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Editorial on the Research Topic

The gut-liver axis: the main role of microbiome in liver diseases

It is clear that changes in the composition of gut microbiota may contribute to the

pathogenesis of liver diseases in multiple ways by influencing gut permeability, immune

response, and bile salt metabolism, among other factors (Albillos et al., 2020). Therefore,

this Research Topic has been initiated to offer a comprehensive overview of recent

advancements regarding the role of microbiota in the multifaceted field of liver diseases,

encompassing various conditions such as liver cirrhosis, autoimmune cholangitis, and

non-alcoholic fatty liver disease (NAFLD).

Several articles in this Research Topic investigated the relevance of changes in

microbiota to the pathogenesis of NAFLD by using completely different experimental

strategies. Lin et al. used an animal model of the disease and compared the intestinal

microbiome of nine mice with NAFLD induced by a high-fat diet to that of control mice.

They found that specific bacteria including Ileibacterium, Ruminococcaceae, Olsenella,

Duncaniella, Paramuribaculum, Bifidobacterium, and Coriobacteriaceae_UCG_002 were

specifically associated with NAFLD. Different metabolic profiles also corresponded to

varying compositions of the gut microbiome. Ultimately, the authors identified a set of

8 bacterial strains, 14 genes, and 83 metabolites that strongly distinguished normal mice

from those with NAFLD. In contrast, Pan et al. employed Mendelian randomization with

published human data to assess the causal relationship between specific bacterial strains in

the gut and the development of NAFLD. The results of this analysis showed that eight

bacterial strains are strongly associated with this disease: the bacteria Actinomycetales,

NB1n, the family Actinomycetaceae, the bacteria Oxalobacteraceae, and the genus

Ruminococcaceae UCG005 were positively correlated, whereas the family Lactobacillaceae,

the Christensenellaceae R7 group, and the genus Intestinibacter were negatively correlated.

Additionally, the analysis conducted by Pan et al. revealed that differences in the

microbiome were associated with metabolic variations. The results were further validated

in a mice model of NAFLD. A markedly different approach was employed by Shera et al.,

who transplanted fecal matter from patients who had undergone bariatric surgery into

mice on a high-fat diet. This treatment significantly reduced the development of NAFLD in

these mice and weakened the changes in the cytokine and T-lymphocyte patterns typically

associated with this disease.
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NAFLDmay progress to NASH (non-alcoholic steatohepatitis),

which is characterized by significant liver inflammation, and can

lead to cirrhosis. The reason this progression occurs in some

patients, but not in others, is largely unknown; however, the

data reported by Huang et al. in this Research Topic suggest

that microbiota composition is a key factor. They discovered

that Megamonas and Fusobacterium were significantly more

abundant in the fecal microbiome of NASH patients compared

to control subjects and NAFLD patients. The Kyoto Encyclopedia

of Genes and Genomes (KEGG) pathway analysis revealed major

metabolic differences in the gut microbiota between NAFLD and

NASH patients.

The relevance of microbiota changes in the pathogenesis

of liver cirrhosis was investigated by Li et al. by comparing

microbiome andmycobiome in 45 cirrhotic patients and 30 healthy

controls. Distinctive changes were identified; in cirrhotic patients,

Streptococcus, Akkermansia, Ligilactobacillus, and Pseudescherichia

were increased, while Blautia, Anaerobutyricum, Gemmiger,

Ruminococcus, and Dorea were decreased. The significant changes

in mycobiota included an increase in Saccharomyces alongside a

concurrent decrease in Aspergillus, Penicillium, Auricularia, and

Cladosporium. By combining metagenomic data with the results of

metabolomic analyses, the authors developed a diagnostic testing

system that was able to identify cirrhotic patients with a high

accuracy (area under the curve [AUC] of 0.938 at the receiver

operating characteristic [ROC] curve analysis).

In the articles by Cui et al. and Zhang et al., the association

between changes in the gut microbiome and autoimmune liver

diseases was assessed using Mendelian randomization (specifically

for primary biliary cholangitis and primary sclerosing cholangitis).

Natural products have been claimed to exert beneficial effects

on liver diseases, which can depend at least in part on changes in

the composition of gut microbiota. Data supporting this hypothesis

have been reported in two articles of this Research Topic. Sun

S. et al. reviewed the evidence that certain traditional Chinese

medicine remedies, which are claimed to be effective in treating

liver cirrhosis, might be functioning not only as antioxidant,

anti-inflammatory, and anti-fibrotic agents but also through

modifications in gut microbiota. This has been demonstrated for

purified natural products used in traditional Chinese medicine,

including polyphenols such as resveratrol, alkaloids such as

berberine, terpenoids such as Ginkgo Biloba, carbohydrates such

as alginate, and glycosides such as FTA, a glycoside extracted from

the dried fruit of Forsythia suspensa. Evidence of beneficial changes

in microbiota composition is also available for herbal prescriptions

that contain multiple compounds from various sources. Liang

et al. investigated the impact of licorice on the hepatoxicity of

Evodiae Fructus—a medicinal herb with analgesic, anti-tumor, and

anti-inflammatory properties. They demonstrated that, in mice,

Evodiae Fructus, particularly in the small-flowered forms, induces

oxidative damage and inflammation in the liver. Additionally,

these effects are reduced when the extract is administered along

with licorice extracts. Changes in microbiota composition may

contribute to licorice protective action. Licorice prevented the

decrease in the abundance of Corynebacterium induced by Evodiae

Fructus, while simultaneously causing an increase in Candidatus

Arthromitus. Importantly, the abundance of these two bacterial

genera correlated positively and negatively with biochemical

markers of oxidative damage and inflammation, respectively.

These results not only emphasize that natural products may

protect the liver by changing gut microbiota but also highlight

that toxic substances may harm the liver in a microbiota-

dependent way. This concept was also addressed in the article

by Tarantino et al., which explores the role of gut microbiota

in the hepatotoxicity induced by drugs of abuse. The authors

reviewed the literature demonstrating that opioids change the

composition of intestinal microbiota by increasing Gram-positive

bacterial species, including Staphylococcus sciuri, Staphylococcus

cohnii, and Staphylococcus aureus, as well as Enterococcus durans,

Enterococcus casseliflavus, Enterococcus faecium, and Enterococcus

faecalis. This opioid-induced dysbiosis leads to the weakening

of the intestinal barrier and, as a result, allows bacterial species

to translocate to the liver. This occurrence strongly promotes

inflammation and cell damage. Importantly, data are available

indicating that similar mechanisms also contribute to alcohol-

induced hepatotoxicity. If the hypothesis that gut dysbiosis plays

a significant role in the pathogenesis of alcohol-induced liver

damage is correct, then it could be suggested that interventions

aimed at modifying the composition of intestinal microbiota

may be beneficial for this condition. Wei et al. explored how

alcohol feeding induces gut dysbiosis in mice by increasing the

abundance of Oscillibacter, Escherichia/Shigella, and Alistipes. This

increase is accompanied by a parallel rise in liver T-helper (Th)

1 and Th17 lymphocytes, along with a decrease in Regulatory T-

cells (Treg) cells. These changes were completely reverted by the

combined administration of Akkermansia muciniphila and inosine,

a compound that acts as an energy source and also provides anti-

inflammatory and immunomodulatory effects. Remarkably, this

combined treatment promoted the growth of butyrate-producing

bacteria, including not onlyAkkermansia but also Lactobacillus and

Clostridium IV.

The molecular mechanisms by which intestinal

microorganisms may exert beneficial or detrimental effects

on the liver have been extensively investigated and crucial

factors have been identified, such as bacterial translocation and

endotoxin release, the release of indole and trimethylamine,

bacterial metabolism of biliary acids, and changes in the level

of short-chain fatty acids (Figure 1). The article by Sun R.

et al. describes a new potential mechanism for liver protection

involving the gut microbiome. By using quadrupole time-of-flight

mass spectrometry (Q-TOF-MS)-based metabolomics, they

demonstrated that, in mice, liver regeneration following partial

hepatectomy is associated with a significant increase in liver

steroid hormone biosynthesis, potentially linked to the observed

rise in Escherichia, Shigella, Lactobacillus, Akkermansia, and

Muribaculaceae within the gut microbiome.

In this Research Topic, we aimed to improve our understanding

of the potential mechanisms that explain the connection between

gut flora dysbiosis and liver damage. The 16 publications collected

in this Research Topic have expanded our understanding of the

microbiome’s role and its involvement in liver diseases. Further

exploration is needed to determine if modifying the composition

of gut microbiota with probiotics, prebiotics, or symbiotics could

ameliorate or prevent liver diseases.
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FIGURE 1

Multiple mechanisms by which the liver–gut axis may exert protective or detrimental e�ects on the liver: (A) Short-chain fatty acids; (B) Bile salts; (C)

Endotoxin and bacterial translocation; (D) Indole; (E) Choline and trimethylamine (TMA) (Reproduced from the article by Sun S. et al. published in this

Research Topic).
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Impact of gut microbiota on 
nonalcoholic fatty liver disease: 
insights from a leave-one-out 
cross-validation study
Tongtong Pan 1†, Lihuang Su 2†, Yiying Zhang 3, Fangfang Yi 1 and 
Yongping Chen 1*
1 Hepatology Diagnosis and Treatment Center, The First Affiliated Hospital of Wenzhou Medical 
University and Zhejiang Provincial Key Laboratory for Accurate Diagnosis and Treatment of Chronic 
Liver Diseases, Wenzhou, China, 2 The First Affiliated Hospital of Wenzhou Medical University, 
Wenzhou, China, 3 Alberta Institute, Wenzhou Medical University, Wenzhou, China

Introduction: Enteric dysbacteriosis is strongly associated with nonalcoholic 
fatty liver disease (NAFLD). However, the underlying causal relationship remains 
unknown. Thus, the present study aimed to investigate the relationship between 
gut microbiota and NAFLD using Mendelian randomization (MR) and analyze the 
target genes potentially regulated by specific microbiota.

Methods: Bidirectional two-sample MR analysis was performed using inverse 
variance weighted (IVW) supplemented by MR-Egger, weighted median, simple 
mode, and weighted mode methods. Data were pooled from gut microbiota 
and NAFLD association studies. The least absolute shrinkage, selection operator 
regression, and the Support Vector Machine algorithm were used to identify 
genes regulated by these intestinal flora in NAFLD. The liver expression of these 
genes was verified in methionine choline-deficient (MCD) diet-fed mice.

Results: IVW results confirmed a causal relationship between eight specific gut 
microbes and NAFLD. Notably, the order Actinomycetales, NB1n, the family 
Actinomycetaceae, Oxalobacteraceae and the genus Ruminococcaceae 
UCG005 were positively correlated, whereas Lactobacillaceae, the 
Christensenellaceae R7 group, and Intestinibacter were negatively correlated 
with NAFLD onset. In NAFLD, these eight bacteria regulated four genes: colony-
stimulating factor 2 receptor β, fucosyltransferase 2, 17-beta-hydroxysteroid 
dehydrogenase 14, and microtubule affinity regulatory kinase 3 (MAPK3). All 
genes, except MARK3, were differentially expressed in the liver tissues of MCD 
diet-fed mice.

Discussion: The abundance of eight gut microbiota species and NAFLD 
progression displayed a causal relationship based on the expression of the 
four target genes. Our findings contributed to the advancement of intestinal 
microecology-based diagnostic technologies and targeted therapies for NAFLD.

KEYWORDS

gut microbiota, nonalcoholic fatty liver disease, Mendelian randomization, 
colonystimulating factor 2 receptor β, fucosyltransferase 2, 17-beta-hydroxysteroid 
dehydrogenase 14
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1 Introduction

Nonalcoholic fatty liver disease (NAFLD) is a metabolic syndrome 
characterized by less than 5% lipid deposits in hepatocytes, without 
alcohol consumption or other factors that may induce liver damage. 
The progressive stages of NAFLD include fatty liver (steatosis), 
nonalcoholic steatohepatitis (NASH), and fibrosis/cirrhosis, which 
eventually progress to end-stage liver failure or hepatocellular 
carcinoma with a low survival rate and a poor prognosis. 
Unfortunately, the global prevalence of NAFLD has considerably 
increased from 25.24% in 2016 to 32.4% in 2022 (Younossi et al., 2016; 
Riazi et al., 2022).

Advances in high-throughput sequencing technology have 
revealed strong associations between changes in the intestinal 
microbiome and the development of NAFLD. Several factors, 
including bidirectional crosstalk via the anatomical and physiological 
structure of the intestine–liver axis, disruption of the intestinal 
mucosal barrier, gut microbiota dysbiosis, harmful bacteria, and 
metabolite translocation, can promote the development of NAFLD 
lesions (Albillos et al., 2020). Currently, there are no specific drugs are 
approved for the treatment of NAFLD. However, interventions 
targeting intestinal microecology have exhibited therapeutic effects by 
rectifying intestinal dysbacteriosis, repairing damaged mucosal 
barriers, and regulating microbial metabolite production to alleviate 
chronic inflammation, insulin resistance, and oxidative stress (Craven 
et al., 2020; Juárez-Fernández et al., 2021; Zhao et al., 2021; Pan et al., 
2022). However, the established associations between intestinal 
microbiota and NAFLD are based on cross-sectional studies that are 
prone to confounding factors and reverse causality. Thus, other study 
designs must be used to establish the causality between the intestinal 
microbiota and NAFLD and identify therapeutic targets.

Randomized controlled trials are the gold standard for 
investigating causality in epidemiology; however, their implementation 
is difficult owing to ethical constraints, high costs, and time constraints 
(Hariton and Locascio, 2018). Mendel’s law of inheritance dictates that 
parental alleles are randomly assigned to offspring, achieving the 
necessary randomization akin to randomized controlled trials without 
being affected by common confounding factors, including acquired or 
prior exposure, while excluding reverse causality. Mendelian 
randomization (MR) leverages genetic variation as an instrumental 
variable (IV), presenting an effective method for studying causal 
relationships between risk factors and outcomes (Hemani et al., 2018). 
Several genome-wide association studies (GWASs) on the intestinal 
microbiota and NAFLD (Bonder et al., 2016; Wang B. et al., 2016; 
Wang J. et  al., 2016; Anstee et  al., 2020; Ghodsian et  al., 2021; 
Kurilshikov et al., 2021) have highlighted the relationships between 
these entities.

In the present study, we  investigated the potential causality 
between different intestinal microbiota changes and NAFLD via a 
two-sample MR analysis using summary statistics from a GWAS. The 
least absolute shrinkage and selection operator (LASSO) regression 
and the Support Vector Machine (SVM) algorithm were used to 
screen the positively regulated genes in the intestinal flora. The 
expression of these genes was verified in the intestinal and liver tissues 
of mice fed a methionine choline-deficient (MCD) diet. This study 
aimed to outline a framework for developing gut microbiome-based 
diagnostic, preventive, and therapeutic approaches for NAFLD based 
on the target bacteria or genes they regulate.

2 Materials and methods

2.1 Data sources

Controls (770,180) and NAFLD cases (8,434) from a GWAS-
based meta-analysis provided the summary statistics for NAFLD 
(Kurilshikov et al., 2021). Summary data for the 16S fecal microbiomes 
were obtained from a microbiome-based GWAS with 18,340 cases 
(Ghodsian et  al., 2021). The GSE24807 Series Matrix File was 
downloaded from the Gene Expression Omnibus database.1 The data 
file (annotated as GPL2895) included the expression profile data of 17 
patients, including 5 in the control group and 12 in the NAFLD group. 
The ethics review committees authorized each study cited in the 
GWAS and informed consent was obtained from all participants.

2.2 Study design

MR analysis was performed to determine the causal relationship 
between the intestinal microbes and NAFLD. Quality control 
experiments, such as heterogeneity and gene multiplicity tests, were 
conducted to confirm the reliability of causality results. Three 
hypotheses were assumed in the MR analysis: IVs are closely related 
to exposure, confounding variables that affect ‘exposure–outcome’ are 
not linked to IVs, and IVs affect outcome only through exposure.

2.3 Selection of IVs

Single-nucleotide polymorphisms (SNPs) with genome-wide 
importance in the gut microbiota were selected for pooling. The 
following selection criteria were used to choose the IVs: (1) In the 
forward MR analysis, p  < 1.0 × 10−5 of SNPs was selected as the 
potential IVs; and in the reverse MR analysis, p < 5.0 × 10−6 of SNPs 
was selected as the potential IVs (Burgess et al., 2017). (2) The linkage 
disequilibrium parameter (r2) was set at a threshold of 0.001, and a 
genetic distance of 10,000 kb was required to select SNPs (Cheng et al., 
2020). (3) The strength of the selected SNPs was assessed after 
removing palindromic SNPs. The strength of genetic variation as IVs 
was assessed using the F-statistic, and an F-statistic ≥10 indicates a 
strong IV with a low likelihood of introducing significant bias in the 
analysis (Shang et al., 2013).

2.4 MR analysis and sensitivity analysis

Chain imbalance analysis, MR analysis, and quality control 
experiments were performed using the R statistical programming 
language and two-sample MR (Hemani et al., 2018). Five methods 
were used to estimate causal effects (Bowden et al., 2015; Verbanck 
et al., 2018; Parker et al., 2020): inverse variance weighted, MR-Egger, 
weighted median, simple mode, and weighted mode. IVW served as 
the main method. The leave-one-out approach was used for sensitivity 
analysis and to compute the values of the remaining cumulative effects 

1 https://www.ncbi.nlm.nih.gov/geo/info/datasets.html
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of the SNPs (Curtis et al., 2019). Horizontal genetic pleiotropy tests 
were performed using the intercept terms from the MR-Egger 
regression to determine whether IVs affected the outcomes through 
pathways other than exposure. The relationship between the gut 
microbiome and the risk of developing NAFLD was summarized as 
odds ratios (ORs) and 95% confidence intervals (95% CIs). A 
threshold of statistical significance was set at a Bonferroni-corrected 
p < 0.05 to address the issue of multiple comparisons. Figure 1 presents 
an overview of the analysis pipeline.

2.5 Feature selection process using LASSO 
regression and the SVM algorithm

The IVs listed in Supplementary Table S1 were converted to the 
corresponding SNPs using the “gwasrapidd” software package. LASSO 
logistic regression and the SVM algorithm were used to select the 
diagnostic markers for diseases using the “glmnet” and “e1071” software 
packages. After extracting SNPs, glmnet function of “glmnet” software 
package was used to fit linear model, family was set to binomial, alpha 
was set to 1, and then cv.glmnet was used for 10 cross-validation. When 
λ value reached the minimum, gene results were output.

2.6 Animals and diets

Twelve seven-week-old male wild-type C57BL/6 mice were 
purchased from the SLAC Laboratory Animal Co., Ltd. (Shanghai, 
China). All mice were housed under specific pathogen-free laboratory 
animal barrier environmental conditions with a 12/12 h light/dark 
cycle, temperature of 24 ± 2°C, and humidity of 50 ± 10%. Mice were 
randomly analyzed in two groups with six mice in each group. The 
control group was fed normal chow (NC) and had ad libitum access 
to water. Mouse models of NASH were established by feeding the mice 
an MCD diet (A02082002B; Research Diets, New Brunswick, NJ, 

United States) for 4 weeks. n = 6 per group. All experiments were 
conducted in accordance with the established guidelines and were 
approved by the Institutional Animal Care and Use Committee of 
Wenzhou Medical University (No. wydw2018-0252).

2.7 Quantitative real-time polymerase 
chain reaction

Total RNA was isolated from the liver samples and cultured cells 
using TRIzol™ reagent (Invitrogen). RNA was reverse-transcribed 
into cDNA using the High-Capacity cDNA Reverse Transcription Kit 
(Takara, Shiga, Japan). qRT-PCR was performed using SYBR Green 
Master Mix (Thermo Fisher Scientific) in the Real-Time PCR System 
(Thermo Fisher Scientific) using cDNA. β-actin was used as the 
invariant control. The RT-qPCR results were analyzed using the 
comparative Ct method (2−∆∆Ct). The primer sequences used for PCR 
are listed in Supplementary Table S2.

2.8 Histopathology

The liver tissues were fixed with 4% paraformaldehyde. All 
histological analyses were performed using paraffin-embedded tissue 
sections. The sections were stained with hematoxylin and eosin 
(Sigma, MO, United States) according to a standard procedure to 
visualize the lipid accumulation pattern. The Histological Activity 
Index (HAI) scores were quantified using ImageJ software (version 
1.8.0, National Institutes of Health, Bethesda, MD, United States).

2.9 Biochemical analyses

Serum was isolated from blood via centrifugation at 1,300 rpm for 
10 min and stored at −80°C until use. The levels of serum triglycerides 

FIGURE 1

Overview of the study design. SNP, single-nucleotide polymorphism; MR, Mendelian randomization.

10

https://doi.org/10.3389/fmicb.2023.1320279
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Pan et al. 10.3389/fmicb.2023.1320279

Frontiers in Microbiology 04 frontiersin.org

(TG), total cholesterol (TC), non-esterified fatty acid (NEFA), 
aspartate transaminase (AST), and alanine transaminase (ALT) were 
measured according to the manufacturer’s instructions (Nanjing 
Jiancheng Bioengineering Institute, Jiangsu, China).

2.10 Statistical analyses

The experimental data were analyzed using GraphPad Prism 
10.1.0.316 for Windows (San Diego, CA, United States). The Shapiro–
Wilk test showed that the data were normally distributed, so the data 
were presented as the mean ± standard deviation. Then, Student’s t-test 
and one-or two-way analysis of variance were used to compare the 
data between groups. Statistical significance was set at p < 0.05.

3 Results

3.1 Selection of genetic IVs

SNPs were selected using GWAS summary statistics (Ghodsian 
et  al., 2021). Ninety-eight SNPs were used as IVs for eight gut 
microbes based on the selection criteria for IVs. Supplementary Table S1 
lists the details of the selected IVs.

3.2 Causal effects of gut microbiota on 
NAFLD

The causal relationship between the relative abundance of 
enterobacteria and NAFLD was analyzed at three levels (family, genus, 
and order) using 52-sample MR methods, primarily based on the 
IVW method. A total of eight intestinal microorganisms were found 
to be associated with NAFLD (Figure 2).

Forward MR analysis of the gut microbiota and NAFLD revealed 
that Actinomycetaceae, Oxalobacteraceae, Ruminococcaceae UCG005, 
Actinomycetales, and NB1n were positively associated with 
NAFLD. In contrast, Lactobacillaceae, Christensenellaceae R7 group, 
and Intestinibacter were negatively associated with NAFLD (Table 1, 
Figure 3, and Supplementary Table S3). Reverse MR analysis of the 
NAFLD-to-gut-microbiota ratio was performed to further evaluate 
the confounding factors and verify the relationship between 
enterobacteria and NAFLD. We observed that NAFLD had no effect 
on the eight gut microbiota mentioned above (Table 2, Figure 4, and 
Supplementary Table S4).

3.3 Sensitivity analysis of the reliability of 
the conclusion

According to the results of the MR analysis (Figure 2) and leave-
one-out analysis (Figure 5) of all clusters based on different SNPs for 
Actinomycetaceae, Actinomycetales, Christensenellaceae R7 group, 
Intestinibacter, and Ruminococcaceae UCG005, all MR analyses were 
consistent with the primary analysis and the MR-Egger regression 
intercept term test. The Egger regression intercept test indicated that 
bacterial pleiotropy did not introduce bias to the results (p > 0.05). The 
results of the primary and reliability analyses using leave-one-out 

cross-validation supported these findings (Figure 5). Oxalobacteraceae 
exhibited consistent results in the multiple MR tests (Figure 2), and 
reliability analysis from the leave-one-out method (Figure  5) 
confirmed the plausibility of the outcomes. The MR-Egger regression 
intercept term test indicated that multipotency did not affect the 
abundance of Lactobacillaceae. The findings for NB1n were consistent 
with the main results except for those of the MR-Egger test, indicating 
that multipotency did not introduce bias to the results (p > 0.05). As 
expected, the results of the reliability analysis using the leave-one-out 
method were consistent with those of the primary analysis (Figure 5).

3.4 Identification of the key SNP-harboring 
genes regulated by positive gut microbiota 
and verification of their expression in mice 
with NASH

The IVs in Supplementary Table S1 were converted into 106 genes 
using the “gwasrapidd” pack-age, the principal component analysis 
(PCA) diagram shows a significant difference between our control 
group and the NAFLD disease group (Figure  6A). Further, the 
corresponding characteristic genes in NAFLD were screened using 
LASSO regression and the SVM algorithm. After ten cross-validations, 
LASSO regression identified five NAFLD characteristic genes 
(Figures 6B,C). However, the top five feature genes with the highest 
accuracy were screened using the SVM algorithm and intersected with 
the feature genes screened using LASSO regression (Figure 6D). Four 
intersection genes were accordingly identified as key genes involved 
in the regulation of the differential intestinal flora in NAFLD: colony-
stimulating factor 2 receptor β (CSF2RB), fucosyltransferase 2 
(FUT2), 17-beta-hydroxysteroid dehydrogenase 14 (HSD17B14), and 
microtubule affinity-regulated kinase 3 (MARK3) (Figure 6E).

To investigate the expression of the aforementioned 
SNP-harboring genes in the liver and colon of model mice with 
NASH, C57BL/6 mice were fed an NC or MCD diet for 4 weeks. The 
MCD diet-fed model mice with NASH exhibited a more notable 
infiltration of liver inflammatory cells and adipose vacuoles and 
increased HAI scores than those fed with NC (Figure 6F). Serum ALT, 
AST, TG, TC, and NEFA levels exhibited a consistent upward trend 
(Figures  6G,H). Furthermore, the hepatic mRNA expression of 
CSF2RB increased, whereas that of FUT2 and HSD17B14 decreased 
in mice with NASH compared to that in healthy controls (Figure 6I).

4 Discussion

NAFLD has emerged as the most common factor contributing to 
chronic liver disease worldwide, with an increasing global prevalence 
and an onset at younger ages. Intestinal inflammation, intestinal 
mucosal barrier destruction, bacterial flora structure disorder, and 
bacterial metabolite translocation are strongly associated with liver 
inflammation and fibrosis in NAFLD (Canfora et al., 2019; Tilg et al., 
2021). The present study, using bidirectional two-sample MR analysis, 
revealed a causal relationship between eight intestinal flora and 
NAFLD and analyzed the target genes regulated by them.

Several previous studies have utilized MR analysis to analyze the 
causal relationship between gut bacteria and NAFLD. Consistent with 
these studies, we  demonstrated that Lactobacillaceae, 
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Christensenellaceae R7 group, and Intestinibacter play a protective role 
in NAFLD, whereas Actinomycetaceae, Oxalobacteraceae, 
Actinomycetales and Ruminococcaceae UCG005 are harmful bacteria 
in NAFLD (Li et al., 2023; Zhang R. et al., 2023). These results are 
consistent with previously reported intestinal microecological changes 
in NAFLD, with an increase in the abundance of Actinomycetales 
detected in obese mice fed a high-fat diet (Zhao et al., 2017). The 
abundances of probiotics, such as Lactobacillaceae (Yu et al., 2021; 
González-Lozano et al., 2022), Christensenellaceae R7 group (Tavella 
et al., 2021), and Intestinibacter (Zhang et al., 2022) were decreased 
and inversely correlated with the body weight ratio, NAFLD activity 
score, and visceral and subcutaneous adipose tissue content. In 
addition, Boursier et  al. (2016) have reported that patients with 
NAFLD and fibrosis have a higher abundance of Ruminococcaceae 
members than those without fibrosis. However, some studies on the 
abundance and role of Rumenococcaceae in NAFLD present divergent 
findings form our conclusions. For example, the abundance of 
Ruminococcaceae members was low in patients with NAFLD (Tsai 
et  al., 2020). Two studies compared the obesity status of the gut 
microecology in Latin American NASH and Asian NAFLD cohorts 

FIGURE 2

Scatter plot of the gut microbiota and NAFLD (forward results). SNP, single-nucleotide polymorphism; NAFLD, nonalcoholic fatty liver disease.

TABLE 1 Forward MR analysis of gut microbiota and NAFLD risk based on 
the IVW method.

Gut microbiota SNP (n) OR 95% CI p value

Order

Actinomycetales 4 1.25 1.02–1.53 0.03

NB1n 12 1.11 1.00–1.23 0.04

Family

Actinomycetaceae 4 1.25 1.02–1.53 0.03

Lactobacillaceae 7 0.83 0.71–0.97 0.02

Oxalobacteraceae 14 1.10 1.01–1.21 0.04

Genus

Christensenellaceae R7 

group

8 0.74 0.59–0.92 0.01

Intestinibacter 14 0.85 0.73–0.99 0.03

Ruminococcaceae 14 1.18 1.01–1.38 0.03

CI: confidence interval; IVW, Inverse variance weighted; MR, Mendelian randomization; 
NAFLD, nonalcoholic fatty liver disease; OR: odds ratio; SNP: single-nucleotide 
polymorphisms.
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and revealed a significantly lower relative abundance of 
Ruminococcaceae members in non-obese patients with NASH than in 
non-obese controls (Wang B. et al., 2016; Duarte et al., 2018). Lee et al. 
(2020) reported that the severity of liver fibrosis in non-obese patients 
with NAFLD was negatively related to the abundance of 
Ruminococcaceae. In addition, Faecalibacterium prausnitzii 
(Ruminococcaceae member) was associated with decreased adipose 
tissue inflammation in high-fat diet-fed mice (Munukka et al., 2017), 
and Ruminococcus faecalis mitigated fibrosis in diet-induced NAFLD 
models (Lee et  al., 2020). The discrepancies in conclusions may 
be attributed to the different inclusion criteria for the participants, 
including the presence of comorbid obesity.

The role of NB1n in NAFLD has not been previously reported, 
and to the best of our knowledge, this study is the first to identify 
NB1n as a harmful bacterium in NAFLD. While NB1n has been 
associated with infections (Lyu et  al., 2023; Yan et  al., 2023) and 

urolithiasis (Zhang L. et  al., 2023), its role in the development of 
NAFLD remains unclear. On the other hand, the specific role of 
Oxalobacteraceae in NAFLD is also completely unclear. Oxalic acid is 
ingested through the diet or endogenously produced by the liver and 
metabolized and degraded in the gut by microorganisms, including 
Oxalobacteraceae members (Ermer et al., 2023). Notably, there is a 
significant correlation between steatosis severity and oxalate excretion 
in overweight children and adolescents and higher liver production 
and urinary oxalate excretion in ob/ob mice (Gianmoena et al., 2021). 
Furthermore, steatotic hepatocytes are responsible for glyoxalate 
detoxification (Gianmoena et al., 2021). A recent study revealed that 
patients with obesity have a significantly higher liver expression of 
Oxalobacteraceae-specific genes than lean individuals; the genus 
Massilia (Oxalobacteraceae member) was only detected in patients 
with obesity (Suppli et al., 2021). However, whether Oxalobacteraceae 
members naturally colonize the liver or translocate from the intestine 
remains unclear, and their role in oxalic acid synthesis in the liver 
requires further investigation.

We also demonstrated that the eight target gut bacteria mainly 
regulate the expression of three key genes in the liver during NAFLD: 
CSF2RB, HSD17B14, and FUT2. Compared with the control group, 
intrahepatic CSF2RB mRNA expression increased in the NAFLD 
group, whereas that of HSD17B14 and FUT2 decreased. CSF2RB, also 
called granulocyte-macrophage colony-stimulating factor/
interleukin-3/interleukin-5 receptor common β-subunit, was highly 
activated in the liver of mice with NASH, aggravating liver tissue 
inflammation by promoting the production and differentiation of 
macrophages and granulocytes (Wessendarp et al., 2022). Moreover, 
the intrahepatic expression of HSD17B14 (also known as DHRS10, a 
member of the 17 be-ta-hydroxysteroid dehydrogenase superfamily) 
was negatively correlated with NASH severity and involved in the 
regulation of retinol and fatty acid metabolism (Govaere et al., 2020). 
A large GWAS-based analysis revealed that FUT2 (rs2519093) 
mutations are closely associated with low-density lipoprotein levels 
(Hoffmann et al., 2018). Notably, this gene is highly expressed in the 
digestive tract (intestine and gallbladder) of both humans and mice 

FIGURE 3

Mendelian randomization results of the positive association between 
gut microbiota and NAFLD based on the inverse variance weighted 
method. NAFLD, nonalcoholic fatty liver disease; OR, odds ratio.

TABLE 2 Reverse MR results for the gut microbiota causally associated 
with NAFLD based on the IVW method.

Gut microbiota SNP (n) OR 95% CI p-value

Order

Actinomycetales 3 1.01 0.90–1.14 0.89

NB1n 5 1.01 0.88–1.15 0.91

Family

Actinomycetaceae 3 1.01 0.90–1.14 0.87

Lactobacillaceae 6 0.99 0.88–1.10 0.79

Oxalobacteraceae 2 0.86 0.97–1.30 0.97

Genus

Christensenellaceae R7 group 5 1.03 0.95–1.11 0.47

Intestinibacter 4 0.97 0.89–1.06 0.53

Ruminococcaceae 3 1.05 0.97–1.13 0.25

CI: confidence interval; IVW, Inverse variance weighted; MR, Mendelian randomization; 
NAFLD, nonalcoholic fatty liver disease; OR: odds ratio; SNP: single-nucleotide 
polymorphisms.

FIGURE 4

Mendelian randomization results of the negative association 
between gut microbiota and NAFLD based on inverse variance 
weighted method. NAFLD, nonalcoholic fatty liver disease; OR, odds 
ratio.
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and is primarily responsible for encoding alpha-1, 2-focusing 
transferase (Franks, 2011) and synthesizing H antigen (a receptor for 
adhesion molecules) (Xing and Guo, 2000). Approximately 20% of 
White individuals lack the functional FUT allele (i.e., the 
non-secretor), resulting in structural changes in the gut microbiota 
and disrupting mucosal immunity, which in turn increases the risk of 
diseases, including inflammatory bowel disease and primary 
sclerosing cholangitis (McGovern et al., 2010; Folseraas et al., 2012; 
Jostins et al., 2012). Zhou et al. (2021) have reported that Western 
diets decrease FUT2 expression in the intestinal epithelium of mice 
and that the loss of Fut2 activity mitigates diet-induced bile acid 
accumulation, insulin sensitivity, and hepatic steatosis. The specific 
roles of CSF2RB, HSD17B14, and FUT2 in the enterohepatic dialog of 

NAFLD are unknown, warranting further studies to determine how 
the eight gut bacteria identified in our study regulate the involvement 
of these three genes in NAFLD progression.

However, this study has some limitations, necessitating 
exploration in future research. First, our genome-wide data is limited 
to European populations, and validating our findings in more diverse 
populations is critical. Second, several factors, including lifestyle, 
metabolic factors, age, and sex, that influence the gut microbiota need 
to be considered (Redondo-Useros et al., 2020; Yuan et al., 2022). 
Third, the sample size of transcriptome sequencing data needs to 
be further expanded. Finally, the roles of the eight gut microbes and 
the related key genes in NAFLD development require further 
evaluation in animal models.

FIGURE 5

Leave-one-out plot of gut microbiota and NAFLD (forward results). NAFLD, nonalcoholic fatty liver disease.

