three groups: low prevalence (<10%), medium prevalence (10%-
60%), and high prevalence (>60%). The analysis revealed: (i) the
low-prevalence bacterial group (386 ASVs, representing 2.19%
of total reads in CHB vs. 236 ASVs, 0.11% in HC); (ii) the
medium-prevalence bacterial group (259 ASVs, 36.66% in CHB vs.
218 ASVs, 1.84% in HC); and (iii) the high-prevalence bacterial
group (38 ASVs, 61.15% in CHB vs. 181 ASVs, 98.05% in HC)
(Figure 2C).

Probiotic, commensal, and potential

pathogenic bacteria

To characterize the microbial species composition in
CHB and HC groups, species were categorized as probiotic,
commensal, or potentially pathogenic bacteria based on a
literature review. Potential pathogenic bacteria were identified
using a comprehensive list of human bacterial pathogens
(Bartlett et al, 2022), which are associated with clinical
infections or outbreaks. After excluding probiotics (bacteria
beneficial to human health), the remaining species were
classified as harmless commensal bacteria. Analysis revealed
that CHB patients exhibited significantly higher numbers and
relative abundance of pathogens (225 species, 22.80% vs. 185
species, 11.49% in HC) and lower commensal bacteria (242
species, 43.99% vs. 237 species, 64.35% in HC) (Figure 2D).
Several enteropathogenic bacteria (i.e., Bacteroides fragilis and
Haemophilus parainfluenzae) were enriched in the microbiota
of CHB patients (Supplementary Tables 1, 2). Additionally,
certain potential pathogens (i.e., Veillonella atypica and Veillonella
parvula) demonstrated notably high abundance in some CHB
samples (Figure 2D). No significant differences in probiotics
were observed between groups. These findings suggest that
CHB patients possess a fecal microbiota enriched in pathogenic
bacteria, potentially increasing susceptibility to opportunistic
infections.
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Microbial diversity and composition in
CHB individuals differ significantly from
healthy individuals and exhibited the
presence of two distinct enterotypes

Comparative analysis showed substantial differences in
gut microbiota diversity between CHB and HC individuals.
CHB individuals had lower species counts (Chaol), reduced
richness (Shannon index), and decreased diversity (Simpson
index) compared with HC individuals, with notable differences
in microbial composition (Supplementary Figures 1A, B). Based
on compositional variations in CHB, dimensionality reduction
was applied to the complex, multidimensional structure of the
gut microbiota, and enterotypes were constructed at the genus
level by calculating the Jensen-Shannon distance and applying
the PAM clustering algorithm. The CH index indicated that
the optimal number of clusters for the CHB cohort (N = 129)
was two, yielding distinct microbial clusters that were clearly
separated in a PCoA plot (Figures 3A, B). Cluster 1 (N = 36)
was characterized by Prevotella (ET-P), while cluster 2 (N = 93)
was dominated by Bacteroides (ET-B). The diversity comparison
revealed that ET-P exhibited higher richness compared with ET-B
(Chaol richness: P < 0.001) (Figures 3C, D). Biomarkers based on
LEfSe for ET-P included Prevotella (LDA score 5.31, P < 0.001),
Prevotella copri (LDA score 5.18, P < 0.001), Faecalibacterium,
Faecalibacterium  prausnitzii, and Ruminococcus albus. In
contrast, ET-B was characterized by Bacteroides (LDA score
5.15, P < 0.001), Prevotella stercorea (LDA score 4.58, P < 0.01),
Enterococcus,
(Figure 3E).

Kyoto Encyclopedia of Genes and Genomes Orthology (KO)

Bacteroides  xylanisolvens, and Fusobacterium

annotation was conducted to predict and compare gut microbiota
functions between HC and CHB groups for the two enterotypes.
ET-P showed significantly higher predicted functional potential in
Genetic Information Processing than ET-B. Within the Metabolism
main class, ET-P displayed significantly higher abundance in
nucleotide metabolism, metabolism of cofactors and vitamins, and
amino acid metabolism compared with ET-B, while carbohydrate
metabolism was elevated in ET-B (Supplementary Figure 2).
According to Enzyme Commission (EC) numbers, enzymes
are classified into six categories: EC-1: oxidoreductases; EC-2:
transferases; EC-3: hydrolases; EC-4: lyases; EC-5: isomerases;
and EC-6: ligases. EC analysis of the two enterotypes revealed
that ET-P exhibited significantly higher abundance levels for the
top 25 enzymes across all six categories compared with ET-B
(Supplementary Figure 2).

