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Abstract. Refractory ascites is a serious complication of
decompensated cirrhosis, yet its intestinal microbial and
metabolic characteristics remain incompletely understood.
The present study combined 16S rRNA sequencing and
gas chromatography-mass spectrometry-based untargeted
metabolomics to investigate the gut microbial composition
and metabolite profiles of 70 patients with refractory ascites
due to cirrhosis (OB group) and 70 healthy individuals (NC
group). Analyses included microbial diversity evaluation,
taxonomic comparison, functional prediction, metabolite
screening and disease association mapping. Compared
with the NC group, the OB group showed reduced a diver-
sity and distinct B diversity patterns, with enrichment of
Proteobacteria and areduction in anaerobic and Gram-positive
taxa. BugBase analysis indicated increased proportions
of potentially pathogenic, biofilm-forming and oxidative
stress-tolerant phenotypes. LEfSe analysis further revealed
group-specific taxa, such as enrichment of Bacteroidota and
Actinobacteriota in the NC group and Firmicutes-related
genera including Clostridium and Lactobacillus in the OB
group. Functional predictions suggested group differences
in carbohydrate and lipid metabolism, membrane transport
and vitamin-related pathways. Metabolomic analysis identi-
fied 2,890 altered metabolites and Kyoto Encyclopedia of
Genes and Genomes enrichment highlighted an involvement
in serotonergic synapse and steroid hormone biosynthesis.
Receiver operator characteristic curve analysis revealed
a good discriminatory performance (area under the
curve >0.93) for 10 selected metabolites. Several of these
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metabolites, including L-tryptophan and hypoxanthine,
were further linked to inflammatory, neurodegenerative and
neoplastic diseases. In conclusion, patients with refractory
ascites exhibited notable structural and functional alterations
in gut microbiota and metabolism. These findings provide
insights into the gut-liver axis in cirrhosis and may inform
future research on microbial or metabolic biomarkers.

Introduction

Refractory ascites represents a particularly severe manifes-
tation of decompensated liver cirrhosis, often indicating a
terminal disease phase marked by a diminished quality of
life, frequent hospital admissions and a median transplant-free
survival of only 6-12 months (1,2). Despite therapeutic
advancements such as diuretic regimens, large-volume para-
centesis, albumin supplementation and the use of transjugular
intrahepatic portosystemic shunt (TIPS), achieving sustained
symptomatic relief remains clinically challenging (3,4).
Notably, accumulating evidence suggests that metabolic
dysregulation persists even after TIPS, continuing to exert
adverse effects on patient outcomes (5,6). In light of the limited
therapeutic efficacy and marked disease burden associated
with refractory ascites, there is a growing need to elucidate its
underlying pathophysiological mechanisms.

Mounting research underscores the critical interplay
between the gut and liver in the pathogenesis of cirrhosis (7).
The intestinal microbiome, comprising a complex, adaptable
microbial ecosystem, has emerged as a key regulator of hepatic
homeostasis via its metabolic byproducts, immunomodulatory
actions and contribution to intestinal barrier integrity (8,9).
In cirrhosis, microbial dysbiosis, characterized by reduced
species richness, overrepresentation of opportunistic taxa and
compromised mucosal defense, is increasingly recognized as a
driving factor in hepatic inflammation, bacterial translocation
and secondary complications such as hepatic encephalopathy
and spontaneous bacterial peritonitis (10,11). More recently,
shifts in ascitic bacterial composition have been shown
to correlate with disease severity and clinical prognosis,
suggesting that refractory ascites may be associated with a
distinct microbial signature (1,12,13). However, integrative
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studies specifically addressing microbiota and metabolic
alterations in this subgroup remain sparse.

Advances in high-throughput methodologies now allow for
comprehensive profiling of the gut ecosystem and its meta-
bolic outputs (14). The application of 16S rRNA sequencing
in tandem with gas chromatography-mass spectrometry
(GC-MS)-based untargeted metabolomics provides a multi-
dimensional view of host-microbe interactions. A previous
investigation into ascitic fluid metabolomics have highlighted
notable disruptions in biochemical pathways, particularly those
involved in amino acid and lipid metabolism, underscoring the
metabolic complexity associated with advanced cirrhosis (15).
The integration of microbial and metabolic profiling offers
a promising approach to elucidate the pathophysiological
mechanisms underlying refractory ascites.

In the present study, an integrated analysis of the intes-
tinal microbiota and fecal metabolome of patients with
cirrhosis-related refractory ascites was performed. Through
simultaneous 16S rRNA sequencing and GC-MS-based
metabolomics, the present study aimed to characterize
disease-specific microbial communities and metabolic
alterations. This approach may provide novel insights into the
gut-liver axis disturbances contributing to disease progression
and inform the development of biomarker-driven diagnostic or
therapeutic strategies.

Materials and methods

Study design and participants. Between July 2023 and
July 2024, a total of 140 participants were enrolled from
the Department of Hepatology at Qiannan People's Hospital
(Duyun, China),comprising 70 individuals clinically diagnosed
with decompensated cirrhosis accompanied by refractory
ascites (OB group) and 70 healthy control subjects (NC group)
with comparable age and sex distribution. The age and sex
distributions were as follows: in the OB group, there were
47 men and 23 women with a mean age of 59.36+10.81 years,
while in the NC group, there were 24 men and 46 women with
a mean age of 57.42+9.65 years. The eligible age range for
inclusion was 40 to 75 years. Diagnosis of refractory ascites
was established in accordance with the diagnostic criteria
specified in the 2017 guidelines published by the Chinese
Society of Hepatology (16). Cirrhosis in participants was
diagnosed through a combination of clinical evaluations and
imaging techniques, including ultrasound, CT scans and MRI.
Liver biopsy was performed when necessary for confirmation,
based on clinical judgment.

The NC group had no prior history of liver disease, gastro-
intestinal disorders or other conditions that could potentially
influence the gut microbiota. Additionally, this group was not
affected by chronic conditions such as hypertension, diabetes,
cardiovascular issues or any ongoing inflammatory diseases.
The cause of cirrhosis in participants from the OB group was
established through a combination of clinical evaluation and
laboratory assessments, with common underlying causes being
viral hepatitis (such as hepatitis B or C virus) alcohol-related
liver disease, and non-alcoholic fatty liver disease. Participants
in each group were excluded if they had a history of cancer,
recent abdominal surgery (particularly procedures related
to the liver), uncontrolled infections or severe organ failure.