14

https://doi.org/10.3389/fmicb.2023.1320279
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Pan et al. 10.3389/fmicb.2023.1320279

Frontiers in Microbiology 08 frontiersin.org

5 Conclusion

Our results suggest a causal relationship between eight gut 
microbes and NAFLD, highlighting three key SNP-harboring genes 
(CSF2RB, FUT2, and HSD17B14) for specific microbiome regulation. 

This study suggests that increasing the abundance of Lactobacillaceae, 
Christensenaceae R7 group, and Intestinibacter may alleviate NAFLD 
and that decreasing that of enterogenous Actinomycetales, NB1n, 
Actinomycetaceae, Oxalobacteraceae, and Ruminococcaceae UCG005 
may be  potential therapeutic targets for NAFLD. In addition, 

FIGURE 6

Identification of the key SNP-harboring genes corresponding to the gut microbiota and verification of their expression in the liver and colon of MCD-
fed mice with NASH. (A) PCA results. (B) LASSO coefficient distribution of the differential genes. (C) Ten cross-validations of tuning parameter selection 
in the LASSO model. (D) The highest accuracy of the SVM model. (E) Wayne graphs for the LASSO and SVM algorithms. (F) Representative images of 
liver hematoxylin and eosin staining and statistical results of the HAI scores of NC or MCD diet-fed mice. Scale =100  μm. (G) Serum ALT and AST levels 
in MCD diet-fed mice. (H) Serum TG, TC, and NEFA levels in NC or MCD diet-fed mice. (I) qRT-PCR analysis of the key SNP-harbouring genes (CSF2RB, 
FUT2, HSD17B14, and MARK3) in the liver of NC-or MCD diet-fed mice. (F,I) n =  6 per group. Data are presented as mean  ±  standard deviation. (F−H) 
Two-tailed unpaired Student’s t-test; (I) Two-way analysis of variance (ANOVA) followsed by Sidak. MCD, methionine choline-deficient; NASH, 
nonalcoholic steatohepatitis; PCA, Principal component analysis; SNP, single-nucleotide polymorphism; LASSO, least absolute shrinkage and selection 
operator; SVM, support vector machine; alanine transaminase, ALT; aspartate transaminase, AST; HAI. Histological Activity Index; TG, triglyceride; TC, 
total cholesterol; NEFA, non-esterified fatty acid; NC, normal chow.
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inhibiting the expression of CSF2RB or upregulating that of FUT2 and 
HSD17B14 may be another beneficial approach to alleviate NAFLD.
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Introduction: The gut-liver axis has emerged as a focal point in chronic liver 
disorders, prompting more research into the role of the gut microbiota in liver 
cirrhosis. In individuals with liver cirrhosis, changes in the structure and function 
of the gut microbiota are closely tied to clinical prognosis. However, there is a 
scarcity of bibliometric evaluations conducted in this particular field.

Methods: This study is aiming to conduct a complete analysis of the knowledge 
structure and centers pertaining to gut microbiota in liver cirrhosis using 
bibliometric methods. Publications on gut microbiota and liver cirrhosis from 
2001 to 2023 are sourced from the Web of Science Core Collection. For the 
bibliometric analysis, we employ VOSviewer, CiteSpace, and the R package 
“bibliometrix”.

Results: Our study encompasses a comprehensive collection of 3109 articles 
originating from 96 countries, with notable contributions from leading nations such 
as the United States and China. The quantity of publications concerning the gut 
microbiota of liver cirrhosis rises annually. The University of California San Diego, 
Virginia Commonwealth University, Zhejiang University are the primary research 
institutions. World Journal of Gastroenterology publishes the most papers in this field, 
while hepatology is the most frequently co-cited journal. These publications come 
from a total of 15,965 authors, and the most prolific authors are Bajaj Jasmohan S., 
Schnabl Bernd and Gillevet Patrick M., while the most co-cited authors are Bajaj 
Jasmohan S., Younossi Zobair M., and Reiner Wiest. In addition, “dysbiosis”, “gut 
microbiota”, “intestinal barrier”, “fecal microbiota transplantation”, and “complement-
system” are the primary keywords of research trends in recent years.

Discussion: This study offering a comprehensive insight into the research dynamics 
surrounding gut microbiota in patients with liver cirrhosis. It delineates the current 
research frontiers and hotspots, serving as a valuable guide for scholars.

KEYWORDS

liver cirrhosis, gut microbiota, bibliometrics, VOSviewers, CiteSpace

1 Introduction

Liver cirrhosis is common worldwide and is a late manifestation of acute or chronic liver 
injury with multiple causes, such as excessive alcohol consumption, fatty liver, autoimmune 
diseases, cholestasis, and hepatitis B or C virus infections (Ginès et al., 2021). Under the long-
term stimulation of pathogenic factors, hepatocytes repeatedly degenerate, become necrotic 
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and eventually replaced by fibrotic tissue, which induces progressive 
deteriorates of liver function (Hernandez-Gea and Friedman, 2011; 
Zhou et al., 2014; Parola and Pinzani, 2019). Common complications 
of liver cirrhosis encompass portal hypertension, gastrointestinal 
bleeding, ascites, and hepatic encephalopathy (HE), among others 
(Garcia-Pagan et al., 2021). Individuals suffering from decompensated 
liver cirrhosis often have an unfavorable prognosis and usually need 
liver transplantation (Fouts et al., 2012; Shen et al., 2014; Engelmann 
et al., 2021). The mitigation of the burden caused by liver cirrhosis and 
its subsequent sequelae is a critical therapeutic concern for 
prompt resolution.

The human digestive system houses a diverse ecosystem teeming 
with bacteria, viruses, fungi, and other microbial entities, together 
referred to as the gut microbiome which is a result of the co-evolution 
of the gut microbiota with its host (Brody, 2020; Weersma et al., 2020). 
The constitution of the gut microbiota is easily affected by numerous 
factors such as age (Martino et al., 2022), drugs (Weersma et al., 2020) 
and diet (Gentile and Weir, 2018). Its dysregulation plays a pivotal role 
in the pathogenesis of chronic diseases including neurodegenerative 
diseases (Sampson et  al., 2016), inflammatory bowel diseases 
(Franzosa et  al., 2019) and cancer (Bai et  al., 2022), particularly 
chronic liver disease (Frost et  al., 2021). As the primary organ 
contacting microbial products that transverse the intestinal barrier, 
the liver is more susceptible to the alterations in the gastrointestinal 
microbiota in many ways (Tranah et  al., 2021). Numerous prior 
investigations have highlighted the intricate interplay between gut 
microbiota and liver cirrhosis prognosis, noting that the balance of the 
gut microbiota is further disrupted with disease progression or 
decompensation (Bajaj et  al., 2014b; Trebicka et  al., 2021a). 
Therapeutic interventions concentrating on the gut microbiota, 
including probiotics, fecal microbiota transplantation (FMT), and 
antibiotics, have been extensively studied for chronic liver disease 
treatment, underscoring their therapeutic potential. Subsequent 
research has reinforced the importance of modulating the gut-liver 
axis (Bajaj, 2019). The preliminary studies on FMT in the treatment 
of decompensated cirrhosis demonstrate its safety profile and potential 
to improve patient prognosis while reducing hospitalizations, thereby 
paving the way for larger-scale investigations (Bajaj et al., 2017, 2019).

The utilization of bibliometrics as a research evaluation approach 
has become increasingly prevalent, employing a blend of quantitative 
and qualitative scientific analysis methodologies to investigate 
comprehensive knowledge about developmental trends within 
associated fields (Wallin, 2005). Bibliometric analysis is increasingly 
used to study various aspects of science (Ellegaard and Wallin, 2015). 
It can analyze the different features of publications in a particular field 
over a specific time period, including information and contribution 
about countries, institutions, authors, journals, keywords, references, 
etc. (Ke et al., 2020; Wu et al., 2022). Researchers can thus distill the 
current research landscape, identify hotspots, and discern progression 
trends in specific fields or diseases, offering valuable insights and 
guidance for future investigations (Lu et al., 2019). As a powerful tool 
for disciplinal development planning, bibliometrics has been 
drastically utilized in research across various medical fields, 
encompassing gynecological and obstetrical diseases (Brandt et al., 
2019), pulmonary diseases (Lin et al., 2022), autoimmune diseases 
(Wu et al., 2022), cardiovascular diseases (Ma et al., 2021), among 
others. However, systematic bibliometric studies are scarce in the field 
of intestinal microbiology of liver cirrhosis. Our study is aiming to 

provide a comprehensive bibliometric analysis of the field of gut 
microbiota in liver cirrhosis, thus summarizing the present research 
status within this domain and anticipating further trends 
and prospects.

2 Materials and methods

2.1 Data search and retrieval strategy

For bibliometric studies, the Web of Science Core Collection 
(WoSCC) is an ideal source because of its extensive coverage of 
scholarly literature and the number of journals it indexes. All articles 
utilized in this study were sourced from the WoSCC database and 
retrieved on August 26, 2023. The results of literature retrieval are 
credible and authentic. The specific search strategy is as follows. The 
search formula is ((TS (topic) = (gut OR intestin* OR gastrointestin*) 
AND TS = (microbio* OR microflora OR flora OR bacteri* OR 
dysbiosis OR microecology OR 16Sr* OR metagenome)) OR 
TS = (prebiotic* OR probiotic* OR synbiotic*)) AND TS = (Liver 
cirrhosis OR hepatic cirrhosis OR liver fibrosis) AND LA 
(language) = (English). The publication type is limited to articles or 
reviews, and the time period of publication is from January 1, 2001, to 
August 26, 2023. We collated a total of 3,109 publications, comprising 
2,004 articles and 1,105 reviews, for subsequent analysis.

2.2 Data process and visualization

VOS viewer (version 1.6.19) is a commonly used software 
designed for bibliometric analysis, boasting a robust graphical display 
capability. The tool allows users to construct and examine bibliometric 
maps of cooperation, co-citation, and co-occurrence networks for 
visual analysis. Additionally, it can extract critical information from a 
vast number of publications (van Eck and Waltman, 2010). Analysis 
of countries and institutions, analysis of journals and co-cited journals, 
analysis of authors and co-cited authors, analysis of co-cited 
references, and analysis of keyword co-occurrence were all performed 
mostly using the software in our research. Nodes on the map produced 
by VOS viewer provide details about a project, such as its location, 
organization, journal, and author. The size of the nodes signifies the 
total count of these items, and the various colors represent either the 
categories of the items or the years of their production. The line 
thickness connecting the nodes denotes the degree of collaboration or 
co-citation between items (Wu et al., 2021, 2022).

CiteSpace (version 6.2.4) is another bibliometric tool for citation 
visualization analysis (Synnestvedt et  al., 2005). In our research, 
we utilized CiteSpace to examine journal coverage through a dual map 
approach and to analyze citations via Citation Bursts. With CiteSpace’s 
ability to identify and track the growth and shift of information, 
we can gain an intuitive understanding of cutting-edge developments, 
hotspots, and trends in these areas (Chen, 2004).

We employed the R package “bibliometrix” (version 4.1.3) from 
https://www.bibliometrix.org to analyze topic evolution and create a 
comprehensive publication network concerning gut microbiota in 
liver cirrhosis (Aria and Cuccurullo, 2017). The Journal Citation 
Reports 2022 was referenced to ascertain the journal’s impact factor 
(IF) and quartile. Furthermore, Microsoft Office Excel 2021 facilitated 
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the analysis of the most prolific and highly cited countries/regions, 
journals, authors, institutions, co-cited references, and keywords 
throughout the articles.

3 Results

3.1 Quantitative analysis of annual 
publications

Based on our search criteria, 3,109 studies related to gut 
microbiota in liver cirrhosis were published in the past 23 years, 
comprising 2,004 articles and 1,105 reviews (Figure 1). Analyzing the 
annual publication growth rate and overall trend, we discerned two 
distinct phases: the initial phase (2001–2009) and the subsequent 
phase (2010–2023). As depicted in Figure  2, the initial phase, 
considered the research’s nascent stage, saw fewer than 50 publications 
annually, averaging 30.1 papers each year. In contrast, the subsequent 
phase recorded an average of 195.9 publications per year. In 2020, the 
number of publications was 328, which was 1.3 times more than that 

in 2019. In 2022, the average annual number of publications was 
approximately 435, and 291 papers have been published to date in 
2023. Since 2017, the number of papers published on gut microbiota 
in relation to liver cirrhosis has increased substantially, particularly 
over the past 5 years.

3.2 Countries/regions and institution 
analyses

The study of gut microbiota in liver cirrhosis has seen 
contributions from a total of 96 nations and regions, involving 3,437 
institutions. The geographical breakdown of the top 10 nations was 
seen throughout Europe, Asia, and North America, with a 
predominant presence in Europe (n = 5) and Asia (n = 3) (Table 1). In 
this study, it was observed that the United States had the greatest 
number of published papers (n = 821, 19.68%) among the selected 
nations. China followed closely with a total of 726 papers (17.4%), 
while Italy and Germany had 296 (7.09%) and 206 (4.94%) articles, 
respectively. China and the United States together contribute roughly 

FIGURE 1

Flowchart of the publication selection.
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37 percent of the overall amount. Following this, we conducted a 
screening process and using visual representation to analyze the data 
from 96 countries. Specifically, we  focused on countries with a 
minimum of 5 publications, narrowing our analysis to a subset of 49 
countries. This network is shown in Figures 3A,B. It is noteworthy to 
acknowledge the existence of several ongoing partnerships across 
various nations. For instance, while China has established partnerships 
with multiple countries, its strongest collaboration is with the 
United States. Similarly, the United States actively collaborates with 
countries including China, Germany, Spain, Canada, Japan, France, 
England, and Italy.

Table 2 reveals that among the top 10 institutions, three countries 
are represented. Notably, four of the top five institutions are in the 
United States, underscoring its dominant contribution to research in 
the realm of gut microbiota and liver cirrhosis. The four institutions 
that have published above 50 papers are: University of California San 
Diego (n = 111, 2.63%), Virginia Commonwealth University (n = 105, 
2.49%), Zhejiang University (n = 86, 2.04%), and George Mason 
University (n = 52, 1.23%). Following this, we  conducted a visual 
examination of 3,437 establishments, using a criterion of at least 20 
publications as a threshold. This process yielded a final count of 37 
institutions. Next, we constructed a collaboration network based on 
publication counts and inter-institutional ties. Figure 3C highlights 
that the University of California San Diego and Virginia 

Commonwealth University collaborate extensively with many other 
institutions, such as George Mason University, McGuire VA Medical 
Center and Virginia Commonwealth University, which work very 
closely with each other. Notably, the VA San Diego Healthcare System 
and the University of California San Diego also have a strong 
collaborative bond. In China, Shanghai University of Traditional 
Chinese Medicine, Fudan University and Shanghai Jiao Tong 
University are notably active in mutual cooperation. In addition, 
we also found that Zhejiang University began researching the field of 
gut microbiota in liver cirrhosis relatively early among several 
institutions with the highest publication volume in China. However, 
although Zhejiang University has published a lot of papers, it has 
seldom established close cooperation with other institutions.

3.3 Journals and co-cited journals

A survey of journals and co-cited journals reveals that research 
articles on gut microbiota in liver cirrhosis spanned 825 academic 
journals. Notably, six journals each published over 50 articles on the 
topic. The World Journal of Gastroenterology led the list with 98 
articles, followed closely by Hepatology and Journal of Hepatology, 
both with 81 articles, then the International Journal of Molecular 
Sciences (n = 77), Liver International (n = 59). Among the leading 15 
journals, the Journal of Hepatology boasted the highest impact factor 
(IF) at 25.7, followed by Hepatology at 13.5. Figure  4 depicts the 
journal network constructed by selecting 41 journals with a minimum 
of 15 pertinent publications each. The Figure 4A illustrates active 
collaboration among these journals. The Journal of Hepatology, World 
Journal of Gastroenterology, Hepatology and International Journal of 
Molecular Science show a strong co-citation relationship respectively, 
constituting a quadrangular network. Additionally, World Journal of 
Gastroenterology, International Journal of Molecular Science and 
Nutrients has a positive co-citation relationship with each other.

Table 3 indicates that each of the top 15 most co-cited journals 
amassed over 1,500 citations, with three journals garnering more than 
5,000 citations. Hepatology stands out as the most cited journal, with 
a total of 13,375 co-citations, highlighting its significant influence. 
This is trailed by the Journal of Hepatology (11,300 co-citations), 
Gastroenterology (5,181 co-citations), and Nature Reviews 
Gastroenterology & Hepatology (4,787 co-citations). Impressively, all 

FIGURE 2

Annual number and trends of publications on gut microbiota in liver cirrhosis.

TABLE 1 Leading 10 countries on research of gut microbiota in cirrhosis.

Rank Country Counts

1 The United States (North America) 821 (19.68%)

2 China (Asia) 726 (17.40%)

3 Italy (Europe) 296 (7.09%)

4 Germany (Europe) 206 (4.94%)

5 Japan (Asia) 206 (4.94%)

6 England (Europe) 201 (4.82%)

7 Spain (Europe) 178 (4.27%)

8 India (Asia) 134 (3.21%)

9 France (Europe) 116 (2.78%)

10 Canada (North America) 106 (2.54%)
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the top 15 co-cited journals fall within either the first (Q1) or the 
second (Q2) quartiles of the journal ranking system. Of particular 
note, Nature Reviews Gastroenterology & Hepatology boasts the highest 
impact factor, with an IF of 65.1, succeeded by Gastroenterology 
(IF = 29.4) and Journal of Hepatology (IF = 25.7). The frequency with 
which a journal is cited serves as a significant metric for assessing its 

level of impact. In this research, we identified a total of 9,178 co-cited 
journals. After applying a screening process based on a minimum 
co-citation threshold of 250, a subset of 129 co-cited journals were 
selected to construct the co-citation network (Figure 4B). As depicted 
in Figure  4B, Hepatology shares a wide range of co-citation 
relationships with many journals such as Journal of Hepatology, 

FIGURE 3

Visualization of countries/regions and institution contribution. (A) The geographical distribution of countries on research of gut microbiota in cirrhosis. 
(B) Visual depiction of countries involved in gut microbiota in cirrhosis studies. (C) Visual presentation of institutions on the research of gut microbiota 
in the context of cirrhosis.
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Gastroenterology, World Journal of Gastroenterology, Liver 
International, Clinical Gastroenterology and Hepatology. In addition, 
it’s worth noting that three important journals including Hepatology, 
Journal of Hepatology and Gastroenterology constitute a remarkable 
co-citation network with each other.

Figure 4C provides a dual-map overlay, showcasing the citation 
connections between journals and their co-cited counterparts. This 
overlay illustrates the subject distribution of the journals related to gut 
microbiota in liver cirrhosis, allowing us to rapidly comprehend the 
frontiers and hotspots of each discipline and the flow of knowledge 
between disciplines (Shen et al., 2022). The right side of the diagram 
displays the clusters of journals that are referenced, while the left side 
indicates the clusters of journals that often cite other sources. The 
orange and green pathways illustrate dominant citation trends, 
suggesting that research from the Molecular/Biology/Genetics and 
Health/Nursing/Medicine domains predominantly receives citations 
from literature in the Molecular/Biology/Immunology and Medicine/
Medical/Clinical sectors.

3.4 Authors and co-cited authors

There are 15,965 authors contributing to the research. Table 4 
summarizes the top 15 authors and co-citation authors according to 
the number of published papers and co-citation times, among which 
the top 15 authors all published at least 20 articles. Bajaj Jasmohan 
S. and Schnabl Bernd published the most papers, 82 and 66, 
respectively (Table 4), indicating that they have contributed to leading 
achievements in this field. We established a collaborative network 
comprised of authors who published at least 5 papers. Ultimately, 258 
authors are finally shown in the picture (Figure 5A). Bajaj Jasmohan 
S., Schnabl Bernd, Gillevet Patrick M., Sikaroodi Masoumeh, and 
Lanjuan Li are represented by the largest nodes due to their most 
publications in this area. Furthermore, we  observed intense 
cooperation between numerous authors. Bajaj Jasmohan S. closely 
collaborated with Gillevet Patrick M., Sikaroodi Masoumeh, and 
Fagan Andrew. Similarly, Schnabl Bernd worked closely with Lirui 
Wang, Fouts Derrick E., and Yi Duan. Lanjuan Li closely collaborated 
with Haifeng Lu and Yanfei Chen. However, it’s noteworthy that 
despite the substantial publications of Bajaj Jasmohan S., Schnabl 
Bernd, and Lanjuan Li, their direct and indirect collaboration with 
each other remains limited.

A total of 66,339 co-cited authors were identified. After applying 
a screening criterion of having published 29 or more articles, a subset 
of 1,001 authors remained. Among these authors, it was observed that 
four specific authors were co-cited more than 500 occasions (Table 4). 
Bajaj Jasmohan S. is the most co-cited author (n = 2,838), 
demonstrating his significant impact on the research field and his 
essential role in promoting the field’s ongoing development. The 
following three were Younossi Zobair M. (n = 583), Wiest Reiner 
(n = 580) and Fernandez Javier (n = 534). The entire network of 
co-citations was depicted (Figure 5B). As observed in Figure 5B, active 
collaborations exist among the various co-cited authors.

3.5 Co-cited references

In the preceding time period, an overall total of 107,643 co-cited 
references have been documented in the realm of gut microbiota 
research pertaining to cirrhosis. Each of the co-cited references 
enumerated in Table 5 has received a minimum of 194 citations, with 
three of them being co-cited in excess of 300 times. We have chosen 
references that have been mentioned 130 times or more in order to 
create a network of co-cited literature. A total of 32 co-cited references 
were obtained (Figure 6). As depicted in Figure 6, the article “Qin N., 
2014, Nature” is an important article with the highest citation 
frequency and significant influence in this field. This article 
demonstrates a strong co-citation relationship with “Bajaj J. S., 2014, 
J. Hepatol.,” “Chen Y. F., 2011, Hepatology,” and” Kakiyama G., 2013, 
J. Hepatol. “among others.

3.6 Reference with citation bursts

The term “Reference with Citation Bursts” refers to scholarly 
papers that have been extensively cited within a specific timeframe. In 
the present investigation, a total of 25 references exhibiting citation 
bursts were found using the CiteSpace software (Figure 7). As seen in 
Figure  7, each bar corresponds to a single year, with the red bar 
indicating a period of significant citation burst (Huang et al., 2019). 
The earliest citation bursts for references appeared in 2010 and the 
latest in 2021. The article titled “Alterations of the human gut 
microbiome in liver cirrhosis” by Qin et al., published in Nature, had 
the highest citation strength (strength = 59.76) among the references. 

TABLE 2 Leading 10 institutions on research of gut microbiota in cirrhosis.

Rank Institution Counts

1 University of California San Diego (The United States) 111 (2.63%)

2 Virginia Commonwealth University (The United States) 105 (2.49%)

3 Zhejiang University (China) 86 (2.04%)

4 George Mason University (The United States) 52 (1.23%)

5 Mayo Clinic (The United States) 49 (1.16%)

6 McGuire VA Medical Center (The United States) 47 (1.11%)

7 VA San Diego Healthcare System (The United States) 46 (1.09%)

8 Shanghai Jiao Tong University (China) 44 (1.04%)

9 University College London (England) 39 (0.92%)

10 Yale University (The United States) 37 (0.88%)
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Notably, this publication saw a significant increase in citations 
between 2015 and 2019. The article titled “Altered profile of human 
gut microbiome is associated with cirrhosis and its complications” 

published in the Journal of Hepatology in 2014 by Bajaj JS et al. had 
the second highest citation burst strength (53.38). The citation burst 
period for this article extended from 2015 to 2019. The three 

FIGURE 4

Visualization of authors and co-cited authors. (A) Visual representation of authors on the research of gut microbiota in the context of cirrhosis. 
(B) Visual presentation of co-cited authors on the research of gut microbiota in the context of cirrhosis.
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references, namely “The gut-liver axis in liver disease: 
pathophysiological basis for therapy,” “Gut microbiota and human 
NAFLD: disentangling microbial signatures from metabolic 
disorders,” and “Gut Microbiome-Based Metagenomic Signature for 
Non-invasive Detection of Advanced Fibrosis in Human Nonalcoholic 
Fatty Liver Disease,” all continue to be a subject of significant research 

interest in 2023. In general, the set of 25 references exhibits a burst 
strength range spanning from 19.76 to 59.76, with an endurance 
strength varying between 2 and 5 years. Table  6 provides a 
comprehensive summary of the primary research topics discussed in 
the 25 references, arranged according to the literature order shown in 
Figure 7.

FIGURE 5

Visualization of journals and co-cited journals involvement. (A) Visual presentation of journals conducting research on gut microbiota in cirrhosis. 
(B) Visual presentation of co-citations among scholarly journals f on the research of gut microbiota in the context of cirrhosis. (C) The dual-map 
overlay of journals on research of gut microbiota in cirrhosis.
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3.7 Keywords co-occurrence analysis

The use of keyword co-occurrence analysis enables the expeditious 
identification of prominent areas of study focus within a certain 
academic domain. This analysis can also highlight the most essential 
topics and forecast potential future research directions. Table  7 
displays the top 20 high-frequency keywords. Among them, cirrhosis, 
gut microbiota, and liver cirrhosis each occurred more than 200 times, 
representing the main research directions of liver cirrhosis-related 
gut microbiota.

As shown in Figure 8A, the keywords with the highest frequencies 
are non-alcoholic fatty liver disease (NAFLD) (446 times), cirrhosis 
(404 times), and gut microbiota (339 times). A total of five clusters 
were found, each reflecting a distinct study path. Additionally, the 
evolution of keywords over time is shown in the overlay representation 

TABLE 3 The leading 15 journals and co-cited journals for research of gut microbiota in cirrhosis.

Rank Journal Count IF JCR Co-cited journal
Co-

citation
IF JCR

1 World Journal of Gastroenterology 98 4.3 Q2 Hepatology 13,375 13.5 Q1

2 Hepatology 81 13.5 Q1 Journal of Hepatology 11,300 25.7 Q1

3 Journal of Hepatology 81 25.7 Q1 Gastroenterology 5,181 29.4 Q1

4 International Journal of Molecular Sciences 77 5.6 Q1 Nature reviews Gastroenterology & Hepatology 4,787 65.1 Q1

5 Liver International 59 6.7 Q2 World Journal of Gastroenterology 4,196 4.3 Q2

6 Nutrients 57 5.9 Q1 Gut 3,789 24.5 Q1

7 Scientific Reports 48 4.6 Q1 American Journal of Physiology-Gastrointestinal 

and Liver Physiology

2,956 4.5 Q1

8 World Journal of Hepatology 42 2.4 None Alimentary Pharmacology & Therapeutics 1993 7.6 Q1

9 European Journal of Gastroenterology & Hepatology 40 2.1 Q4 Metabolism-Clinical and Experimental 1826 9.8 Q1

10 PLoS One 40 3.7 Q2 International Journal of Molecular Sciences 1819 5.6 Q1

11 Digestive Diseases and Sciences 39 3.1 Q3 American Journal of Gastroenterology 1808 9.8 Q1

12 Journal of Gastroenterology and Hepatology 37 4.1 Q2 Journal of Gastroenterology and Hepatology 1749 4.1 Q2

13 Frontiers in Pharmacology 36 5.6 Q1 PLoS One 1,616 3.7 Q2

14 Alimentary Pharmacology & Therapeutics 33 7.6 Q1 Liver International 1,611 6.7 Q2

15 Frontiers in Immunology 33 7.3 Q1 Clinical Gastroenterology and Hepatology 1,531 12.6 Q1

TABLE 4 The leading 15 authors and co-cited authors on research of gut microbiota in cirrhosis.

Rank Authors Count Co-cited authors Citations

1 Bajaj, Jasmohan S. 82 Bajaj, Jasmohan S. 2,838

2 Schnabl, Bernd 66 Younossi, Zobair M. 583

3 Gillevet, Patrick M. 46 Wiest, Reiner 580

4 Sikaroodi, Masoumeh 45 Fernández, Javier 534

5 Lanjuan Li 32 Loomba, Rohit 495

6 Fagan, Andrew 31 Seki, Ekihiro 461

7 Hylemon, Phillip B. 28 Yanfei Chen 454

8 Heuman, Douglas M. 24 Tilg, Herbert 448

9 Sanyal, Arun J. 23 Albillos, Agustín 438

10 White, Melanie B. 21 Cani, Patrice D. 407

11 Trauner, Michael 21 Nan Qin 384

12 Frances, Ruben 21 Turnbaugh, Peter J. 364

13 Yoshiji, Hitoshi 21 Runyon, Bruce A. 359

14 Suk, Ki Tae 21 Lixin Zhu 340

15 Loomba, Rohit 20 Boursier, Jérôme 325

TABLE 5 The leading 10 co-cited references contributing to the research 
of gut microbiota in cirrhosis.

Rank Co-cited reference Citations

1 Shen et al. (2014) 379

2 Bajaj et al. (2014b) 371

3 Chen et al. (2011) 335

4 Zhu et al. (2013) 298

5 Miele et al. (2009) 264

6 Boursier et al. (2016) 257

7 Loomba et al. (2017) 209

8 Henao-Mejia et al. (2012) 205

9 Kakiyama et al. (2013) 198

10 Bass et al. (2010) 194
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FIGURE 6

Visual presentation of references among authors on the research of gut microbiota in the context of cirrhosis.

FIGURE 7

The leading 25 references with citation bursts are depicted. A red bar signifies an elevated count of citations for that specific year.

depicted in Figure 8B. Previous keywords are shown in purple, while 
red represents the most recent keywords. TLR, bacterial translocation, 
lactulose, endotoxin, intestinal permeability, and cytokines were the 
main themes of early studies. In contrast, we can see that red frames 
are popular keywords in recent years, which include gut-liver axis, 
metabolomics, short-chain fatty acids (SCFAs), bile acids and 

FMT. The results of these analyses can help researchers speculate on 
future research directions and progress in the field of gut microbiota 
in liver cirrhosis.

Trend topic Analysis of the keywords (Figure 8C) shows that as 
early as 2005, the main keywords are represented by selective intestinal 
decontamination, transit, norfloxacin. This indicates that researchers 
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began to study intestinal decontamination therapy and the role of 
intestinal bacteria in liver cirrhosis and its related complications. The 
main keywords between 2005 and 2015 were lactulose, bacterial 
translocation, endotoxin, portal-systemic encephalopathy, ascites. 
There is no doubt that researchers have begun to actively explore the 
treatment of liver cirrhosis by regulating intestinal bacteria in order to 
reduce the incidence of related complications. Until 2018, focuses 
were shifted towards dysbiosis, gut microbiota, intestinal barrier, 
mechanisms and so on, which indicates that the aim of researches has 
changed from simple sterilization towards improving the balance of 
gut microbiota. In 2023, complement-system is likely to exhibit 
research potential in the future.

Of note, although bacterial taxon is a critical topic in the study of 
gut microbiota, the number of keywords occurrence in this topic seems 
insufficient for visualization. As a result, the routine co-occurrence 
analysis (Figure  8A) is technically impossible to specifically 

demonstrate keywords related to bacterial taxa. To reveal the trend and 
pattern of this topic, we manually pick up related keywords from the 
whole keywords pool, demonstrating an independent overlay 
visualization of co-occurring keywords related to bacterial taxa over 
time (Figure 8D). Table 7 shows the leading 10 keywords related to 
bacterial taxa. Lactobacillus (49 times), Escherichia coli (43 times) and 
Helicobacter pylori (32 times) are the most frequent keywords. In 
addition, Lactobacillus and Escherichia coli show a wide correlation 
with other keywords. These bacterial taxa have gained major concern 
and exhibited critical value in the research area of liver cirrhosis.

4 Discussion

The notion of the gut-liver axis, which emerged some decades 
ago, has shed light on the significant involvement of gut microbiota 

TABLE 6 The primary scientific discoveries of the 25 references with strong citations bursts.

Rank Strength Main research content

1 59.76 Identified alterations of the human gastrointestinal microbiome in liver cirrhosis (Shen et al., 2014)

2 53.38 Cirrhosis is accompanied by progressive alterations in the gastrointestinal microbiome, which become more severe during decompensation 

(Bajaj et al., 2014b)

3 39.74 The gut-liver axis is the pathophysiological premise for gut-centered therapy in liver disease (Albillos et al., 2020)

4 39.56 Patients with cirrhosis have different fecal microbial communities compared to healthy individuals (Chen et al., 2011)

5 39.29 Dysbiosis mediated by inflammasomes controls the progression of NAFLD and adiposity (Henao-Mejia et al., 2012)

6 36.05 The combination of liver injury and intestinal dysbiosis contributes to the development of liver disease (Schnabl and Brenner, 2014)

7 35.38 Nonalcoholic steatohepatitis patients’ gut microbiomes were characterized (Zhu et al., 2013)

8 33.73 Rifaximin substantially decreased the risk of hepatic encephalopathy in cirrhotic patients (Bass et al., 2010)

9 32.77 Gut dysbiosis and a change in the gut microbiota’s metabolic function are associated with the severity of nonalcoholic fatty liver disease 

(Boursier et al., 2016)

10 29.63 Pathological bacterial translocation in liver cirrhosis (Wiest et al., 2014)

11 29.5 The gut microbiome is dramatically altered in patients with hepatic encephalopathy and is associated with cognition (Bajaj et al., 2012b)

12 28.84 This study investigates the effectiveness of obeticholic acid in treating non-alcoholic steatohepatitis in adult patients (Neuschwander-Tetri et al., 

2015)

13 28.4 The disruption of intercellular tight junctions in the intestines may lead to an increase in intestinal permeability, which may have a substantial 

effect on the development of hepatic fat deposition (Miele et al., 2009)

14 26.62 The gut microbiota’s influence on the fecal bile acid composition in individuals with cirrhosis (Kakiyama et al., 2013)

15 26.43 In cirrhosis and hepatic encephalopathy, the colonic mucosal microbiome is distinct from the stool microbiome and is associated with 

cognition and inflammation (Bajaj et al., 2012a)

16 26.26 A comprehensive analysis of microbiome characteristics for human NAFLD (Aron-Wisnewsky et al., 2020)

17 25.18 Practice guidelines for hepatic encephalopathy published in 2014 (Vilstrup et al., 2014)

18 24.53 Rifaximin modulates the metabiome in patients with cirrhosis and mild hepatic encephalopathy (Bajaj et al., 2013)

19 24.35 A microbiome panel based on the metagenome can accurately diagnose advanced fibrosis (Loomba et al., 2017)

20 21.28 NAFLD development may be influenced by intestinal microbiota (Mouzaki et al., 2013)

21 20.48 The central role of the microbiome in NAFLD (Leung et al., 2016)

22 20.46 Identified the diagnostic criteria of acute-on-chronic liver failure and described the development of this syndrome in European patients with 

acute decompensation (Moreau et al., 2013)

23 20.37 Through the senescence secretome, an obesity-induced intestinal microbial metabolite boosts liver cancer (Yoshimoto et al., 2013)

24 19.97 Infections quadruple the mortality rate in cirrhotic patients (Arvaniti et al., 2010)

25 19.76 The impact of Lactobacillus GG on the gut microbiota, metabolome, and endotoxemia in individuals diagnosed with cirrhosis is being 

investigated (Bajaj et al., 2014a)
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in chronic liver illnesses. This revelation has opened up new 
avenues for investigating prospective treatment strategies towards 
different liver diseases such as alcoholic liver disease (Duan et al., 
2019), NAFLD (Lei et al., 2022) and liver cancer (Ma et al., 2018). 
Fruitful works have indicated a wide range of novel insights into the 
gut microbiota in liver cirrhosis (Trebicka et  al., 2021a,b). 
We utilized the WoSCC database to analyze 3,109 articles over the 
last decades in this field. From 2001 to 2009, the annual number of 
published papers was less than 50 and experienced a slow but 
steady development, manifesting that the research on the gut 
microbiota of liver cirrhosis was in its infancy during this period. 
After 2010, there was a notable surge in the quantity of published 
articles, with an average yearly figure of 195.9. Furthermore, the 
current data suggests a continuous upward trend of the ongoing 
study in this particular domain, indicating great scientific interest 
and focus.