Clinical indicators of CHB vary between
two enterotypes, and enterosignatures
predict disease progression and immune
status

Comparison of clinical indicators between the two enterotypes
in CHB patients revealed that ET-P exhibited significantly elevated
levels of HBV DNA, HBsAg, and HBeAg. Furthermore, ET-P
demonstrated significantly higher CD41T-cell count, CD8% T-cell
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FIGURE 2

Taxonomic profiles of the gut microbial community in CHB patients and HC. (A) Taxonomic tree of CHB patients. (B) Taxonomic tree of HC. (C)
Low-, medium-, and high-prevalence bacterial groups in CHB patients, showing the numbers (left axis) and relative abundance (right axis) of ASVs.
(D) Relative abundance of probiotic, commensal, and potential pathogenic bacteria in CHB patients and HC.
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FIGURE 3
The CHB cohort exhibited two distinct enterotypes. (A) Calinski—Harabasz (CH) index of the PAM clustering algorithm. (B) PCoA plot based on
Jensen—Shannon divergence (JSD) distance and PAM clustering for enterotype classification. (C) Alpha diversity of the two enterotypes, including
Chaol richness, Shannon index, and Simpson index. Significance codes: ****P < 0.0001. (D) Beta diversity of the two enterotypes. (E) Differential gut
bacterial taxa between the two enterotypes determined by LEfSe, with results plotted at a threshold of log LDA score > 3.5 and P < 0.05.
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TABLE 1 Comparison of epidemiological and clinical indicators
between two enterotypes.

Characteiics | E1-P (4= 36) ET-6 (=93 Prvalue

Age, years 43.5 (33.25-54.75) 3 (47-58) 0.003*

Male, 1 (%) 23 (63.90%) 67 (72.00%) 0.087

HBV DNA, IU/mL 6.28E05 9.90E01 0.006*
(1.22E02-4.09E07) | (9.90E01-3.60E03)

HBsAg, IU/mL 453.49 251.00 0.031*
(251.00-3427.38) (129.00-1174.89)

HBsAb, mIU/mL 0.26 (0-0.79) 0.04 (0-0.42) 0.196
HBeAg, S/CO 4.01 (0.52-444.45) 0.54 (0.44-2.12) 0.015*
HBeAb, S/CO 1.20 (0.06-20.10) 0.56 (0.02-1.44) 0.031*
HBcAb, S/CO 9.28 (8.72-10.23) 9.51 (8.69-10.20) 0.705

HBcAbIgM, S/CO 0.23 (0.14-0.37) 0.12 (0.08-0.31) 0.011*
CD4, cell/uL 546.00 408.50 0.007*

(432.25-814.25) (234.25-632.25)
CDS8, cell/uL 312.00 212.00 (85.50-367.5)|  0.014*
(158.50-475.25)

CD4/CD8 ratio 1.94 (1.47-2.46) 2.09 (1.39-2.92) 0.584
IgA, g/L 2.97 (1.90-3.52) 3.44 (2.57-4.05) 0.131
IgG, g/L 15.90 (13.78-20.35) | 15.90 (11.50-19.90) 0.640
IgM, g/L 1.13 (0.83-1.76) 1.07 (0.64-1.62) 0.435

CRP, mg/L 2.00 (2.00-3.74) 2.00 (2.00-7.36) 0.337

CA-125, U/mL 12.01 (9.11-20.56) | 23.94 (11.04-67.51) 0.023*

CA15-3, U/mL 9.25 (6.62-13.24) 10.87 (8.42-15.56) 0.051

CA19-9, U/mL 36.19 (15.08-61.11) | 17.22 (12.67-49.10) 0.247

AFP, ng/mL 8.21(2.52-154.70) | 4.21(1.87-14.22) 0.026*
CEA, ng/mL 2.00 (1.23-2.96) 2.42 (1.84-3.20) 0.035*
PCT, ng/mL 0.15(0.02-0.27) 0.10 (0.03-0.28) 0.934

Numerical data were presented as median (interquartile range), comparison between two
enterotypes was assessed by Mann-Whitney U test. Categorical variables were presented
in n (%), and differences were assessed by Fisher’s exact tests. HBsAg, hepatitis B surface
antigen; HBsAD, hepatitis B surface antibody; HBeAg, hepatitis B e antigen; HBeAb,
hepatitis B e antibody; HBcAb, hepatitis B core antibody; HBcAbIgM, hepatitis B core
antibody IgM; CD4, CD41T-cell count; CD8, CD8T-cell count; IgA, immunoglobulin
A; IgG, immunoglobulin G; IgM, immunoglobulin M; CRP, C-reactive protein; CA-125,
carbohydrate antigen 125; CA15-3, carbohydrate antigen 15-3; CA19-9, carbohydrate
antigen 19-9; AFP, alpha-fetoprotein; CEA, carcinoembryonic antigen; PCT, procalcitonin.
Significance codes: *P < 0.05.

count, and alpha-fetoprotein (AFP) levels. Conversely, cancer
antigen 125 (CA125) and carcinoembryonic antigen (CEA) levels
were elevated in ET-B (Table 1).