Additional exclusion criteria included cachexia, recent gastro-
intestinal infections (within the previous month), pregnancy,
lactation or the use of antibiotics, corticosteroids or probiotics
within 2 weeks before enrollment.

The sample size was determined based on previous
studies (17,18) with similar patient cohorts and a power anal-
ysis was conducted to ensure sufficient statistical power (80%)
with a significance level of P<0.05 (19,20). Participants were
allocated to either the OB or NC group based on predefined
inclusion and exclusion criteria. The OB group included
patients with confirmed cirrhosis and refractory ascites, diag-
nosed through clinical evaluation, imaging studies and ascitic
fluid analysis. The NC group consisted of individuals without
liver disease or other chronic gastrointestinal or systemic
conditions and with routine laboratory test results within the
normal limits. No randomization was performed for the group
assignment, as this was a cohort study, but matching for age
and sex between the two groups was performed. Renal func-
tion was evaluated in all OB group participants by measuring
serum creatinine and calculating the glomerular filtration rate
(GFR) to rule out the possibility of hepatorenal syndrome
(HRS). In addition, all participants in the OB group were
evaluated for the presence of hepatic encephalopathy using
clinical assessment based on the West Haven criteria (21).

Upon recruitment, comprehensive dietary and lifestyle
information from the previous 1 to 3 months was obtained
from each subject. Dietary information was collected using a
food frequency questionnaire, which asked participants about
their daily food intake frequency over the past month. Lifestyle
factors such as physical activity, smoking, alcohol consump-
tion and sleep habits were assessed using self-reported surveys.
These surveys covered the lifestyle of the participants in the
1 to 3 months prior to the study to account for any potential
confounding factors. In the OB group, all participants under-
went endoscopic evaluation to detect esophageal varices and
signs of gastric bleeding, common complications in cirrhosis.
Ethical approval was granted by the institutional review board
of The People's Hospital of Qiannan (grant no. 2022-qnzy-18),
and written informed consent was obtained from all
participants prior to sample collection and data acquisition.

During the study period, no patients in the OB group
experienced death directly attributable to the condition.
Additionally, none of the OB group patients underwent TIPS
or liver transplantation during the course of the study. All OB
group patients underwent diagnostic paracentesis to determine
the cause of ascites, with ascitic fluid analysis performed to
assess cell count, protein concentration and albumin gradient,
which was performed in accordance with the diagnostic criteria
for refractory ascites as outlined in the practice guidelines by
the American Association for the Study of Liver Diseases (22).

Assessment of clinical parameters. Liver function tests,
including alanine aminotransferase (ALT), aspartate
aminotransferase (AST), total bilirubin and albumin, were
measured following standard clinical protocols. Prothrombin
time (PT) and the international normalized ratio (INR) were
assessed using coagulometric methods. To evaluate renal
function, serum creatinine levels were determined, while urea
nitrogen was measured with routine biochemical techniques.
Sodium and potassium concentrations were quantified using
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an automated electrolyte analyzer. The GFR was estimated
using the Cockcroft-Gault formula based on serum creatinine
levels (23).

Fecal sample collection and storage. Fresh fecal samples were
collected from each participant, immediately snap-frozen
in liquid nitrogen and then stored at -80°C until further
processing. Each sample was divided into aliquots for micro-
biome and metabolomic analysis, ensuring consistency and
reducing freeze-thaw cycles.

Microbial DNA extraction and 16S rRNA sequencing.
Genomic DNA was extracted from 200 mg of fecal material
using the QIAamp Fast DNA Stool Mini Kit (Qiagen GmbH;
cat. no. 51604), following the manufacturer's protocol. DNA
integrity and concentration were evaluated using 1% agarose
gel electrophoresis and a NanoDrop 2000 spectrophotometer.
The V3-V4 hypervariable regions of the bacterial 16S rRNA
gene were amplified using the primers 341F (5'-CCTACG
GGNGGCWGCAG-3") and 806R (5'-GGACTACHVGGG
TATCTAAT-3"), with an expected product length of ~466 bp.
Amplified PCR products were purified with QIAquick PCR
Purification Kit (Qiagen GmbH; cat. no. 28104) and quanti-
fied using a Qubit 3.0 fluorometer. Sequencing libraries were
constructed using the TruSeq DNA PCR-Free Kit (Illumina,
Inc; cat. no. 20015962). The final library concentration was
quantified by qPCR and loaded at a final concentration of
12.5 nM for sequencing on the Illumina HiSeq 2500 plat-
form. Raw reads were processed by quality filtering and
paired-end merging using FLASH (v1.2.11; https://ccb.jhu.
edu/software/FLASH/), followed by clustering into operational
taxonomic units (OTUs) at 97% similarity using USEARCH
(v1.0.667; https://www.drive5.com/usearch/). Taxonomic
annotation was conducted using the Greengenes database
(v13_8; https://greengenes.secondgenome.com) with a
minimum confidence threshold of 0.6. o and 3 diversity indices
(such as Chaol, Shannon and Simpson) were calculated using
Quantitative Insights Into Microbial Ecology (QIIME; v1.9.1;
http://qiime.org/) and MOTHUR (v1.45.3; https://mothur.org/).
Principal coordinate analysis (PCoA), Bray-Curtis dissimi-
larity and Analysis of Similarities (ANOSIM) were performed
in R (v4.3.1; https://www.r-project.org/). Functional predictions
of microbial communities were generated using PICRUSt2
(v2.5.0; https://github.com/picrust/picrust2), Tax4Fun2 (v1.1.5;
https://github.com/bwemheu/Tax4Fun2) and BugBase (v1.0.0;
https://github.com/knights-lab/BugBase) to assess pathway
involvement and phenotypic traits.