The results pertaining to country distribution reveal that the 
United States, China, and Italy are the top three countries for studying 
gut microbiota in relation to liver cirrhosis, with the United States 
ranking first. We have observed that the United States cooperates 
actively with numerous nations, most closely with China. Regarding 
research institutions, the top 10 are spread across three countries. 
Remarkably, four-fifths of these are based in the United States, and 
several of these institutions maintain strong collaborative ties. For 
instance, George Mason University, McGuire VA Medical Center, and 
Virginia Commonwealth University work closely together. Three 
institutions in China collaborate actively, namely Shanghai Jiao Tong 
University, Fudan University, and Shanghai University of Traditional 
Chinese Medicine. Additionally, there is also active collaboration 
between Huazhong University of Science and Technology, the 
University of California San Diego, and the VA San Diego Healthcare 
System. Nevertheless, it’s worth mentioning that despite Zhejiang 

TABLE 7 Leading 20 keywords in the research on the gut microbiota in relation to cirrhosis and 10 keywords related to bacterial taxa.

Rank Keyword Counts Total link strength

1 Non-alcoholic fatty liver disease 446 950

2 Cirrhosis 404 832

3 Gut microbiota 339 645

4 Liver cirrhosis 264 439

5 Non-alcoholic steatohepatitis 252 599

6 Probiotics 195 518

7 Inflammation 191 476

8 Microbiome 179 434

9 Hepatic encephalopathy 177 374

10 Microbiota 168 421

11 Bacterial translocation 142 336

12 Gut-liver axis 120 337

13 Fibrosis 118 284

14 Liver fibrosis 118 188

15 Dysbiosis 114 310

16 Hepatocellular carcinoma 107 246

17 Liver disease 106 190

18 Portal hypertension 95 209

19 Bile acids 91 218

20 Gut microbiome 84 188

Rank Keyword (taxa) Counts Total link strength

1 Lactobacillus 49 22

2 Escherichia coli 43 17

3 Helicobacter pylori 32 7

4 Akkermansia muciniphila 31 8

5 Clostridium difficile 20 5

6 Clostridium difficile infection 20 5

7 Helicobacter pylori infection 15 5

8 Bifidobacterium 14 12

9 Lactobacillus acidophilus 10 3
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University’s significant publication output, its limited collaboration 
with other universities might potentially impede the sustained 
progress of academic research. Although several nations have 
established cooperative partnerships, there is a need for further 
enhancement in the scope and depth of collaboration among 
specialized organizations. It is very advisable to foster extensive 
collaboration and facilitate exchanges among research institutes across 
different nations in order to collectively advance the academic progress.

The World Journal of Gastroenterology leads in publications on gut 
microbiota in liver cirrhosis, with 98 articles, marking its significance 
in the field. Of the top 15 journals, Journal of Hepatology boasts the 
highest impact factor (IF = 25.7, Q1), followed by Hepatology 
(IF = 13.5, Q1). Most of the top co-cited journals are renowned Q1 
journals, with six possessing an IF above 10, underscoring their 
pivotal role in the field. Current research primarily appears in 
Molecular/Biology/Immunology and Medicine/Medical/Clinical 
journals, citing work from Molecule/Biology/Genetics or Health/
Nursing/Medicine realms. This reflects a comprehensive approach to 
research, bridging basic studies with clinical applications.

Among the top 10 authors in this field, the average number of 
publications per author exceeds 20 papers, with Bajaj Jasmohan S., 
Schnabl Bernd, and Gillevet Patrick M. publishing more than 40 
papers each. Professor Bajaj Jasmohan S. has published the most 
papers for 82. Bajaj Jasmohan S. and his team have dedicated 
themselves to this field and their researches have played a vital role in 
the advancement of this discipline. The researchers made the 
observation that the gut microbiome undergoes a gradual 
transformation as cirrhosis advances. They proposed that the 
“cirrhosis dysbiosis ratio” offers a significant quantitative metric to 

delineate changes in the gut microbiome as cirrhosis progresses (Bajaj 
et al., 2014b). In 2013, they revealed a complex relationship between 
bile acid levels and the reciprocal regulation of intestinal microbiota 
in cirrhosis (Ridlon et al., 2013). In the same year, further studies 
investigated the relationship between the concentration of fecal bile 
acid and the intestinal microbiome in cirrhotic patients of varying 
severity. Alterations in fecal bile acid profiles in individuals with 
cirrhosis are influenced by pivotal microorganisms within the gut 
microbiota (Kakiyama et al., 2013). Bajaj Jasmohan S. and Gillevet 
Patrick M., upon analyzing the gut microbiome in patients with liver 
cirrhosis, identified a correlation between the concentrations of gut 
microbiota-derived metabolites in the bloodstream and the incidence 
of acute-on-chronic liver failure (ACLF) as well as mortality rates in 
these patients. The use of this biomarker has the potential to effectively 
and promptly identify individuals at a heightened risk of ACLF and 
mortality (Bajaj et al., 2020). In conclusion, their works provide a 
cornerstone for related studies which establish solid bridge between 
the pattern of microbial agents and the progression of liver cirrhosis.

In 2021, they also investigated the influence of antibiotic resistance 
genes (ARGs) burden in intestinal metagenomes on disease 
progression and prognosis. They discovered that the intestinal ARGs 
burden was higher in cirrhotic patients than in controls and worsened 
with disease progression. Nonetheless, rifaximin has a good regulatory 
effect on ARGs (Shamsaddini et al., 2021). Bajaj Jasmohan S. has also 
studied the connection between gut microbiota and inflammatory 
response, demonstrating that gut microbiota can promote the 
development of neuroinflammatory and systemic inflammatory 
responses in cirrhotic mice (Kang et al., 2016; Liu et al., 2020). Later, 
his research on gut microbiota expanded the understanding of fungi, 

FIGURE 8

Visualization of keywords and trend topics. (A) Keyword cluster analysis. (B) Overlay visualization analysis revealed the evolution of co-occurring 
keywords over time. (C) The trend topic analysis of the keywords. (D) Overlay visualization analysis revealed the evolution of co-occurring keywords 
related to bacterial taxa over time.
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revealing the presence of a significant fungal dysbiosis in cirrhotic 
patients. The ratio of Bacteroidetes to Ascomycota can independently 
forecast 90 days hospitalization outcomes in patients with cirrhosis 
(Bajaj et  al., 2018b). Furthermore, the authors offered a succinct 
review of ongoing research exploring the gut microbiota as a possible 
therapeutic focus on liver illness. This includes the investigation of 
probiotics, FMT, and precision medicine focused on particular 
microorganisms (Bajaj et al., 2022). The researchers conducted an 
experimental study to validate the reduction in abundance of ARGs 
in the gut microbiota of patients with decompensated cirrhosis after 
FMT. They further noted that FMT could potentially reverse the 
damage caused by antibiotics to the constitution and functionality of 
the gut microbiota in individuals with cirrhosis (Bajaj et al., 2018a, 
2021). On the one hand, their recent works put forward the 
understanding of the relationship between gut microbiota (including 
fungi) and ARGS as well as inflammation in liver cirrhosis. On the 
other hand, they also made extensive explore on the therapeutic 
practice of microbial intervention towards liver cirrhosis.

Among the Chinese authors, Lanjuan Li has published most 
papers, reaching 32. As early as 2011, she revealed the features of the 
intestinal microflora in cirrhotic patients (Chen et al., 2011). By 2014, 
she delved deeper into the changes in gut microbiota in individuals 
with liver cirrhosis, constructed a gene catalog of the intestinal 
microbiome, and selected 15 optimal biomarkers with high specificity 
for distinguishing liver cirrhosis patients from healthy individuals 
(Shen et al., 2014). Moreover, she also disclosed the involvement of gut 
microbiota, bile acids, and the T helper cell 17/Interleukin 6 axis in 
the progression of liver fibrosis associated with hepatitis B (Chen et al., 
2020). These studies also made important contribution on the 
microbial aspects of prognosis and pathogenesis in liver cirrhosis.

The author with the most co-citations is Bajaj Jasmohan 
S. (n = 2,838), followed by Younossi Zobair M. (n = 583), Wiest Reiner 
(n = 580), and Fernandez Javier (n = 538). The fact that Bajaj Jasmohan 
S. has the most published articles and is the most cited author is 
sufficient evidence that he facilitates the development of intestinal 
microbiota in liver cirrhosis. Bajaj Jasmohan S. is dedicated to 
studying not only the alterations in intestinal flora in liver cirrhosis, 
but also the effects of intestinal microbiota-derived metabolites in 
serum and ARGs in the gut metagenome on the progression and 
prognosis of liver cirrhosis. Jasmohan S. Bajaj and his team, through 
their clinical research, have substantiated that FMT can improve the 
outcomes for patients suffering from liver cirrhosis. Additionally, their 
investigations expanded into the realm of mycobiome, pinpointing an 
imbalance in fungal populations within the intestines of patients 
with cirrhosis.

Younossi Zobair M. has primarily centered his research on 
investigating advanced fibrosis and cirrhosis in patients diagnosed 
with NAFLD (Younossi et al., 2018, 2019). Early in 2014, Wiest Reiner 
summarized the issue of pathological bacterial translocation (PBT) in 
patients with liver cirrhosis. Liver cirrhosis can significant damage the 
intestinal endothelial and muco-epithelial barriers, resulting in PBT 
into the portal vein system. Farnesoid × receptor agonists can decrease 
PBT (Wiest et al., 2014; Sorribas et al., 2019). These studies have laid 
the foundation for the future therapies of liver cirrhosis by targeting 
the intestinal microbiota.

A co-citation relationship is established when multiple papers are 
jointly cited by one or more subsequent publications. Consequently, 
co-cited reference is an important method of analysis in bibliometrics 

research, and citation frequency can reflect an article’s influence in a 
particular research field (Sun et al., 2022). Highly cited papers are typically 
of high quality, innovative, and make a substantial contribution to their 
field, which is the basis for promoting the continuous development of the 
research field. Table 4 displays the 10 most frequently co-cited papers. 
These studies have been co-cited a minimum of 194 times, with the first 
three being cited more than 300 times, which have significant impacts on 
this field. Lanjuan Li and Bajaj JS have each authored two publications 
that are ranked inside the top 10 most frequently referenced papers. The 
paper titled “Alterations of the human gut microbiome in liver cirrhosis” 
authored by Lanjuan Li in 2014, as published in Nature, has garnered a 
total of 379 citations, so establishing itself as the most often referenced 
work within the domain of liver cirrhosis research. The researchers have 
disclosed distinct modifications in the gut microbiota among persons 
with cirrhosis and have found gene clusters that exhibit varying levels of 
abundance between cirrhotic patients and those who are in good health, 
as determined using quantitative metagenomic analysis (Shen et  al., 
2014). In 2011, Lanjuan Li released a work that has been mentioned 335 
times, which examined the attributes of the intestinal microbial 
population in individuals diagnosed with liver cirrhosis. The proliferation 
of Enterobacteriaceae, Streptococcaceae, and other potentially dangerous 
bacteria, along with the decline in helpful bacteria like Lachnospiraceae, 
is expected to have implications for the prognosis of individuals diagnosed 
with liver cirrhosis. The study titled “Altered profile of the human gut 
microbiome in association with cirrhosis and its complications,” authored 
by Bajaj, Jasmohan S., was published in the esteemed Journal of 
Hepatology. This research paper garnered significant attention, being cited 
371 times, making it the second most frequently referenced publication. 
The study findings revealed a progressive alteration in the gut microbiome 
imbalance as cirrhosis advanced, offering valuable insights into the 
relationship between cirrhosis and the human gut microbiome in the year 
2014 (Bajaj et al., 2014b). Another study published by Bajaj Jasmohan S., 
cited 198 times, confirmed that the changes in fecal bile acid patterns in 
cirrhotic patients were regulated by key microorganisms in the gut 
microbiota (Kakiyama et al., 2013). These masterworks are in crucial role 
in the establishment of the connection between gut microbiota and liver 
cirrhosis. They collectively provided valuable and detailed evidences 
covering static status and dynamic trends in this connection, which 
constructed the academic frame and provided inspiration for 
further studies.

References characterized by citation bursts are those that 
experience frequent and vigorous discussion or citation by academics 
within a specific timeframe. The burst detection technique is designed 
to identify and record instances of significant growth in the popularity 
of citations within a certain timeframe. The analysis of research 
hotspots in an academic subject is a valuable approach for investigating 
the growth of scholarly interests. This method is useful in efficiently 
identifying prominent areas of study or specific themes within a given 
field. The analysis conducted revealed that the first occurrence of a 
surge in reference citations within the field started in 2010 and 
persisted until 2023. There are two studies published in 2010, one of 
which was researched by Bass N. M. in 2010, demonstrating that 
rifaximin, as a minimally absorbed antibiotic, can effectively reduce 
the risk of HE in patients with cirrhosis (Bass et al., 2010). Another 
notable study, conducted by Miele L. in 2009, underscored the notion 
that elevated intestinal permeability, brought about by the disruption 
of tight junctions amidst intestinal cells, could play a pivotal role in 
the onset of liver fat accumulation (Miele et al., 2009). Both of these 
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studies set the stage for a subsequent series of studies. As shown in 
Figure 7, most of the burst citations are still in progress. The most 
recent study started in 2021 and is still in burst citation status until 
2023. Among the top  25 references exhibiting significant citation 
bursts, the research by Qin et  al. in 2014, which delved into the 
changes in the functionality and composition of the gut microbiota in 
liver cirrhosis patients, stood out with the highest burst strength value. 
Using quantitative metagenomic analysis, they established a cohort 
reference gene set of 2.69 million genes, of which 36.1% were novel 
genes. In addition, they identified 66 gene clusters whose abundance 
varied between cirrhosis patients and healthy individuals (Shen et al., 
2014). This finding has a profound influence on the gut microbiota of 
liver cirrhosis and lays the foundation for future research in this field.

Keyword co-occurrence analysis is a widely used method in the 
field of bibliometrics to find significant research themes. The analysis 
may serve as a valuable tool for tracking the progression of scholarly 
interests and gaining deeper insights into prominent areas of 
investigation (Pei et al., 2022). We performed overlay visualization 
analysis and trend topic analysis of keywords in the field. As shown in 
Figure 8A, the keywords that frequently appeared in the red cluster 
were cirrhosis, liver cirrhosis, bacterial translocation, HE, portal 
hypertension, ascites, lactulose, rifaximin. Numerous prior 
investigations have substantiated the presence of intestinal 
microecological dysbiosis in individuals diagnosed with liver cirrhosis. 
This dysbiosis has been observed to detrimentally affect the intestinal 
barrier’s integrity, resulting in heightened bacterial translocation, 
infection, systemic inflammation and vasodilation, eventually 
culminating in acute decompensation of cirrhosis and potential organ 
failures (Trebicka et  al., 2021b). The phenomenon of bacterial 
translocation originating from the gut microbiota is believed to have 
a significant role in the development of systemic inflammation and the 
deterioration of cirrhosis, ultimately impacting the prognosis of 
individuals with this condition (Simbrunner et  al., 2023). The 
imbalance of gut microbiota and the subsequent translocation of 
bacteria are significant contributors to the development of chronic 
liver disorders, including cirrhosis and its associated consequences, 
such as spontaneous bacterial peritonitis and HE (Arab et al., 2018). 
As hepatic disorders become more severe, there is a concomitant rise 
in the frequency and intensity of pathogenic bacterial translocation. 
Exploring the intricate correlation between gut microbiota and 
bacterial translocation may offer insights into potential therapeutic 
targets, which could help alleviate infections and complications related 
to liver cirrhosis (Wiest et al., 2014). HE is a prominent complication 
stemming from liver cirrhosis, characterized by changes in the 
composition and functionality of the gut microbiota. Current 
therapeutic strategies predominantly focus on modulating the gut 
microbiota, utilizing treatments such as lactulose, rifaximin, and 
various other pharmaceutical agents (Hassouneh and Bajaj, 2021). 
One potential intervention is the administration of lactulose, which 
has shown beneficial outcomes for patients with minor HE resulting 
from bacterial-deoxyribonucleic acid (DNA) translocation. Lactulose 
has the ability to diminish the occurrence of bacterial-DNA 
translocation and mitigate the subsequent decline in neurocognitive 
scores (Moratalla et al., 2017). Moreover, the degradation pathways of 
arginine and ornithine were decreased after lactulose treatment (Wang 
et al., 2023). In cirrhosis, rifaximin is frequently prescribed to prevent 
the development of HE  (Caraceni et  al., 2021). Rifaximin plays a 
pivotal role in re-establishing the integrity of the intestinal barrier, 

potentially elucidating its capacity to mitigate bacterial translocation 
and systemic endotoxemia in patients with liver cirrhosis (Patel et al., 
2022). Rifaximin can also decrease the recurrence of HE in individuals 
with cirrhosis and the risk of hospitalization in HE by regulating the 
function and activity of the gut microbiota (Bajaj, 2016; Yu et al., 
2021a). The study by Shamsaddini et  al. (2021) confirmed that 
rifaximin improves patient outcomes by regulating ARGs in the 
intestinal microbiome of cirrhotic patients. In conclusion, rifaximin, 
lactulose, and probiotics can all improve the structure of the gut 
microbiota to a certain extent and are reliable and efficient in the 
treatment of minimal HE (Wang et al., 2023). Furthermore, Sharma 
et  al. (2013) found that treatment of HE  with both lactulose and 
rifaximin was superior to lactulose monotherapy.

Keywords grouped within the blue cluster predominantly 
encompass gut microbiota microbiome dysbiosis bile acids SCFAs 
hepatocellular carcinoma alcoholic liver disease primary sclerosing 
cholangitis (PSC) and primary biliary cholangitis (PBC). It has been 
observed that patients afflicted with diverse liver conditions ranging 
from alcoholic liver disease non-alcoholic liver disease PSC to PBC 
consistently exhibit alterations in their gut microbiota. This 
dysregulation in the intestinal microbial composition can influence 
the severity of liver steatosis inflammation and fibrosis through 
various mechanisms (Tilg et al., 2016; Tang et al., 2018). Persistent 
liver damage can progress to conditions like liver fibrosis eventually 
resulting in cirrhosis and possibly hepatocellular carcinoma (Kostallari 
et al., 2021).

Bile acid a crucial metabolite synthesized by the gut microbiota 
exerts an important impact on the quantity variety and metabolic 
activities of the intestinal microbiota. The modulation of the bile acid 
reservoir’s dimensions and composition reciprocally interacts with the 
configuration of the gut microbiota. The maintenance of this balance 
is of utmost importance in relation to human health and disease 
(Ridlon et al., 2013). The impact of bile acid on the absorption or 
excretion of dietary lipids signifies its potential to modify the 
composition of the gut microbiome or the metabolic activity of certain 
bacteria. Consequently regulating the metabolism of bile acid has 
promise for promoting human health (Collins et al., 2023). Bile acids 
are instrumental in the pathogenesis of NAFLD (Gottlieb and Canbay, 
2019). The primary constituents of the circulating bile acid pool are 
the secondary bile acids deoxycholic acid and lithocholic acid together 
with their respective derivatives. The dimensions and constituents of 
this reservoir play a pivotal role in the management of primary 
cholangitis and NASH (Funabashi et al., 2020). For example after 
ursodeoxycholic acid treatment in patients with PBC the abundance 
of six PBC-related bacterial genera is reversed and gut microbiota 
emerges as a prospective therapeutic focus and diagnostic biomarker 
for PBC (Tang et al., 2018). Increasing evidence suggests that the 
dysregulation of microbial metabolites such as imbalance of secondary 
bile acids and reduction of SCFA-producing species is central to the 
pathogenic mechanisms of NAFLD (Albillos et  al., 2020; Shashni 
et  al., 2023). Liver cirrhosis patients especially with the 
decompensation of liver function exhibits serious intestinal microbial 
dysbiosis. The structure of gut microbiota in persons with this 
condition differs dramatically from that of healthy people. This is 
primarily characterized by a recent study that a notable decrease in the 
abundance of SCFA-producing bacteria such as Firmicutes (which is 
negatively correlated with liver function indicators) Coprococcus and 
Clostridium IV were described (Wu et al., 2023). In addition this study 
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also revealed that the abundance of Oscillibacter (also a SCFA-
producing bacterium) is markedly reduced accompanied by a notable 
decrease in the ratio of Firmicutes and Bacteroidetes along with the 
progression from compensated cirrhosis to decompensated cirrhosis. 
Further the SCFA-producing Lachnospiraceae family can reduce liver 
fibrosis and the SCFA-producing families (Ruminococcaceae and 
Lachnospiraceae) may have a potential association with the 
progression of HE  in cirrhotic patients (Awoniyi et  al., 2023). 
Supplementation with probiotics targeting to enhance the population 
of SCFA-producing bacteria emerges as a potential therapeutic 
strategy for cirrhotic patients. In conclusion microbial interventions 
encompassing adjustments in gut microbiota composition 
enhancement of SCFA levels and restoration of bile acid metabolism 
may play a pivotal role in alleviating liver fibrosis (Fu et al., 2022).

The keywords in the green cluster are probiotics, prebiotics, 
microbiota, endotoxin, antibiotic, cytokines, lactobacillus, TLR, FMT, 
etc. Probiotics and prebiotics exert their effects via various 
mechanisms and are instrumental in sustaining the health of the 
human gut (Sanders et al., 2019; Peng et al., 2020). The therapeutic 
and prophylactic potential of probiotics and prebiotics in addressing 
diverse gut-associated ailments may hinge on their ability to alter the 
composition and functionality of the gut microbiota. The genera 
Lactobacillus, Bifidobacterium, and Saccharomyces, as probiotics, have 
been historically documented for their therapeutic efficacy. 
Meanwhile, Akkermansia spp., Lactobacillus rhamnosus GG, Roseburia 
spp., Propionibacterium spp., and Faecalibacterium spp. are promising 
candidates for future therapeutic applications (Sanders et al., 2019). 
The treatment of difficulties associated with severe liver illnesses, such 
as cirrhosis and HE, may be addressed by the administration of a 
diverse range of prebiotics, probiotics, and antibiotics. This therapeutic 
approach further underscores the significant contribution of the gut 
microbiota in the context of liver disorders. Enhanced comprehension 
of the gut microbiota and its composition in the context of liver 
disease has the potential to provide a more comprehensive knowledge 
of these complex conditions, thereby laying the groundwork for new 
treatment strategies (Tilg et al., 2016).

Previous research has investigated the impact of probiotic strains 
including several species of Lactobacillus and Bifidobacterium on the 
immunological function of the intestinal mucosa and the integrity of 
the intestinal barrier in individuals diagnosed with NAFLD. Intestinal 
mucosal immune function may be  effectively stabilized by the 
administration of certain substances, hence offering protection to 
individuals with NAFLD against heightened permeability resulting 
from disturbances in the intestinal barrier (Mohamad Nor et  al., 
2021). Specific strains of Lactobacillus, including L. acidophilus, 
L. fermentum, and L. plantarum, have the potential to mitigate the 
progression of NASH through cholesterol reduction (Lee et al., 2021). 
Another randomized clinical trial confirmed that Lactobacillus GG 
can modulate the gut microbiome, metabolome, and endotoxemia in 
patients with cirrhosis, and the use of Lactobacillus GG was safe and 
well tolerated (Bajaj et al., 2014a). Lactobacillus lactis and Pediococcus 
pentosaceus have been shown to ameliorate the progression of NAFLD 
by regulating both the gut microbiome and metabolome functionalities 
in mouse models (Yu et al., 2021b). Multiple research investigations 
have highlighted that Lactococcus lactis and Lactobacillus rhamnosus 
have both preventative and therapeutic properties in relation to the 
advancement of liver fibrosis. Specifically, administration of 
Lactobacillus rhamnosus GG has proven efficacious in counteracting 

the adverse outcomes of bile acid-induced liver injury and subsequent 
fibrosis in mouse models. This protective mechanism is achieved via 
the inhibition of hepatic bile acid production and the promotion of 
bile acid excretion inside the liver (Liu et al., 2020; Won et al., 2023). 
In recent advancements, Akkermansia spp. is a novel promising 
probiotic that plays a significant role in immune-mediated liver 
damage, alcoholic liver disease, and NAFLD (Wu et al., 2017; Grander 
et al., 2018; Kim et al., 2020).

In recent years, with the development of 16S ribosomal ribonucleic 
acid (rRNA) sequencing, fecal metagenomic sequencing and other 
technologies, gut microbiota research has also risen to a new stage. 
With a more precise and exhaustive analysis of the structural and 
functional changes of intestinal flora, researchers are capable of 
revealing the impact of certain species on the occurrence and 
progression of diseases. In the future, the importance of more gut 
species may be  discovered and become the direction of further 
research. Besides probiotics, prebiotics, and antibiotics, FMT has also 
become a potential treatment for diseases related to cirrhosis. It can 
be used to treat relapsed and refractory Clostridium difficile infections, 
HE, and other conditions. FMT can improve the cognitive ability of 
patients with perceptual encephalopathy, which is safe and effective 
(Bajaj et al., 2017; Cheng et al., 2021).

In addition, TLRs can recognize the gut microbiota in cirrhotic 
patients, triggering signaling cascades linked with the progression of 
cirrhosis. TLRs hold a crucial position in the occurrence, development, 
and treatment of cirrhosis (Fan et al., 2021). Furthermore, the gut 
microbiota and TLR4 are proposed as significant therapeutic targets 
to prevent hepatocellular carcinoma in individuals with severe liver 
conditions (Darnaud et al., 2013). TLR4 is also a treatment target for 
the prevention and management of liver failure (Engelmann et al., 
2020). TLRs have multiple functions in the liver, with TLR4 notably 
fostering oxidative stress, instigating liver inflammation, and driving 
the progression of fibrosis (Seki et  al., 2007; Gill et  al., 2010). 
Numerous natural compounds have demonstrated their potential in 
attenuating oxidative stress, alleviating liver inflammation, and 
mitigating fibrosis through the inhibition of the TLR4 signaling 
pathway or its associated cascades (Luangmonkong et al., 2018).

The primary terms inside the yellow cluster consist of NAFLD, 
NASH, fatty liver, obesity, metabolic syndrome, oxidative stress, 
inflammation, fibrosis, insulin resistance, and other related concepts. 
The gut microbiota is crucial for the overall health and metabolic 
functions of the host. Dysbiosis, or imbalance within the gut 
microbiota, has been linked to the onset and progression of numerous 
metabolic disturbances. These include conditions such as obesity, 
NAFLD, and insulin resistance (Choi et al., 2021; Fan and Pedersen, 
2021). The connection between gut microbiota and host metabolism 
is modulated by many variables, such as intestinal barrier impairments, 
bile acid metabolism alterations, antibiotic consumption, and 
microbial metabolite production. Metabolic syndrome encompasses 
a cluster of risk factors that, if unmanaged, frequently progress to 
more severe metabolic complications like type 2 diabetes mellitus and 
NASH (Dabke et  al., 2019). Changes in the composition of gut 
microbiota can profoundly impact the interaction between intestinal 
bacteria and the host, mainly by initiating low-grade inflammatory 
processes leading to the progression of obesity, insulin resistance, 
NAFLD and other metabolic diseases (Marchesi et  al., 2016; 
Scheithauer et al., 2020). The occurrence of dysbiosis within the gut 
microbiome, disturbance of the intestinal barrier, and ensuing 
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translocation of bacteria may initiate proinflammatory and profibrotic 
mechanisms, eventually culminating in the progression of cirrhosis 
(Pierantonelli and Svegliati-Baroni, 2019; Hyun et  al., 2022). 
Conversely, regulating oxidative stress, fatty acid metabolism, and the 
balance of gut microbiota may serve as a barrier against hepatic 
steatosis and fibrosis, subsequently mitigating liver injury (Wang et al., 
2021; Nam et al., 2023).

Within the cluster indicated by the color purple, many key 
components may be  identified, including the gut-liver axis, liver 
fibrosis, intestinal barrier, intestinal microbiota, small intestine 
bacterial overgrowth, and lipopolysaccharide. The phenomenon of 
enterohepatic crosstalk has been documented in clinical investigations 
pertaining to liver disorders, including NAFLD, alcoholic liver disease, 
and PSC. Cirrhosis often occurs as a consequence of several disorders. 
Among microbial factors, microbial pathogen-related molecular 
patterns, for example, are key to driving liver inflammation and 
clinical complications (Tilg et  al., 2022). Both dysbiosis of the 
intestinal microecology and disturbance of the intestinal barrier have 
the potential to result in bacterial translocation. Bacterial translocation 
and leakage of lipopolysaccharide (LPS) have been seen in animal 
models during the first phases of liver fibrosis. The stimulation of 
hepatic stellate cells is mediated by LPS via the regulation of autophagy 
and retinoic acid signaling pathways. Autophagy triggered by LPS can 
further reduce retinoic acid signaling. This leads to the downregulation 
of Bambi and promoting the susceptibility of hepatic stellate cells to 
the fibrotic response of transforming growth factor-β signaling (Chen 
et al., 2017; Chopyk and Grakoui, 2020). During liver fibrosis, the 
predominant myofibroblasts present are activated hepatic stellate cells, 
a distinctive marker of fibrosis (Iwaisako et al., 2014).

As cirrhotic disease progresses, liver transplantation is often 
eventually required. However, most patients are not eligible for 
transplantation, and the organ source is scarce. Therefore, further 
in-depth studies on the regulation of the gut-liver axis are necessary 
(Bajaj, 2019). In the future, it is necessary to continue to investigate 
the intricate link between the gut and the liver in clinical trials, which 
will open up a new way for future targeted therapy.

Specifically, we  conduct an independent overlay visualization 
analysis with keywords of bacterial taxa (Figure 8D). Compared with 
leading keywords in Figure 8A, most taxa exhibit low occurrence and 
poor link strength. Studies towards many specific taxa are probably 
relatively isolated and lacking of extensivity. To be  noteworthy, 
Lactobacillus, Escherichia coli (E. coli) and Akkermansia muciniphila 
(A. muciniphila) are three predominant bacterial taxa with both 
significant occurrence and link strength in this domain. As a contrast, 
we can observe that Lactobacillus and A. muciniphila are mainly linked 
with beneficial species while E. coli is mainly linked with pathogens. 
This is the visual evidence to understand the core species in the both 
sides (beneficial and harmful) of gut microbiota. In terms of time 
overlay, we can observe the research trend of these taxa. Lactobacillus 
is a classical probiotic in the research of liver cirrhosis. Many species 
have exhibited therapeutic potential (Chiva et al., 2002; Liu et al., 
2020). A. muciniphila is a rising probiotic in recent years and has 
gained wide acknowledgement in different diseases such as obesity 
(Depommier et al., 2019), colorectal cancer (Jiang et al., 2023) and 
liver diseases (Rao et  al., 2021). Present findings indicate its 
therapeutic role in early stage in including NAFLD (Depommier et al., 
2019; Rao et al., 2021) and ALD (Grander et al., 2020), whilst its role 
in advanced liver cirrhosis has not been detected.

Most pathogens, from Helicobacter pylori (H. pylori), E. coli to 
Clostridium difficile, not only indicates the focus of clinical concern, 
but also reveals the clinical practice from disinfection to microbial 
regulation. The pathogenic role of H. pylori in liver cirrhosis has been 
widely discussed, which emphasize related disinfection treatment 
(Wang et al., 2016; Okushin et al., 2018). However, as a common but 
potentially harmful species, the management of E. coli may depend on 
the balance between disinfection and microbial eubiosis, which 
provide crucial colonization resistance against E. coli (Ducarmon 
et al., 2019; Zhang et al., 2022). Further, Clostridium difficile infection 
has raised clinical concern of excessive antibiotic use, which can 
unfavorably induce dysbiosis, leading the outburst of the resistant 
bacteria (Martin et al., 2016). The academic trend here represents the 
advancement of the clinical understanding and practice: in some 
scenarios, compared with simple eradication of harmful species, the 
promotion of beneficial community is as well critical.

5 Summary

This study has the following advantages: our study is the first to 
systematically and comprehensively analyze the gut microbiota of liver 
cirrhosis using bibliometric methods, which is different from previous 
studies. For example, Pezzino S et al. undertook a bibliometric study 
on the impact of the intestinal microbiome in NAFLD/NASH, and 
related liver cirrhosi based on the Dimensions scientific research 
database (Pezzino et  al., 2023). Our study includes research on 
cirrhosis also caused by viral hepatitis, autoimmune diseases, long-
term heavy alcohol consumption, obesity, cholestasis, and other 
causes. Our study is helpful to fully reveal the role of intestinal 
microbiology in this multi-etiological pathological process of liver 
cirrhosis because the patterns of gut microbiota in liver cirrhosis with 
different causes are not completely the same.

This investigation is not without its limitations. Firstly, the 
exclusive reliance on the WoSCC database might have inadvertently 
omitted relevant research from alternative databases. Furthermore, 
the study’s focus on solely English publications could have led to the 
exclusion of significant research in other languages. This omission 
could potentially affect the comprehensiveness of our findings.