Differential signatures between enterotypes were identified
using LEfSe with LDA score > 3, and a random forest classification
model was constructed to determine significant signatures. The
intersection of these methods yielded 15 enterosignatures: ET-P
signatures included Prevotella copri, Barnesiella intestinihominis,
Mollicutes,
Flavonifractor plautii; ET-B signatures comprised Catenibacterium

Roseburia  inulinivorans,  Clostridiaceae, and

mitsuokai, Christensenellaceae, Roseburia cecicola, Bacteroides
xylanisolvens, Eubacterium ramulus, Bacteroidales, Ruminococcus

gnavus, and Prevotella stercorea.
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Spearman correlation analysis revealed significant associations
between enterosignatures and clinical indicators. Notably, ET-
P-associated bacteria showed positive correlations with HBV
DNA, HBeAg, CD4"T-cell count, and CD8*T-cell count, with
correlation patterns varying significantly across enterotypes.
These findings suggest that distinct microbial signatures between
enterotypes may function as predictors of clinical indicators and
CHB progression (Figure 4A).

To evaluate the predictive capacity of enterotype signatures
for clinical indicators, HBeAg status was categorized into HBeAg-
positive (HBeAg-P) and HBeAg-negative (HBeAg-N) groups. HBV
DNA levels were stratified using a threshold of 10* IU/mL
(Tong and Trieu, 2013), CD4"T-cell count were classified into
high and low immune states using a 500 cells/uL cutoff
(Pantazis et al, 2023), and AFP was categorized into positive
(>9 ng/mL) and negative (<9 ng/mL) based on standard
clinical reference values. Multivariate logistic regression models
incorporating enterosignatures were developed, with age and sex as
covariates to control for potential confounding effects. The models
demonstrated predictive accuracy with area under the curve (AUC)
values of 0.78 (95% CI: 0.69-0.86) for HBeAg status, 0.86 (95% CI:
0.79-0.93) for HBV DNA levels, 0.75 (95% CI: 0.65-0.84) for AFP
status, and 0.85 (95% CI: 0.77-0.92) for CD4 T-cell count status.
These results indicate that enterosignatures may serve as effective
predictive biomarkers for various CHB-related clinical indicators
(Figure 4B).

Genome-wide mendelian randomization
analysis identifies 16 species-level gut
microbial taxa and potential mediators
linking the gut microbiota to CHB
outcomes

While significant correlations were established between gut
microbiota composition and clinical indicators of CHB, these
observational associations cannot establish causality. To address
this limitation, MR analysis was employed to infer potential causal
effects of gut microbial features on CHB risk and to explore
mediating mechanisms involving metabolites. The integration of
two gut microbiota datasets provided a comprehensive collection
of 330 gut microbiota taxonomic groups, comprising 9 phyla,
16 classes, 20 orders, 43 families (including 3 unknown), 144
genera (including 12 unknown), and 98 species. Furthermore, 3,804
SNPs meeting a stringent genome-wide significance threshold of
P < 1 x 107 were identified for these 330 bacterial taxa and
considered as potential instrumental variables (IVs).

As shown in Supplementary Tables 3-9, the results indicated
that 16 bacterial taxa demonstrated a causal relationship with
CHB. Ten species exhibited positive causal relationships with
CHB. Among these, several taxa were significantly associated
with CHB: positively associated taxa included Prevotella copri
(OR = 1.42, 95% CI = 1.01-2.00, P = 0.045), Erysipelotrichaceae
UCG-003 ID 11384 (OR = 1.35, 95% CI = 1.02-1.80, P = 0.038),
Dorea longicatena (OR = 1.33, 95% CI = 1.02-1.73, P = 0.035),
1.33, 95% CI = 1.03-1.70,
1.30, 95% CI = 1.01-1.67,

Bacteroides xylanisolvens (OR =
P = 0.033), Eggerthella (OR =
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FIGURE 4