Metabolite extraction and GC-MS profiling. Fecal samples
were allowed to thaw at ambient temperature before ~20 mg
of each sample was transferred into a sterile 2 ml microcentri-
fuge tube containing 400 ul of 70% methanol with pre-added
internal standards (succinic acid-D,, cat. no. 571687,
L-valine-Dg, cat. no. 486927; Sigma-Aldrich; Merck KGaA).
The mixture was vortexed for 3 min to ensure adequate
dispersion and then subjected to ultrasonic extraction at a
frequency of 40 kHz in an ice-water bath for 10 min. After
sonication, the suspension was incubated at -20°C for 30 min
to precipitate proteins and other particulates. The sample was
centrifuged at 13,000 x g for 10 min at 4°C, and 300 ul of
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the resulting supernatant was transferred to a new tube. A
second centrifugation at 13,000 x g for 3 min was performed,
after which 200 pl of the clarified supernatant was collected
for downstream analysis. Untargeted metabolomic analysis
was carried out using a GC-MS system (TripleTOF 6600+;
SCIEX) equipped with a Waters T3 reverse-phase column
(2.1x100 mm, 1.8 ym particle size). Chromatographic separa-
tion was achieved using a binary solvent system composed of
0.1% formic acid in water (mobile phase A) and 0.1% formic
acid in acetonitrile (mobile phase B). The gradient program
was as follows: 0 min, 95% A; 2 min, 80% A; 5 min, 40% A;
6 min, 1% A; 7.5 min, 1% A; 7.6 min, 95% A; and 10 min,
95% A. The flow rate was set at 0.4 ml/min and the injection
volume was 4 pul. The column was maintained at a constant
temperature of 40°C. Mass spectrometric data were acquired
in both positive and negative electrospray ionization (ESI)
modes under an information-dependent acquisition method
using Analyst TF 1.7.1 software (SCIEX). Ionization param-
eters were as follows: Ion source voltage of +5,000 V (ESI+)
and -4,000 V (ESI-), source temperatures of 550°C and 450°C
for positive and negative modes, respectively, nebulizer gas at
50 psi, auxiliary heating gas at 60 psi, curtain gas at 35 psi
and a declustering potential of +60 V. Collision energies were
set at £10 V for MS1 and +30 V for MS2, with a collision
energy spread of 15 V. Each mode was acquired over a total
runtime of 10 min. The present study employed an untargeted
metabolomics approach and data were acquired in full-scan
mode. Metabolite identification was based on matching reten-
tion times and mass spectra with those in the NIST and Fiehn
libraries (see below).

Metabolomic data processing.Raw data obtained from GC-MS
analysis were initially processed using ChromaTOF software
(v.4.72; LECO Corporation) for peak detection, deconvolution
and retention time alignment. Baseline correction and noise
filtering were applied to enhance signal clarity and ensure
consistent feature extraction. Metabolic features with >50%
missing values across all samples were excluded from further
analysis. The remaining missing values were estimated using
a k-nearest neighbor algorithm to maintain data completeness
without compromising structure. To account for instrument
drift and technical variability, total ion current normalization
was applied across all chromatograms. Compound identifica-
tion was performed by matching deconvoluted spectra against
commercial reference libraries, such as NIST (https:/www.
nist.gov/srd/nist-standard-reference-database-1a) and FiehnLib
(https:/fiehnlab.ucdavis.edu/projects/fiehnlib), using a simi-
larity threshold of =80%. Metabolite identities were further
verified through manual inspection of fragmentation patterns
and retention indices. Only compounds consistently detected
in the quality control samples with a coefficient of variation
<30% were retained for downstream statistical analysis. All
post-processing, normalization and compound filtering, as
well as the subsequent multivariate and univariate analyses,
were performed in MetaboAnalyst 5.0 (https:/www.metabo-
analyst.ca). Data transformation and scaling were applied
within the platform prior to these statistical analyses. The
diagnostic efficiency of differential metabolites was evaluated
by constructing receiver operating characteristic (ROC) curves
in R (v.4.3.0) with the pROC package, and the area under the
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curve (AUC) was calculated to quantify their discriminative
ability.

Functional enrichment analysis. Metabolites retained
after annotation and filtering were mapped to reference
pathways based on the Kyoto Encyclopedia of Genes and
Genomes (KEGG) compound database. Functional enrich-
ment analysis was conducted using the KEGG Pathway
platform (https://www.genome.jp/kegg/), aiming to identify
significantly perturbed metabolic routes across experimental
conditions. Enrichment significance was evaluated based on
the hypergeometric test, with a false discovery rate cut-off of
<0.05 used to define significantly enriched pathways. Pathway
coverage and biological relevance were also considered in
the final interpretation. In addition, associations between
key metabolites and human diseases were explored using the
Human Metabolome Database (HMDB; https://hmdb.ca/).

Statistical analysis. Statistical procedures were used
to compare microbial and metabolomic characteristics
between groups and to assess their relationships with clinical
variables. For microbiome data, differences in a-diversity
were evaluated using either parametric or non-parametric
tests, selected according to the distribution of the data with
unpaired Student's t-test applied to normally distributed
data and the Wilcoxon rank-sum test used for non-normally
distributed data. For examining individual metabolite
differences in the metabolomic data, appropriate univariate
tests were used depending on data distribution, including
unpaired Student's t-test or the Wilcoxon rank-sum test.
Only metabolites that met the predefined criteria for statis-
tical significance were included in subsequent interpretation.
Associations between refractory ascites and clinical indica-
tors were examined using Pearson correlation analysis.
GraphPad Prism (version 9.5.1; Dotmatics) was used for
these statistical analyses. P<0.05 was considered to indicate
a statistically significant difference.

Results

Patients in the OB group have reduced microbial richness
and diversity. A total of 749 OTUs were obtained following
rigorous quality filtration and sequence clustering of 16S
rRNA gene reads. Among them, 572 OTUs were identified
in the NC group and 540 in the OB group, with 363 OTUs
shared across both cohorts. The Venn diagram illustrates
the distribution of overlapping and group-specific OTUs
(Fig. 1A). To further characterize the pattern of taxa pres-
ence and co-occurrence, an UpSet plot was constructed.
The plot provided a more granular view of intersection sets
and subgroup relationships (Fig. 1B). This visualization
offered an intuitive overview of OTU overlap and structural
complexity between the groups. To assess within-sample
microbial diversity, a diversity indices were calculated and
compared between the groups. As shown in Fig. 1C, richness
estimators, including Ace, Chaol and Sobs, were signifi-
cantly lower in the OB group than in the NC group (P<0.05),
indicating a marked reduction in microbial richness.
Similarly, Shannon and Simpson indices were decreased in
the OB group, reflecting diminished community evenness

and overall diversity compared with the NC group. Notably,
the Coverage index approached 1 in both groups, confirming
sufficient sequencing depth and reliable representation of
microbial communities.