In summary, this work represents the first thorough bibliometric 
analysis conducted on publications pertaining to the investigation of 
gut microbiota in patients diagnosed with cirrhosis resulting from 
various etiologies. Recent years have witnessed a burgeoning interest 
in the gut microbiota’s relationship with liver cirrhosis, mirroring the 
advancements in our understanding of the pathophysiological 
processes of liver cirrhosis. The gut microbiota is known to have a 
substantial effect on the development and advancement of liver 
cirrhosis, along with its associated consequences. The efficacy of 
therapeutic interventions aimed at modulating the gut microbiota has 
been demonstrated in patients diagnosed with liver cirrhosis, 
regardless of accompanying comorbidities. Hence, a comprehension 
of the intestinal flora’s mechanism in liver cirrhosis of diverse 
etiologies establishes the foundation and offers substantiation for the 
prospective treatment of liver cirrhosis through the selective targeting 
of specific bacteria. This approach has the potential to enhance patient 
prognosis and alleviate the societal burden associated with chronic 
liver disease. Furthermore, it is essential for organizations and nations 
to actively participate in international cross-border collaboration in 
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order to facilitate the progress of gut microbiota in the context of 
liver cirrhosis.
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Symbiotic combination of 
Akkermansia muciniphila and 
inosine alleviates alcohol-induced 
liver injury by modulating gut 
dysbiosis and immune responses
Li Wei 1, Yizhi Pan 1, Yu Guo 1, Yin Zhu 2,3, Haoran Jin 1, 
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Yongping Chen 2*, Chunhai Ke 1,2* and Lanman Xu 1,2*
1 Department of Infectious Diseases and Liver Diseases, Ningbo Medical Center Lihuili Hospital, 
Affiliated Lihuili Hospital of Ningbo University, Ningbo, China, 2 Hepatology Diagnosis and Treatment 
Center, The First Affiliated Hospital of Wenzhou Medical University & Zhejiang Provincial Key 
Laboratory for Accurate Diagnosis and Treatment of Chronic Liver Diseases, Wenzhou, China, 
3 Department of Infectious Diseases, Taizhou Enze Medical Center (Group), Enze Hospital, Taizhou, 
China

Background: Alcoholic liver disease (ALD) is exacerbated by disruptions in 
intestinal microecology and immune imbalances within the gut–liver axis. The 
present study assesses the therapeutic potential of combining Akkermansia 
muciniphila (A. muciniphila) with inosine in alleviating alcohol-induced liver 
injury.

Methods: Male C57BL/6 mice, subjected to a Lieber-DeCarli diet with 5% 
alcohol for 4  weeks, served as the alcoholic liver injury model. Various analyzes, 
including quantitative reverse transcription polymerase chain reaction (qRT-
PCR), ELISA, immunochemistry, 16S rRNA gene sequencing, and flow cytometry, 
were employed to evaluate liver injury parameters, intestinal barrier function, 
microbiota composition, and immune responses.

Results: Compared to the model group, the A. muciniphila and inosine 
groups exhibited significantly decreased alanine aminotransferase, aspartate 
aminotransferase, and lipopolysaccharide (LPS) levels, reduced hepatic 
fat deposition and neutrophil infiltration, alleviated oxidative stress and 
inflammation, and increased expression of intestinal tight junction proteins 
(Claudin-1, Occludin, and ZO-1). These effects were further pronounced in the A. 
muciniphila and inosine combination group compared to individual treatments. 
While alcohol feeding induced intestinal dysbiosis and gut barrier disruption, the 
combined treatment reduced the abundance of harmful bacteria (Oscillibacter, 
Escherichia/Shigella, and Alistipes) induced by alcohol consumption, promoting 
the growth of butyrate-producing bacteria (Akkermansia, Lactobacillus, and 
Clostridium IV). Flow cytometry revealed that alcohol consumption reduced 
T regulatory (Treg) populations while increasing those of T-helper (Th) 1 and 
Th17, which were restored by A. muciniphila combined with inosine treatment. 
Moreover, A. muciniphila and inosine combination increased the expression 
levels of intestinal CD39, CD73, and adenosine A2A receptor (A2AR) along with 
enhanced proportions of CD4+CD39+Treg and CD4+CD73+Treg cells in the liver 
and spleen. The A2AR antagonist KW6002, blocked the beneficial effects of the 
A. muciniphila and inosine combination on liver injury in ALD mice.

Conclusion: This study reveals that the combination of A. muciniphila and 
inosine holds promise for ameliorating ALD by enhancing the gut ecosystem, 
improving intestinal barrier function, upregulating A2AR, CD73, and CD39 
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expression, modulating Treg cells functionality, and regulating the imbalance 
of Treg/Th17/Th1 cells, and these beneficial effects are partly A2AR-dependent.

KEYWORDS

alcoholic liver disease, Akkermansia muciniphila, inosine, gut microbiota, adenosine 
2A receptor, Regulatory T Cells

1 Introduction

Alcoholic liver disease (ALD) encompasses alcoholic fatty liver 
disease, alcoholic hepatitis, alcoholic liver fibrosis, cirrhosis, and 
hepatocellular carcinoma. Globally, in 2020, approximately 1.34 
billion men and 312 million women engaged in harmful alcohol 
consumption, leading to approximately 1.78 million deaths attributed 
to alcohol consumption (Cabezas, 2022; Huang et al., 2023). Reports 
indicate that 50% of cirrhosis-related mortality is linked to alcohol 
consumption, which poses a significant threat to human health (Xiao 
et al., 2019; Avila et al., 2020).

The primary morphological characteristics of ALD include 
steatosis, hepatocyte ballooning degeneration, necrosis, and lobular 
inflammation primarily characterized by neutrophil polymorphism. 
With disease progression, inflammatory and fibrotic alterations may 
extend to the hepatic veins, eventually advancing to the stage of 
micronodular cirrhosis (Addolorato et al., 2020a). Dysbiosis of the 
intestinal microbiota is a pathogenic mechanism of ALD that results 
inintestinal barrier dysfunction, altered microbiota, and immune cell 
changes (Ge et al., 2019, 2022). An increase in intestinal permeability, 
resulting from a breached intestinal barrier, gut-derived bacteria and 
products, such as LPS, the main component of endotoxin, can bind to 
Toll-like receptor 4 (TLR4), increasing the recruitment of Myd88 and 
ultimately accelerating the nuclear translocation of NF-κB. This 
activation induces the expression and release of multiple inflammatory 
factors, which stimulate the innate immune system and damage the 
liver (Albillos et  al., 2020; Siddiqui and Cresci, 2020). Metabolic 
components produced by the intestinal microbiota, such as short-
chain fatty acids, amino acids, and their derivatives, act on intestinal 
epithelial cells and directly or indirectly affect various immune cells of 
the mucosal immune system. ALD leads to marked immune cell 
imbalances, such as the Treg/Th17 cells ratio, which is closely 
associated with gut microbial dysbiosis in intestinal microecology 
(Gao and Bataller, 2011; Szabo, 2015). Thus, modulating intestinal 
microecology and barrier function is crucial for maintaining immune 
homeostasis in the gut–liver axis.

Akkermansia muciniphila, a strictly anaerobic Gram-negative 
bacterium, is the only known member of the human gut-associated 
phylum Verrucomicrobia, comprising approximately 0.5–5% of the 
human intestinal microbiota (Cani et al., 2022, 2023). Its abundance 
is negatively correlated with various diseases, including inflammatory 
bowel disease, neurodegenerative diseases, obesity, and autism 
(Rodrigues et al., 2022). Notably, A. muciniphila can upregulate the 
RORγt+ Treg cell-mediated immunosuppressive response by 
interacting with TLR4, which plays a key role in intestinal mucosal 
homeostasis in mice (Liu et al., 2022). The influence of A. muciniphila 
on host physiology depends, in part, on the small molecules produced 
through the joint metabolism of the host and microbial community. 

One such metabolite, inosine, serves as a physiological energy source 
and exhibits potent anti-inflammatory and immunomodulatory 
properties (Saveljeva et  al., 2022). A previous study revealed that 
pretreatment with inosine reduced acute liver damage and 
inflammation, in part by controlling the TLR4/NF-κB signaling 
pathway (Guo et  al., 2021). However, the additional benefits and 
underlying mechanisms of the combination of A. muciniphila and 
inosine in ALD remain unclear.

One of the four adenosine receptors in the G-protein-coupled 
receptor superfamily, the adenosine 2A receptor (A2AR), exhibits 
strong anti-inflammatory properties that affect immune cell regulation 
(Haskó et al., 2008). The ectoenzymes CD39 and CD73, which are 
highly expressed in Tregs, hydrolyze the extracellular ATP (eATP) 
produced in injured tissues to adenosine (ADO), thereby reducing 
inflammation. Notably, the proliferation and maintenance of Tregs are 
related to the expression of CD39 and CD73. A2AR agonists 
significantly increase Treg numbers and enhance their 
immunosuppressive function (Haskó et al., 2008; Xing et al., 2023). 
Moreover, A2AR activation alleviates intestinal inflammation in 
inflammatory bowel diseases, potentially by promoting interleukin 
(IL)-10 and transforming growth factor-beta (TGF-β) secretion 
(Odashima et al., 2005). In A2AR-knockout models, IL-10 and TGF-β 
levels are significantly decreased, accompanied by an increase in 
interferon-gamma (IFN-γ) levels (Nowak et al., 2010). These cytokines 
play important roles in the regulation of Treg, Th17, and Th1 cell 
differentiation. These data suggest that the adenosine A2AR pathway 
may be involved in the differentiation and function of immune cells 
to maintain immune homeostasis in the gut–liver axis; however, this 
hypothesis requires verification.

In the present study, we  investigated the potential protective 
effects of A. muciniphila combined with inosine in ALD mice. 
We analyzed the intestinal microbiota components, mucosal barrier, 
and the balance of Treg/Th17/Th1 in the liver and spleen. To further 
explore the potential mechanisms, we measured the levels of CD39, 
CD73, and A2AR in the intestine as well as the proportions of CD39+ 
Tregs and CD73+ Tregs in the liver and spleen. Our findings 
demonstrate that A. muciniphila combined with inosine may be a 
promising therapy for patients with ALD.

2 Materials and methods

2.1 Akkermansia muciniphila culture

The A. muciniphila strain acquired from the American Type 
Culture Collection (ATCC Number: BAA-835) was cultured in an 
anaerobic environment at 37°C using brain-heart infusion (BHI) 
(CM1135B, OXOID) liquid medium supplemented with 0.5% (wt/vol) 
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mucin (M2378, Sigma). The cultures were incubated for 48 h, 
centrifuged (3,500 rpm, 10 min, 4°C), washed twice in sterile saline, 
and resuspended at 5 × 109 CFU/mL (measured by absorbance at 
630 nm) for intragastric injection (Grander et al., 2018).

2.2 Animals and treatment

Six to eight-week-old male C57BL/6 mice were procured from 
Beijing Vital River Laboratory Animal Technology Co., Ltd. and 
housed in an SPF environment. The ALD model was developed as 
previously described (Zhu et  al., 2022). As shown in 
Supplementary Figure S2, mice were first fed a liquid control diet 
called Lieber-DeCali (Trophic Animal Feed High-tech Co., Jiangsu, 
China) for 1 week, after which they were fed an adaptive alcohol diet 
for 1 week (the ratio of Lieber-DeCarli control diet to ethanol diet was 
adjusted from 2:1 1:1 to 1:2 on days 2, 4 and 6, respectively). Following 
the acclimation phase, the mice were given a four-week supply of the 
full Lieber-DeCarli ethanol diet with 5% alcohol.

To investigate the effect of A. muciniphila combined with inosine 
on ALD, mice were randomly divided into five groups: (1) normal 
group (N, n = 10), maintained on a Lieber-DeCarli control diet until 
euthanasia; (2) model group (M, n = 10); (3) A. muciniphila treatment 
group (AKK, n = 10); (4) inosine (I4125, Sigma-Aldrich, St. Louis, 
MO, United  States) treatment group (I, n = 10); (5) and the 
A. muciniphila and inosine combination group (AKK + I, n = 10). To 
investigate whether therapeutic effects of the combined intervention 
are mediated via A2AR, the ALD model animals were randomized 
into three groups: (1) the A2AR antagonist group (KW6002, n = 5), (2) 
the A. muciniphila and inosine combination group (AKK + I, n = 5), 
(3) and combination therapy +A2AR antagonist group 
(AKK + I + KW6002, n = 5).

For treatment with A. muciniphila, mice were gavaged with 
1 × 109 CFU A. muciniphila suspended in 0.2 mL of sterile saline every 
other day for 4 weeks on a complete ethanol diet. For treatment with 
inosine, mice were gavaged inosine (300 mg/kg) every other day for 
4 weeks on a complete ethanol diet. For treatment with KW6002, mice 
were intraperitoneally injected with 5 mg/kg/day of KW6002 during 
the last 2 weeks of the complete ethanol diet. Sterile saline was used as 
a negative control for intragastric or intraperitoneal injections.

At the end of the experiment, all mice were euthanized, and blood, 
liver, spleen, fecal, and intestinal tissues were collected. The study 
protocols were approved by the Ethics Committee of the Health 
Science Center of Ningbo University (approval number 11417).

2.3 Liver and intestine histopathology

Samples of the liver and small intestine were obtained, fixed for 
24 h in 10% formalin, and embedded in paraffin. Hematoxylin and 
eosin were used to stain liver and small intestine sections for 
pathological evaluation. Standard protocols were followed for the 
immunohistochemical studies (Zhu et al., 2022). Sections immersed 
in paraffin were deparaffinized and rehydrated. Liver sections were 
incubated with anti-MPO (PA5-16672, 1:200 dilution; Thermo Fisher 
Scientific, Waltham, MA, United States) and anti-F4/80 (SP115, 1:100 
dilution; Abcam, Cambridge, United Kingdom) antibodies to assess 
macrophage and neutrophil infiltration, respectively. Small intestinal 

sections were incubated with anti-CD39 (ab223842, 1:1000 dilution; 
Abcam), anti-CD73 (ab288154, 1:500 dilution; Abcam), and anti-
A2AR (ab3461, 1:200 dilution; Abcam) antibodies to evaluate the 
levels of intestinal CD39, CD73, and A2AR proteins. PE-coupled 
secondary anti-rabbit IgG was used for detection. Liver and small 
intestine sections were rapidly frozen, cut into 4-μm sections, and 
stained with Oil Red O. Images were observed with a clear field 
microscope (Nikon, Tokyo, Japan) and analyzed using Image-Pro Plus 
6.0 software (Media Cybernetics, Rockville, MD, United States). Each 
specimen was randomly selected with three independent visual fields 
at 20× magnification. Liver hepatic steatosis was evaluated using the 
Brunt scale by a pathologist who was blinded to the study.

2.4 Serum biochemical analysis and ELISA 
assay

An automatic biochemical analyzer (AU5800; Beckman Coulter, 
Brea, CA, USA) was used to measure serum alanine aminotransferase 
(ALT) and aspartate aminotransferase (AST) levels. ELISA kits 
(MultiSciences, China) were used to measure the levels of hepatic 
IL-17A, IFN-γ, and IL-10 proteins, in accordance with the 
manufacturer’s instructions. ELISA kits (Nanjing Jiengcheng 
Bioengineering Institute, China) were used to measure the levels of 
hepatic glutathione (GSH), oxidized glutathione (GSSG), and 
superoxide dismutase (SOD), in accordance with the manufacturer’s 
instructions. ELISA kits (MyBioSource) were used to measure the 
serum levels of LPS, following the manufacturer’s instructions.

2.5 Real-time reverse transcriptase 
polymerase chain reaction (RT-PCR) assay

The RNA Extraction Kit (74,104; QIAGEN, Hilden, Germany) 
was used to extract total RNA, and the PrimeScript RT Reagent Kit 
(RR047A, Takara Bio, Shiga, Japan) was used to reverse-transcribe the 
extracted RNA into cDNA. TB Green Premix Ex Taq (RR420A; Takara 
Bio) was used to amplify cDNA. A Thermo Fisher QuantStudio5 real-
time PCR system was used to quantify the amounts of RNA. The 2-ΔΔCt 
method was used to assess the final data, and glyceraldehyde 
3-phosphate dehydrogenase (GAPDH) was used as the reference gene 
for mRNA expression estimates. The primer sequences are listed in 
Supplementary Table S1.

2.6 Western blot analysis

Small intestinal tissues were homogenized in RIPA buffer 
(Solarbio, China) with a mixture of protease inhibitors. The Pierce 
BCA Protein Assay Kit (TransGen Biotech, China) was used to 
quantify protein concentration. Protein samples were subjected to 
electrophoresis using on 10% sodium dodecyl sulfate-polyacrylamide 
gels and transferred to PVDF membranes (MilliporeSigma, 
Burlington, MA, United States). Subsequently, the membranes were 
blocked with skimmed milk powder (Solarbio) and incubated 
overnight at 4°C with the following primary antibodies: anti-ZO-1 
(ab96587, 1:1000 dilution; Abcam), anti-Occludin (A2601, 1:2000 
dilution; ABclonal, Woburn, MA, United  States), anti-Claudin-1 
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(ab307692, 1:1000 dilution; Abcam:1000), and anti-GAPDH 
(ab181602, 1:1000 dilution; Abcam). After five washes with TBST for 
5 min each, the membranes were incubated with the respective 
secondary antibodies (goat anti-rabbit; SA00001-2, Proteintech, 
Rosemount, IL, United States) for 1 h at room temperature. Protein 
bands were visualized using a high-sensitivity ECL chemiluminescence 
kit (NCM Biotech, China) and gel imager (Bio-Rad Laboratories, 
Hercules, CA, USA), and band intensity was quantified using ImageJ 
software version 2.3.0 (National Institute of Health, Bethesda, 
MD, USA).

2.7 16S rRNA gene sequencing analysis and 
bioinformatics analysis

Feces were immediately collected and stored at −80°C. Bacterial 
DNA was extracted using a FastDNA SPIN Kit for Soil (MP 
Biomedicals, Santa Ana, CA, USA) according to the manufacturer’s 
instructions. The V3-V4 hypervariable regions of the 16S rRNA gene, 
along with spike-ins, were amplified using primers 341F (5′-CCT 
ACGGGNGGCWGCAG-3′) and 805R (5′-GACTACHVG 
GGTATCTAATCC-3′) and subsequently sequenced on an Illumina 
NovaSeq 6,000 sequencer (Illumina, San Diego, CA, United States) 
(BioProject ID PRJNA1071471). Usearch software was used to 
perform similarity level clustering analysis of reads, and reads with 
similarity greater than or equal to 97% were clustered into one 
operational taxonomic units (OTUs); RDP database was used as a 
reference database to taxonomically annotate the obtained OTUs. 
Principal Coordinate Analysis (PCoA) based on Unifrac distance was 
used to identify the microbial structure. Linear discriminant analysis 
(LDA) coupled with effect size measurement (LefSe) analysis was used 
to identify the microbial taxa with different degrees of enrichment in 
different treatment groups. The Kruskal-Wallis test (p < 0.05) was used 
to identify microbial taxa that differed among multiple groups.

2.8 Short-chain fatty acids (SCFAs) 
identification and quantification

Gas chromatography–mass spectrometry (GC–MS) was used to 
quantify typical SCFA for targeted metabolomics. Fecal samples were 
homogenized, centrifuged, filtered, and suspended in ultrapure water. 
Centrifugation was used to separate the ethyl acetate layer from the 
filtrate, and an equal volume of ethyl acetate was combined and 
incubated for 30 min at 4°C. SCFA standards at various concentrations 
were subjected to the same procedure. The SCFAs in the samples were 
characterized by comparing their retention times with those of the 
standards. A calibration curve based on the peak areas of the standards 
at different concentrations facilitated the quantification of SCFA levels.

2.9 Isolation of intrahepatic lymphocytes 
(IHL) and flow cytometry analysis

IHLs were isolated using a previously established method (Xu 
et al., 2021). Briefly, following anesthesia, the mouse liver was perfused 

with PBS. Liver tissues were collected and digested in RPMI-1640 
medium containing collagenase IV (0.05%; C4-BIOC; Sigma-Aldrich) 
at 37°C for 30 min. To obtain single-cell suspensions, the digested cell 
suspensions were filtered through 70-μm nylon cell strainers. 
Centrifugation (400 × g) at room temperature for 30 min across a 
30/70% discontinuous Percoll gradient was used to isolate IHLs 
(17,089,102; Cytiva). At interphase, cells were harvested, carefully 
washed, and resuspended in full RPMI-1640 medium supplemented 
with 10% FBS.

Regulatory T Cells were assayed using a Mouse Regulatory T Cell 
Staining Kit (88–8,111-40; Thermo Fisher Scientific), according to the 
manufacturer’s instructions. For Th1 and Th17 cell analysis, 
lymphocytes were first incubated with Leukocyte Activation Cocktail 
(550,583; BD Pharmingen, Franklin Lakes, NH, United States) for 5 h, 
followed by staining with Fixable Viability Stain 780 (565,388; BD 
Pharmingen), CD3e FITC (553,061; BD Pharmingen), CD4 APC 
(553,051; BD Pharmingen), and CD8a PerCP-Cy5.5 (551,162; BD 
Pharmingen) at 4°C for 30 min in the dark. A Fixation/
Permeabilization Kit (554,714; BD Pharmingen) was used for fixation 
and permeabilization, followed by staining with IL-17A PE (55,952; 
BD Pharmingen) and IFN-γ PE (55,442; BD Pharmingen) at 4°C for 
1 h in the dark. Samples were processed on a FACS Symphony A1 and 
analyzed using FlowJo X software version 10 (Tree Star, Ashland, OR, 
United States).

2.10 Statistical analysis

Statistics and graphing were performed using GraphPad Prism 8 
(San Diego, CA, USA). One-way analysis of variance followed by 
Tukey’s multiple comparison test was used for continuous variables 
with normal distribution for comparison among multiple groups, and 
Kruskal-Wallis test was used for continuous variables with skewed 
distribution for comparison among multiple groups. Multiple 
comparisons were corrected by the Benjamini-Hochberg method, and 
p < 0.05 or false discovery rate (FDR) <0.05 were considered 
statistically significant differences. Data are presented as the 
mean ± SEM.

3 Results

3.1 Combination of Akkermansia muciniphila 
and inosine alleviated liver injury in ALD mice

In this study, we established an alcoholic liver injury model using 
a Lieber-DeCarli ethanol diet (5% ethanol). The model group 
exhibited elevated serum ALT, AST and LPS levels (Figures 1A,B), 
hepatocyte ballooning, and fat deposition (Figures 1C–E), along with 
significant macrophage and neutrophil infiltration (Supplementary  
Figure S3), compared to the normal group. This result suggests that 
alcohol exposure induced significant liver injury and inflammation. 
Application of A. muciniphila or inosine alone attenuated ALT, AST 
and LPS levels (Figures  1A,B), decreased ethanol-induced fat 
accumulation (Figures  1C–E), and reduced macrophage and 
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neutrophil infiltration in the liver (Supplementary Figure S3). Notably, 
the combination of A. muciniphila and inosine further alleviated 
hepatic fat accumulation and attenuated ALT and AST levels, 

compared to treatment with A. muciniphila or inosine alone. These 
findings highlight the synergistic effect of A. muciniphila and inosine 
in ameliorating liver damage induced by chronic ethanol consumption.

FIGURE 1

The combination of Akkermansia muciniphila and inosine alleviated liver injury in ALD mice. C57BL/6 mice were fed a Lieber-DeCarli diet containing 
5% alcohol for 4  weeks. A. muciniphila (1  ×  109  CFU/mouse), inosine (300  mg/kg), or a combination of A. muciniphila (1  ×  109  CFU/mouse) and inosine 
(300  mg/kg) were administered orally every other day. All mice were euthanized in the 6th week. (A) Serum ALT and AST levels in different experimental 
groups. (B) The levels of LPS in the serum. (C) Representative images of hematoxylin and eosin and Oil Red O staining of liver sections (scale bar, 
100  μm). (D,E) Statistical analysis of steatosis scores and Oil Red O staining. (F) Fold changes in the mRNA levels of proinflammatory cytokines 
determined via qRT-PCR. Data are shown as the mean  ±  SEM; *p  <  0.05, **p  <  0.01, ***p  <  0.001 compared with the model group; &p  <  0.05, &&p  <  0.01 
compared with the AKK  +  I group. N =  10 for each group.
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3.2 Combination of Akkermansia 
muciniphila and inosine alleviates oxidative 
stress and inflammation in ALD mice

Given that oxidative stress is implicated in the pathogenesis of 
ALD, we evaluated the levels of glutathione, GSSG, and SOD in the 
five groups to assess susceptibility to oxidative stress. The levels of 
GSH, GSH/GSSG, and SOD were significantly reduced in the model 
group. Treatment with A. muciniphila significantly restored GSH 
levels compared to those in the model group, and the GSH/GSSG ratio 
was restored in both the A. muciniphila and inosine individual 
treatment groups. Notably, these effects were further pronounced in 
the combination treatment group (Supplementary Figures S4A,C,D). 
However, there were no significant differences in GSSG levels among 
the five groups (Supplementary Figure S4B).

To evaluate liver inflammation, we  detected changes in the 
expression of representative inflammatory markers at the 
transcriptional level. The mRNA expression levels of TNF-α, IL-6, 
IL-1β, TLR4, Myd88, NF-κB, and iNOS were significantly higher in 
alcohol-fed mice than in normal mice, indicating that alcohol 
consumption induced liver inflammation (Figure 1F). Treatment with 
either A. muciniphila group or inosine decreased the transcription 
levels of these above indicators. Treatment with the combination 
further reduced the transcriptional levels of IL-6 and TLR4 and 
improved those of IL-10 and AMPK (Figure  1F and 
Supplementary Figure S5). However, no significant differences was 
observed for the other indicators (IL-2, COX-2, IκB-α, and Nfr2) 
(Supplementary Figure S5). These results suggest that the combination 
of A. muciniphila with inosine ameliorates alcohol-induced oxidative 
stress and the hepatic inflammatory response.

3.3 Combination of Akkermansia 
muciniphila and inosine restored gut 
barrier function in ALD mice

Hematoxylin and eosin staining of mouse small intestines revealed 
irregular and shorter villi in the ALD model group compared to those 
in the normal group. Treatment with either A. muciniphila or inosine 
improved the villus lesions, and the A. muciniphila and inosine 
combination further increased the villus height-to-crypt depth ratio, 
indicating an improvement in villus–crypt connections during 
alcohol-induced barrier disruption (Figures  2A,B). Furthermore, 
we measured the expression of tight junction (TJ) proteins, including 
Claudin-1, Occludin, and ZO-1, in the small intestine. Compared with 
the normal group, alcohol feeding significantly reduced the mRNA 
expression of the genes encoding TJ proteins, whereas treatment with 
either A. muciniphila or inosine alone upregulated the expression of 
the genes. Notably, the combination treatment significantly restored 
Claudin-1 expression compared to that with A. muciniphila treatment 
alone (Figure 2C). The results of western blotting were consistent with 
the gene expression results; combination treatment with A. muciniphila 
and inosine further increased the expression levels of these TJ proteins 
compared to those in the individual treatment groups (Figures 2D–G). 
Overall, our findings suggest that the combined treatment with 
A. muciniphila and inosine improved intestinal barrier function in an 
ALD mouse model.

3.4 Combined treatment ameliorates 
alcohol-induced intestinal dysbiosis

We performed 16S rRNA sequencing analysis to investigate the 
changes in the gut microbiota in the altered intestinal environment. 
The results revealed alterations in bacterial abundance at the phylum 
and genus levels due to alcohol exposure (Figure 3A). Alcohol feeding 
increased the abundance of Firmicutes and Proteobacteria but 
decreased the proportion of Bacteroidetes compared to that in the 
normal group (Figure 3B). However, the combination of A. muciniphila 
and inosine specifically increased Bacteroidetes, Akkermansia, 
Lactobacillus, and Clostridium IV, while decreasing the abundance of 
Firmicutes, Proteobacteria, Oscillibacter, Escherichia/Shigella, and 
Alistipes (Figures 3B,C). Wilcoxon analysis and LDA scores indicated 
that Bacilli, Desulfovibrionaceae, Mobilitalea, and Peptococcaceae were 
significantly associated with the model group. Verrucomicrobiaceae 
and Akkermansia spp. were significantly enriched in the Akkermansia 
group. Rikenellaceae, Sutterellaceae, and Alistipes were the dominant 
taxa in the inosine group. Barnesiella, Clostridium IV, and Candidatus_
Saccharimonas were enriched in the combination intervention group 
(Supplementary Figure S6). Overall, these results indicate that 
A. muciniphila combined with inosine effectively improved gut 
dysbiosis induced by ethanol feeding.

3.5 Combination of Akkermansia muciniphila 
and inosine increased SCFAs levels

SCFAs are indispensable signaling molecules in the gut–liver axis. 
Therefore, we conducted targeted metabolomic analysis to determine 
the concentrations of specific SCFAs, including acetate, propionate, 
isobutyrate, butyrate, 2-methylbutyrate, and valerate, in mouse fecal 
samples. Alcohol consumption markedly reduced the concentrations 
of acetic, propionic, butyric, and valeric acids (Figure 4). Conversely, 
A. muciniphila administration increased the production of propionic 
and butyric acids. Inosine-treated mice exhibited elevated levels of 
acetic, propionic, and butyric acids; however, the difference was not 
significant compared to the model group (Figure 4). Importantly, in 
the combination group, the levels of acetate, butyrate, and valerate 
were significantly increased compared to those in the model group. 
However, no significant differences were observed in isobutyrate or 
2-methylbutyrate levels among the groups (Figure 4). These results 
suggest supplementation with both A. muciniphila and inosine 
partially reversed the alcohol-induced reduction in SCFAs.

3.6 Combined treatment regulates the 
imbalance of immune cells

We measured Treg, Th17, and Th1 cell numbers using flow 
cytometry and found that alcohol consumption decreased the 
proportion of Treg cells in the spleen and liver, while significantly 
increasing that of Th1 and Th17 cells (Figures 5A–C). Conversely, the 
administration of A. muciniphila or inosine alone increased Treg cell 
proportions, which were further increased by the combined treatment 
with A. muciniphila and inosine. The proportion of Th1 and Th17 
cells in the A. muciniphila or inosine treatment groups was lower 
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than that in the model group, and this reduction in the proportions 
was more pronounced with the combined treatment (Figures 5A–C). 
Consequently, intrahepatic IFN-γ and IL-17A levels were significantly 
elevated in the model group, whereas intrahepatic IL-10 levels were 
remarkably decreased compared to those in the normal group 

(Figure 5D). Notably, the combination of A. muciniphila and inosine 
reduced IFN-γ and IL-17A levels and restored IL-10 levels 
(Figure  5D). Therefore, the combined treatment inhibited liver 
inflammation by restoring the balance of dysregulated Th17/Th1/
Treg immune responses.

FIGURE 2

Improvement of intestinal barrier dysfunction with Akkermansia muciniphila and inosine treatment. ALD mice were treated as described in Figure 1. 
(A) Representative images of hematoxylin and eosin-stained histological sections of the small intestine (scale bar: 200  μm). (B) Measurements of the 
villi and crypts from three sections per group. (C) Fold changes in the mRNA levels of tight junction proteins determined via qRT-PCR. (D–G) 
representative Western blot images and histograms of the band densities of ZO-1, Occludin, and Claudin-1 in the small intestine of each experimental 
group. Data are shown as the mean  ±  SEM; *p <  0.05, **p <  0.01, ***p <  0.001 compared to the model group; &p <  0.05, &&p <  0.01 compared with the 
AKK  +  I group. N =  10 each group for hematoxylin and eosin-stained; N =  6 each group for RT-qPCR; N =  3 each group for Western blot.
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3.7 Therapeutic effects of the combined  
Akkermansia muciniphila and inosine 
treatment might be mediated by 
CD39-CD73-A2AR pathway

The adenosine/A2AR pathway is crucial for the suppression of 
inflammation and immune cell differentiation. Alcohol consumption 

significantly reduced CD39, CD73, and A2AR mRNA expression levels 
in the small intestine compared to that in the normal group, whereas 
inosine administration significantly increased them (Figure  6A). In 
addition, A. muciniphila-treated mice exhibited elevated levels of these 
markers, but the differences were not significant compared to the model 
group. Treatment with the A. muciniphila and inosine combination 
significantly upregulated the mRNA expression of CD39, CD73, and 

FIGURE 3

The combination of Akkermansia muciniphila and inosine regulates alcohol-induced intestinal dysbiosis. ALD mice were treated as described in 
Figure 1. (A) Relative abundance of predominant bacteria (>1% in each sample) at the phylum and genus levels. (B) Relative abundances of Firmicutes, 
Bacteroidetes, and Proteobacteria at the phylum level in feces. (C) The relative abundance of Bacteroides, Lactobacillus, Clostridium IV, Oscillibacter, 
Escherichia/Shigella, and Alistipes at the genus level in feces. Data are shown as the mean  ±  SEM; *p  <  0.05, **p  <  0.01, ***p  <  0.001 compared to the 
model group; &p  <  0.05, &&p  <  0.01 compared with the AKK  +  I group. N =  6 for each group.
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A2AR (Figure 6A). To confirm our qRT-PCR results, we performed 
immunohistochemistry analysis and found that both A. muciniphila or 
inosine treatment alone increased CD39 and A2AR protein expression 
compared to that in the ALD model group (Figures 6B,C). However, 
combined A. muciniphila and inosine treatment further upregulated 
CD39, CD73, and A2AR protein levels (Figures 6B,C).

As CD39 and CD73, which are crucial for immunosuppression, 
are highly expressed in Tregs, we  examined the proportions of 
CD4+CD39+ Tregs and CD4+CD73+ Tregs in the spleen and liver. The 
proportions of CD4+CD39+ Tregs and CD4+CD73+ Tregs in the spleen 
were significantly decreased in the model group but restored in the 
A. muciniphila or inosine groups, and this effect was further 
pronounced in the combination group (Figures 6D,E). The ratio of 
CD4+CD39+ Tregs to CD4+CD73+ Tregs in the liver was lower than 
that in the normal group, with no significant differences among the 
treatment groups (Figures 6D,E).

3.8 Therapeutic effects of Akkermansia 
muciniphila  +  inosine are blocked by the 
A2AR antagonist KW6002

We investigated whether A2AR acts as a mediator for the beneficial 
effects induced by the combination of A. muciniphila and inosine. 

Compared to the A. muciniphila combined with inosine group, the 
serum LPS levels in the A. muciniphila + inosine plus KW6002 group 
were significantly increased (Figure  7A), more severe balloon-like 
changes and fat deposition were observed in the liver (Figures 7B,C), the 
villus-crypt structure of the small intestine was more severely damaged 
(Figure 7B), and the levels of intestinal TJ proteins were significantly 
decreased (Figures 7E,F). In addition, compared to the A. muciniphila 
combined with inosine group, the mRNA levels of CD39, CD73, and 
A2AR in the small intestine of mice in the A. muciniphila + inosine plus 
KW6002 group were significantly reduced (Figure 7D), the proportions 
of Tregs, CD39+Tregs and CD73+Tregs in the spleen and liver were also 
significantly reduced (Figure 7G; Supplementary Figure S2). KW6002 
blocked the therapeutic effect of AKK combined with inosine. Compared 
to the A. muciniphila + inosine plus KW6002 group, when KW6002 was 
treated alone, the mice showed the more severe pathological 
manifestations about these indicators. Our results suggest that the 
protective effect of A. muciniphila combined with inosine for ALD is 
achieved, in part, through the A2AR signaling pathway.

4 Discussion

ALD is the primary cause of chronic liver disease, and its end 
stages are associated with higher complication rates of spontaneous 

FIGURE 4

The combination of Akkermansia muciniphila and inosine improves SCFA production. ALD mice were treated as described in Figure 1. (A) Levels of 
SCFAs in fecal samples from different groups. Data are shown as the mean  ±  SEM; *p <  0.05, **p <  0.01, ***p <  0.001 compared to the model group; 
&p <  0.05, &&p <  0.01 compared with the AKK  +  I group. N =  6 for each group.
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peritonitis and hepatic encephalopathy than other liver diseases 
(Bhandari et  al., 2020). Research indicates that a compromised 
mucosal barrier and severe dysbiosis of the intestinal microbiota are 
factors in the immunological imbalance in the gut–liver axis that 
causes intrahepatic inflammation in ALD (Yan et al., 2023). Similarly, 
in the present study, we discovered that alcohol exposure severely 
damaged the intestinal barrier, resulting in the depletion of potential 
probiotic genera, such as Lactobacillus, Clostridium IV, and 
Akkermansia, and the enrichment of opportunistic pathogens, such as 
Oscillibacter, Escherichia/Shigella, and Alistipes, in ALD. Therefore, 

targeting the gut microbiota is a promising therapeutic strategy for 
treating ALD.