Predictive capability of enterosignatures for clinical indicators and causal relationships between gut microbiota and CHB. (A) Correlation heatmap
between enterosignatures and clinical indicators. Valid associations were filtered at P < 0.05 after Benjamini—Hochberg correction. Significance
codes: *P < 0.05; **P < 0.01. (B) ROC curves of multivariate logistic regression models predicting clinical phenotypes (HBeAg, HBV DNA,
CD4*T-cell count, AFP) in CHB patients. HBeAg was grouped into HBeAg-positive and HBeAg-negative. HBV DNA levels were stratified at a
threshold of 10* IU/mL. CD4*T-cell count were grouped into high and low immune states using a cutoff of 500 cells/pL. AFP was categorized into
positive (>9 ng/mL) and negative (<9 ng/mL) groups. (C) Forest plot illustrating significant causal associations between gut microbiota and CHB
using the inverse variance weighted method, with P < 0.05.
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Causal relationships and potential mechanisms linking gut microbiota, metabolites, and CHB. (A) Volcano plot showing causal relationships between
metabolites and CHB. Red dots represent metabolites with positive associations, while blue dots indicate metabolites with negative associations. (B)
Sankey diagram illustrating potential mechanisms of interaction among gut microbiota, metabolites, and CHB.

P = 0.039), Enterorhabdus ID 820 (OR = 1.30, 95% CI = 1.02-
1.65, P = 0.033), Butyrivibrio crossotus (OR
CI = 1.06-1.49, P = 0.009), and Butyrivibrio (OR = 1.18, 95%
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CI
taxa included Bacteroides salyersiae (OR = 0.89, 95% CI = 0.80-
0.98, P = 0.022), Ruminiclostridium 5 ID 11355 (OR = 0.78, 95%

1.04-1.33, P = 0.009). Conversely, negatively associated
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CI = 0.61-0.99, P = 0.047), Bacteroides coprocola (OR = 0.77, 95%
CI = 0.63-0.95, P = 0.014), Bifidobacterium longum (OR = 0.74,
95% CI 0.56-0.98, P 0.037), and Bilophila unclassified
(OR =0.67, 95% CI = 0.46-0.98, P = 0.040). Thus, the MR analysis
suggested a potential genetically determined causal relationship

between gut microbiota and CHB (Figure 4C, Supplementary

B
Figure 3).

Potential mediators and underlying
mechanisms between the gut
microbiota, metabolites and CHB
outcomes

The study began with two-sample Mendelian randomization
(TSMR) analyses to systematically evaluate the causal effects
of 1,400 metabolites on CHB. This investigation identified
47 metabolites with significant causal associations with CHB,
including nine unknown metabolites (Figure 5A). Subsequently,
two-step MR analyses were conducted to investigate the causal
relationships between gut microbiota and these significant
metabolites (Supplementary Tables 10-13). For microbial taxa and
metabolites that demonstrated consistent significance in the TSMR,
MVMR was applied to estimate direct effects after adjusting for
potential mediation. The mediation effects were then quantified
based on the difference between the total and direct effects
(Figure 5B).

The MVMR analysis revealed that eight gut microbial
taxa exhibited indirect effects on CHB through metabolite-
mediated pathways. After adjusting for these mediating
metabolites, the direct causal effects of these microbes were
no longer significant. Key findings include: Eggerthella.id.819
showed CHB risk effects potentially mediated through five
metabolites-3-hydroxybutyroylglycine (mediation proportion:
15.22%), glycine-to-alanine ratio (22.47%), lactosyl-N-palmitoyl-
sphingosine (d18:1/16:0) (59.51%), X-13007 (84.34%), and X-22776
(1.85%). Enterorhabdus.id.820 showed harmful effects mediated
by glycine-to-alanine ratio (69.24%), stachydrine (53.48%), and
X-10458 (68.09%). Bilophila unclassified exhibited a protective
effect against CHB that was completely attenuated after accounting
for metabolonic lactone sulfate (mediation proportion: 14.02%)
(Table 2).

Discussion

This study characterized the gut microbiota at the species
level in patients with CHB and healthy controls using a
data-driven approach based on the Human Gut Microbiome
Analysis Database (HGMAD) for species-level characterization.
The research established two enterotypes (ET-P and ET-B) and
elucidated the correlations between enterotypes and clinical
indicators in CHB patients. The representative species of
these two enterotypes effectively predicted viral load, immune
cells, HBeAg, and the liver cancer marker AFP. Through
TSMR and MVMR analyses, the study established genetic
causal relationships and explored potential mechanisms linking
gut microbiota, 1,400 metabolites, and CHB. From a genetic
perspective, this approach validated the causal associations
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between enterosignatures and CHB. The findings highlight the
predictive potential of enterosignatures for clinical outcomes while
underscoring the genetic causal links between gut microbiota,
metabolites, and CHB, suggesting new possibilities for targeted
therapeutic interventions and personalized treatment strategies.