Additionally, clinical parameters of the NC and OB groups
were analyzed. The results indicated that in the OB group,
liver function markers (ALT, AST and total bilirubin) were
higher, albumin was lower, coagulation markers (prothrombin
time and INR) were prolonged, creatinine levels were elevated
and electrolyte concentrations (sodium and potassium) were
lower. No significant change was observed in urea nitrogen
levels (Table I). These findings reflected a decline in microbial
richness and diversity in individuals with refractory ascites,
highlighting notable ecological disturbance associated with
cirrhosis.

f diversity analysis reveals distinct microbial community
structures between the OB and NC groups. To evaluate the
structural variation of the gut microbiota between cirrhotic
patients and healthy individuals, p diversity analysis was
performed across multiple taxonomic levels. PCoA plots based
on Bray-Curtis distances revealed a clear spatial separation
between the NC and OB groups at all six taxonomic ranks, from
phylum to species (Fig. 2A), indicating distinct community
compositions between the groups. The degree of separation
appeared more pronounced at lower taxonomic levels, particu-
larly at the genus and species ranks. The ANOSIM results
further supported these observations, demonstrating signifi-
cant dissimilarities between groups at each taxonomic rank
(Fig. 2B; r>0.25, P<0.001). Together, these findings illustrate
that the gut microbial communities of cirrhotic patients
differed markedly from those of healthy controls, suggesting
ecological shifts linked to disease progression.

Functional and phenotypic alterations of gut microbiota in
the OB group. Next, the potential functional differences in
the gut microbiota between groups was explored. Microbial
gene functions were inferred using PICRUSt2. As displayed in
Fig. 3A, the pathways related to ‘Carbohydrate Metabolism,
‘Membrane Transport’ and the ‘Metabolism of Cofactors and
Vitamins’ were among the most notable predicted functions,
with observable differences noted between the NC and OB
samples. Several immune- and disease-related pathways, such
as those associated with infectious diseases, neurodegenera-
tive disorders and endocrine system regulation, also displayed
significant variation. Additionally, microbial phenotypic
characteristics were analyzed using BugBase (Fig. 3B and C).
The heatmap revealed contrasting trends in phenotypes such
as aerobicity, pathogenic potential and biofilm formation
between the two cohorts. Quantitative comparisons showed
that compared with the NC group, the OB group exhibited
higher proportions of ‘Aerobic’, ‘Contains_Mobile_Elements’,
‘Facultatively_Anaerobic’, ‘Forms_Biofilms’, ‘Gram_
Negative’, ‘Potentially_Pathogenic’ and ‘Stress_Tolerant’
phenotypes. By contrast, the ‘Anaerobic’ and ‘Gram_Positive’
phenotypes were significantly lower in the OB group (Fig. 3C).
These findings suggest that microbial functional capacities
and phenotype expression profiles were altered in the OB
group, as reflected by distinctions in the predicted pathways
and microbial traits.
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Figure 1. OTU comparison and o diversity profiling of intestinal microbiota between the NC and OB groups. (A) Venn diagram illustrating the number of
shared and unique OTUs in each group. (B) UpSet plot depicting the distribution and intersection patterns of OTUs across the two cohorts. (C) Boxplots of a
diversity indices (Ace, Chaol, Sobs, Shannon, Simpson and Coverage) comparing species richness and microbial community diversity between the NC and
OB groups. OTU, operational taxonomic unit; NC, normal control; OB, refractory ascites group.

Microbial taxa with differential distribution identified by LEfSe.
To investigate the taxonomic differences in gut microbiota
composition between the OB and NC groups, LEfSe analysis
was performed to identify taxa exhibiting differential abundance
across taxonomic ranks. The cladogram in Fig. 4A illustrates
the phylogenetic structure of these taxa, with color-coded
branches representing features associated with either the NC
or OB group. Several taxa were found to vary in relative abun-
dance between groups (Fig. 4B). For instance, members of the
phyla Bacteroidota and Actinobacteriota appeared more associ-
ated with the NC group, while taxa belonging to Firmicutes,
including genera such as Clostridium and Lactobacillus, were
relatively more abundant in the OB group. These variations
were evident across multiple levels of taxonomy, suggesting
distinct microbial profiles characterizing the two cohorts.

Metabolomic distinctions between the OB and NC groups
based on GC-MS analysis. Building on the observed taxo-
nomic differences in gut microbiota, untargeted metabolomic

profiling was performed to investigate compositional varia-
tions at the metabolite level. Fecal samples from both the OB
and NC groups were analyzed using GC-MS and the represen-
tative total ion chromatograms showed comparable spectral
patterns across samples (Fig. 5A). PCA based on the full
metabolite dataset revealed a distributional shift between the
OB and NC groups (Fig. 5B), with samples from each cohort
forming distinguishable clusters. This suggests divergence in
global metabolic features between the two groups. Differential
metabolite screening further identified a wide array of altered
features. A total of 8,777 metabolites were detected, among
which 1,334 exhibited increased abundance and 1,556 were
decreased in the OB group compared with the NC group
(Fig. 5C). To highlight the most relevant metabolic shifts, the
top 20 upregulated and downregulated metabolites based on
fold change and P-value are summarized in Tables II and III,
respectively. These tables provide detailed chemical infor-
mation, statistical significance and fold changes of the most
altered compounds, thereby offering a clearer view of the
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Table I. Clinical parameters comparisons between the OB and NC groups.

Clinical parameter NC group (n=70) OB group (n=70) P-value
Sex, male/female 24/46 31/39 0.84
Liver function tests

ALT, U/ 24.71x1.15 52.27+6.54 0.0002

AST, U/ 23.04+1.04 134.57+23.16 <0.001

Total bilirubin, gmol/l 17.07+2.36 61.41£9.51 <0.001
Albumin (g/1) 48.18+0.46 29.64+1.09 <0.001
Coagulation function

Prothrombin time, sec 12.64+0.11 17.39+0.31 <0.001

International normalized ratio 1.18+0.01 1.45+0.03 <0.001
Renal function

Creatinine, gmol/l 66.47+1.33 133.62+21.67 <0.001

Urea nitrogen, mmol/l 5.88+0.18 7.87+0.66 0.1378
Electrolytes

Sodium, mmol/l 140.76+0.37 137.51+0.58 <0.001

Potassium, mmol/l 4.36+0.06 4.00+0.08 <0.001

OB, refractory ascites group; NC, negative control; ALT, alanine aminotransferase; AST, aspartate aminotransferase.

molecular disturbances associated with the OB group. These
results offer an initial view of metabolic alterations between
the OB and NC groups.