The abundance of A. muciniphila is significantly reduced in 
patients with ALD (Addolorato et al., 2020b). While accumulating 
evidence supports the beneficial role of A. muciniphila in autoimmune 
hepatitis and non-alcoholic fatty liver disease (NAFD) (Wu et al., 
2017; Qu et al., 2023), its exploration in the context of ALD is limited. 
In a previous study, we treated ALD with varying concentrations of 
inosine combined with Lactobacillus rhamnosus and found that 
300 mg/kg inosine combined with L. rhamnosus demonstrated 

FIGURE 5

The combination of Akkermansia muciniphila and inosine reduces Th1 and Th17 cells but increases Treg cells in the spleen and liver. ALD mice were 
treated as described in Figure 1. (A) Representative flow cytometric plots and quantification of Tregs in the spleen and liver. (B) Representative flow 
cytometric plots and quantification of Th17 cells in the spleen and liver. (C) Representative flow cytometric plots and quantification of Th1 cells in the 
spleen and liver. (D) Protein levels of INF-γ, IL-17A, and IL-10 in the liver, as measured using ELISA. Data are shown as the mean  ±  SEM; *p  <  0.05, 
**p  <  0.01, ***p  <  0.001 compared to the model group; &p  <  0.05, &&p  <  0.01 compared with the AKK  +  I group. N =  7–10 for each group.
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FIGURE 6

The combination of Akkermansia muciniphila and inosine increases the expression of CD39, CD73, and A2AR in the intestine and upregulates the ratios 
of CD39+ and CD73+ Treg cells in CD4+ T cells from the spleen and liver. ALD mice were treated as described in Figure 1. (A) Fold change in mRNA 
levels of CD39, CD73, and A2AR determined using qRT-PCR. (B) Representative images of CD39, CD73, and A2AR proteins in the small intestine, 
detected via immunohistochemical staining (scale bar, 100  μm). (C) Mean optical densities of CD39, CD73, and A2AR. (D,E) Flow cytometric plots of 

(Continued)
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superior regulation of ALD-induced intestinal microecological 
disorders (Zhu et al., 2022). In the present study, the combination of 
A. muciniphila and inosine alleviated liver injury, as evidenced by the 
reduced expression of TNF-α, IL-6, and IL-1β; alleviated hepatocyte 
degeneration and liver fat accumulation; reduced infiltration of 
macrophages and neutrophils; and corrected the redox imbalance. In 
addition, the combined therapy reduced serum LPS levels, 
downregulated hepatic TLR4, MyD88, and NF-κB expression, and 
upregulated intestinal TJ protein expression levels, suggesting that its 
anti-inflammatory effects are closely related to the improved intestinal 
barrier function. To the best of our knowledge, this is the first report 
on the efficacy of the combination of A. muciniphila and inosine in 
preventing ALD.

In this study, the combined supplementation of A. muciniphila and 
inosine significantly decreased the relative abundances of Oscillibacter, 
Escherichia/Shigella, and Alistipes. Prior research has reported the 
enrichment of Oscillibacter in patients with chronic metabolic diseases 
such as NAFLD (Rodriguez-Diaz et  al., 2022). Escherichia/Shigella 
increases endogenous ethanol, secondary bile acids, and endotoxin 
production, all of which are known to exacerbate hepatic inflammation 
(Baltazar-Díaz et al., 2022). Alcohol consumption increases the levels of 
Alistipes, an aggravating factor associated with intestinal inflammation 
(Pisani et al., 2022). In contrast, the combination treatment effectively 
increased the relative abundance of Lactobacillus, Clostridium IV, and 
Akkermansia, three important intestinal tract producers of SCFAs (Li 
et al., 2023). SCFAs, which are crucial energy sources for colon epithelial 
cells, play a vital role in maintaining gut barrier functions by inducing 
genes encoding TJs that exhibit immunomodulatory and anti-
inflammatory properties (Silva et al., 2018; Gonzalez et al., 2019). Higher 
butyrate levels decrease intestinal chemotaxis and inflammation by 
promoting Treg cell differentiation by inhibiting histone deacetylase or 
activation of GPR signaling (Arpaia et al., 2013). In addition, butyrate 
reduces autoimmune responses and steatohepatitis by modulating T cell 
development through enterohepatic immunity (Hu et al., 2018). Based 
on targeted metabolomic analysis, we observed that the levels of SCFAs, 
including propionic, butyric, valeric, and acetic acids, markedly 
decreased after alcohol exposure. However, the reshaping of the 
microbial community by A. muciniphila combined with inosine was 
characterized by the dominance of beneficial bacteria favoring SCFA 
synthesis. Consequently, this combination restored acetate, propionate, 
and butyrate levels to appropriate concentrations. These findings suggest 
that an increase in the abundance of SCFA-producing bacteria may play 
a crucial role in the regulation of the intestinal mucosal immune response.

In addition to the gut microbiota, A2AR is also involved in 
maintaining intestinal homeostasis (Sun et al., 2021). Studies have 
indicated high expression of CD39 and CD73 in immune cells within 
the intestine, closely related to the intestinal lumen environment 
(Weinhage et al., 2015; Zhu et al., 2021). Moreover, acute Toxoplasma 
gondii infection leads to a marked decrease in CD73 expression and 
adenosine content in the intestinal lumen, resulting in intestinal 
mucosal injury and exacerbation of hepatic damage, whereas 
activation of adenosine A2AR significantly ameliorates intestinal 
mucosal injury (Francois et al., 2015). In the present study, alcohol 

consumption reduced the expression of A2AR, CD39, and CD73 in 
the small intestine. Conversely, the combination of A. muciniphila and 
inosine significantly increased intestinal CD39, CD73, and A2AR 
expression levels in intestinal submucosal immune cells, potentially 
contributing to the protective effect of this symbiotic combination on 
intestinal immune homeostasis and the intestinal barrier.

A2AR is highly expressed on T cell surfaces and is closely 
associated with their differentiation and functional changes (Vigano 
et al., 2019). Adenosine inhibits effector T cell function by binding to 
A2AR, interfering with TCR activation and the downstream signaling 
of co-stimulatory molecules (Alam et  al., 2020). In patients with 
alcohol-related cirrhosis, a strong correlation was observed between 
the severity of their condition and the Th1 response intensity, and the 
secretion of IFN-γ by Th1 cells directly contributed to hepatic injury 
(González-Reimers et al., 2012). Moreover, patients with alcoholic 
hepatitis exhibit liver infiltration by Th17 cells, which correlates with 
hepatic damage (He et al., 2021). Our study identified a significant 
immune cell imbalance in the alcoholic liver model group compared 
to the normal group. We verified that alcohol exposure increased the 
number of Th1 and Th17 cells, and this increase was reversed by the 
combination of inosine and A. muciniphila. Moreover, the 
combination therapy significantly decreased the liver expression of 
IL-17A and INF-γ induced by alcohol. Tregs are a subset of immune-
suppressive cells that are crucial in several liver diseases (Qu et al., 
2022). In the present study, alcohol reduced the proportion of Treg 
cells, whereas treatment with A. muciniphila, alone or in combination 
with inosine, increased the proportion of Treg cells in ALD mice. In 
addition, we observed a reduced number of Tregs expressing CD39 
and CD73 following alcohol intake. In the context of ALD induction 
using CD39-knockout mice, the absence of CD39 expression in Tregs 
results in the impairment of their immunosuppressive capabilities. 
Consequently, this leads to a heightened inflammatory response in 
CD39-knockout mice compared with wild-type mice (Xia et al., 2022). 
Similarly, Tregs derived from an autoimmune hepatitis model 
generated a reduced amount of anti-inflammatory substances (TGF-β 
and IL-10) compared to control Tregs, associated with impaired CD73 
expression on the Treg surface (Huang et al., 2021). Furthermore, 
adenosine produced by Tregs can act on A2AR on the surface of 
various immune cells, such as Th1, Th2, and Th17 cells. This 
interaction reduces the secretion of cytokines, such as IFN-γ, IL-17, 
and IL-2, thereby inhibiting the differentiation and maturation of Th1 
and Th2 (Zhang et  al., 2023). Notably, supplementation with 
A. muciniphila combined with inosine increased the proportion of 
CD39+ and CD73+ Tregs in the liver and spleen, suggesting that 
A. muciniphila and inosine may regulate Treg cell function through 
the CD39-CD73-A2AR pathway. Importantly, in this study, A2AR 
antagonist blocked the beneficial effects of A. muciniphila combined 
with inosine in alleviating liver injury, repairing intestinal barrier 
function, and increasing Treg cells proportion in ALD, suggesting that 
A2AR may be a potential new target for the treatment of ALD.

Regarding the future directions of our study, although 
supplementation with A. muciniphila and inosine has demonstrated 
promising therapeutic effects in models of ALD, the specific components 

CD39+ Treg cells and CD73+ Treg cells, and quantitative analysis of cell percentages in the spleen and liver. Data are shown as the mean  ±  SEM; 
*p  <  0.05, **p  <  0.01, ***p  <  0.001 compared to the model group; &p  <  0.05, &&p  <  0.01 compared with the AKK  +  I group. N =  6 each group for RT-
qPCR; N =  10 each group for immunohistochemical staining; N =  7–10 each group for Flow cytometric.
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FIGURE 7

The combination of Akkermansia muciniphila and inosine exerts protective effects against ALD partly through A2AR. C57BL/6 mice were fed a Lieber-
DeCarli diet containing 5% alcohol for 4  weeks. A combination of A. muciniphila (1  ×  109  CFU/mouse) and inosine (300  mg/kg) was administered orally 
every other day. KW6002 (5  mg/kg/day) was injected intraperitoneally during the last 4  weeks of the complete ethanol diet. All mice were euthanized in 
the 6th week. (A) The levels of LPS in serum. (B) Representative images of H&E and Oil Red O staining of liver sections (scale bar, 100  μm), and H&E-

(Continued)
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of A. muciniphila that synergizes with inosine remains unclear. Further 
investigation into the interactions between A. muciniphila’s outer 
membrane proteins or vesicles and inosine is warranted. Furthermore, 
the specific mechanism by which A. muciniphila combined with inosine 
regulates the CD39-CD73-A2AR pathway needs to be  elucidated. 
We plan to address this gap through future experiments using knockout 
mouse models and in vitro studies. Finally, our intervention was 
conducted entirely in the mouse model, and the beneficial effects from 
those in humans warrant further investigation in clinical trials.

5 Conclusion

In conclusion, this study investigated the effects of the 
combination of A. muciniphila and inosine on the gut–liver axis in 
alcohol-fed mice. Our results suggest that this combined treatment 
can ameliorate liver injury in an ALD mouse model by restoring gut 
microbiota balance, regulating intestinal barrier function, reducing 
inflammatory cytokine levels, ameliorating oxidative stress, and 
increasing the proportions of Tregs while decreasing the proportions 
of Th1 and Th17 cells. In addition, A. muciniphila and inosine 
combination therapy increased the expression of A2AR, CD73, and 
CD39  in the intestinal mucosa, and increased the proportions of 
CD39+ Treg cells and CD73+ Treg cells. This modulation contributes 
to the regulation of the immunity of the “gut–liver axis” and inhibits 
the immune response in intrahepatic inflammation. Therefore, 
combined therapy with A. muciniphila and inosine holds promise as 
a potential therapeutic strategy for patients with ALD.
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stained histological sections of the small intestine (scale bar: 200  μm). (C) Statistical analysis of steatosis scores and Oil Red O staining. (D) Fold change 
in mRNA levels of CD39, CD73, and A2AR determined via qRT-PCR. (E,F) Representative Western blot images and histograms of the band densities of 
ZO-1, Occludin, and Claudin-1 in the small intestine of each experimental group. (G) Flow cytometric plots of Tregs, CD39+ Treg, and CD73+ Tregs, and 
quantitative analysis of cell percentages in the spleen. Data are shown as the mean  ±  SEM; *p  <  0.05, **p  <  0.01, ***p  <  0.001, ****p  <  0.0001. N  =  5 for 
each group.
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Chinese Medicine Section, Rizhao Hospital of Traditional Chinese Medicine, Rizhao, China

Background: Previous studies have suggested that the gut microbiota (GM) 
is closely associated with the development of autoimmune cholestatic liver 
disease (ACLD), but limitations, such as the presence of confounding factors, 
have resulted in a causal relationship between the gut microbiota and 
autoimmune cholestatic liver disease that remains uncertain. Thus, we  used 
two-sample Mendelian randomization as a research method to explore the 
causal relationship between the two.

Methods: Pooled statistics of gut microbiota from a meta-analysis of genome-
wide association studies conducted by the MiBioGen consortium were used as 
an instrumental variable for exposure factors. The Pooled statistics for primary 
biliary cholangitis (PBC) and primary sclerosing cholangitis (PSC) were obtained 
from the R9 version of the FinnGen database (https://r9.finngen.fi/). Inverse-
variance Weighted (IVW), cML-MA, MR-Egger regression, Weighted median 
(WME), Weighted mode (WM), and Simple mode (SM) were used to detect the 
association between intestinal flora and the causal relationship between intestinal 
flora and ACLD, in which IVW method was dominant, was assessed based on the 
effect indicator dominance ratio (odds ratio, OR) and 95% confidence interval 
(CI). Sensitivity analysis, heterogeneity test, gene pleiotropy test, MR pleiotropy 
residual sum and outlier test (MR-PRESSO) were combined to verify the stability 
and reliability of the results. Reverse Mendelian randomization analysis was 
performed on gut microbiota and found to be causally associated with ACLD.

Results: The IVW results showed that the relative abundance of the 
genus Clostridium innocuum group, genus Butyricicoccus, and genus 
Erysipelatoclostridium was negatively correlated with the risk of PBC, that is, 
increased abundance reduced the risk of PBC and was a protective, and the 
relative abundance of the genus Eubacterium hallii was positively correlated 
with the risk of PSC, which is a risk factor for PSC. Family Clostridiaceae1 and 
family Lachnospiraceae were negatively correlated with the risk of PSC, which is 
a protective factor for PSC.

Conclusion: This study found a causal relationship between gut microbiota 
and ACLD. This may provide valuable insights into gut microbiota-mediated 
pathogenesis of ACLD. It is necessary to conduct a large-sample randomized 
controlled trial (RCT) at a later stage to validate the associated role of the 
relevant gut microbiota in the risk of ACLD development and to explore the 
associated mechanisms.
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1 Introduction

Autoimmune cholestatic liver disease (ACLD) encompasses a 
cadre of immune-mediated, protracted cholestatic hepatic maladies, 
notably primary biliary cholangitis (PBC) and primary sclerosing 
cholangitis (PSC). The etiology of ACLD is the complicated interplay 
between genetic predispositions and environmental factors, 
precipitating the breakdown of immune tolerance toward biliary 
epithelial cells and subsequent immune activation (Liwinski et al., 
2022; Richardson et al., 2022). Among these, PBC is characterized by 
progressive destruction of the small intrahepatic bile ducts as a 
pathological feature, whereas PSC manifests inflammation or fibrosis 
within both intrahepatic and extrahepatic conduits of medium and 
large calibers (Blesl and Stadlbauer, 2021). The pathophysiological 
mechanisms underlying ACLD remain unclear. In recent years, 
scholarly attention has pivoted toward the gut microbiota (GM) as a 
critical environmental determinant, with multiple investigations 
revealing a potential correlation between GM and ACLD. For instance, 
Furukawa et al. (2020) observed a decrease in the microbial diversity 
of patients with PBC, characterized by an elevated relative abundance 
of Lactobacilli and a diminished presence of symbiotically beneficial 
Clostridium compared to their normal counterparts. Moreover, 
evidence suggests that GM and its metabolites may be  intricately 
linked to the progression of PBC toward hepatic fibrosis (Lammert 
et  al., 2021). Analogously, investigations into PSC have revealed 
reduced GM diversity and altered abundance of specific flora. Fukui 
(2019), in an observational study, identified an upregulation of fecal 
Haemophilus, Rothia, Clostridium, Enterococcus, Streptococcus, and 
Veillonella in 43 Czech PSC patients compared to their healthy 
counterparts. Notwithstanding the aforementioned insights, 
observational studies encounter the challenge of controlling for 
confounding variables such as age, environment, dietary habits, and 
lifestyle, which may impinge upon the discernment of a causal 
relationship between GM and ACLD. Consequently, to clarify the 
potential causal nexus between GM and ACLD, we  deployed a 
two-way Mendelian randomization approach.

Mendelian randomization (MR) is a methodological approach 
that leverages genetic variation to construct instrumental variables 
(IVs) for exposure, thereby facilitating the estimation of causal 
relationships between said exposure and the onset of a given malady 
(Greenland, 2000). It is a viable surrogate for Randomized Controlled 
Trials (RCTs), owing to the randomized assignment of genotypes from 
progenitors to progeny (Zhang et  al., 2023). This randomization 
process ensures that the association between genetic variants and the 
resultant outcome remains impervious to common confounding 
variables, and the causal sequence maintains a plausible trajectory (Li 
et al., 2022). The methodological prowess of MR is now ubiquitously 
harnessed to dig deeper into the complicated tapestry of causal 
relationships between the intricacies of the GM and afflictions. In this 
study, we meticulously employed Genome-Wide Association Study 

(GWAS) amalgamated data from MiBioGen and the R9 version of the 
FinnGen Consortium to perform a two-sample Mendelian 
randomization (TSMR) analysis to assess the causal relationship 
between GM and ACLD.

2 Materials and methods

2.1 Study design

In the present inquiry, we  applied TSMR methodology to 
scrutinize the complicated nexus between GM and ACLD. This 
investigation involved orchestration of dual, bidirectional, two-sample 
Mendelian randomization analyses, employing GM as the exposure, 
PBC and PSC as the outcomes. Our primary analytical approach 
predominantly involved the Inverse Variance Weighting (IVW) 
method, with subsequent layers of scrutiny including sensitivity 
analyses, heterogeneity assessments, gene multiplicity evaluations, and 
application of the MR-PRESSO algorithm, all orchestrated to 
corroborate the steadfast reliability of the derived outcomes.

MR analysis needs to satisfy the following three assumptions: (1) 
IVs and exposure need to be  strongly associated (association 
assumption), (2) IVs should not be  associated with the outcome 
through confounders (independence assumption), and (3) IVs cannot 
directly affect the outcome but only through exposure (exclusivity 
assumption). The specific process is shown in Figure 1.

2.2 Data sources

Single nucleotide polymorphisms (SNPs) intricately linked to the 
gut microbiota (GM) have been meticulously curated as instrumental 
variables for exposure. The consolidated dataset for these SNPs 
emanated from the MiBioGen consortium, an august assembly that 
scrutinized a comprehensive assemblage of 18,340 samples featuring 
16S rRNA gene sequencing, drawn from a mosaic of 24 population-
based cohorts, predominantly of European lineage. The microbial 
composition was meticulously analyzed, targeting three distinct 
variable regions of the 16S rRNA gene (V4, V3-V4, and V1-V2), with 
subsequent taxonomic classification achieved through direct 
taxonomic binning. To discern the complicated nuances of host 
genetic influence on gut bacterial taxa abundance, the endeavor 
embraced Microbiota Quantitative Trait Locus (mbQTL) positional 
analyses (Kurilshikov et al., 2021). Genetic datasets pertinent to both 
PBC and PSC—integral components of ACLD spectrum—were 
gleaned from the R9 iteration of the FinnGen Consortium, accessible 
at https://r9.finngen.fi/ (Kurki et al., 2023). The PBC cohort comprised 
281,684 participants, with the case group numbered 557, and the 
healthy control cohort comprised 281,127 individuals. This collective 
was characterized by an exhaustive 20,167,312 SNPs. In parallel, the 
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PSC dataset encompasses 332,618 participants, including 1,715 in the 
case group and 330,903  in the healthy control cohort, with an 
analogous wealth of 20,169,171 SNPs. Detailed information on ACLD 
data can be found in Supplementary Table 1.

2.3 Selection of instrumental variables

A meticulous screening process was undertaken to identify IVs 
from a cohort of 211 gut microbes, adhering to the following exclusion 
criteria: (1) SNPs achieving a significance threshold (p < 1.0 × 10−5) 
within the designated locus range were discerningly chosen as 
potential IVs (Zhang et al., 2023). (2) To guarantee the independence 
of the included SNPs, linkage disequilibrium (LD) was meticulously 
expunged using a reference panel sourced from 1,000 Genome Project 
European samples, with a stringent criterion of r2 < 0.001 and a 
window size of 10,000 kb. Finally, data for the above selected SNPs 
were extracted from the outcome variables.

To obviate the potential sway of feeble instrumental biases in the 
estimation of the association effect, a rigorous evaluation of the 
robustness of instrumental variables was conducted. This scrutiny 
involved a meticulous assessment of the F-value, derived from the 
formula F = β2/se2 (Xie et al., 2023), where β represents the effect value 
and se signifies the standard error. It was posited that the absence of 
significant weak instrumental bias could be affirmed when the calculated 
F-value exceeded the threshold of 10 (Staiger and Stock, 1997).

2.4 Statistical methods

Within the confines of this investigation, the primary 
modality employed to scrutinize the potential causal linkage 

between gut microbial abundance and the proclivity for ACLD 
rested on IVW analysis. This was seamlessly complemented by 
an ensemble of supplementary methodologies, including 
cML-MA, MR-Egger, Weighted median (WME), Weighted mode 
(WM), and Simple mode (SM). The imprimatur of a relatively 
steadfast causal association was imputed when the p-value fell 
below 0.05 for the IVW methods and concordantly for cML-MA, 
MR-Egger, WME, WM, and SM when their vectors were aligned 
(Zhang et al., 2023). Furthermore, a meticulous dissection of the 
MR-Egger intercept term, denoted as the Egger-intercept, served 
as a sentinel for horizontal pleiotropy. An Egger-intercept 
infinitesimally proximal to 0 or statistically insignificant signaled 
the dearth of genetic pleiotropy (Burgess and Thompson, 2017). 
Additionally, the study used the MR-PRESSO methodology, an 
instrument adept at identifying potential outliers. Subsequent to 
the excision of outliers (p-value <0.05), a recalibration of the 
causal analysis was performed (Verbanck et al., 2018). Sensitivity 
analyses, executed using the leave-one-out method, were 
instrumental in gauging the impact of each SNP on causality. 
This intricate procedure involves the sequential removal of 
individual SNPs to ascertain the cumulative effect value of the 
residual SNPs (Hemani et  al., 2018). To gauge the specter of 
heterogeneity, the study invoked the Cochran’s Q test was used to 
discern potential discordance among the instrumental variables. 
A p-value less than 0.05 signified a noteworthy presence of 
heterogeneity. In a judicious effort to avert spurious positives due 
to the vicissitudes of multiple testing, a stringent false discovery 
rate (FDR) correction was implemented. Results attaining a 
PFDR < 0.1 were deemed statistically significant (Storey and 
Tibshirani, 2003; Li et al., 2022). In a bid to unravel the causal 
intricacies between GM and ACLD, a reciprocal MR analysis was 
executed for bacterial taxa pinpointed as causally entwined with 

FIGURE 1

Model plot for MR analysis between GM and ACLD.
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ACLD in antecedent MR exploration. The genome-wide 
significance threshold for the exposure dataset was rigidly set at 
p < 5.0 × 10−6, with all other criteria and parameters aligned 
harmoniously with those governing anterior MR scrutiny.

Statistical analyses were diligently executed employing the Two 
Sample MR package (version 0.5.7) (Hemani et  al., 2018), the 
MR-PRESSO package (version 1.0) (Verbanck et  al., 2018), and 
MR-cML (Xue et  al., 2021) within the expanse of the R software 
(version 4.3.1).

3 Results

3.1 Instrumental variable

Eradicating 15 unclassified genera, a collective of 196 intestinal 
microorganisms spanning 9 phyla, 16 orders, 20 orders, 32 families, 
and 119 genera were judiciously included in this inquiry. Following 
the stringent criteria delineated in the previous section, 2,774 SNPs 
(Supplementary Table 2) intricately linked to the intestinal flora were 
identified. Notably, each of these SNPs boasted F-values surpassing 
the threshold of 10, thus effectually obviating the distortions 
introduced by feeble instrumental variables.

3.2 Mendelian randomization analysis

Within this investigation, a compendium of six MR 
methodologies was meticulously employed, with subsequent result 
scrutiny via the FDR correction method. In particular, Inverse-
variance Weighted (IVW) outcomes unveiled six discernible gut 
microorganisms intricately implicated in the etiology of ACLD, 
each registering a noteworthy statistical significance (PFDR < 0.1). 
The relative abundance of three genera, including genus Clostridium 
innocuum group (OR = 0.54, 95% CI: 0.37–0.80, PFDR = 0.011), 
genus Butyricoccus (OR = 0.34, 95% CI: 0.15–0.74, PFDR = 0.034), 
and genus Erysipelatoclostridium (OR = 0.57, 95% CI: 0.36–0.90, 
PFDR = 0.063), and the relative abundance of the three types of 
intestinal microorganisms were negatively correlated with the risk 
of developing PBC, and the above three types of intestinal 
microorganisms were protective factors for PBC; the relative 
abundance of genus Eubacterium hallii group (OR = 1.45, 95% CI: 
1.06–1.97, PFDR = 0.09) was positively correlated with the risk of 
developing PSC, i.e., it was a risk factor for PSC, family 
Clostridiaceae1 (OR = 0.64, 95% CI: 0.43–0.96, PFDR = 0.09) and 
family Lachnospiraceae (OR = 0.63, 95% CI: 0.41–0.98, PFDR = 0.09) 
were negatively correlated with the incidence of PSC, and were 
protective factors for PSC thereby manifesting as protective factors. 
In tandem, the complementary method cML-MA-BIC lent credence 
to the causal associations discerned in the aforementioned six gut 
microbial contributions to ACLDs. Visual representations in 
Figures  2–5 concurred with the directional alignment of effect 
values across the six Two-Sample Mendelian Randomization 
(TSMR) methodologies, solidifying the inference that the six 
identified intestinal bacterial taxa were substantively and causally 
interwoven with the complex etiology of ACLD, thereby 
accentuating the robustness of the results.

3.3 Quality control

The leave-one-out method analysis meticulously demonstrated 
that the stepwise exclusion of SNPs engendered no substantive 
deviation between the amalgamated effect and cumulative effect of the 
residual SNPs, as elegantly delineated in Figures 6, 7. Akin to this, the 
discerning MR-PRESSO analysis, expounded in Figures  2, 3, 
corroborated the absence of outliers (p > 0.05), thereby amplifying the 
veracity of the results. Furthermore, both the Cochran Q test and the 
Egger-intercept test unveiled p values surpassing the threshold of 0.05, 
attesting to the dearth of significant heterogeneity within the 
instrumental variables of this inquiry. Notably, these findings 
underscore the imperviousness of the results regarding the influence 
of genetic pleiotropy.

3.4 Reverse MR analysis

In the realm of intestinal microbiota, specifically comprising two 
familial entities and four generative cohorts, whose causal affiliations 
with ACLD were prominently underscored through the lens of 
forward MR analysis, a subsequent deconstruction was embarked 
upon via reverse MR scrutiny. The findings thereof failed to unveil any 
discernible causal nexus between ACLD and the intricate tapestry of 
intestinal flora, as substantiated by the statistical insignificance 
denoted in Table 1 (p > 0.05). The exposure data from the reverse MR 
analysis are detailed in Supplementary Tables 3, 4.

4 Discussion

In this study, we utilized GWAS-pooled data from MiBioGen and 
Finngen, subjected to analysis using TSMR. Our findings revealed a 
negative correlation between the risk of PBC and the relative 
abundance of three genera: Clostridium innocuum group, 
Butyricicoccus, and Erysipelatoclostridium. Conversely, the relative 
abundance of the genus Eubacterium hallii group exhibited a positive 
correlation with the risk of PSC. Furthermore, we observed a negative 
correlation between the development of PSC and the relative 
abundance of family Clostridiaceae1 and family Lachnospiraceae. 
These results contribute to our understanding of the intricate 
relationships between specific microbial taxa and risks associated with 
PBC and PSC.

An increasing body of research underscores the role of intestinal 
flora in the development of ACLD through the gut-liver axis. This 
pathway involves microbial translocation, which is a pivotal feature of 
ACLD pathogenesis (Blesl and Stadlbauer, 2021). Bacteria and their 
metabolites, entering the circulation, are recognized by hepatic 
immune receptors, initiating intrahepatic inflammatory responses 
that contribute to the development and progression of ACLD (Tripathi 
et al., 2018). Moreover, structural alterations in the intestinal flora 
result in dysregulation of hepatic and intestinal bile acid circulation. 
This dysregulation precipitates cholestasis and accumulation of bile 
acid toxicity, ultimately inducing ACLD and progressive liver injury 
(Mousa et al., 2021).

A study conducted by Tedesco et al. revealed that translocation of 
Lactobacillus gasseri triggered the production of interleukin-17 (IL-17) 
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by hepatic γδ T-cell receptor-positive (γδ TCR) cells in mice. This 
translocation is associated with hepatic inflammatory injury. 
Additionally, γδ TCR cells were isolated from the livers of patients 
with PSC, implying that intestinal flora may play a role in inducing 
cholestatic liver disease. Specifically, the mediation of γδ TCR cells to 
produce IL-17 has been identified as a potential mechanism 
contributing to the development of cholestatic liver disease (Tedesco 
et al., 2018). Observational studies have further supported the link 
between dysbiosis of gut flora and ACLD. For instance, Sabino et al. 
reported a higher proportion of Enterococcus, Fusobacterium, and 
Lactobacillus genera in the feces of 66 Belgian patients with PSC 
compared to controls (Sabino et al., 2016). Furukawa et al. (2020) also 
found relevant associations; they identified decreased bacterial 
diversity, a high abundance of Lactobacillus, and a low abundance of 
Clostridiales in the intestines of patients with PBC compared to the 
healthy population. Furthermore, in the ursodeoxycholic acid 
(UDCA)-treated nonresponder group, there was a significant decrease 
in the Faecalibacterium genus. This suggests that the presence of 
Faecalibacterium may influence the long-term prognosis of patients 
with PBC.

In alignment with prior investigations, our study identified 
significant associations using MR analysis. Specifically, the genus 
Clostridium innocuum exhibited a negative correlation with the risk 
of developing PBC. Conversely, the genus Eubacterium hallii and the 
family Lachnospiraceae were positively and negatively associated 
with the development of PSC, respectively. Earlier research has 
posited the absence of beneficial Clostridiales commensals in the 
intestines of PBC patients (Furukawa et al., 2020). Abe et al. (2018) 
reported a reduction in Clostridium subcluster XIVa among PBC 
patients compared to controls. Furthermore, patients with PBC with 
abnormal hepatic function exhibited decreased levels of Clostridium 
cluster IV and Clostridium subcluster XIVa, particularly in those with 
abnormal liver function. These findings suggest a potential protective 
role for Clostridium in PBC and indicate its possible influence on 
liver function. Scholars have affirmed that Clostridium, through 
7-α-Dehydroxylation, converts Primary bile acids into secondary 
bile acids (Staley et  al., 2017). Given that ACLD patients often 
experience bile acid metabolism dysregulation, reduced 
Dehydroxylation reaction, and cytotoxicity, the concentration of 
hydrophobic Primary bile acids increases, leading to toxicity 

FIGURE 2

Results of MR analysis of 6 methods of GM and PBC and Egger-intercept, MR-PRESSO, and Cochran Q tests of IVW methods.

FIGURE 3

Results of MR analysis of 6 methods of GM and PSC and Egger-intercept, MR-PRESSO, and Cochran Q tests of IVW methods.
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accumulation and bile duct damage (Schmucker et al., 1990; Li et al., 
2017; Torres et al., 2018; Fiorucci et al., 2021). Therefore, Clostridium 
may mitigate the risk of PBC development by improving bile acid 
metabolism. In a study by Kummen et  al. in 2020, fecal DNA 
sequencing of patients with PSC revealed a significant depletion of 
various Eubacterium species (Kummen et al., 2021). Concurrently, 
patient treatment with UDCA was associated with elevated levels of 
Eubacterium rectale. While this study suggests a protective role for 
Eubacterium in PSC, our findings indicate that the genus 
Eubacterium hallii is a risk factor for PSC, necessitating further 
exploration of its role in PSC development. Quraishi et al. (2020) in 
the same year observed a notable reduction in the family 
Lachnospiraceae in patients with PSC, suggesting a potential 
protective effect against PSC. Previous research has confirmed the 
ability of family Lachnospiraceae to produce butyrate (Winston et al., 
2021), a short-chain fatty acid known for its anti-inflammatory, bile 

acid metabolism-regulating, and intestinal barrier-improving 
properties (Cui et al., 2018; Ye et al., 2021; Liu et al., 2022; Wang 
et al., 2023). This may help mitigate inflammatory damage associated 
with bile acid stagnation and bacterial translocation. An earlier 
study in 2018 demonstrated a positive correlation between 
Faecalibacterium enrichment and Erysipelatoclostridium in healthy 
infants, which was not observed in cholestatic infants (Guo et al., 
2018). This suggests a potential association between dysregulation 
of genus Erysipelatoclostridium and cholestasis. However, protective 
associations for PBC necessitate further investigation. While no 
direct study establishes the association of genus Butyricicoccus and 
family Clostridiaceae1 with ACLD, but because genus Butyricicoccus 
is the main microbiota producing butyrate, it was found to 
be positively associated with the concentration of Secondary bile 
acids, which may contribute to the conversion of Primary bile acids 
to Secondary bile acids (Yang et al., 2021). Certain genera within 

FIGURE 4

GM with causal relationship with PBC and the scatterplot of the 6 MR models.

FIGURE 5

GM with causal relationship with PSC and the scatterplot of the 6 MR models.

60

https://doi.org/10.3389/fmicb.2024.1348027
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Cui et al. 10.3389/fmicb.2024.1348027

Frontiers in Microbiology 07 frontiersin.org

family Clostridiaceae, such as Clostridium, have been implicated in 
the conversion of Primary bile acids to Secondary bile acids 
(Furukawa et al., 2020). Therefore, we posit that genus Butyricicoccus 
and family Clostridiaceae1 may exert protective effects against ACLD 
through the production of butyrate and regulation of bile acids. 
Further research is warranted to validate these hypotheses.

It is also worth noting that the occurrence and development 
of non-alcoholic fatty liver disease (NAFLD) is also closely 

related to dysregulation of gut microbiota and bile acid 
metabolism, for example (Sorrentino et al., 2005). Qilong Zhai 
et  al. found in an MR study that Enterobacteriales, 
Enterobacteriaceae, Lachnospiraceae UCG-004, and Prevotella9 
increased the risk of NAFLD, and Dorea and Veillonella increased 
the risk of NASH. Oscillospira and Ruminococcaceae UCG-013 
were able to reduce their risk, with Veillonella, Lachnospiraceae 
UCG-004 being able to participate in bile acid metabolism. It has 

TABLE 1 Results of reverse MR analysis.