The classification of high-, medium-, and low-prevalence
bacterial groups was used to describe heterogeneity (Pu et al,
2023). The results demonstrated that in CHB patients, the high-
prevalence bacterial group comprised 61.15% of total reads,
whereas in HC individuals, it constituted 98.05%. These findings
suggested that HBV infection induced significant alterations in the
gut microbiome, with marked individual variability, whereas the
gut microbiome in HC individuals maintained relative stability.
Moreover, potential pathogenic bacteria represented 22.80%
of total reads in CHB patients, compared with 11.49% in HC
individuals. These observations indicated that HBV infection
resulted in substantial modifications to the gut microbiome,
characterized by enhanced individual variability and an elevated
proportion of pathogenic bacteria compared with healthy
individuals (Zeng et al., 2020).

Significant differences in microbiota diversity and composition
existed between CHB and HC groups, aligning with previously
reported findings in the literature. The microbial diversity in CHB
was notably lower than in HC, potentially attributable to multiple
factors, including varying stages of HBV infection, diverse immune
states, and different levels of viral replication (Long et al., 2023).

Given the heterogeneity in the microbial composition of
CHB, we performed dimensionality reduction and clustering
analysis of the complex gut microbiota to identify enterotypes
and examine their association with CHB. Enterotypes have been
shown to remain stable across sex, cultural background, and
geographical factors (Costea et al., 2017). The analysis revealed
two distinct enterotypes in CHB: ET-P and ET-B, dominated by
Prevotella and Bacteroides, respectively. This classification aligned
with enterotype characteristics observed in the Chinese population
and corroborated previous findings (Liang et al, 2017). ET-P
demonstrated significantly higher species richness compared with
ET-B.

With respect to metabolic pathways, ET-P exhibited elevated
functional potential in nucleotide metabolism, cofactor and
vitamin metabolism, and amino acid metabolism relative to ET-
B. Conversely, carbohydrate metabolism was enhanced in ET-
B, consistent with known Bacteroides functions (Cantarel et al.,
2009). Among the six major enzyme classes—oxidoreductases,
transferases, hydrolases, lyases, isomerases, and ligases—ET-P
displayed significantly higher levels than ET-B, indicating more
active enzyme metabolism that reflected metabolic differences
between enterotype signatures (Wright et al., 2000).

Clinical serological indicators demonstrated higher HBV
DNA levels and HBeAg replication activity in ET-P compared
with ET-B, supporting the hypothesis that Prevotella influences
gut antiviral defense mechanisms (Glavan et al, 2016). ET-
P also showed significantly elevated CD4"T-cell count and
CD8TT-cell count, consistent with studies in HIV patients and
those with periodontal disease (Pinacchio et al., 2020), where
Prevotella abundance correlated positively with CD4*T-cell count
and CD8'T-cell count. This suggested that Prevotella drove
sustained T-cell activation and inflammation, primarily through
TLR2 signaling, which stimulated antigen-presenting cells to
produce Thl7-polarizing cytokines, including IL-23 and IL-1.
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TABLE 2 Multivariable Mendelian randomization (MVMR) reveals the potential mechanisms among gut microbiota, metabolites and CHB.