Exploration of enriched pathways linked to altered metabolites.
Based on the screened differential metabolites, a compound
network was constructed to illustrate chemical associations
and structural classifications. Metabolites were categorized
into groups such as amino acid derivatives, steroids, fatty acids
and heterocyclic compounds, with dense interconnections
observed both within and between chemical classes (Fig. 6A).
Then, KEGG pathway enrichment was conducted using the
annotated metabolites. A range of pathways were implicated,
including those involved in neurotransmitter signaling (such as
‘Serotonergic synapse’), lipid metabolism (such as ‘Fatty acid
biosynthesis’ and ‘Fatty acid degradation’) and hormonal regu-
lation (such as ‘Steroid hormone biosynthesis’ and ‘Oxytocin
signaling pathway’) (Fig. 6B).

Evaluation of diagnostic performance of differential metabo-
lites. The present study further assessed the classification
potential of key metabolites with receiver operator character-
istic curve analysis. A total of 10 representative metabolites
were selected based on their relevance in prior screening
and annotation. All selected metabolites yielded area under
the curve (AUC) values =0.93, with the highest observed for
6-ketoprostaglandin E1 (AUC=0.955). Other compounds
such as prostaglandin D3 (AUC=0.940), deoxyartemisinin
(AUC=0.937) and ganoderic acid Md (AUC=0.930) also exhib-
ited strong classification performance. The full list included:
biotin-XX-hydrazide (AUC=0.936), estra-4,9-diene-3,17-dione
(AUC=0.933), prostaglandin E2 methyl ester (AUC=0.931),
8-epidermal glycoside (AUC=0.930), pergolide (AUC=0.930)
and cincassiol B (AUC=0.930) (Fig. 7). These results suggest

that the identified features may have contributed to group
differentiation in the metabolomics cohort and provide
reference for subsequent validation efforts.

Disease association of key differential metabolites. Beyond
evaluating the diagnostic value of the differential metabo-
lites, their potential links to human diseases were further
investigated by referencing the KEGG and HMDB databases.
Among them, L-tryptophan, hypoxanthine, and indole exhib-
ited broad associations with various pathological conditions,
notably encompassing neurological disorders (such as epilepsy,
schizophrenia and Alzheimer's disease), chronic inflamma-
tory diseases (including Crohn's disease, ulcerative colitis and
rheumatoid arthritis), as well as multiple malignancies (such
as colorectal, ovarian and pancreatic cancer). For example,
L-tryptophan alone was associated with >20 disease states,
reflecting its multifaceted role in systemic metabolic regula-
tion. Likewise, hypoxanthine was associated with several
metabolic syndromes and tumor-related processes. Besides,
other metabolites, including serotonin, phenylethylamine and
deoxycholic acid, were implicated in both gastrointestinal and
neuropsychiatric conditions (Table IV). Collectively, these
associations underscored the potential involvement of these
metabolites in disease-related metabolic pathways and support
their biological relevance within the study context.

Correlation between refractory ascites and clinical param-
eters. To further explore the clinical relevance of refractory
ascites, Pearson correlation analysis was performed between
refractory ascites status and routine clinical parameters.
The results demonstrated that refractory ascites was posi-
tively correlated with PT (r=0.536, P<0.001), INR (r=0.533,
P<0.001), TBIL (r=0.384,P=0.001) and urea nitrogen (r=0.285,
P=0.019), while showing negative correlations with serum
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Figure 2. f diversity analysis of intestinal microbiota between the NC and OB groups. (A) PCoA plots based on Bray-Curtis distances were generated across
six taxonomic ranks: Phylum, class, order, family, genus and species. (B) Analysis of Similarities compared intragroup and intergroup microbial distances at
each taxonomic level. NC, normal control; OB, refractory ascites group; PCoA, principal coordinates analysis.

albumin (r=-0.299, P=0.012) and sodium (r=-0.270, P=0.024).
No significant associations were observed with age, sex, ALT,
AST, potassium or creatinine (all P>0.05). These findings
suggest that impaired coagulation, hyperbilirubinemia, hypo-
albuminemia and electrolyte or renal disturbances are closely
linked with the presence of refractory ascites (Table V).

Discussion

The present study offers an in-depth and integrative assess-
ment of microbial dysbiosis and metabolic abnormalities in
individuals with refractory ascites secondary to cirrhosis,
uncovering notable disturbances across the gut-liver axis.
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Figure 3. Functional and phenotypic characterization of intestinal microbiota in the NC and OB groups. (A) Kyoto Encyclopedia of Genes and Genomes
pathway enrichment predicted by PICRUSt2 presented relative abundances and statistical differences between the two groups. (B) BugBase-derived heatmap
illustrated the distribution patterns of microbial phenotypes across the NC and OB samples. (C) Selected microbial phenotypes predicted by BugBase were
compared between the groups. NC, normal control; OB, refractory ascites group.

The data revealed a marked decline in intestinal microbial
richness and significant compositional divergence between
the refractory ascites cohort and healthy counterparts.
These alterations included a notable proliferation of
Proteobacteria, particularly Enterobacteriaceae, alongside
a depletion of beneficial anaerobes such as Bacteroidota
and Actinobacteriota. Such microbial transitions favoring
pathogenic species with enhanced oxidative resilience and
biofilm-forming capacities may aggravate bacterial translo-
cation and systemic inflammatory responses, both central to
the disease pathophysiology.

In the present study, 16S rRNA sequencing was employed
to characterize the microbial community structure, a
high-throughput and widely validated approach that targets
the variable regions of bacterial ribosomal RNA genes to
resolve taxonomic profiles (24). This technique has been
extensively utilized across diverse clinical contexts, including
gastrointestinal, hepatic and respiratory diseases (25-28).
For instance, it has been applied to identify nasopharyngeal

microbiota alterations in SARS-CoV-2 infection (29).
Although widely used in cirrhosis research, its specific
application in the context of refractory ascites remains under-
represented. This technique enables the detection of nuanced
but clinically meaningful shifts that would likely be missed
through conventional culture methods (30,31). In addition
to overall compositional shifts, distinct dominance patterns
in the OB group were identified in the present study, with
taxa such as Escherichia-Shigella, Enterobacteriaceae and
Gammaproteobacteria markedly enriched compared with
controls. These microbial signatures may reflect selective
pressures favoring opportunistic pathogens under cirrhotic
gut conditions. The use of 16S rRNA gene sequencing, a more
specific approach than traditional cultures, enabled the resolu-
tion of taxonomic profiles with greater precision in the present
study. However, we acknowledge that while this method offers
significant advantages in microbial identification, challenges
remain in terms of both the cost and the systematic applica-
tion of metabolite studies in clinical settings. Future research
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Figure 4. Differential taxonomic features of intestinal microbiota identified by LEfSe analysis between the NC and OB groups. (A) A taxonomic cladogram
was constructed using LEfSe to visualize the phylogenetic distribution of taxa differing in relative abundance between the two groups, spanning from the
phylum to the genus level. (B) Corresponding list of significantly enriched taxa, with red indicating enrichment in NC and green indicating enrichment in OB.
NC, normal control; OB, refractory ascites group.