Exposure Outcome SNP Method β SE p

PBC
Genus Clostridium innocuum 

group
10 IVW 0.0002 0.228 0.990

PBC Genus Butyricicoccus 12 IVW 0.017 0.012 0.164

PBC Genus Erysipelatoclostridium 12 IVW 0.007 0.014 0.5812

PSC Genus Eubacterium hallii group 5 IVW −0.008 0.026 0.7478

PSC Family Clostridiaceae1 5 IVW −0.029 0.0278 0.297

PSC Family Lachnospiraceae 5 IVW 0.012 0.025 0.625

FIGURE 6

The leave-one-out plots of GM with causal relationship with PBC.

FIGURE 7

The leave-one-out plots of GM with causal relationship with PSC.
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also been suggested that dysregulation of BA homeostasis and 
signaling may further contribute to abnormal lipid metabolism 
and lipotoxicity in NAFLD (Arab et al., 2017), and functional 
cholestasis may be related to the pathogenesis of NASH (Segovia-
Miranda et al., 2019). Thus, it can be seen that the disorder of bile 
acid hepatic and intestinal circulation caused by dysbiosis of gut 
microbiota is likely to be an important cause of the development 
and progression of NAFLD, which has some overlap with the 
mechanism of ACLD triggered by gut microbiota, and thus it has 
been pointed out that cholestasis and NAFLD can share some of 
the therapeutic targets in their treatments (Trauner and Fuchs, 
2022). Most of the positive gut microbiota we found in this study 
exerted their promotional or inhibitory effects on ACLD by 
affecting bile acid metabolism, and it should be noted that two 
protective genera, Clostridium and Butyricicoccus, were also 
found to be  in increased abundance in patients with NAFLD 
regression after bariatric surgery in this study (Pérez-Rubio et al., 
2023), and thus we  hypothesize that they may be  able to 
contribute to the development of common therapeutic targets to 
ameliorate both cholestasis and NAFLD by modulating the 
gut microbiota.

In comparison with previous literature, we found some similarities 
in the design of the two studies, but there are obvious differences in 
data sources, findings and research methods, etc. The study of Yang 
et al. (2024) found that order Bacillales, family Peptostreptococcaceae, 
family Ruminococcaceae, genus Anaerotruncu was associated with a 
reduced risk of developing PBC, order Selenomonadales, family 
Bifidobacteriaceae may be a factor that increases the risk of PBC, order 
Selenomonadales, family Rhodospirillaceae, and genus 
RuminococcaceaeUCG013 was positively associated with PSC, order 
Actinomycetales, family Actinomycetaceae, genus Actinomyces, genus 
Alloprevotella, genus Barnesiella, and genus Peptococcus were negatively 
correlated with PSC risk. Zhang et al. (2023) similarly found that 
Order Selenomonadales, Order Bifidobacteriales and Genus 
Lachnospiraceae UCG_004 were associated with higher risk of PBC, 
and Family Peptostreptococcaceae and Family Ruminococcaceae were 
protective against PBC. The above two studies and the content of the 
present study are from different databases, so the results produce a 
large difference, which also indicates that there may be  some 
differences in the gut microorganisms affecting the pathogenesis of 
PBC and PSC in different sample populations. This study can further 
add candidate gut microorganisms affecting the pathogenesis of 
cholestatic liver disease, providing more complete basic research 
content for future studies.

The strengths and limitations of this study are delineated as 
follows. Notably, the utilization of the MR method stands out as a 
strength, enabling the analysis of the causal relationship between 
GM and ACLD, and can be  complemented by the results of 
previous studies. This approach offers potential candidate gut 
microorganisms for subsequent investigations. Additionally, the 
study leveraged genetic data derived from a substantial population 
sample, mitigating the impact of confounding factors more 
effectively than small observational studies. Consequently, the 
results were deemed more reliable. However, certain limitations 
merit consideration. Firstly, the GWAS data primarily originated 
from European populations, raising the possibility of variation in 
results when extrapolated to other ethnic groups. Furthermore, 

the reliance on 16S rRNA gene sequencing limits taxonomic 
resolution to the genus level, precluding an exploration of the 
causal relationship between GM and ACLD at the species level. In 
specific instances, such as the prominence of the genus 
Eubacterium hallii in this study, discrepancies in its direction of 
action compared to prior research on its correlation with PSC 
were observed. Additionally, the absence of direct evidence 
confirming a causal relationship between the genus Butyricicoccus 
and the family Clostridiaceae1 with ACLD pathogenesis is 
acknowledged. This underscores the necessity for future studies 
to validate and substantiate these potential associations. 
Consequently, the study calls for further investigation to solidify 
the understanding of these relationships and their implications for 
ACLD development.

In summary, this study identified six intestinal microbial taxa 
with causal associations to PBC and PSC through Mendelian 
randomization analysis. This finding establishes a foundational 
basis for investigating the link between GM and 
ACLD. Nevertheless, to comprehensively illustrate the specific 
mechanisms underlying the protective or triggering effects of these 
relevant flora on ACLD, further investigations employing large 
sample clinical Randomized Controlled Trial (RCT), pathway 
analyses, and laboratory studies are imperative.
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Non-alcoholic fatty liver disease (NAFLD) is increasingly recognized for its 
global prevalence and potential progression to more severe liver diseases such 
as non-alcoholic steatohepatitis (NASH). The gut microbiota plays a pivotal role 
in the pathogenesis of NAFLD, yet the detailed characteristics and ecological 
alterations of gut microbial communities during the progression from non-
alcoholic fatty liver (NAFL) to NASH remain poorly understood. Methods: In this 
study, we conducted a comparative analysis of gut microbiota composition in 
individuals with NAFL and NASH to elucidate differences and characteristics. We 
utilized 16S rRNA sequencing to compare the intestinal gut microbiota among 
a healthy control group (65 cases), NAFL group (64 cases), and NASH group 
(53 cases). Random forest machine learning and database validation methods 
were employed to analyze the data. Results: Our findings indicate a significant 
decrease in the diversity of intestinal flora during the progression of NAFLD 
(p < 0.05). At the phylum level, high abundances of Bacteroidetes and Fusobacteria 
were observed in both NAFL and NASH patients, whereas Firmicutes were less 
abundant. At the genus level, a significant decrease in Prevotella expression was 
seen in the NAFL group (AUC 0.738), whereas an increase in the combination 
of Megamonas and Fusobacterium was noted in the NASH group (AUC 0.769). 
Furthermore, KEGG pathway analysis highlighted significant disturbances in 
various types of glucose metabolism pathways in the NASH group compared 
to the NAFL group, as well as notably compromised flavonoid and flavonol 
biosynthesis functions. The study uncovers distinct microbiota characteristics 
and microecological changes within the gut during the transition from NAFL to 
NASH, providing insights that could facilitate the discovery of novel biomarkers 
and therapeutic targets for NAFLD.
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1 Introduction

Non-alcoholic fatty liver disease (NAFLD) has emerged as a 
prominent global health challenge in the field of hepatology, 
characterized by abnormal accumulation of lipids in the liver, 
including non-alcoholic fatty liver (NAFL) and non-alcoholic 
steatohepatitis (NASH; Scavo et al., 2022; Huang et al., 2023; Ren et al., 
2023). The latter often progresses to cirrhosis, liver failure, and 
hepatocellular carcinoma (HCC), making it the leading cause of liver 
transplantation (Davis et  al., 2019; Huang et  al., 2021). Despite 
advancements in understanding the pathogenesis and therapeutic 
approaches for NAFLD (Sun et  al., 2019), significant challenges 
remain in the early diagnosis and treatment of the disease.

The gut microbiota, which refers to the microbial community 
residing within the gastrointestinal tract, plays a crucial role in host 
digestion, immunity, and metabolism. Dysbiosis, characterized by 
unhealthy alterations in the normal bacterial ecology, pervades the 
entire pathological continuum of NAFLD, encompassing conditions 
from simple steatosis to NASH, and extending through to advanced 
fibrosis, culminating in cirrhosis and hepatocellular carcinoma 
(Hoyles et al., 2018; Javdan et al., 2020; Mohr et al., 2020).

The foundational study by Demir et al. presented groundbreaking 
evidence supporting a causal relationship between the gut microbiota 
and the pathogenesis of NAFLD, as demonstrated by mouse models 
and fecal transplant experiments (Demir et al., 2022). The findings 
revealed an increase in two distinct bacterial species (Trichophylidae 
bacteria 609 and Barnesiella) among mice exhibiting steatosis (Jin et al., 
2022). However, significant disparities were observed in terms of 
composition, predominant genera, as well as abundance levels for 
specific genera and species when comparing the gut microbiota profiles 
between mice and humans (Javdan et al., 2020; Mohr et al., 2020). 
Therefore, it is imperative to detect and differentiate the disparities 
between gut microbiota and NAFLD in human subjects. In recent 
years, numerous studies have concentrated on the characteristics of gut 
microbiota in human patients with steatosis, NASH, or related 
cirrhosis. Current research has demonstrated an increase in Proteus 
(Raman et al., 2013; Shen et al., 2017; Hoyles et al., 2018; Loomba et al., 
2019) and Enterobacterium (Hoyles et  al., 2018) within NAFLD 
patients. Conversely, Riederia (Zhu et al., 2013; Del et al., 2017) and 
Ruminococcus exhibited a reduction at the genus level (Zhu et al., 
2013; Del et al., 2017). Specifically, Escherichia (Zhu et al., 2013; Hoyles 
et  al., 2018) Doxella (Zhu et  al., 2013; Del et  al., 2017), and 
Gastrobacillus (Zhu et al., 2013; Del et al., 2017) displayed an upward 
trend. On the other hand, anaerobic sporococcus (Wang et al., 2016; 
Roeb, 2022), Bacillus faecalis (Wang et al., 2016; Hoyles et al., 2018), 
Bacillus (Zhu et al., 2013; Hoyles et al., 2018), Bacillus faecalis (Zhu 
et al., 2013; Roeb, 2022), and Prevotella (Boursier et al., 2016; Hoyles 
et al., 2018) all showed a downward trajectory. The microbial signatures 
observed in NASH patients were similar to those found in NAFLD 
when compared to healthy individuals serving as controls. However, 
these findings exhibited variations attributed to disparities in cohort 
demographics, including but not limited to sex, ethnicity, severity of 
liver disease stage, presence or absence of type 2 diabetes mellitus and 
BMI, as well as the patient population being either pediatric or adult. 
An additional factor that could complicate the interpretation of 
changes in microbiota composition in NAFLD is sarcopenia. Xiangya 
study has found that the relative abundance of six species (Desulfovibrio 
piger, Clostridium symbiosum, Hungatella effluvii, Bacteroides fluxus, 

Absiella innocuum, and Clostridium citroniae) was also positively 
associated with the severity of sarcopenia (Wang et  al., 2022). 
Sarcopenia is a common complication of various chronic diseases 
(Tarantino et al., 2023), yet its specific molecular mechanisms remain 
unclear. Sarcopenia’s close relationship with the gut microbiome has 
been documented in studies by Nikkhah et al. (2023) and Ren et al. 
(2021) and the prevalence of sarcopenia in patients with NAFLD has 
been noted by Cai et  al. (2020). Additionally, discrepancies in gut 
microbiota composition were influenced by factors such as obesity-
related metabolic diseases and the sequencing techniques employed for 
gut microbiota analysis. Consequently, certain contemporary studies 
even present contradictory trends when compared to the 
aforementioned results (Kim et al., 2021; Galli et al., 2022; Girdhar 
et al., 2023).

Therefore, in this study, 16S rRNA sequencing technology was 
employed to systematically analyze intestinal samples from Chinese 
individuals pathologically diagnosed with NAFL and NASH, and 
compare them with healthy controls. By investigating the variations 
in intestinal microflora composition at different stages of NAFLD and 
further exploring the correlation between alterations in the abundance 
of dominant strains of intestinal microflora among patients with 
distinct disease stages such as NAFL and NASH, functional analysis 
and mechanistic studies will contribute to comprehending the specific 
role of these microflora in NAFLD progression. The findings from this 
investigation are anticipated to offer novel biomarkers and therapeutic 
targets for diagnosing and treating NASH. Through understanding the 
association between gut microbiota and NASH, we can enhance our 
comprehension of NASH pathogenesis while developing new 
strategies and approaches for its prevention and treatment.

2 Materials and methods

2.1 Study design

This study aimed to investigate the role of gut microbiome in 
patients with NAFL or NASH through 16S rRNA gene amplicon 
sequencing. Patients diagnosed with NAFL or NASH, as well as a 
normal control population, were recruited for this study. Detailed 
demographics are provided in Table 1. Stool samples from the patients 
were collected and immediately stored in −80°C at the time of each 
research visit. DNA extraction of stools, amplification of bacterial 16S 
rRNA genes, cloning, and sequencing of polymerase chain reaction 
(PCR) products were performed at the BGI-Shenzhen laboratory. This 
study was approved by Ethics Committee of Shenzhen Hospital of 
Traditional Chinese Medicine (ethical approval number: K2017-024), 
all the participants who agreed to serve as fecal donors provided 
written informed consent, in accordance with national legislation and 
the Code of Ethical Principles for Medical Research Involving Human 
Subjects of the World Medical Association (Declaration of Helsinki).

2.2 Patient selection

2.2.1 Study participants
Participants were recruited from the Department of Hepatology 

at Shenzhen Traditional Chinese Medicine Hospital between 
December 2018 and December 2019. A total of 237 individuals 
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underwent primary screening, with 32 patients excluded due to 
HBV infection and 10 patients excluded due to alcohol consumption. 
Among the remaining 205 subjects, ultrasound or Fibroscan was 
performed to diagnose NAFLD and categorize them into 140 
NAFLD patients and 65 normal controls. 64 patients out of the 140 
with NAFLD showed abnormal ALT levels (ALT≥40 U/L). All of 

these 140 NAFLD patients were advised to undergo a liver biopsy 
and provide fecal samples; however, 20 of them refused the liver 
biopsy and three patients had unqualified fecal specimens. Finally, a 
total of 53 NASH patients with confirmed biopsies, along with 64 
biopsy-proven NAFLD patients and 65 healthy controls were 
enrolled (Figure 1).

TABLE 1 Characteristics of each group in detail, including clinical, metabolic, biochemical and histological profiles (mean, mean  ±  sd).

Variables (mean, sd) Control NAFL NASH FDR* (NASH vs. 
NAFL)

N  =  65 N  =  64 N  =  53

Age, years 37.03 (9.19) 37.83 (9.29) 34.79 (8.32) 0.070076

Female sex, n (%) 35 (0.54) 31 (0.48) 5 (0.09) 0.000000

Smoking, n (%)

Current smoker 26 (0.4) 25 (0.39) 9 (0.17) 0.000000

Ex-smoker 2 (0.03) 2 (0.03) 6 (0.11) 0.000000

Non-smoker 37 (0.57) 37 (0.58) 38 (0.72) 0.792146

BMI, kg/m2 22.76 (2.84) 29.26 (3.60) 29.44 (4.56) 0.000037

WC, cm 76.46 (12.57) 89.81 (10.83) 98.11 (7.70) 0.000342

CAP, dB/m 213.25 (18.84) 304.64 (35.16) 325.38 (35.84) 0.000757

E, kPa 4.31 (1.22) 5.12 (1.35) 9.25 (11.87) 0.000000

ALT, U/L 16.46 (7.00) 22.10 (7.23) 76.17 (34.50) 0.000000

AST, U/L 20.96 (8.49) 19.18 (3.89) 40.22 (15.45) 0.000000

GGT, U/L 17.94 (17.00) 27.48 (17.49) 71.45 (47.93) 0.000091

ALP, U/L 54.75 (14.00) 62.10 (16.68) 73.34 (14.43) 0.278399

TBIL, umol/L 15.58 (5.88) 15.01 (8.71) 16.39 (5.13) 0.21574

DBIL, umol/L 3.49 (1.84) 3.16 (1.82) 3.57 (1.64) 0.441257

IBIL, umol/L 12.09 (4.72) 12.03 (7.22) 12.82 (3.74) 0.003631

ALB, g/L 47.93 (2.39) 48.87 (2.30) 50.43 (3.81) 0.496058

PLT, % 258.31 (53.98) 284.52 (66.26) 273.00 (139.86) 0.000006

AFP, mg/L 2.83 (1.78) 3.23 (1.90) 1.68 (1.68) 0.000005

CR, mmol/L 68.57 (15.43) 66.59 (14.25) 78.92 (12.10) 0.000006

UA, umol/L 325.32 (84.63) 382.16 (80.30) 453.94 (83.03) 0.91268

eGFR 106.91 (13.25) 102.24 (22.07) 101.88 (16.32) 0.019299

TG, mmol/L 1.11 (0.54) 1.77 (1.73) 2.04 (0.77) 0.047391

TC, mmol/L 4.35 (0.76) 4.72 (0.99) 5.05 (0.91) 0.300345

LDL, mmol/L 6.73 (32.17) 3.09 (0.95) 3.28 (1.01) 0.818905

FBG, mmol/L 4.42 (0.87) 5.15 (0.56) 5.18 (0.63) 0.314147

HBAlc, % 5.62 (0.31) 5.70 (0.33) 5.76 (0.32) 0.004465

FBC, nmol/L 1.52 (0.63) 2.36 (0.98) 2.91 (1.41) 0.005862

FBI, pmol/L 46.85 (27.25) 86.17 (44.70) 116.34 (91.35) 0.054905

SF, umol/L 18.31 (6.98) 18.28 (6.30) 20.51 (6.10) 0.000000

FER, nmol/L 123.58 (113.66) 145.72 (117.95) 328.30 (211.70) 0.144514

CER, g/L 0.14 (0.03) 0.17 (0.04) 0.16 (0.04) 0.000000

AST/ALT 1.37 (0.43) 0.93 (0.24) 0.57 (0.21) 0.000000

SAF score – 1.52 (0.31) 4.81 (0.74) 0.005000

HOMA-IR 1.37 (0.91) 2.75 (1.48) 3.71 (2.84) 0.005000

TyG 7.4 (0.39) 7.52 (0.64) 7.65 (0.32) 0.000000

*By Mann–Whitney test. HOMA-IR calculation formula: FPG (mmol/L) × FBI (μU/mL)/22.5. TyG calculation formula: ln [TG (mg/dl) × FBG (mg/dl)]/2.
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2.2.2 Inclusion criteria
Inclusion criteria were: (1) Presence of hepatic steatosis confirmed 

by liver imaging techniques such as ultrasonography or fibroscan; (2) 
Absence of any concurrent chronic liver diseases including viral 
hepatitis or autoimmune hepatitis; (3) Alcohol consumption below 
20 g/day.

2.2.3 Liver biopsy and histopathology
The percutaneous liver biopsy was performed under 

ultrasound guidance following local anesthesia. A 16-G Tru-Cut 
biopsy needle (C.R. Bard Inc., Covington, United  States) was 
inserted into the liver parenchyma to obtain an adequate amount 
of liver tissue containing a minimum of 10 portal tracts with an 
approximate length of 2.0 cm for precise diagnostic purposes. The 
obtained specimens were promptly fixed, embedded in paraffin, 
and stained with hematoxylin–eosin (HE). Subsequently, all 
specimens were sent to the Department of Pathology at Shenzhen 
Traditional Chinese Medicine Hospital for evaluation. Liver 
pathological images were diagnosed by two experienced 
pathologists who were blinded to the TE (CAP) value and color 
Doppler ultrasound scans. The SAF score was employed to semi-
quantify each individual feature of NAFLD, encompassing 
steatosis, inflammatory activity, and fibrosis, in accordance with 
the SAF (0–7) scoring system (Bedossa et  al., 2012). The 
classification of NAFLD comprises two subtypes: NAFL and 
NASH. The scoring criteria encompass hepatocyte steatosis (0–3), 
balloon-like degeneration (0–2), and lobular inflammation (0–2). 
NASH is diagnosed when both balloon-like degeneration and 

lobular inflammation coexist, or if the total score on each scale is 
≥3; otherwise, NAFL is diagnosed.

2.2.4 Genomics DNA extraction
DNA was extracted from fecal samples using the MagPure Stool 

DNA kit B (Magen, China) according to the provided protocol. 
Subsequently, the DNA was quantified utilizing a Qubit Fluorometer 
with the Qubit® dsDNA BR Assay kit (Invitrogen, China), and its 
quality was assessed by electrophoresis on a 1% agarose gel.

2.2.5 Library construction
Variable region V4 of bacterial 16S rRNA gene was amplified with 

degenerated PCR primers, 515F (5’-GTGCCAGCMGCCGCG 
GTAA-3′) and 806R (5’-GGACTACHVGGGTWTCTAAT-3′). The 
forward and reverse primers were both modified with Illumina 
adapter, pad, and linker sequences. PCR enrichment was conducted 
in a 50 μL reaction system containing 30 ng of template DNA using the 
following cycling conditions: pre-denaturation at 95°C for 3 min, 
followed by 30 amplification cycles consisting of denaturation at 95°C 
for 45 s, annealing at 56°C for 45 s, and extension at 72°C for 45 s. A 
final extension step was performed in 72°C for a duration of 10 min. 
Subsequently, the PCR products were purified using Agencourt 
AMPure XP beads and eluted in Elution buffer. The quality assessment 
of libraries was conducted using the Agilent Technologies’ bioanalyzer 
model number 2100. Once validated, these libraries were subjected to 
sequencing on Illumina HiSeq2500 platform (BGI, Shenzhen, China) 
following the standard protocols provided by Illumina. This resulted 
in the generation of paired-end reads with a length of 2 × 250 bp.

FIGURE 1

Consort flow diagram of study participants.
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2.2.6 Sequencing and bioinformatics analysis
The raw reads were subjected to adaptor removal, as well as the 

elimination of low-quality and ambiguous bases. Subsequently, the 
Fast Length Adjustment of Short reads program (FLASH, v1.2.11) 
was employed to merge paired-end reads with tags in order to 
obtain the final tags.

The tags were denoised into operational taxonomic units 
(OTUs) using two methods: unoise3 with VSEARCH (v2.22.1; 
Rognes et al., 2016), and DADA2 with QIIME2 v2023.2 (Bolyen 
et al., 2019). Chimera sequences were identified by comparing 
them to the gold database Silva (v123; Quast et al., 2012) using 
VSEARCH. Subsequently, an OTU feature table was generated for 
further analysis using VSEARCH (v2.22.1). Taxonomic 
classification of the OTU representative sequences was performed 
with Silva v123 (Pelin et  al., 2013), employing a minimum 
confidence threshold of 0.6, and trained on the Greengenes 
database v13_8 through QIIME2(v2023.2; Yokono et al., 2018). 
Finally, USEARCH global (Edgar, 2010) was utilized to compare 
all tags back to the OTUs in order to obtain an abundance 
statistics table for each sample.

The estimation of alpha and beta diversity was conducted using 
USEARCH (v11.0.667; Edgar, 2010) and QIIME2 (v2023.2) at the 
OTU level, respectively. The visualization of diversity analysis was 
generated using the R package “amplicon” (Labun et al., 2019), while 
the Chord diagram illustrating different classification levels was 
created using the R package “circlize” (Gu et al., 2014).

Differential analysis was performed using the “edgeR” (Chen et al., 
2016) package and STAMP (Parks et al., 2014). Volcano plots and 
Manhattan plots were generated using the “ggplot2” (Ginestet, 2011) 
package. LDA analysis was conducted using LEfSe (Zhang et  al., 
2013). A false discovery rate (FDR) of 0.05 and an LDA score greater 
than 2 were used as indicators of statistical significance. KEGG 
function prediction was carried out using the PICRUSt (Wilkinson 
et al., 2018) and PICRUSt2 (Douglas et al., 2020) software. Organism 
Level Microbiome Phenotypes were predicted using BugBase (Ward 
et al., 2017) software. Significant species of function were determined 
by R (v4.2.3), based on Wilcox-test or Kruskal-test.

2.2.7 Statistical analysis
Because the data did not all satisfy the normal distribution, 

the Mann–Whitney test was used to test each clinical data. The 
statistical test of negative binomial distribution was used to 
analyze OTU differences by edgeR. The Wilcoxon rank sum test 
was used to analyze species differences between the two groups. 
LEfSe analysis firstly used the non-parametric Kruskal-Wallis 
rank sum test to detect species with significant differences 
between different groups in multiple groups of samples, and then 
used the Wilcoxon rank sum test for groups of significantly 
different species to analyze the differences between groups. 
Finally, linear discriminant analysis (LDA) was used to reduce the 
dimensionality of the data to evaluate the influence of species with 
significant differences. In the analysis of metabolic pathways, 
Welch’s t-test was used to compare the two groups. Data sets that 
involved more than two groups were assessed by one-way ANOVA 
followed by Tukey–Kramer post-hoc tests. p < 0.05 was considered 
statistically significant and Story false discovery rate (FDR) of 
0.05 was used as indicators of statistical significance.

3 Results

3.1 Clinical characteristics of NAFLD 
population

This study included 64 patients diagnosed with NAFL and 53 
patients diagnosed with NASH based on pathological examination, as 
well as 65 individuals without NAFLD serving as controls, according 
to the predefined inclusion criteria. The comprehensive characteristics 
of each group, encompassing clinical, metabolic, biochemical, and 
histological profiles, are presented in Table 1. Most of the clinical 
indices such as BMI, CAP, E, ALT, AST, GGT, ALP, UA, etc. showed 
significant variance. The values of CAP, ALT, E, HOMA-IR and other 
clinical indices gradually increased in the control, NAFL and NASH 
groups, and the indices in the NAFL and NASH groups were mostly 
higher than the normal values of liver function tests.

3.2 Species diversity of the gut microbiome 
in groups

In microbiome sequencing, the UNOISE3 algorithm yielded a 
total of 13,686 operational taxonomic units (OTUs). A sparse profile 
based on observed species indicates that the sequencing data is 
sufficient for detecting all species present in the samples 
(Supplementary Figure S1). To assess differences in bacterial diversity 
among the three groups, sequence alignment was performed to 
estimate both alpha and beta diversity. Our study revealed significant 
differences in α diversity between the NAFL group, NASH group, and 
control group (Shannon index, p < 0.05; Figure 2B). Beta diversity was 
subsequently evaluated using CPCoA rankings (Figure 2C), revealing 
a significant variation in species composition across the three groups 
(variance: 1.32%; p = 0.009). The Venn diagram demonstrated that 
there was a total of 2,481 OTUs shared among all three groups, with 
differentially expressed OTUs numbering at 210 for the control group, 
156 for NAFL, and 71 for NASH. Furthermore, the number of group-
specific taxa decreased from healthy control patients to NAFL patients 
to NASH patients (Figure 2A).

3.3 Differences in the taxonomic 
composition in groups

To investigate taxonomic differences between NAFL and NASH 
groups at the phylum and genus levels, we employed edgeR and LEFSe 
for analysis. The relative abundance of bacteria was assessed across all 
three groups at both the phylum and genus levels, revealing statistically 
significant disparities. At the phylum level, each sample exhibited distinct 
species composition (Figure  3A), with Bacteroidetes, Firmicutes, 
Proteobacteria, Fusobacteria, and Actinobacteria being the predominant 
phyla accounting for 95% or more abundance in all three groups 
(Figure 3B). At the phylum level, the predominant bacteria in the NAFL 
group were predominantly members of the phylum Bacteroidetes 
(73.9%), Firmicutes (17.2%), Fusobacteria (3.4%), and Proteobacteria 
(4.6%). The NASH group was also dominated by members of 
Bacteroidetes (71%), Firmicutes (19.7%), Fusobacteria (4.1%), and 
Proteobacteria (4.8%). At the genus level, Bacteroides, Prevotella_9, 
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Faecalibacterium, Megamonas, and Fusobacterium were the predominant 
genera accounting for 90% or more abundance in all three groups 
(Figure 3C). The results of the edgeR package analysis, illustrated by the 
Manhattan plot (Figure 4A) showed that there was an enrichment of 
Bacteroidetes and Fusobacteria, while the ratios of Firmicutes and 
Proteobacteria were depleted in both the NAFL group and NASH group, 
as depicted in Supplementary Figure S2. Compared to the NAFL group, 
the NASH group exhibited higher levels of Firmicutes but lower levels of 
Bacteroidetes at phylum level, with Bacteroides being enriched as the 
most abundant genus (FDR < 0.05; Supplementary Figure S2). The relative 
abundance of Bacteroides and Fusobacterium was significantly higher in 
the NAFL group, while Prevotella_9 was lower compared to the control 
group. In the NASH group, there was an enrichment of Megamonas and 
Fusobacterium. Furthermore, the NASH group exhibited higher levels of 
Megamonas and Fusobacterium compared to the NAFL group.

The LEfSe analysis was employed to construct a cladogram for the 
identification of specific bacteria associated with the three groups 
(Figure  4B). Megamonas and Fusobacterium were found to 
be significantly enriched in the fecal samples of patients belonging to 
the NASH group, as indicated by high LDA scores (log10 > 4). 
Conversely, Subdoligranulum and Ruminococcus_2 were identified 
as the predominant microbiota in the control group (Figure 4C).

3.4 Difference analysis of intestinal flora 
expression between NAFL and NASH 
patients

In the study cohort, we constructed a random forest classifier 
model for 65 healthy controls, 64 NAFL and 53 NASH to evaluate the 
diagnostic efficacy of intestinal microbiome markers and explore their 
potential as a non-invasive diagnostic tool for NAFL and 
NASH. Through a 10-fold cross-validation of the random forest 
model, the dataset was partitioned into 10 subsets, with nine of them 
utilized for training purposes and one reserved for testing. The 
accuracy rate was computed for each experiment, and the average 
accuracy rate from 10 iterations serves as an estimation of the 
algorithm’s performance. This process was repeated using 10-fold 
cross-validation to obtain a final averaged estimation of the algorithm’s 
accuracy. Using this approach, the first five microbial genera were 
selected as the best marker set for NAFL and NASH (Figure 5A), 
Combining the results of species abundance and LEfSe analyses, 
we decided to assess the potential value of Prevotella_9, Megamonas 
and Fusobacterium as biomarkers. The results showed that compared 
with the control group, Prevotella_9 distinguished NAFL with an 
AUC of 0.738 (95% CI = 0.580–0.896; Figure  5B). However, the 

FIGURE 2

Comparisons of the alpha diversity and beta diversity about control, NAFL and NASH patients. (A) Venn diagram showing overlaps of the operational 
taxonomic units (OTUs) in the two groups (Shannon index). (B) Alpha diversity of the three groups, as quantified by diversity indices (Shannon, p  <  0.05). 
(C) Principal coordinate analysis (CPCoA) plots of bacterial beta diversity of the three groups based on Euclidean. (p  =  0.009).
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expression of Megamonas and Fusobacterium continues to 
progressively increase in the control group, NAFL group, and NASH 
group, with a particularly significant elevation observed in the NASH 
group. The combined presence of these taxa effectively distinguishes 

NASH with an AUC of 0.769 (95% CI = 0.610–0.927; Figure 5C). It is 
evident that Prevotella_9 exhibits a significant decrease in expression 
as the most representative bacterial taxon in NAFL, while Megamonas 
and Fusobacterium demonstrate a notable increase in expression as 
the most representative taxa in NASH. To differentiate between the 
microflora profiles of the NAFL and NASH groups, a simple forest 
analysis was conducted using single and combined data for 
Megamonas and Fusobacterium compared to those solely of the 
NAFL group (Figure 5D), this yielded an AUC value of 0.666 for single 
Fusobacterium alone. These findings suggest a potential correlation 
between elevated levels of Megamonas and Fusobacterium and 
disease progression.

3.5 Public data validation

To validate the robustness and generalizability of the analysis 
findings, we selected two sets of publicly available NAFLD-related 
sequence data for species diversity analysis. The respective Project ids 
associated with these datasets are PRJNA737039 and PRJNA540738. 
Upon comparing our data with the two public datasets, it is evident 
that the composition and variability of gut microbiota across different 
countries and regions are substantial. These discrepancies are likely 
influenced by factors such as geographical environment and dietary 
practices. Notably, our analysis results exhibit a higher degree of 
similarity with the PRJNA737039 project, with predominant species 
including Bacteroides, Prevotella_9, Faecalibacterium, and Roseburia. 
The observed differences in species composition and significant 
disparities may be  attributed to disease classification standards, 
regional influences, and other variables. This suggests that the findings 
of our research may have greater relevance and applicability within the 
context of China (Supplementary Figure S3). The PRJNA737039 
dataset originated from China, while the PRJNA540738 dataset was 
obtained from Germany. Combining species diversity analysis with 
LEfSe difference analysis revealed that in Project PRJNA737039, 
Bacteroidetes, Prevotella_9 and Faecalibacterium were significantly 
expressed in both NAFL and NASH groups compared to healthy 
controls, which is consistent with the species composition observed 
in our own sample. In contrast, Project PRJNA540738 exhibited a 
distinct pattern of species expression, including Bacteroides, Blautia, 
Bacillus, and Faecalibacterium. Our analysis findings exhibit a high 
degree of resemblance to the taxonomic composition of the Chinese 
dataset, while displaying significant disparities with the European 
data. This underscores the credibility of our analytical results and 
further highlights dissimilarities in gut microbiome composition 
between Asian and European NAFLD patients, potentially attributed 
to factors such as dietary habits and living environment.

3.6 Functional analysis of the gut 
microbiome

The Bugbase platform was utilized to predict the corresponding 
characteristics and content of each bacterium within the three groups. 
The compositional differences of aerobic bacteria, anaerobic bacteria, 
facultative anaerobes, mobile element carriers, biofilm formers, gram-
negative species, gram-positive species, potentially pathogenic strains, 
and stress-tolerant organisms in these three groups are illustrated in 

FIGURE 3

Comparisons of the taxonomic classifications of control, NAFL, 
NASH group. (A) Phyla composition for each sample. The species 
composition of all 182 samples is displayed, revealing significant 
variations in both the species distribution and relative abundance 
among each sample. Consequently, subsequent investigations can 
selectively focus on a few specific samples for comprehensive data 
analysis and clinical examination. p  <  0.05. (B) Top 8 phyla in the 
three groups. p  <  0.05. In the three groups, despite variations in the 
relative abundance of species, the phyla Bacteroidetes and 
Firmicutes consistently represented the largest fractions. This 
suggests that regardless of the health status—spanning from the 
healthy individuals, through those with NAFL, to patients with 
NASH—the key constituents of the gut microbiome remain 
fundamentally stable, without extreme shifts from dominance to 
depletion. (C) Top 11 genera in the three groups. p  <  0.05. Upon 
refining the analysis down to the genus level, we discerned more 
defined taxonomic categories, and the distinctions between species 
became increasingly conspicuous. This enables the identification of 
potentially pathogenic bacteria associated with conditions such as 
NAFL or NASH. Such genus-level differential analysis is instrumental 
in establishing a foundation for clinical diagnosis, informing 
treatment strategies, and guiding preventative measures.
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Supplementary Figure S4. Bacteroides exhibited higher enrichment in 
the NAFL group while Firmicutes were enriched in the NASH group 
with regards to their high-level phenotypes present potential 
pathogenicity (Supplementary Figure S4H).