Exposure Mediator Outcome Total SNP Indirect | Mediated_
effect number effect effect | proportion
c__Deltaproteobacteria Hydroxyasparagine levels CHB —0.405 13 —0.279 0.187 —0.646, 0.088 0.136 —0.126 31.043
c__Gammaproteobacteria.id.3303 1,7-dimethyluric acid levels CHB 0.649 10 0.124 0.318 —0.498, 0.747 0.696 0.525 80.894
c__Gammaproteobacteria.id.3303 Alanine to pyruvate ratio CHB 0.649 11 0.089 0.237 —0.375, 0.554 0.706 0.560 86.287
c__Gammaproteobacteria.id.3303 Cortisol to taurocholate ratio CHB 0.649 12 0.079 0.271 —0.453,0.611 0.77 0.570 87.827
f__unknownf__id.1000006161 Cortisol to 4-cholesten-3-one ratio CHB —0.208 17 —0.035 0.104 —0.238,0.168 0.736 —0.173 83.147
f _unknownf__id.1000006161 Glycine to alanine ratio CHB —0.208 17 —0.028 0.114 —0.252,0.195 0.804 —0.180 86.518
f__unknownf__id.1000006161 S-carboxyethylcysteine levels CHB —0.208 17 0.033 0.106 —0.175, 0.241 0.753 —0.241 115.890
f _unknownf__id.1000006161 X-22776 levels CHB —0.208 14 —0.03 0.104 —0.233,0.173 0.774 —0.178 85.555
g Eggerthella.id.819 3-hydroxybutyroylglycine levels CHB 0.262 8 0.222 0.119 —0.012, 0.456 0.063 0.040 15.216
g Eggerthella.id.819 Glycine to alanine ratio CHB 0.262 10 0.203 0.124 —0.041, 0.447 0.104 0.059 22.472
g Eggerthella.id.819 Lactosyl-N-palmitoyl-sphingosine CHB 0.262 16 0.106 0.127 —0.143, 0.355 0.405 0.156 59.517
(d18:1/16:0) levels
g Eggerthella.id.819 X-13007 levels CHB 0.262 16 0.041 0.12 —0.195,0.277 0.736 0.221 84.342
g Eggerthella.id.819 X-22776 levels CHB 0.262 7 0.257 0.131 —0.001, 0.514 0.051 0.005 1.849
g Enterorhabdus.id.820 Glycine to alanine ratio CHB 0.260 14 0.08 0.121 —0.157,0.318 0.507 0.180 69.241
g__Enterorhabdus.id.820 Stachydrine levels CHB 0.260 10 0.121 0.125 —0.124, 0.366 0.332 0.139 53.477
g Enterorhabdus.id.820 X-10458 levels CHB 0.260 14 0.083 0.113 —0.139, 0.305 0.464 0.177 68.087
g ErysipelotrichaceaeUCG003.id.11384 3-(4-hydroxyphenyl) lactate levels CHB 0.303 23 0.162 0.146 —0.124, 0.448 0.266 0.141 46.514
g ErysipelotrichaceaeUCG003.id.11384 Adenosine 5'-monophosphate (AMP) CHB 0.303 21 0.153 0.152 —0.144, 0.450 0.313 0.150 49.485
to valine ratio
g ErysipelotrichaceaeUCG003.id.11384 X-11315 levels CHB 0.303 19 0.157 0.142 —0.121, 0.435 0.269 0.146 48.165
g Ruminiclostridium5.id.11355 Glutarate (C5-DC) to salicylate ratio CHB —0.250 14 —0.106 0.126 —0.353, 0.140 0.399 —0.144 57.648
g Ruminiclostridium5.id.11355 Lactosyl-N-palmitoyl-sphingosine CHB —0.250 20 —0.08 0.13 —0.335,0.174 0.537 —0.170 68.036
(d18:1/16:0) levels
s__Bilophila_unclassified Metabolonic lactone sulfate levels CHB —0.399 12 —0.343 0.215 —0.763,0.078 0.11 —0.056 14.018
f__Coriobacteriaceae 1,7-dimethyluric acid levels CHB 0.410 8 0.524 0.238 0.058, 0.991 0.028 —0.114 —27.783
f__Coriobacteriaceae Cortisol to 4-cholesten-3-one ratio CHB 0.410 10 0.557 0.223 0.120, 0.994 0.012 —0.147 —35.830
(Continued)

‘le 10 ueni

T5¥£891°'G202 921W/6852°0T


https://doi.org/10.3389/fmicb.2025.1683451
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/

Yuan et al. 10.3389/fmicb.2025.1683451

= Additionally, Prevotella stimulated epithelial cells to secrete IL-
% .g § 2 SN § Slel ol B % % 8, IL-6, and CCL20, enhancing mucosal Th17 immune responses
— — (=) s (=] - . . .