may need to explore ways to reduce the cost of metabolite Findings from BugBase phenotype predictions substanti-
studies and promote their standardization, ensuring broader  ated the observations of the present study, indicating elevated
applicability in clinical practice. levels of Gram-negative bacteria, facultative anaerobes
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Figure 5. Untargeted fecal metabolomic profiling using GC-MS of the NC and OB groups. (A) Total ion chromatograms from representative fecal samples
were obtained through GC-MS (an asterisk at 5 min indicates the internal alignment marker). (B) PCA based on global metabolite features revealed distinct
clustering patterns between the NC and OB groups, suggesting underlying differences in metabolic composition. (C) A volcano plot was used to present the
distribution of differential metabolites. NC, normal control; OB, refractory ascites group; GC-MS, gas chromatography-mass spectrometry; PCA, principal

component analysis; cps, counts per sec; VIP, variable importance in projection.

and organisms capable of biofilm production in the ascitic
group. These insights are consistent with recent work by
Shi et al (32), who utilized metagenomic next-generation
sequencing (mNGS) to reveal a high prevalence of poly-
microbial infections in cirrhotic ascitic fluid, including a
dominance of Enterobacteriaceae and other fastidious faculta-
tive pathogens not detected via traditional culture techniques.
Their conclusions emphasized the pathogenic potential of
microbial imbalances and invasive phenotypes in precipitating
spontaneous bacterial peritonitis and systemic immune activa-
tion (32), thereby reinforcing the clinical significance of the
microbiota-based findings of the present study. Notably, these
pathogenic phenotypes also suggest that hypoxia-induced
niche disruption and accumulation of oxidative stress-tolerant
species may be key contributors to intestinal permeability,
further linking microbial dysfunction with systemic disease
progression.

In the present study, further functional inference revealed
disruptions in microbial pathways governing carbohydrate
metabolism, vitamin biosynthesis and membrane-associated

transport systems. These imbalances may hinder the produc-
tion of beneficial microbial metabolites, such as short-chain
fatty acids, and compromise host mucosal defense. Similar
host-microbiota interactions have been reported in colitis
models, where Marinifilaceae enrichment was linked to
suppressed cell cycle signaling in Toll-like receptor 2-deficient
mice (33). Comparable disruptions have been described by
Gitto et al (34), who observed persistent functional impair-
ments in gut microbiota among patients post-TIPS procedure,
including reduced synthesis of anti-inflammatory lipids such
as octanoic acid and enrichment of inflammation-promoting
taxa. While their study focused on post-intervention systemic
effects, the results of the present study highlight the possi-
bility that such microbial dysregulation originates earlier at
the intestinal level. The integration of functional annotation
tools with community structure analysis in the present study
provides enhanced mechanistic insight.

In parallel, comprehensive untargeted metabolite profiling
using GC-MS, a technique renowned for its sensitivity in
detecting low-molecular-weight volatile and semi-volatile
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Table II. Top 20 upregulated differential metabolites between the OB and NC groups.

No. Compound Formula P-value Log2FC
1 4-Chloro-5-sulfamoylanthranilic acid C,H,CN,O,S <0.0001 14.58
2 Lithospermic acid B C3¢H5,044 0.0075 12.41
3 Dihydrorobinetin C,sH,,0, 0.0006 10.58
4 2 ,8-Dichloro-3-dibenzofuranol C,,H,C,,0, <0.0001 1043
5 Diflunisal C,;HiF,0, 0.0003 10.42
6 S1P Lyase Fluorogenic Substrate C,sH,,04S 0.0330 10.21
7 [3-(6,7-dihydroxy-4-oxo-4H-chromen-2-yl) phenyl] Cc,,H,,CN;O,S 0.0109 10.11
oxidanesulfonic acid
8 N-[(3-chloro-2-hydroxy-5-nitrophenyl) carbamothioyl] C.H,,04PS 0.0001 9.32
benzamide
9 5-(Methylthio)-2,3-dioxopentyl phosphate CoH,,04 0.0001 832
10 (1R*,3R*,3'S*)-1,2 3 4-Tetrahydro-1-(2-thio-3- C;H,CN,S <0.0001 8.21
pyrrolidinyl)-beta-carboline-3-carboxylic acid
11 Diacerein C,sH,,C\N,0, 0.0010 7.86
12 6-(2-Chloroallylthio)purine C,Hy40y, 0.0135 7.83
13 Oxazepam C,,H,0¢S 0.0271 7.72
14 1-[3-(6-{2 4-dihydroxy-3-[(1E)-3-methylbut-1-en-1-yl] C5Hs2N;0,, 0.0016 7.66
benzoyl}-5-(2,4-dihydroxyphenyl)-4-hydroxy-3-
methylcyclohex-2-en-1-yl)-2 ,4-dihydroxyphenyl]-3-
(2 4-dihydroxyphenyl) propan-1-one
15 Resveratrol-3-O-sulfate C,;H,,0; 0.0023 7.62
16 Glu-Asp-Asp CsH,,0q4 0.0004 7.44
17 Latanoprost acid C3sHyO 16 0.0032 74
18 (2S-3S)-versiconal hemiacetal C,,H;;,CN,O,S 0.0001 7.39
19 Theaflavin monogallates C,¢H;oN,O5 <0.0001 7.39
20 Furosemide C,;H3,FO, 0.0002 6.96

OB, refractory ascites group; NC, negative control; FC, fold change.

compounds, was performed in the present study. GC-MS has
garnered increasing attention in hepatology due to its ability
to delineate metabolic signatures indicative of liver pathology
and ascitic fluid composition (15,35). In the present study,
fecal metabolomics allowed the identification of gut-derived
biochemical alterations, a number of which were associated
with the observed microbiome shifts. Notably, compared
with ascitic fluid-based metabolomics, fecal analysis may
offer earlier and more direct insights into intestinal metabolic
dysfunctions that precede systemic involvement, such as
peritonitis or encephalopathy (36).