PICRUSt and PICRUt2 were utilized for predictive functional 
analysis. KEGG pathway comparisons were conducted to investigate 
potential variations in the functional composition of the microbiome 
among NAFL, NASH, and control groups. PICRUST2 essentially 
encompasses the findings obtained from PICRUST 
(Supplementary Figure S5). In comparison to the control group, 
numerous pathway differences were observed in NAFL, such as 
increased abundance of lipid IVA biosynthesis, 6-hydroxymethyl-
dihydropterin diphosphate biosynthesis I, CMP-3-deoxy-D-manno-
octulosonate biosynthesis I, and 6-hydroxymethyl-dihydropterin 
diphosphate biosynthesis III (Chlamydia), while decreased abundance 
was found in superpathway of purine deoxyribonucleosides 
degradation, L-methionine biosynthesis III, and phosphatidylglycerol 
biosynthesis I (plastidic; Figure 6A). The pathways were significantly 
different in the NASH group compared with the control group. 
Specifically, 6-hydroxymethyl-dihydropterin diphosphate 
biosynthesis, L-lysine biosynthesis II, and superpathway of 
L-phenylalanine biosynthesis were more abundant in NASH while 
superpathway of hexuronide and hexuronate degradation, 
phosphatidylglycerol biosynthesis II (non-plastidic), and 
phosphatidylglycerol biosynthesis I  (plastidic) was less abundant 

(Figure 6B). Compared to the control group, there were significant 
differences in pathways between NASH and NAFL groups. Creatinine 
degradation II was more abundant in NASH compared to NAFL while 
superpathway of UDP-N-acetylglucosamine-derived O-antigen 
building blocks biosynthesis, L-1,2-propanediol degradation, dTDP-
L-rhamnose biosynthesis I, succinate fermentation to butanoate, and 
Flavone and flavonol biosynthesis were significantly less abundant 
than the NAFL group (Figure 6C).

4 Discussion

There is already evidence to suggest that the development of fatty 
liver is related to gut bacteria, including dysbiosis-induced dysfunction 
of the intestinal epithelial barrier. This dysfunction allows the 
translocation of bacterial components and leads to liver inflammation. 
Additionally, various metabolites produced by the gut microbiota may 
affect the liver, thereby regulating susceptibility to NAFLD.

In our study, 16S amplicon analysis revealed alterations in the gut 
microbiota composition in NAFL and NASH diseases compared to a 
healthy control group, as well as differences between the two diseases. 
The NAFL group exhibited an increased abundance of Gram-negative 
bacteria and a decreased abundance of Gram-positive bacteria 
compared to the control group. Bacterial diversity showed significant 
differences (p < 0.05) among the three groups, with species diversity 

FIGURE 4

Bacterial biomarkers identified with the edgeR and linear discriminant analysis effect size (LEfSe) algorithm. (A) The results of the differential analysis of 
10 genera including Bacteroides, Parabacteroides, Prevotella_2, Prevotella_9, Roseburia, Faecalibacterium, Megamonas, Fusobacterium, Parasutterella, 
Sutterella are presented. Manhattan plots for analysis of genus differences between NAFL and control groups (Figure 4A, left; p  <  0.05). Bacteroides and 
Fusobacterium were significantly expressed in NAFL group compared with the control group. Manhattan plots for analysis of genus differences 
between NASH and control groups (Figure 4A, middle; p  <  0.05). Faecalibacterium and Fusobacterium were significantly expressed in NASH group 
compared with the control group. Manhattan plots for analysis of genus differences between NASH and NAFL groups (Figure 4A,right; p  <  0.05). 
Bacteroides was significantly decreased in NASH group compared with the NAFL group. (B) Cladogram showing the relationships between taxa at 
different taxonomic levels. Each circle represents a hierarchical structure, followed by phylum, class, order, family and genus. Different phyla are 
marked with different colors. The size of the nodes represents the abundance of the taxon. (C) Linear discriminant analysis (LDA) scores with the LEfSe 
tool for taxa, with LDA scores >4 and p  <  0.05 shown in the histogram.
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progressively decreasing by threefold in the NASH group. This shift 
toward specific bacterial types promotes an increase in pathogenic 
abundance (Shen et al., 2017). At the phylum level, the abundances of 
Bacteroidetes and Fusobacteria, were higher in NAFL and NASH 
patients than in the control group, while the abundances of firmicutes 
were lower. At the genera level, a significant reduction in the 
abundance of Prevotella was observed in the NAFL group. In contrast, 
the NASH group showed a higher proportion of Megamonas and 
Fusobacterium (p < 0.05). These findings align with existing data from 
Asian patients but differ substantially from European case data, 
suggesting variations in gut microbiome composition between 
Eurasian populations (Quesada-Vazquez et al., 2020).

Through the analysis of three main bacterial genera, namely 
Prevotella_9, Megamonas, and Fusobacterium, it was observed that 
compared to the control group, Prevotella_9 exhibited a 
discriminative ability for distinguishing NAFL with an AUC of 

0.738 (95% CI = 0.580–0.896; Figure  5B). Conversely, the 
combination of Megamonas and Fusobacterium demonstrated a 
discriminative potential for identifying NASH with an AUC of 
0.769 (95% CI = 0.610–0.927; Figure  5C). In the NAFL group, 
we observed that Fusobacterium alone had a superior diagnostic 
performance than Megamonas alone, or Fusobacterium and 
Megamonas combined. More specifically, as shown in Figure 5D, 
the AUC of Fusobacterium is 0.666 (95% CI = 0.486–0.846), 
surpassing that of Megamonas alone (0.562, 95% CI = 0.372–0.753), 
or that of Fusobacterium and Megamonas combined (0.594, 95% 
CI = 0.394–0.793). These observational results suggest that an 
increased abundance of Prevotella_9 has diagnostic value for NAFL, 
while elevated levels of Megamonas and Fusobacterium may 
indicate a more severe disease state that has progressed to the 
NASH stage, especially the increase in Fusobacterium, which has 
more significant diagnostic meaning. In other words, changes in 

FIGURE 5

Diagnostic potential of gut microbial markers in NAFL and NASH patients. Diagnostic potential of gut microbial markers in NAFL and NASH patients. 
(A) Five microbial markers (Bacteroides, Prevotella_9, Ruminococcus_2, Subdoligranulum, Megamonas, Fusobacterium) were selected as the markers 
set by the random forest model. (B) The classification performance of the multivariable logistic regression model using relative abundance of genera 
(Prevotella_9) was assessed using area under the ROC. The AUC value of 0.738 with 95% CI of 0.580–0.896 between control versus NAFL group. 
(C) Classification performance of a multivariable logistic regression model using the relative abundance of genera (Megamonas, Fusobacterium, and a 
combination of both) was evaluated using the area under the ROC. The highest AUC value between the control group and the NASH group was 0.769, 
with a 95% CI of 0.610–0.927, belonging to the combination of Megamonas and Fusobacterium. (D) Classification performance of a multivariable 
logistic regression model using the relative abundance of genera (Megamonas, Fusobacteria, and a combination of both) evaluated using the area 
under the ROC. The highest AUC value between the NAFL and NASH groups was 0.666, 95% CI, belonging to the genus Fusobacterium.
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these three main gut genera could provide a non-invasive basis for 
diagnosing different stages of NAFLD.

Building upon previous research, we conducted an analysis on the 
potential pathogenic mechanisms of Bacteroides and Fusobacterium. 
The gut microbiota has the ability to ferment dietary carbohydrates 
into ethanol, which subsequently enters the bloodstream and is 
eventually metabolized by the liver. Notably, Bacteroides is recognized 
as one of the primary producers of ethanol (Amaretti et al., 2007). 
Both animal studies and clinical trials have consistently demonstrated 
that NAFL patients exhibit significantly elevated levels of 
gastrointestinal ethanol compared to control groups, with a strong 
correlation observed between these levels and alterations in gut 
microbiota composition (Cope, 2000). The higher abundance of 
Bacteroides in the NAFL group, compared to the control group, 
implies that an elevated Bacteroides content may contribute to liver 
damage by promoting endogenous ethanol production. Fusobacterium 
has been reported to produce short-chain fatty acids with both 

anti-inflammatory and pro-inflammatory properties (Fan et al., 2019). 
An increase in Fusobacterium abundance can serve as a marker for 
tumor occurrence and intestinal inflammation (Kostic et al., 2012; 
Zhang et al., 2018). Fusobacterium, a pro-inflammatory bacterium 
known to impair the integrity of the intestinal barrier (Neubauer et al., 
2019), has been observed in fatty samples and is associated with the 
exacerbation of liver steatosis and recurrence of NAFL (Fan et al., 
2019). The Prevotella spp. and P. Capri complexes are commonly 
associated with non-Western dietary patterns characterized by a high 
intake of carbohydrates, resistant starch, and fiber content. There is a 
negative correlation between the relative abundance of Prevotella and 
Bacteroides (Carelli et al., 2023).

Prevotella has a number of classification methods, and it has been 
reported that a 16S rRNA sequence method was utilized to reclassify 
Prevotella and identify 5 genera (Adkins et  al., 2017). This study 
unveiled a negative correlation between changes in Prevotella-9 
abundance and Bacteroides, which aligns with previous research 

FIGURE 6

Functional analysis of the predicted metagenomes. (A) Difference in relative abundance of predicted microbial genes related to metabolism 
information between NAFLD and healthy controls. (B) Difference in relative abundance of predicted microbial genes related to metabolism information 
between NASH and healthy controls. (C) Difference in relative abundance of predicted microbial genes related to metabolism information between 
NASH and NAFLD. Data were processed through PICRUSt2’s 16S rRNA sequencing data using level 3 of the Kyoto Encyclopedia of Genes and 
Genomes (KEGG) orthologues and using a Student’s t-test. The significance of gut microbial species derived from blocked two-sided Wilcoxon tests 
(+indicates statistical significance FDR  <  0.05, 99.9% confidence intervals).

74

https://doi.org/10.3389/fmicb.2024.1366744
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Huang et al. 10.3389/fmicb.2024.1366744

Frontiers in Microbiology 11 frontiersin.org

findings. Previous studies have reported diverse roles for Prevotella in 
gut health, while P. Capri has demonstrated potential benefits in 
glucose homeostasis and host metabolism. Conversely, another study 
identified an association between P. Capri and insulin resistance. This 
study revealed a significant decrease in NAFLD when comparing 
levels of Prevotella 9 between healthy individuals and those at the 
NAFL stage, suggesting that reduced Prevotella abundance may 
contribute to impaired carbohydrate and starch metabolism, both of 
which are linked to obesity and steatosis. The impact of Prevotella on 
human health remains uncertain, leading to ongoing debates 
regarding its potential benefits or harms. However, it is undeniable 
that the enzymatic digestion of polysaccharides within the Prevotella 
library plays a crucial role in digestive dynamics and intestinal 
homeostasis. It should be  noted that the relationship between 
Prevotella and inflammation, particularly NASH, still lacks clarity. In 
this study, although there was some recovery in Prevotella abundance 
from NAFL to NASH stages, it remained lower than that observed in 
healthy individuals. The relationship between the inflammatory 
response of NAFL and the progression of NASH, as well as fibrosis, 
remains unclear. Some studies have reported a significant increase in 
Prevotella abundance in NASH with fibrosis (Boursier et al., 2016). 
Compared to the control group, the NASH group exhibited higher 
abundances of Megamonas and Fusobacterium. Megamonas, a core 
gut bacterium, may be  indicative of Asian ethnicities. It is closely 
associated with diseases such as inflammatory bowel disease, 
colorectal cancer, ankylosing spondylitis (AS), autism spectrum 
disorder (ASD), and obesity. Previous studies on the gut microbiota 
of European subjects did not report dominant presence of the genus 
Megamonas; it was only observed in studies conducted on Chinese 
individuals, suggesting its potential characteristic nature within the 
Asian population (Boursier et  al., 2016). Studies have revealed a 
negative correlation between the abundance of Megamonas and the 
rate of weight loss, exhibiting a significant increase in the obese 
cohort. The average BMI of our study population exceeded 29 kg/m^2, 
with nearly all NASH patients displaying abnormal ALT levels. These 
findings suggest a substantial elevation in Megamonas abundance 
within the Chinese obese population, which, when combined with an 
augmentation in Fusobacterium abundance, further compromises 
intestinal barrier integrity and facilitates the progression from NAFL 
to NASH.

To further investigate the impact of dysbiosis on microbial 
metabolism, we utilized gene transcription analysis techniques. KEGG 
pathway analysis revealed significant alterations in metabolic pathways 
associated with NAFLD, including notable variations in transcription, 
immune system disorders, signaling molecules and their interactions, 
environmental adaptation, transport and catabolic metabolism. The 
changes of these metabolites are correlated with disease progression. 
In comparison to the NAFL group, the NASH group exhibited 
significant differences in all aspects of glucose metabolism as well as 
biosynthesis of flavonoids and flavonols.

In the KEGG predicted functional pathway analysis of both the 
NASH and NAFL groups, significant increases were observed in the 
biosynthesis of flavones and flavonols, glucose metabolism pathways 
(including the biosynthesis superpathway of O-antigen building 
blocks derived from UDP-N-acetylgalactosamine), degradation 
pathways of L-rhamnose and L-fucopyranose (including L-1,2-
propanediol degradation), biosynthesis of dTDP-L-rhamnose I, and 

butyrate fermentation from succinate in the NAFL group. Additionally, 
creatinine degradation II was significantly higher in the NASH group. 
It has been reported that flavonoid compounds are representative 
substances that protect liver function by regulating CYP2E19 (Liu 
et  al., 2021). Compared to NAFL, the expression of flavones and 
flavonol biosynthesis pathways is reduced in NASH. Numerous 
studies have demonstrated that flavonoid compounds exert 
physiological functions such as antioxidation, lipid-lowering, blood 
sugar regulation, and inflammation inhibition by modulating the gut 
microbiota, thereby preventing various diseases. The presence of an 
inflammatory response in NASH and may be  associated with 
alterations in this pathway. Research has reported the potential role of 
ferritin in reflecting the inflammatory state associated with NAFLD 
and its progression, with elevated ferritin levels indicating 
inflammation and liver damage (Shah and Kowdley, 2019). Although 
we did not initially focus on inflammatory biomarkers such as ferritin 
in our study, in future research on the inflammation associated with 
NASH, we can consider measuring inflammatory biomarkers like 
ferritin in the serum of patients with NAFLD or NASH. Differences 
in various carbohydrate metabolisms also indicate changes in the 
fundamental metabolism between the two groups (Sandoval et al., 
2020; Kariagina and Doseff, 2022; Tan et  al., 2022). This finding 
provides support for the hypothesis that NAFLD is fundamentally a 
metabolic disorder. Our study focused on the Chinese population, 
with participants from various regions of China, including Shenzhen, 
a city known for its immigrant population. It should be noted that the 
relationship between gut microbiome dysbiosis and NAFLD disease 
cannot be  extrapolated to European and American populations. 
Additionally, it is important to acknowledge that the use of 16S rRNA 
gene sequencing methods has inherent limitations in accurately 
determining the composition of the microbiome.

5 Conclusion

In summary, this study employed 16S amplicon analysis to 
uncover changes in the composition of gut microbiota during the 
progression of NAFLD, characterized by a gradual decrease in species 
diversity. At the phylum level, significant shifts were observed in the 
abundance of key bacterial groups including Bacteroidetes, 
Firmicutes, Fusobacteria. Moreover, at the genus level, a noticeable 
reduction was observed abundance of Prevotella within the NAFL 
group while an increased proportion of Megamonas and 
Fusobacterium was evident in the NASH group. The prominent 
expression of Megamonas and Fusobacterium can serve as a valuable 
biological marker for identifying NASH. KEGG pathway analysis 
revealed significant disruptions in various glucose metabolism 
pathways within the NASH group compared to the mild NAFL group, 
along with a notable deficiency in flavones and flavonols biosynthesis. 
Our study has elucidated significant associations between gut 
microbiome alterations and the progression from NAFL to NASH in 
patients with NAFLD. The differential microbial profiles observed in 
NASH patients underscore the potential of microbiota-based 
biomarkers for non-invasive diagnosis, which could mitigate the 
reliance on liver biopsies and enable earlier detection and 
intervention. Our findings suggest that certain bacteria could serve 
as targets for microbiome-modulating therapies, such as Megamonas 
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and Fusobacterium, opening new avenues for precision medicine in 
NAFLD management. Moreover, the novel takes identified in our 
study invite further investigation into their functional roles in 
NAFLD pathophysiology. The potential for microbiome-based 
interventions to attenuate or reverse NAFLD progression is an 
exciting prospect, but it is one that must be  approached with 
rigorously designed clinical trials.
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Regulating bile acids signaling for 
NAFLD: molecular insights and 
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Nonalcoholic fatty liver disease (NAFLD) emerges as the most predominant 
cause of liver disease, tightly linked to metabolic dysfunction. Bile acids (BAs), 
initially synthesized from cholesterol in the liver, undergo further metabolism 
by gut bacteria. Increasingly acknowledged as critical modulators of metabolic 
processes, BAs have been implicated as important signaling molecules. In this 
review, we will focus on the mechanism of BAs signaling involved in glucose 
homeostasis, lipid metabolism, energy expenditure, and immune regulation 
and summarize their roles in the pathogenesis of NAFLD. Furthermore, gut 
microbiota dysbiosis plays a key role in the development of NAFLD, and the 
interactions between BAs and intestinal microbiota is elucidated. In addition, 
we  also discuss potential therapeutic strategies for NAFLD, including drugs 
targeting BA receptors, modulation of intestinal microbiota, and metabolic 
surgery.

KEYWORDS
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1 Introduction

As the global incidence of obesity and its associated metabolic syndrome escalates, 
nonalcoholic fatty liver disease (NAFLD) has emerged as a primary contributor to chronic 
liver conditions and progressive liver fibrosis. Its global prevalence is estimated to be around 
25% (Powell et al., 2021). NAFLD encompasses a continuum of pathological changes, ranging 
from simple steatosis (non-alcoholic fatty liver, NAFL) to nonalcoholic steatohepatitis (NASH), 
then progressing toward fibrosis and ultimately leading to hepatocellular carcinoma and liver 
failure. Approximately 5–25% of individuals with nonalcoholic steatohepatitis progress to 
severe liver fibrosis (Castera et al., 2019).

The development of NAFLD is inherently intricate and governed by numerous factors. 
Originally, the pathogenesis of NAFLD was described by the “two-hit” hypothesis: the “first 
hit” being lipid accumulation in the liver, which predisposes the organ to further damage, and 
the “second hit” comprising factors like lipotoxicity, mitochondrial damage, oxidative stress, 
and hepatic inflammation, which facilitate the progression from NAFL to liver fibrosis. More 
recently, the understanding has shifted to the “multiple-hit” hypothesis. This theory includes 
various detrimental factors, including insulin resistance, inflammatory mediators, dietary 
factors, gut microbiota imbalances, and genetic and epigenetic variations (Kumar et al., 2021). 
However, the exact pathogenesis of NAFLD is largely unknown, and no FDA-approved drug 
to treat NAFLD is currently available.
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Recent studies have increasingly focused on the role of bile acids 
(BAs) in the pathogenesis of NAFLD due to their origin from hepatic 
cholesterol (Arab et al., 2017). Dysregulation in BA metabolism in 
NAFLD patients heightens the risk of liver damage. Research has 
demonstrated marked disparities in both the serum levels and 
composition of BAs between high-fat mouse models and NAFLD 
patients, and those observed in a normal control group (Jiao et al., 
2018). Furthermore, elevated levels of circulating BAs have been 
detected in diet-induced NASH mice, correlating closely with the 
severity of liver fibrosis (Suga et al., 2019). In patients with NASH, 
enhanced BA synthesis compared to healthy individuals has been 
noted, and serum BA levels are predictive of liver fibrosis severity 
(Shlomai et al., 2013; Mouzaki et al., 2016). In addition to assisting the 
absorption of dietary lipids and vitamins, BAs are crucial signaling 
molecules that regulate lipid and glucose metabolism and modulate 
inflammation in various tissues. The imbalance of gut microbiota is 
intricately linked to NAFLD progression (Henao-Mejia et al., 2012; 
Aron-Wisnewsky et al., 2020). BAs, as one class of metabolites of 
intestinal microbiota, are frequently associated with metabolic 
diseases including obesity, diabetes and NAFLD. It has been 
demonstrated that administration of beneficial bacteria could improve 
NAFLD (Kolodziejczyk et al., 2019). On the other hand, metabolites 
derived from microbiota can also reduce NAFLD severity by 
mediating the beneficial effects of intestinal bacteria.

In this review, we synthesize and analyze the mechanisms through 
which BA signaling influences NAFLD pathogenesis, focusing 
particularly on the interactions between BAs and gut microbiota, as 
well as identifying potential therapeutic targets for the treatment 
of NAFLD.

2 BA synthesis and regulation

2.1 BA synthesis

BAs are synthesized predominantly from cholesterol in the liver 
through two primary pathways: the classical pathway and the 
alternative pathway, involving at least 17 enzymes (Figure 1). The 
classical pathway, initiated by the rate-limiting enzyme cholesterol 
7a-hydroxylase (CYP7A1) and further regulated by sterol-12α-
hydroxylase (CYP8B1), generates the majority of the BA pool. In 
contrast, the alternative pathway is chiefly controlled by sterol 
27α-hydroxylase (CYP27A1) and sterol 7α-hydroxylase (CYP7B1), 
producing chenodeoxycholic acid (CDCA) and cholic acid (CA) in 
humans, and predominantly beta-muricholic acid (β-MCA) in 
rodents (Wahlström et  al., 2016). CYP8B1 plays a crucial role in 
synthesizing CA, thus determining the CA to CDCA ratio (Bertaggia 
et al., 2017). Within hepatocytes, BAs are conjugated primarily with 
glycine in humans and almost exclusively with taurine in mice, 
forming conjugated bile acids that are expelled into the bile through 
the bile salt export pump (BSEP) and multidrug resistance-associated 
protein 2 (Falany et al., 1994). Released into the duodenum, primary 
bile acids are transformed into secondary bile acids like deoxycholic 
acid (DCA) and lithocholic acid (LCA) by intestinal bacteria via 
deconjugation and dehydroxylation. Subsequently, over 95% of the 
BAs are reabsorbed into the portal vein by the apical sodium 
dependent bile acid transporter (ASBT) at the terminal ileum and 
returned to the liver, constituting the enterohepatic circulation, while 

the remainder is excreted in the feces (de Aguiar Vallim et al., 2013). 
BAs re-enter the liver from the bloodstream via the Na+-taurocholate 
cotransport polypeptide (NTCP). BA homeostasis is a critical 
physiological process involving the synthesis, metabolism, and 
recycling of bile acids, which are essential for lipid digestion and 
nutrient absorption. The regulation of BA levels is finely tuned by 
feedback mechanisms primarily mediated by BA receptors, which 
inhibits bile acid synthesis in the liver when intrahepatic or intestinal 
bile acid levels are high. Disturbances in bile acid homeostasis are 
associated with liver diseases such as cholestasis and NAFLD, as well 
as systemic disorders including obesity and diabetes (Wahlström et al., 
2016). For instance, ASBT inhibitor blocks the reabsorption of BAs in 
the terminal ileum, thereby increasing BA excretion in feces and 
improving NAFLD induced by high fat diet (Rao et al., 2016).

2.2 BA receptors

The primary BA receptors are the farnesoid X receptor (FXR), 
or NR1H4, and the G protein-coupled bile acid receptor (TGR5). 
FXR is predominantly expressed the liver, intestines, white adipose 
tissue, adrenal glands, kidneys, and immune cells (Lefebvre et al., 
2009). The binding affinity of BAs to FXR follows the order: CDCA 
> DCA > CA > LCA. Conversely, Tα-MCA, Tβ-MCA, and possibly 
UDCA act as antagonists (Sayin et al., 2013). TGR5 is expressed in 
brown adipose tissue (BAT), enteroendocrine L cells, white adipose 
tissue (WAT), gallbladder, skeletal muscle, islet α and β cells, 
immune cells, astrocytes and neurons, and is activated by BAs with 
varying efficacies (LCA > DCA > CDCA > CA) (Guo et al., 2016). 
Additional receptors involved in BA signaling include the vitamin 
D receptor (VDR), liver X receptor (LXR), pregnane X receptor 
(PXR), and sphingosine-1-phosphate receptor 2 (SIPR2) 
(Supplementary Table S1) (Schaap et al., 2014). BAs can exert a 
wide range of regulatory effects through these receptors, including 
glucose and lipid metabolism, BA homeostasis and energy 
expenditure, immune and inflammatory responses, and improving 
insulin sensitivity (Thomas et al., 2008).

2.3 BA synthesis regulation

By regulating FXR receptors in the liver and intestine, BAs can 
achieve self-regulation and control the transport of BAs, maintaining 
BA balance (Mencarelli and Fiorucci, 2010). FXR knockout mice 
show increased CYP7A1 expression and hepatic BA synthesis, 
suggesting that FXR primarily mediates the inhibitory effects of BA 
synthesis via CYP7A1 (Sinal et al., 2000). This suppression primarily 
occurs through the interaction of the small heterodimer partner 
(SHP) with liver receptor homolog-1 (LRH-1), curtailing CYP7A1 
gene expression (Goodwin et al., 2000), a mechanism critical for 
averting excessive BA production and resultant liver damage. 
Furthermore, intestinal FXR activation by BAs at the ileum’s terminal 
segment prompts fibroblast growth factor 15 (FGF15), analogous to 
human FGF19, to modulate bile acid synthesis in the liver. Upon 
FGF15/FGF19 is secreted, it binds to the hepatic fibroblast growth 
factor receptor 4 (FGFR4)/beta-klotho heterodimer complex, 
triggering JNK1/2 and ERK1/2 signaling cascades, leading to the 
inhibition of CYP7A1 expression (Potthoff et al., 2012). Experimental 
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data from tissue-specific FXR knockout mice indicate intestinal FXR 
exerts a stronger inhibitory impact on CYP7A1 compared to hepatic 
FXR, which more significantly influences CYP8B1 expression and 
thus reduces cholic acid production (Kim et al., 2007; Kong et al., 
2012). The gut-liver axis, delineating the complex interactions 
between gut microbiota and the liver, is closely linked to NAFLD 
(Song and Zhang, 2022). Microbial metabolites and other intestinal 
signaling molecules could reach the liver via portal and systematic 
circulation, regulating BAs synthesis and transport. Of note, intestinal 
FXR-FGF15/19 plays a critical role in the crosstalk of gut microbiota 
and BAs. FGF15/19 has displayed substantial protection against 
hepatic steatosis caused by high-fat diets (Sciarrillo et  al., 2021). 
Continued clinical investigations are imperative to explore the 
therapeutic potentials of FGF19-based chimeric molecules for 
NAFLD therapy.

3 BA signaling in metabolism

BAs play a critical role in various metabolic processes via their 
receptors, mainly FXR and TGR (Figure  2). Dysregulated BAs 
signaling contributes to the initiation and progression of NAFLD.

3.1 BA signaling in glucose metabolism

Insulin resistance is a primary characteristic of NAFLD, integral 
to both its development and progression. BAs are released into the 
digestive tract after a meal. Therefore, as postprandial messengers, 
BAs regulate glucose metabolism by activating various receptors. 
Studies using whole-body FXR knockout mice have shown a 
reduction in insulin sensitivity, whereas administration of the FXR 
agonist GW4064 significantly improves insulin resistance and 
glucose regulation in ob/ob mice (Cariou et al., 2006). Additionally, 
hepatic gluconeogenesis, vital for maintaining glucose levels, is 
attenuated by FXR activation, which reduces the expression of critical 
enzymes such as glucose 6-phosphatase (G6Pase) and 
phosphoenolpyruvate carboxykinase (PEPCK) (Ma et  al., 2006). 
Moreover, BAs enhance insulin synthesis and secretion by stimulating 
the release of glucagon-like peptide 1 (GLP-1) via TGR5 activation. 
This mechanism not only protects pancreatic β-cells from apoptosis 
but also encourages their proliferation (Zheng et  al., 2021). 
Furthermore, recent research indicates that TGR5, expressed in 
pancreatic α and β-cells, promotes insulin secretion and stabilizes 
glucose levels (Kumar et al., 2012, 2016). Activation of LXR increases 
the expression of the GLUT4  in adipose and muscular tissues, 

FIGURE 1

Bile acid synthesis and metabolism by gut microbiota. Bile acids are synthesized from cholesterol via classical pathway and alternative pathway. 
CYP7A1, CYP27A1, CYP8B1, and CYP7B1 are the main enzymes responsible for primary BA synthesis. Then conjugated BAs are released into intestine 
and further metabolized by gut microbiota into secondary BAs via a series of action including deconjugation, dihydroxylation, and epimerization. And 
primary bile acids and secondary bile acids can cooperate to stimulate the intestinal epithelium to secrete FGF15 and GLP-1 to regulate BA synthesis in 
turn and alter host metabolism. BAs, bile acids; CYP7A1, Cholesterol 7-alpha hydroxylase; CYP8B1, sterol 12α-hydroxylase; CYP27A1, cholesterol 
7a-hydroxylase; CYP8B1, sterol-12α-hydroxylase; CA, cholic acid; CDCA, chenodeoxycholic acid; DCA, deoxycholic acid; LCA, lithocholic acid; HDCA, 
hyodeoxycholic acid; HCA, hyocholic acid; LCA, lithocholic acid; FGF15/19, fibroblast growth factor 15/19; MCAs/ α/β-MCA, muricholic acids/α/β-
muricholic acid; UDCA, ursodeoxycholic acid; GLP-1, glucagon-like peptide-1; ASBT, apical sodium-dependent BA transporter; FXR, farnesoid X 
receptor; OSTα/β, organic solute transporter subunit α and β; NTCP, sodium dependent taurocholate co-transporting polypeptide; BSEP, bile salt 
export pump; KLB: β-Klotho.
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thereby improving glucose uptake (Baranowski et  al., 2014). In 
addition, BAs interact with FXR in ileal enterocytes to trigger 
FGF15/19 signaling, enhancing glucose control (Kliewer and 
Mangelsdorf, 2015).

3.2 BA signaling in lipid metabolism

NAFLD is marked by significant lipid accumulation in the liver and 
BAs exert a profound effect on lipid metabolism mainly via FXR 
signaling. Notably, FXR-deficient (FXR−/−) mice exhibit marked 
elevations in hepatic and plasma cholesterol and triglycerides. 
Conversely, FXR agonists reduce these lipid parameters in db/db mice, 
yet show no efficacy in FXR deficient mice (Cariou et al., 2006). In 
NAFLD patients, FXR expression is reduced, which correlates with an 
increase in sterol regulatory element binding protein-1c (SREBP-1c) 
(Yang et al., 2010). BAs act on hepatic FXR and induce SHP expression, 
thereby inhibiting SREBP-1c and reducing fatty acid synthesis 
(Watanabe et  al., 2004). FXR further inhibits the expression of the 
apolipoprotein (apo) B gene, decreasing very low-density lipoprotein 

(VLDL) secretion (Hirokane et al., 2004). Additionally, FXR boosts 
lipoprotein lipase activity by upregulating the expression of 
apolipoprotein C-II (apo-CII), a stimulator of lipoprotein lipase, while 
decreasing apolipoprotein C-III (apo-CIII) expression, a lipoprotein 
lipase inhibitor (Chavez-Talavera et al., 2017). The hydrophobicity and 
conjugation state of the BAs are critical for regulating intestinal 
cholesterol and lipid absorption. Thus, CA absence in CYP8B1 
knock-out mice prevents hepatic steatosis induced by a high-fat diet 
(Bertaggia et al., 2017).

3.3 BA signaling in energy expenditure

Currently, obesity is believed to be the result of a disruption in 
energy metabolism, where energy intake exceeds energy expenditure. 
Thus, enhancing energy expenditure presents a good approach for 
NAFLD therapy. Activation of TGR5 by BAs elevates brown fat tissue 
energy expenditure, improve insulin resistance, and prevent obesity 
(Zietak and Kozak, 2016). It also results in elevated cAMP levels, 
which in turn activates type 2 iodothyronine deiodinase (D2). This 

FIGURE 2

BAs contribute to host metabolism in various organs via their receptors. BAs synthesis is not only regulated by hepatic FXR/SHP signaling but also by 
intestinal FXR/FGF15/19 signaling. In addition, circulating FGF15/19, as metabolic hormones, could improve glucose and lipid metabolism. BAs 
contribute to host metabolism in multiple organs via their FXR and TGR5 receptors, including enhancing insulin secretion in pancreatic islet cells, 
promoting energy expenditure in brown adipose tissue and muscle tissue, inducing incretin release in enteroendocrine L cells, and regulating 
inflammation response in immune cells. BAs, bile acids; ASBT, apical sodium-dependent bile acid transporter; BAT, brown adipose tissue; CYP7A1, 
Cholesterol 7-alpha hydroxylase; CYP8B1, sterol 12α-hydroxylase; CYP27A1, cholesterol 7a-hydroxylase; CYP8B1, sterol-12α-hydroxylase; DIO2, Type II 
iodothyronine deionidinase; FGF15/19, fibroblast growth factor 15/19; FGFR4, fibroblast growth factor receptor 4; FXR, farnesoid X receptor; G6Pase, 
glucose 6-phosphatase; GLP-1, glucagon-like peptide-1; GLP-2, glucagon-like peptide-2; NTCP, sodium dependent taurocholate co-transporting 
polypeptide; PEPCK, phosphoenolpyruvate carboxykinase; OSTα/β, organic solute transporter subunit α and β; PYY, peptide YY; TGR5, G protein-
coupled bile acid receptor.
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activation enhances the conversion of thyroxine (T4) into the more 
active form, triiodothyronine (T3). Subsequently, T3 boosts 
uncoupling protein 1 (UCP-1) expression, further enhancing energy 
expenditure. Therefore, TGR5 signaling mediated by BAs plays a 
pivotal role in maintaining energy homeostasis (Watanabe et  al., 
2006). In contrast, TGR5-deficient mice exhibit heightened obesity 
susceptibility under a high-fat diet compared to control group 
(Maruyama et al., 2006). A clinical trial involving 12 healthy women 
who received chenodeoxycholic acid (CDCA) treatment for 2 days 
revealed significant increases in brown fat energy expenditure. In 
vitro-cultured human brown fat cells exposed to CDCA also showed 
an increase in UCP1 expression levels (Broeders et al., 2015).

Therefore, regulating bile acids to enhance the TGR5 signaling 
pathway and increase brown fat energy expenditure could become an 
important target for NAFLD. However, despite its positive impact on 
metabolic health, therapeutic targeting of TGR5 signaling is hindered 
by the potential for TGR5-mediated gallstone formation and 
gallbladder filling. Therefore, TGR5-selective agonists, such as 
INT-777, RDX8940, show promising effects in improving energy 
metabolism, reducing inflammation and stimulating energy 
expenditure (Pellicciari et al., 2009; Finn et al., 2019).