5 2 al ml © ; RERC gl Yol %l b SI and neutrophil recruitment. These Prevotella-induced responses
9] . . . . . . .
s 5 intensified mucosal inflammation, potentially leading to systemic

dissemination of inflammatory mediators, bacterial components,
=
& | w T B E -1 UV I OV B (R N and intact bacteria, which may have contributed to broader
= S 2 2/ 3/ 8/ 2/8 2/8 8 &|8|¢2 infl di ] 1\ al ;
g g T s/s/S/s s/ g8 3 3/ 3% inflammatory disease outcomes (Vazquez-Castellanos et al., 2015;
— Larsen, 2017).
Alpha-fetoprotein levels were significantly higher in ET-P
L) olzlgl 2|/l elzlals compared with ET-B, consistent with findings from liver cancer
(=] (= =] (= =} (=3 (= (=] S (=] (= (=] . . . . .
s | s s|s|®|s|s|s|s s/ 3 3 patients showing positive associations between AFP levels and
Prevotella abundance (Zhang W. et al., 2023). Further analysis of
© - o] = enterotype—clinical indicator relationships revealed that the ET-P
o | o ol ol || S|l 3 8|2 x| —~ . .. . . .
5| 5 818 8 8 s 5/3/ 3 /8 & enterosignature correlated positively with CHB-specific antigens
(=] (=] (=] (=] (=] =} (=] (=] (=] .
S P S R = S R N S = P and CD4"/CD8*' T-cell counts. Beyond Prevotella copri, ET-
(=1 D wn [\ — ) 0 o D 5 (=3 < o
= 2 clcs g2 /s a v 2 = : : P AP
S| 3 S|s/s s s S s S 3 P representative species such as Barnesiella intestinihominis co-
occurred with Enterobacteriaceae, suggesting potential synergistic
effects in establishing pro-inflammatory gut conditions (Tsakmaklis
S| s g/ g &/g/g =% alg ¢ % et al., 2023). Flavonifractor plautii was associated with increased
e Rt El il Hl Hadll Bl Bl il il Bt IL-10 expression and CD4TCD25" cell expansion in splenocytes,
suggesting immunoregulatory functions (Ogita et al., 2020).
Bacteroides demonstrated distinct functional characteristics.
o o K N
g & S8 82K 3 &8 208 Prevotella stercorea was suggested to enhance androgen deprivation
S| s s|lcs|s|s|TIs|FIF1TF | - . . .
therapy efficacy by opposing microbiota that promote castration-
resistant prostate cancer, potentially through mechanisms
stabilizing microbial ecology and immune homeostasis (Pernigoni
s a R N S P A o et al., 2021). Additionally, Eubacterium ramulus enrichment in
afebrile COVID-19 patients inversely correlated with inflammatory
markers, indicating potential protective effects. These observations
supported enterotype-specific immunovirological signatures in
N 0 ® D
s = T L8 = g3 ala 23 CHB (Zhou et al,, 2021). Such enterosignatures may serve as
. i} o : o = =3 3
il B T S O B I Bl Bt biomarkers for predicting viral replication activity, immune status,
and clinical progression.
g Studies by Zheng et al. (2023) demonstrated the potential
§ % % % % % % % % % % % % % of gut microbes as biomarkers for early recurrence prediction
8 and treatment response in HBV-related hepatocellular carcinoma,
and as prognostic indicators for HBV-related acute-on-chronic
. liver failure (Wang et al., 2021). Multivariate logistic regression
° :E; R g ° g ° analysis and ROC curve evaluation revealed that enterosignatures
g g K g g | & g effectively distinguished HBV DNA loads, viral replication status,
5 i; % 5| 8 j; /3 3 3 i; E 3 immune status, and outcome indicators. Traditional approaches
= « 2= A R ] 218 . . . . . .
© 3 E 3 T2 E el 2ls 5 <8l 2 had been insufficient for comprehensively analyzing microbiota—
B 5 :: = 52|55 85 8 3£ 8 . - . o
% ARG HRARIEEIE disease relationships due to the complexity of the gut microbiota.
2 = RN 25 2 2R : N, :
3|2 183 &89 g~ The enterotype concept, involving dimensionality reduction and
ESHE ES p=] S k<l . .
5008 S Z§ = 5 clustering of gut compositional patterns (Arumugam et al., 2011),
ol g | O 5 &) .. .

Z & = revealed numerous associations between enterotypes and disease
phenotypes. Increased Prevotella or ET-P abundance correlated
with rheumatoid arthritis, type II diabetes, and HIV, while
elevated Bacteroides levels were associated with non-alcoholic

ol o 3| 8 §Q §° ] steatohepatitis (Zhu et al., 2013) and immune senescence (Le
g3 £ ¢z .
o g 8 sl el sl | B § §| §| 2 & & Chatelier et al., 2013).
S EIEERE IR I - A icrobi i i
2 gl g EIEITIOT| SRS E 5SS Enterotypes may enhance microbiota-based diagnostics,
9 5 5 S )
2 -§ —é § g E.ﬁ E‘g IR IR §' HE therapies, and disease prevention, supporting personalized
- = . . . .
o S8 S ol o g 522 B :t‘ Q:I interventions. Caenepeel et al. (2024) demonstrated associations
RS 5K . . .
Jdd 3 03‘ 515 IR between enterotypes and biological therapy outcomes in

inflammatory bowel disease, while Zhu et al. (2024) identified
an aging-enriched enterotype linked to improved immunotherapy