In the present study, an integrative metabolomic analysis
combining GC-MS and LC-MS platforms uncovered ~2,900
differentially expressed fecal metabolites. KEGG pathway
enrichment analysis revealed significant disturbances in sero-
tonergic synapse activity, steroid biosynthesis and neuroactive
ligand-receptor signaling networks. These findings mirror
those of Beyoglu er al (15), who reported increased amino
acid levels and reduced fatty acid content in ascitic fluid
from cirrhotic patients, pointing to malabsorption and lipid
processing failure. Metabolites such as L-tryptophan and
hypoxanthine, consistently elevated in both the present study
and the study by Beyoglu et al are recognized modulators

of immune and neurological function (37,38). Additionally,
the present study identified gut-origin compounds, such as
indole and deoxycholic acid, which may serve as intermedi-
aries in gut-liver communication pathways and merit further
mechanistic exploration.

Sustained oxidative stress is widely acknowledged as a
defining feature of advanced-stage liver cirrhosis, where it
contributes to the disruption of epithelial integrity, propaga-
tion of systemic inflammation and dysregulation of immune
responses (39,40). Within this pathological framework,
multiple metabolites uncovered in the present study, including
hypoxanthine, deoxycholic acid and several indole-related
molecules, appear to engage in redox-sensitive processes
and ROS-driven signaling cascades (41-43). These metabo-
lites not only mirror the prevailing oxidative imbalance but
may also functionally reinforce inflammatory pathways and
enhance intestinal permeability. Their consistent elevation
in fecal profiles of patients with refractory ascites reinforces
their biological relevance and suggests utility as molecular
tracers of gut-liver axis dysfunction. Among the metabo-
lite features showing significant differential expression in
the present study, 10 exhibited outstanding discriminatory
accuracy (AUC=0.93), indicating promising diagnostic
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Table III. Top 20 downregulated differential metabolites between the OB and NC groups.

No. Compound Formula P-value Log2FC
1 Cortisone acetate C,;H,,0q 0.0033 -6.90
2 Colubrinic acid C;,H40, 0.0470 -6.30
3 2-[1-Hydroxy-3-(4-methoxyphenyl)propyl]-3,5-dimethoxyphenol C,sH,,05 0.0379 -6.06
4 Goshonoside F2 C,H,.0; 0.0001 530
5 Fasciculic acid C CyHeNO,, <0.0001 -5.18
6 Imperialine C,,H,;NO, 0.0008 -4.86
7 Lys-Lys-Ser C,sH;N;Oq 0.0315 -4.68
8 Glu-GIn-Gln C,H,:NLO; 0.0026 456
9 Sarpagine C,H,,N,0, 0.0018 -4.28

10 (Z)-7-1(2R)-3-hydroxy-2-[(E 4R)-4-hydroxy-4-(1-propylcyclobutyl) C,;H;,0; 0.0012 -4.12

but-1-enyl]-5-oxocyclopentyl]hept-5-enoic acid

11 Isoeugenitol C,H,,0, <0.0001 -4.09

12 Prostaglandin E2 methyl ester C,,H,,0, 0.0001 -3.86

13 (1R ,8S,9S)-3 4-dihydroxy-8-methoxy-11,11-dimethyl-5-propan- C, H,0; <0.0001 -3.69

2-yl-16-oxatetracyclo[7.5.2.01,10.02,7]hexadeca-2 4 ,6-trien-15-one

14 E-Norendoxifen C,,H,sNO, <0.0001 -3.65

15 Oleyl acetate C,,Hs0, 0.0011 -3.56

16 Val-Asp-Asp C,;H, N;O, <0.0001 3.54

17 14,15-Epoxyemindole SB C,H:NO, 0.0001 -3.52

18 Phe-Tle-His-Arg C,H, N,O; <0.0001 348

19 Tiocarlide CH,N,0,8 0.0012 334

20 Fingolimod C,,H::NO, 0.0001 332

OB, refractory ascites group; NC, negative control; FC, fold change.

© Hormones and hormone related compounds

A - 8 Sg::rrzcyclic compounds ’ B
© Aldehyde, Ketones, Esters
© Benzene and substituted derivatives
© Amino acid and_ils metabolites
24 : !S\ggizlsand amines S.erotonergic synéps.e .

@ Organic acid and its derivatives African trypanosomiasis o

8 ge’;penoids ‘ Inflammatory mediator regu::ation of TRP channels & [ ] Paalue
atty acid biosynthesis

e Biosynthesis of uns:lurated fai/ty acids @ i 100
Synaptic vesicle cycle [ ] 0.75

Fc gamma R-mediated phagocytosis ° - 0.50
Fatty acid metabolism °
Butanoate metabolism [ i 025
Long-term depression [ J 0.00
o

Phosphatidylinositol signaling system
I i lsatiar §

(]
Porphyrin metabolism{ @ ¢ 2
Fatty acid degradation ° ® s
Tryptophan metabolism . ® s
ive ligand- ptor i i ([ ] @ 1
Inositol phosphate metabolism O . 14

Oxytocin signaling pathway
Tuberculosis
Steroid hormone biosynthesis @

0.4 0.6 0.8 1.0
Rich factor

Figure 6. Functional interpretation of differential metabolites through network construction and KEGG pathway enrichment. (A) A compound interaction
network was constructed based on chemical similarity and classification, with node colors representing distinct metabolite categories. (B) KEGG enrichment
analysis was performed on the identified metabolites. KEGG, Kyoto Encyclopedia of Genes and Genomes.

applicability. These molecular indicators could complement
existing clinical practices for the early identification and
stratification of refractory ascites cases. Building upon prior
findings by Beyoglu er al (15), the present study contributes
additional gut-associated candidates with putative roles in

modulating redox homeostasis, host metabolism and immune
signaling dynamics.

Unlike prior investigations that often analyzed microbial
or metabolomic dimensions in isolation, the present study
employed a dual-omics strategy to uncover co-occurring
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Table IV. Disease associations of differential metabolites: Refractory ascites groups vs. healthy group.

Compound Name The Human Metabolome Database diseases

L-Tryptophan Epilepsy | Schizophrenia | Alzheimer's disease | Colorectal cancer | Ovarian cancer | Obesity |
Nicotinamide adenine dinucleotide deficiency | Hartnup disease | Leukemia | Olivopontocerebral
atrophy | Hereditary spastic paraplegia | Hypothyroidism | Friedreich's ataxia | Celiac disease |
Irritable bowel syndrome | Ulcerative colitis | Autism | Crohn's disease | Rheumatoid arthritis |
Perillyl alcohol administration for cancer treatment | Pancreatic cancer | Periodontal disease |
Frontotemporal dementia | Lewy body disease | Attachment loss | Periodontal probing depth |
Cachexia | Eosinophilic esophagitis | Tryptophanuria with dwarfism

Hypoxanthine Lesch-Nyhan syndrome | Canavan disease | Thymidine treatment | Uremia | Xanthinuria type 1 |
Degenerative disc disease | Hydrocephalus | 3-methyl-crotonyl-glycinuria | Irritable bowel
syndrome | Colorectal cancer | Crohn's disease | Ulcerative colitis | Rheumatoid arthritis |
Perillyl alcohol administration for cancer treatment | Pancreatic cancer | Periodontal disease |
Alzheimer's disease | Frontotemporal dementia | Lewy body disease | Attachment loss |
Periodontal probing depth | Lung cancer | Autosomal dominant polycystic kidney disease |
Eosinophilic esophagitis | Hepatocellular carcinoma | Molybdenum cofactor deficiency | Sulfite
oxidase deficiency, ISOLATED | Phosphoribosylpyrophosphate synthetase superactivity

Tryptamine Irritable bowel syndrome | Colorectal cancer
Phenethylamine Bulimia nervosa | Crohn's disease | Ulcerative colitis | Minimal brain dysfunction | Autism
Nicotinic acid Alcoholism | Colorectal cancer | Crohn's disease | Ulcerative colitis | Attachment loss | Missing
teeth | Periodontal probing depth
7-Methylguanine Colorectal cancer
Deoxycholic acid Cystic fibrosis | Irritable bowel syndrome | Ulcerative colitis | Colorectal cancer | Primary biliary
cirrhosis
Oxindole Colorectal cancer
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Figure 7. ROC curve analysis of 10 candidate metabolites distinguishing the NC and OB groups. ROC curves between the NC and OB groups were generated for
the following metabolites: (A) 6-ketoprostaglandin E1, (B) prostaglandin D3, (C) deoxyartemisinin, (D) biotin-XX-hydrazide, (E) estra-4,9-diene-3,17-dione,
(F) prostaglandin E2 methyl ester, (G) 8-epidermal glycoside, (H) pergolide, (I) cincassiol B, and (J) ganoderic acid Md. Values in black on the ROC curves
indicate the optimal cut-off value, followed by the corresponding sensitivity and specificity in parentheses. ROC, receiver operating characteristic; NC, normal
control; OB, refractory ascites group; AUC, area under the curve.

disruptions across both domains. This allowed for direct identify both mechanistic drivers and therapeutic targets,
alignment of taxonomic and functional microbial traits  paving the way for precision interventions, such as probiotic
with associated metabolic readouts, thereby delivering formulations, dietary modulation or microbiota trans-
a more integrative view of gut-liver axis dysfunction. plantation, to restore microbial equilibrium and improve
Such methodological synergy enhances the ability to  outcomes.
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Table V. Pearson correlation analysis between refractory
ascites and clinical parameters.

Correlation
Parameter coefficient (r) P-value
PT 0.536 <0.001
INR 0.533 <0.001
TBIL 0.384 0.001
Albumin (g/1) -0.299 0.012
Urea nitrogen 0.285 0.019
Sodium (mmol/l) -0.27 0.024
Diagnosis 0.229 0.056
Potassium (mmol/l) 0.218 0.070
Creatinine 0.105 0.393
ALT 0.028 0.817
Age -0.024 0.841
Sex -0.012 0919
AST -0.012 0.920

PT, prothrombin time; INR, international normalized ratio; TBIL,
total bilirubin; ALT, alanine aminotransferase; AST, aspartate
aminotransferase.

Despite the contributions of the present study, certain limi-
tations should be acknowledged. The cross-sectional design
inherently limits causal inference. Although the cohort size
exceeds that of several related studies, broader multi-center
validation is necessary. Additionally, experimental valida-
tion via targeted functional assays or host-microbiome
interaction models is essential to confirm mechanistic
interpretations. Future efforts should also explore targeted
modulation of specific microbial communities, including the
role of pathogenic Enterobacteriaceae, in attenuating disease
progression. Intervention-based trials with dietary fiber,
microbiota-derived postbiotics or strain-level probiotics may
offer feasible therapeutic routes. Future directions should also
include longitudinal follow-up, interventional trials targeting
microbiota or metabolism and integration with host transcrip-
tomic and immunological profiling. Furthermore, adoption
of mNGS and whole-genome metagenomics may refine taxo-
nomic resolution and uncover rare but clinically relevant taxa.
Another limitation of the present study is the absence of a
direct comparison between cirrhotic patients with ascites and
those with refractory ascites. Such a comparison could provide
specific microbial and metabolic alterations that distinguish
refractory ascites from standard ascites, particularly in terms
of fecal metabolome and microbial function. Future research
should include this comparative approach, which would
enhance the understanding of the mechanisms behind refrac-
tory ascites and their resistance to conventional therapies.
Furthermore, the biomarkers and therapeutic targets identified
in the present study require further validation, and multicenter
studies and randomized controlled trials are essential to
confirm their clinical efficacy and applicability. Moreover, the
role of dysbiosis and the increase in opportunistic pathogens in
the progression of refractory ascites, spontaneous peritonitis

and HRS remains insufficiently explored. Future studies
should focus on elucidating the complex interactions within
the gut-liver axis, which may uncover novel diagnostic and
therapeutic targets.

In conclusion, through a combined analysis of gut micro-
biota and fecal metabolomics, the present study demonstrated
that individuals with cirrhosis-related refractory ascites harbor
marked disturbances in both microbial ecology and metabolic
regulation. The microbial landscape was notably skewed toward
Gram-negative, potentially pathogenic species, accompanied
by a marked loss of protective anaerobic taxa. These compo-
sitional changes were accompanied by functional alterations
in metabolic pathways implicated in oxidative stress balance,
immune system dynamics and neurotransmitter signaling.
Among the identified fecal metabolites, several showed strong
discriminatory capacity, highlighting their value as potential
biomarkers for early detection and clinical stratification.
Together, these insights emphasize the pivotal role of gut-liver
axis disruption in disease progression and support the develop-
ment of targeted microbiota or metabolite-based interventions.
Furthermore, the present study provides a foundation for future
research aimed at developing diagnostic tools and therapeutic
interventions, which could significantly impact clinical prac-
tice. The findings provide a solid scientific basis for advancing
translational strategies aimed at restoring gut homeostasis and
improving patient outcomes in end-stage liver disease.
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