TABLE 2 (Continued)

outcomes in older patients, confirmed through FMT experiments.
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While associations between gut microbiota and clinical
indicators have been established, correlation did not necessarily
indicate causation, and establishing causal relationships required
additional analysis. This study employed TSMR to investigate the
genetic relationships between gut microbiota, metabolites, and
CHB. Given that metabolites play a crucial role in the development
of liver inflammation (Tang et al, 2022), the MVMR analysis
confirmed their mediating roles, with specific microbiota classes
demonstrating substantial mediation effects.

Through combined analysis of gut microbiota correlations
and causal relationships, our findings revealed that certain gut
microbial taxa could influence CHB progression through both
facilitating and mitigating effects. Notably, elevated abundance of
Prevotella copri correlated with increased CHB risk, suggesting
its potential utility as a predictive biomarker and therapeutic
target for CHB management. This finding is consistent with
previous research indicating that CHB patients with ET-P
generally exhibit higher viral loads, active viral replication,
enhanced immune responses, and a potentially elevated risk of
hepatocellular carcinoma (Zhang Q. et al., 2023). These results
underscore the potential value of enterotype-based stratification
for personalizing treatment strategies. Specifically, ET-P patients,
characterized by a predominance of Prevotella copri, may constitute
a distinct subgroup with higher HBV viral load, more active
viral replication, and increased risk of hepatocellular carcinoma,
necessitating specialized monitoring and aggressive therapeutic
measures. However, it should be emphasized that gut microbial
biomarkers should not be viewed as entirely independent of
established clinical parameters, nor should they serve as a
standalone gold standard. Instead, they should be integrated
with conventional clinical indicators to enable a comprehensive
evaluation of disease status. That said, the advantages of gut
microbiota analysis for non-invasive testing are substantial. It
demonstrates considerable promise as an early-warning tool
during initial disease onset and progression, thereby offering
innovative perspectives and strategies for disease prevention and
control.

Additionally, MR analysis identified Bacteroides xylanisolvens
in ET-B as causally associated with CHB. Through MVMR-
based mediation analysis, we identified eight gut microbial
taxa whose effects on CHB were mediated by metabolites.
However, despite demonstrating causal associations with CHB,
the representative species of ET-P (Prevotella copri) and ET-
B (Bacteroides xylanisolvens) lacked clearly defined metabolite-
mediated mechanistic pathways underlying their effects. In two
recent studies, Prevotella copri was shown to significantly enrich
the level of 5-aminopentanoic acid (5-AVA). 5-AVA aggravated
palmitic acid-induced lipid accumulation in HepG2 cells and
primary mouse hepatocytes, and it could promote the development
of pediatric metabolic dysfunction-associated steatotic liver disease
(MASLD) (Xu et al, 2025). Furthermore, these perturbations
contributed to the exacerbation of hepatic fibrosis by disrupting
lipid metabolism and impairing gut barrier integrity, which in turn
promoted sustained inflammation and accelerated scarring within
the liver tissue (Leitman et al., 2024).

Several limitations warranted consideration in our analysis.
The cross-sectional study design limited our ability to collect
comprehensive longitudinal data, constraining our understanding
of how microbiota influenced CHB progression over time.
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Additionally, single-institution sampling and lack of mechanistic
validation with resolved HBV infections restricted our capacity to
draw more definitive conclusions regarding the long-term impacts
of HBV resolution on gut microbiota and clinical outcomes.
Despite these constraints, our findings provided valuable insights
and established a foundation for future longitudinal studies with
larger, more diverse cohorts.

In conclusion, this study demonstrated that species-level
enterosignatures functioned as reliable predictors of infection
status, immune response characteristics, and potential CHB-
associated risks. Furthermore, we established a causal relationship
between species-level gut microbiota composition, metabolites,
and CHB, elucidating how specific microbial profiles influenced
disease progression and outcomes. These findings enhanced
our understanding of the gut-liver axis in HBV pathogenesis
and provided a foundation for developing microbe-targeted
therapies aimed at achieving complete hepatitis B virus clearance
in CHB patients.
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