3.4 BA signaling in inflammation

Recently, the association between bile acids and immune regulation 
is an emerging and increasingly studied field in biomedical research. 
Activation of the innate immune system is pivotal in initiating hepatic 
inflammation, while persistent low-grade inflammation is crucial to the 
development of NAFLD and liver fibrosis. Recent studies highlight the 
significance of BA signaling in regulating hepatic inflammation. TGR5 
and FXR are localized in various immune cell types, such as monocytes 
and macrophages, as well as dendritic cells (Fiorucci et  al., 2021). 
Research has shown that activation of TGR5 decreases cytokine 
production in monocytes and macrophages and exerts potent anti-
inflammatory effects (Perino and Schoonjans, 2015). Moreover, TGR5 
activation protects against inflammation induced by lipopolysaccharide 
(LPS) by suppressing the production of proinflammatory cytokines 
mediated by NF-κB pathway (Wang et al., 2011). On the contrary, TGR5 
deficiency promotes NLRP3 inflammasome and M1 macrophage 
polarization (Ma et al., 2021) and TGR5(−/−) mice show increased liver 
inflammation (Wang et al., 2011). M1 macrophages have the capability 
to secrete pro-inflammatory cytokines, including IL-1β, IL-6, TNF-α. 
In addition, FXR agonist can also orchestrate the immunological 
activities of macrophages and monocytes to improve NAFLD 
(McMahan et al., 2013). FXR activation decreased the mRNA levels of 
inflammatory genes (IL-1β, IL-6 and TNF-α) induced by LPS treatment 
in vitro (Xiong et al., 2017). In vivo, activation of the intestinal FXR 
signaling inhibits inflammation and helps maintain the integrity of the 
intestinal barrier in inflammatory bowel disease (Gadaleta et al., 2011). 
BAs homeostasis also plays an important role in inflammation 
regulation. Overexpression of CYP7A1 has been shown to protect the 
liver from inflammatory infiltration and alleviate hepatic fibrosis in FXR 
dependent manner. Recently, 3-oxoLCA and isoallo-LCA, which are 
derived from LCA, have been identified as TH17 and Treg cell regulators 
to control their differentiation, suggesting BAs regulate host immune 
response (Hang et al., 2019). Therefore, regulating BA signaling has 
emerged as a promising strategy in treating NAFLD by attenuating 

hepatic inflammation. Recent therapeutic advances involve the use of 
FXR agonists, which have shown efficacy in reducing hepatic steatosis 
and inflammation (Zhang et al., 2009).

4 Gut microbiota and BAs

The gut microbiota is regarded as a metabolic “organ” that 
produces numerous metabolites to regulate host metabolism. The 
interaction between gut microbiota and BAs is a significant area of 
research because it underscores a complex, bidirectional relationship 
where not only does the gut microbiota influence BAs profiles, but 
BAs also affect the composition and function of the gut microbiota.

4.1 Microbial regulation of BAs

Microbial metabolism of BAs by gut microbiota not only increase 
the diversity of BAs but also promote the hydrophobicity of the BA pool. 
The BA pool and composition in germ-free (GF) mice exhibit significant 
differences compared to those in conventionally raised mice (Sayin 
et al., 2013), emphasizing the vital role of gut microbiota in bile acid 
regulation. Bile acid deconjugation is the first step of metabolism by 
bacteria with bile salt hydrolase (BSH) activity, which is present in 
strains of lactobacilli, bifidobacteria, Bacteroides, and Clostridium. 
Deconjugated primary BAs are further metabolized through the 
7-dehydroxylation into secondary bile acid. The potent endogenous 
agonists of TGR5 are LCA and DCA, which are metabolically derived 
from CDCA and CA, respectively. This transformation is primarily 
governed by intestinal bacteria, including Clostridium (such as 
C. scindens and C. sordellii), Bacteroides (such as B. fragilis), and 
Eubacterium (such as E. lentum). At lower concentrations, these 
metabolites positively influence glucose and lipid metabolism. However, 
when present at higher concentrations, they exert negative effects on 
host health. For example, fecal DCA levels are significantly elevated in 
patients with NAFLD compared to those in the healthy control group 
(Kasai et al., 2022), thereby promoting obesity-associated hepatocellular 
carcinoma (HCC) by causing DNA damage (Yoshimoto et al., 2013). 
Therefore, maintaining the homeostasis of intestinal microflora and its 
metabolites is essential. For example, GF mice has increased bile acid 
pool and TβMCA level, which serves as an antagonist to intestinal FXR 
signaling, thus inducing FGF15/19 secretion to inhibit hepatic BA 
synthesis. Some probiotics can regulate the metabolism and synthesis 
of BAs, thereby influencing the body’s metabolism and the progression 
of diseases. Recent research demonstrated that lactobacillus rhamnosus 
GG increased ileum FGF15 and subsequently reduced BA synthesis, 
which attenuated liver inflammation and prevents liver fibrosis (Liu 
et al., 2020). Levels of Parabacteroides distasonis are reportedly lower in 
individuals with NAFLD, and this bacterium can mitigate obesity and 
metabolic dysfunctions by modulating the production of UDCA and 
LCA (Wang et al., 2019).

4.2 BAs regulating gut microbiota

Gut microbiota plays a crucial role in maintaining BA homeostasis 
through via bioconversion of BA and enhancement of FGF15/FGF19 
signaling. On the other hand, BAs, serving as the detergent molecules 
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in intestine, significantly shape the composition of the intestinal 
microflora. BAs exert antimicrobial properties, affecting the growth 
and survival of different strains. Zheng et al. showed that mice fed 
with BAs under a normal diet condition exhibited obese phenotype 
and similar gut microbial composition in HFD mice (Zheng et al., 
2017). A recent study showed that obeticholic acid (OCA), an analog 
of CDCA, inhibited endogenous BA synthesis and led an increased 
proportion of Firmicutes in the small intestine (Friedman et al., 2018). 
Gut microbiota modulates NAFLD in part via regulating intestinal 
FXR signaling. In obese mice induced by HFD, glycine-β-muricholic 
acid (Gly-MCA) administration reduced the ratio of Firmicutes to 
Bacteroidetes, which improved insulin resistance and ameliorated 
obesity related metabolic dysfunction (Zhang et al., 2016). Although 
serum BAs concentrations are elevated in individuals with NAFLD, 
the proportion of the FXR antagonistic DCA has increased, whereas 
the levels of the FXR agonistic CDCA have decreased (Jiao et al., 
2018). Therefore, FXR signaling can modulate the gut microbial 
composition and regulate hepatic metabolism.

5 Targeting BA metabolism for NAFLD 
therapy

Targeting BA metabolism has become a promising therapeutic 
strategy for NAFLD due to the significant impact of BA on host 
metabolism, energy expenditure, inflammation, and the composition 
of the gut microbiota. Significant efforts have been made to explore 
approaches that modify BAs signaling. These approaches include 
agonist for BA receptor, regulating gut microbiota and metabolic 
surgery (Figure 3).

5.1 Pharmacotherapy for NAFLD by 
targeting BA

Traditional pharmacotherapies for NAFLD, including PPAR 
agonists, insulin sensitizers, and antioxidants, have been extensively 
researched; however, their effectiveness varies among individuals and 
is generally limited. It is well-established that activation of BA 
receptors exhibits metabolic benefits in NAFLD. Emerging evidence 
strongly suggests that BA receptors are promising therapeutic targets. 
Currently, a wide range of FXR agonists are under investigation in 
clinical trials for NAFLD. OCA, a highly potent FXR agonist and a 
semi-synthetic derivative of CDCA, has been approved by the FDA 
for treating patients with PBC who are unresponsive to UDCA 
(Trauner et al., 2019). Meanwhile, OCA has significantly enhanced the 
histological features associated with NASH. However, LDL cholesterol 
was increased in the early stage of OCA treatment (Younossi et al., 
2019). In addition to common side effects such as pruritus, long term 
OCA administration may increase the risk of cardiovascular disease. 
Several other FXR agonists, including EDP305, tropifexor and 
cilofexor have already undergone phase II clinical trials, demonstrating 
the potential to emerge as novel treatments for NAFLD (Panzitt et al., 
2022). Fexaramine, a non-absorbable FXR agonist that remains in the 
intestine, has shown potential in reducing diet-induced obesity and 
improving insulin sensitivity (Fang et al., 2015). The TGR5-specific 
agonist INT-777, derived from CA, alleviated liver fat accumulation 
and improved insulin sensitivity in obese mice (Thomas et al., 2009). 

Recently, a novel TGR5 agonist RDX8940, has been reported to 
improve hepatic steatosis in western diet-fed mice and enhance the 
secretion of gastrointestinal hormones such as GLP-1, GLP-2, and 
peptide YY (Finn et  al., 2019). BA receptor dual agonists target 
multiple receptors involved in BA signaling, which play crucial roles 
in metabolic regulation, inflammation control, and liver protection. 
Research indicates that INT-767, an agonist for both FXR and TGR5, 
can improve metabolic control, reduce liver fibrosis, and decrease 
inflammation in animal models of liver disease (Comeglio et al., 2018; 
Jadhav et  al., 2018; Roth et  al., 2018). This makes it a promising 
candidate for the treatment of NAFLD and NASH. Sevelamer, as a BA 
sequestrant, has been shown to alleviate hepatic inflammation, lipid 
deposition, and fibrosis by targeting LPS signaling and inducing BAs 
excretion (Tsuji et  al., 2020). Drugs that inhibit ASBT reduce the 
reabsorption of ileal BAs, enhancing their synthesis from cholesterol 
in liver and excretion in feces through suppression of FGF15/19. 
ASBT inhibitors, such as IMB17-15, volixibat and elobixibat, currently 
being investigated for their potential to treat NAFLD and NASH (Ge 
et al., 2019; Jansen, 2021). Additional clinical trials and long-term 
follow-ups are necessary to fully understand their impact on 
host health.

5.2 Regulating gut microbiota for NAFLD

There are several strategies to regulate the intestinal microbiota 
and further improve NAFLD, including the diet and exercise, the 
administration of probiotics, prebiotics, and fecal microbiota 
transplantation (FMT). For example, high fat diet caused increased 
DCA levels, accompanied by alteration of gut microbiota (Lin et al., 
2019). In contrast, calorie restriction significantly altered microbiota 
and decreased the levels of non-12α-hydroxylated BAs (Li et al., 2022). 
Exercise could also regulate intestinal microbiota and induce 
metabolic improvements by modifying circulating BAs (Aoi et al., 
2023). The molecular mechanism underlying metabolic improvement 
by exercise may involve FXR-FGF15 signaling (Qiu et  al., 2021). 
Increasing evidence supports that various probiotic bacteria have 
promising effects on NAFLD, including the genera such as 
Bifidobacteria and Lactobacillus, along with others like Saccharomyces 
boulardii and Streptococcus thermophilus. Zhao et  al. showed that 
administration of Lactobacillus plantarum alleviated the severity of 
NAFLD in HFD induced mice (Zhao et al., 2020). Lactobacillus gasseri 
ameliorated hyperlipidemia and modulates BAs metabolism. 
Mechanically, probiotics reduced the inflammatory factors and 
increased the gut barrier. In addition, Parabacteroides distasonis has 
been reported to alleviate hepatic steatosis via increasing alternative 
BA synthesis pathway (Kuang et al., 2023). Prebiotics are a group of 
nutrients in the diet that are resistant to digestion but can be fermented 
by the intestinal microflora, including fructo-oligosaccharides (FOS) 
and inulin. The fermentation of prebiotics by gut microbiota produces 
short-chain fatty acids (SCFAs) and affects BAs, though this is not 
well-documented. SCFAs may directly regulate BA synthesis and alter 
the microbial composition in the gut, which in turn can modify the 
profile of BAs. Currently, FMT is increasingly supported by evidence 
as a viable therapy option for NAFLD. In contrast to probiotics, FMT 
offers a broad spectrum of healthy bacteria that help to reshape the gut 
microbial dysbiosis. It is well established that FMT from lean donors 
enhances insulin sensitivity in individuals with metabolic syndrome 
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(Vrieze et al., 2012). Xue et al. performed a randomized clinical trial 
and discovered that FMT attenuated fatty liver disease by facilitating 
intestinal microflora reconstruction (Xue et al., 2022). The long-term 
effects and potential side effects of FMT for NAFLD require further 
investigation. Potential risks include changes in the recipient’s gut 
microbial diversity that could lead to unforeseen health issues, 
including gastrointestinal infections, or exacerbation of other 
inflammatory conditions. Moreover, the durability of the treatment’s 
effectiveness remains uncertain.

5.3 Metabolic surgery as a therapeutic 
option for NAFLD

Metabolic surgery commonly includes vertical sleeve gastrectomy 
(VSG) and Roux-en-Y gastric bypass (RYGB). Numerous clinical 
studies and animal experiments have provided evidence that the 
histopathology of NAFLD improves significantly after metabolic 
surgery, with this improvement being closely linked to weight loss 
(Aguilar-Olivos et al., 2016; Axelrod et al., 2023). However, changes 
in BAs and the gut microbiota also play a pivotal role in ameliorating 
NAFLD (Pérez-Rubio et al., 2023). Both human and animal studies 
have shown that following RYGB surgery, there is a significant increase 
in both fasting and postprandial BA levels, a marked rise in the ratio 
of 12α-OH/non-12α-OH BAs, and a reversal in the primary to 
secondary BA ratio. Additionally, levels of related factors such as 
FGF19 and GLP-1 are also significantly elevated (Ahmad et al., 2013; 
Bhutta et al., 2015; Dutia et al., 2016; Lalloyer et al., 2023). These 

alterations in BA levels do not manifest immediately post-surgery but 
exert a prolonged influence. Some studies suggest that the mechanisms 
underlying RYGB’s alleviation of type 2 diabetes may be linked to the 
increase in FGF19, upregulation of CYP7A1 gene expression, and an 
overall rise in bile acids (Gerhard et al., 2013). Research shows that 
cholesterol is converted into bile acids and excreted, with the 
alternative BA synthesis pathway enhanced due to significant increases 
in CYP27A1 and CYP7B1 expression levels. This could be  a 
mechanism through which RYGB improves NAFLD by regulating 
hepatic and systemic cholesterol as well as BA metabolism (Lalloyer 
et al., 2023). Interestingly, bile diversion surgery in diet-induced obese 
mice has shown that diverting bile to the ileum induces physiological 
changes similar to those seen with RYGB, including significant weight 
loss, improved glucose tolerance, and sustained improvement in liver 
fat deposition, with a notable increase in bile acids, especially 
conjugated T-β-MCA (Flynn et al., 2015). Moreover, the gut-brain axis 
might be involved in the metabolic surgery. BAs in serum and brain 
are gradually elevated after metabolic surgery, which attenuates 
cocaine-induced elevations in accumbal dopamine via TGR5 pathway 
(Reddy et  al., 2018). Neuron-specific TGR5 activation exhibits 
anorexigenic actions via Rho-ROCK-action pathway, thus decreasing 
neuropeptide Y secretion (Perino et al., 2021). In vivo, deletion of 
TGR5 significantly increases food intake. Dysregulation of dopamine 
signaling can lead to overeating, especially of high-fat or high-sugar 
foods, contributing to the development of NAFLD. The specific 
mechanisms by which the gut-brain axis mediates the metabolic 
surgery effects require further investigation. While metabolic surgery 
can provide significant health benefits for NAFLD, it is essential to 

FIGURE 3

Regulating BA signaling is a promising therapeutic target for NAFLD. These approaches to regulate BA signaling for NAFLD therapy include diet, 
exercise, drugs, probiotics, FMT and metabolic surgery. Mechanically, targeting BAs and gut microbiota improves glucose and lipid metabolism, gut 
barrier, insulin resistance and GLP-1 secretion, while decreases lipid absorption, LPS, and inflammation, ameliorating hepatic steatosis. BAs, bile acids; 
FMT, fecal microbiota transplantation; FGF15/19, fibroblast growth factor 15/19; LPS, lipopolysaccharide; GLP-1, glucagon-like peptide-1; NAFLD, 
nonalcoholic fatty liver disease.
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consider the potential disadvantages, including postoperative 
complications, nutritional deficiencies, and irreversible alterations to 
the digestive system (Kheirvari et al., 2020).

6 Conclusions and perspectives

Dysregulated BA signaling has been implicated in the development 
and progression of NAFLD. Therefore, understanding how BAs influence 
host metabolism is crucial for developing strategies to manipulate BA 
levels effectively in treating the disease. Although the regulation of the 
BA signaling holds promising therapeutic potential for NAFLD, there are 
currently no BA analogs or drugs targeting BA signaling available for 
NAFLD treatment. The principal challenge lies in developing a tissue-
specific drug or non-absorbed drug that regulates BA signaling, thereby 
improving the metabolic dysfunction in NAFLD without causing 
significant adverse effects. Therefore, there is an urgent need for further 
research to explore the relevant molecular mechanisms of BAs in the 
progression of NAFLD and to develop novel drugs that can be applicated 
early in the treatment of NALFD. In addition, reshaping the gut 
microbiota to gently modulate BA signaling is also an important strategy 
for NAFLD treatment. Notably, FMT has emerged as a safe and efficient 
therapeutic approach for NAFLD. Furthermore, combination therapy, 
integrating multiple bile acid-targeted therapies, may enhance treatment 
efficacy and patient outcomes. However, there are several limitations in 
the current approaches to targeting BAs for NAFLD treatment. First, the 
intricate role of BAs in liver metabolism and systemic health remains 
inadequately understood, potentially leading to unintended off-target 
effects and systemic toxicity. Second, there are significant concerns 
regarding the long-term safety of modifying BA pathways, particularly 
because high doses of BAs may act as pro-carcinogenic agents. Third, the 
necessity for more phase 2 and 3 clinical trials to evaluate their long-term 
efficacy and safety is critical. Taken together, dysregulated BA signaling 
has been demonstrated to be  involved in the development and 
progression of NAFLD. Thus, understanding the mechanism by which 
how BAs impact the host metabolism can help us in deciding how to 
manipulate the levels of BAs for treat the disease.
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Glossary

ASBT Apical sodium-dependent bile acid transporter

BA Bile acid

BAs Bile acids

BAT Brown adipose tissue

BSH Bile salt hydrolase

BSEP Bile salt export pump

WAT White adipose tissue

CA Cholic acid

CDCA Chenodeoxycholic acid

ChREBP Carbohydrate response element binding proteins

CYP7A1 Cholesterol 7-alpha hydroxylase

CYP8B1 Sterol 12α-hydroxylase

CYP27A1 Sterol-27α-hydroxylase

CYP7B1 Oxysterol 7α-hydroxylase

DCA Deoxycholic acid

DIO2 Type II iodothyronine deionidinase

ERK1/2 Extracellular regulated protein kinases

FGF15/19 Fibroblast growth factor 15/19

FGFR4 Fibroblast growth factor receptor 4

FXR Farnesoid X receptor

FOS Fructo-oligosaccharides

FMT Fecal microbiota transplantation

GLP-1 Glucagon-like peptide-1

GLP-2 Glucagon-like peptide-2

Gly-MCA Glycine-β-muricholic acid

GLUT4 Glucose transporter 4

G6Pase Glucose 6-phosphatase

HFD High-fat diet

HCC Hepatocellular carcinoma

HDCA Hyodeoxycholic acid

HCA Hyocholic acid

LCA Lithocholic acid

LXR Liver X receptor

LRH-1 Liver receptor homolog-1

LPS Lipopolysaccharide

MCAs/α/β-MCA Muricholic acids/α/β-muricholic acid

MRP2 Multidrug resistance-associated protein 2

NAFLD Nonalcoholic fatty liver disease

NAFL Non-alcoholic fatty liver

NASH Nonalcoholic steatohepatitis

NTCP Sodium dependent taurocholate co-transporting polypeptide

OSTα/β Organic solute transporter subunit α and β

OCA Obeticholic acid

PYY Peptide YY

PXR Pregnane X receptor
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PEPCK Phosphoenolpyruvate carboxykinase

RYGB Roux-en-Y gastric bypass

SHP Small heterodimer partner

SREBP-1c Steroid response element binding protein-1c

SCFAs Short-chain fatty acids

SIPR2 Sphingosine-1-phosphate receptor 2

TGR5 G protein-coupled bile acid receptor

UCP1 Uncoupling protein1

UDCA Ursodeoxycholic acid

VDR Vitamin D receptor
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Background: Non-alcoholic fatty liver disease (NAFLD) is a type of liver metabolic 
syndrome. Employing multi-omics analyses encompassing the microbiome, 
metabolome and transcriptome is crucial for comprehensively elucidating the 
biological processes underlying NAFLD.

Methods: Hepatic tissue, blood and fecal samples were obtained from 9 
NAFLD model mice and 8 normal control mice. Total fecal microbiota DNA 
was extracted, and 16S rRNA was amplified, to analyze alterations in the gut 
microbiota (GM) induced by NAFLD. Subsequently, diagnostic strains for 
NAFLD were screened, and their functional aspects were examined. Differential 
metabolites and differentially expressed genes were also screened, followed 
by enrichment analysis. Correlations between the differential microbiota and 
metabolites, as well as between the DEGs and differential metabolites were 
studied. A collinear network involving key genes-, microbiota-and metabolites 
was constructed.

Results: Ileibacterium and Ruminococcaceae, both belonging to Firmicutes; 
Olsenella, Duncaniella and Paramuribaculum from Bacteroidota; and 
Bifidobacterium, Coriobacteriaceae_UCG_002 and Olsenella from 
Actinobacteriota were identified as characteristic strains associated with NAFLD. 
Additionally, differentially expressed metabolites were predominantly enriched 
in tryptophan, linoleic acid and methylhistidine metabolism pathways. The 
functions of 2,510 differentially expressed genes were found to be associated 
with disease occurrence. Furthermore, a network comprising 8 key strains, 14 
key genes and 83 key metabolites was constructed.

Conclusion: Through this study, we  conducted a comprehensive analysis of 
NAFLD alterations, exploring the gut microbiota, genes and metabolites of the 
results offer insights into the speculated biological mechanisms underlying 
NAFLD.

KEYWORDS

non-alcoholic fatty liver disease, gut microbiota, differential metabolites, differentially 
expressed genes, multi-omics
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1 Introduction

The gut microbiota (GM) constitutes a complex, dynamic and 
spatially heterogeneous ecosystem hosting numerous interacting 
microorganisms (Fan and Pedersen, 2021). Renowned as not only the 
largest “micro-ecosystem,” but also the “second largest gene pool” in 
the human body (Ren et al., 2020; Li C. et al., 2021). GM plays a 
pivotal role in human health (Álvarez-Mercado et  al., 2019). 
Alterations in the GM composition can significantly impact metabolic 
health, with abnormal changes in its abundance contributing to 
various common metabolic disorders, such as obesity, type 2 diabetes, 
non-alcoholic fatty liver disease, and cardiometabolic disease (de la 
Cuesta-Zuluaga et  al., 2018; Safari and Gerard, 2019; Sanchez-
Rodriguez et al., 2020; Wu et al., 2020). Marshall proposed the concept 
of the entero-hepatic axis (Marshall, 1998), elucidating the reciprocal 
regulation and influence of substances, cells and cytokines between 
the liver and intestine through the portal vein system. Moreover, 
studies have validated the metabolic interaction and immune 
correlation between the liver and intestine.

Studies have shown that in healthy individuals, there is usually a 
stable proportion of bacteria within the GM. Disruption of the GM 
can lead to structural, functional and diversity changes in intestinal 
tissues. Moreover, an increase in pathogenic bacteria could cause 
inflammation, energy metabolism disorders and immune disorders in 
host tissues, potentially leading to various diseases (Singh et al., 2017), 
including non-alcoholic fatty liver disease (NAFLD). According to the 
latest nomenclature standards, Metabolic Associated Steatotic Liver 
Disease (MASLD) has replaced the previous term Non-Alcoholic 
Fatty Liver Disease (NAFLD). However, for the sake of clarity and 
reference in this study, we will continue to use the term NAFLD after 
introducing MASLD. MASLD is a newer term. It is defined by hepatic 
steatosis and the presence of at least one cardio-metabolic risk factor. 
It emphasizes the central role of metabolic factors in fatty liver disease. 
This name more clearly points out the key role of metabolic disorders 
(such as obesity, diabetes, hyperlipidemia, etc.) in the occurrence of 
disease (Abdelhameed et al., 2024). NAFLD encompasses liver fat 
accumulation exceeding 5%, excluding alcohol and known liver 
damage factors, and includes non-alcoholic hepatic steatosis, 
non-alcoholic steatohepatitis (NASH), cirrhosis, and hepatocellular 
carcinoma (Powell et  al., 2021). Research by Li F. et  al. (2021) 
confirmed increased abundances of Escherichia, Prevotella and 
Streptococcus, alongside decreased abundances of Coprococcus, 
Faecalibacterium and Ruminococcus in patients with NAFLD. Similarly, 
a study by Loomba et al. (2017) also identified GM imbalances in 
NAFLD, specifically increased abundances of Proteobacteria and 
Enterobacteria and decreased abundances of Ruminococcus and 
Firmicutes. Further investigations revealed the crucial role of GM 
metabolites in the onset and progression of NAFLD. However, 
comprehensive analyses integrating transcriptome-metabolome-and 
microbiome data remain an area needing further exploration.

The advantage of using mice as a multi-omics model for NAFLD 
research lies in the following reasons. First, biological similarity. The 
biology of mice is similar to that of humans, especially in terms of 
metabolic and liver diseases. Therefore, by studying NAFLD in mouse 
models, the pathogenesis and pathophysiological processes of the disease 
can be better understood. Second, controllability. Mouse models can 
be more easily controlled and manipulated, and experimental conditions 
such as diet, environment, and gene expression can be  precisely 

controlled to better understand the development and progression of 
NAFLD. Third, experimental resources and costs. Mouse models are 
relatively inexpensive and resources are more readily available, and 
mouse experiments can be conducted more cost-effectively than human 
studies. Fourth, evaluation of potential treatment strategies. Studies 
conducted in mouse models can provide important information for the 
development and evaluation of potential NAFLD treatment strategies, 
such as drug therapy, dietary interventions, and gene editing.

In this study, we extensively elucidated the intricate biological 
mechanisms involved in the pathogenesis of NAFLD, examining 
genes, species, metabolites and metabolic pathways through multi-
omics analyses encompassing the microbiome, metabolome and 
transcriptome. Specifically, we  initially employed 16S rRNA 
sequencing to analyze differences in the species diversity and 
composition within the GM between patients with NAFLD and 
healthy controls (HCs). Subsequently, we  identified differential 
microbiota, and metabolites as well as differentially expressed genes 
(DEGs), exploring their respective functions. Additionally, we delved 
into the driving mechanisms associated with key strains of NAFLD by 
conducting correlation analyses among the genes, microbiota 
and metabolites.

2 Materials and methods

2.1 Construction of a nonalcoholic fatty 
liver model

Male C57 mice aged 8 weeks and weighing between 18 and 22 g 
were randomly allocated into two groups: 9 mice in the high-fat group 
and 8 in the control group. The high-fat group was fed through 85% 
basal feed +15% lard +1.5% cholesterol; the low-fat group was fed 
through normal feed. The feed composition includes 97 g/kg moisture, 
194.8 g/kg crude protein, 46 g/kg crude fat, 20 g/kg crude fiber, 56 g/
kg crude ash, 13.4 g/kg calcium, 8.2 g/kg total phosphorus, 0.146 mg/
kg aflatoxin B1, and < 10 CFU/g total colony count. All mice had ad 
libitum access to food and water throughout the study. The high-fat 
group received a diet high in -fat content, whereas the control group 
was provided with a standard normal diet. After a feeding period of 
13 weeks, blood samples were collected from the eyeball, fecal samples 
were collected and liver tissue was obtained through laparotomy. This 
study received approval from the ethics committee of Kunming 
Medical University.

2.2 Lipid panel tests

The blood collected from the eyeballs in each group at a range of 
2–8°C by centrifugation at 3000 rpm for 15 min. Subsequently, the 
resulting and the supernatant underwent analysis using a biochemical 
analyzer (SMT-120VP, Smart).

2.3 Fat expression detection using oil red O 
staining

The liver tissues obtained from the mice in each group were 
initially fixed in paraformaldehyde, and subsequently treated with the 
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OCT embedding agent, and rapidly frozen and embedded on the 
frozen table of microtome. To visualize lipid content, frozen sections 
were immersed in an oil red O working solution in darkness for 
8–10 min. Afterwards, differentiation was achieved by briefly 
submerging the sections in 60% isopropyl alcohol for 3–5 s. The 
staining of nuclei was accomplished using a haematoxylinstaining 
solution (G1004, Servicebio), followed by a series of washing steps 
with water to remove excess stain. Once washed, dried slightly, the 
sections were sealed using a glycerine gelatine sealing medium to 
preserve the samples.

2.4 Data extraction

The total fecal microbiota DNA was extracted and the V3-V4 
regions of the 16S rRNA gene were amplified. DNA extraction kits 
were available for different types of samples in order to ensure DNA 
extraction efficiency and quality. (OMEGASoilDNAKit; 
OMEGAWaterDNAKi; OMEGAStool DNAKit). The PCR primer 
(Supplementary Table 1) was designed against the conserved region 
to target the variable region of the 16S /ITS2 rDNA gene. After 35 
cycles of PCR, sequencing adapters and barcodes were added for 
amplification. PCR amplification products were detected by 1.5% 
agarose gel electrophoresis. The target fragments were recovered using 
the AxyPrep PCR Cleanup Kit. The PCR product was further purified 
using the Quant-iT PicoGreen dsDNA Assay Kit. The library was 
quantified on the Promega QuantiFluor fluorescence quantification 
system. The pooled library was loaded on Illumina platform using a 
paired-end sequencing protocol (2 × 250 bp). The composition of the 
fecal microbiota was evaluated using the quantitative insights into 
microbial ecology (QIIME) software (Release 138) for 
microbiota analysis.

Additionally, the collected tissue samples were thawed on ice, and 
metabolites were extracted using a 50% methanol buffer. Briefly, 20 μL 
of each sample was mixed with 120 μL of precooled 50% methanol, 
vortexed for 1 min, and then incubated at room temperature for 
10 min. The extraction mixture was stored overnight at −20°C. The 
next day, the mixture was centrifuged at 4,000 g for 20 min, and the 
supernatants were carefully transferred into new 96-well plates. The 
samples were then stored at −80°C until further analysis by LC–
MS. In addition, quality control (QC) samples were prepared by 
combining 10 μL of each extraction mixture. QC samples with a 
relative standard deviation (RSD) greater than 30% were removed 
from the analysis to ensure data quality. Subsequently, the extracted 
metabolites were annotated and quantified using the metaX software 
in combination with the KEGG and HMDB databases to identify and 
characterize the metabolites of interest.

2.5 Species diversity analysis

The sequencing depth was assessed using the Good’s coverage 
index. Various a Alpha-diversity indexes, including Chao1, observed 
species, Shannon and Simpson, were compared to analyze the species 
richness and uniformity (Mohakud et  al., 2019). Beta-diversity 
analysis was used to evaluate the species’ complexity among different 
groups. In this study, principal coordinate analysis was used to 
illustrate the differences between the different groups. Subsequently, 

the analysis of similarities (Anosim) was used to analyze whether 
differences between the two groups were significantly greater than 
those within the groups (Draiko et al., 2019).

2.6 Species composition diversity analysis

The GM composition was further analyzed, comparing the 
distribution of the GM at both the phylum and genus levels. 
Characteristic strains were identified using linear discriminant 
analysis effect size (LEfSE), and operational taxonomic units with a 
relative abundance exceeding 0.5% were selected for analysis based on 
the linear discriminant analysis (LDA) scores (Segata et al., 2011).

2.7 Functional prediction for the diagnostic 
strains

Receiver operating characteristic (ROC) curves were calculated 
using the “pROC” R package (version 1.18.0), and the area under the 
ROC curve (AUC) values were used to access the distinguish ability 
of characteristic strains (Robin et al., 2011). Functional prediction of 
the diagnostic strains (AUC > 0.8) was assessed, and differences 
between NAFLD mice and HCs were studied using the “PICRUSt2” 
R package (version 0.2.3) (Douglas et al., 2020).

2.8 Differential analysis of the metabolites

The metabolic differences between the NAFLD mice and HCs 
were compared through the construction of an orthogonal partial least 
squares discriminant analysis (OPLS-DA) model. This model’s validity 
was assessed using a permutation test. Subsequently, three methods, 
were employed to select metabolites: the multiple change method (FC 
value), the t test method (p value, and FDR value), and the partial least 
squares discriminant analysis method (VIP value). The differentially 
expressed metabolites between the two groups were identified using 
the following criteria: VIP > 1, FC ≥ 1, and p < 0.05. In addition, 
enrichment analysis of these differentially expressed metabolites was 
performed using the online platform “Metaboanalyst” (Chong 
et al., 2019).

2.9 Function analysis of the DEGs in NAFLD

The mRNA expression levels between the NAFLD mice and HCs 
were compared using the “limma” R package (version 3.52.4) 
(|logFC| > 0.5, p < 0.05), and visualized using the ‘ggplot2’ R package 
and Kolde R (2019). _pheatmap: Pretty Heatmaps_. R package version 
1.0.12.1 Then, Gene Ontology (GO) and Kyoto Encyclopedia of Genes 
and Genomes (KEGG) enrichment analyses of DEGs were conducted 
using the ‘clusterprofiler’ R package (version 4.4.4) (Wu et al., 2021).

1 https://CRAN.R-project.org/package=pheatmap
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FIGURE 1

Construction of the nonalcoholic fatty liver model. (A) The liver sample of each tissue. (B) Lipid panel. *p < 0.05, **p < 0.01, ****p < 0.0001.

2.10 Construction of a 
gene-microbiota-metabolite interaction 
network

The correlations between the characteristic strains and differential 
metabolites were assessed using the ‘Spearman’ package (|r| ≥ 0.3, 
p < 0.05). Metabolites in the pair were regarded as the key metabolites 
1, and diagnostic strains were regarded as key microbiota. Similarly, the 
correlations between the DEGs and differential metabolites were 
studied, and the DEGs in the pair were regarded as key genes, whereas 
metabolites were regarded as key metabolites 2. Collinear networks of 
the key microbiota-metabolites 1 and key genes-metabolites 2 were 
constructed using ‘Cytoscape’ (version 3.7.1) (Shannon et al., 2003). 
Finally, key metabolites 1 and 2 were combined, and a collinear network 
of key genes-microbiota-metabolites was constructed using ‘Cytoscape.’

2.11 Verification of the expression of 
differential genes using RT-PCR

Total RNA was extracted from the control and model groups, and 
the reverse transcription reaction was subsequently performed, followed 
by qPCR reaction with 2 × Universal Blue SYBR Green qPCR Master 
Mix kit. The PCR cycling conditions were as follows: pre-denaturation 
at 95°C for 1 min; denaturation for 20 s at 95°C, annealing for 20 s at 
55°C,and final extension for 30 s at 72°C; total, 40 cycles.

2.12 Statistical analysis

Statistical analysis was performed using R software (version 4.2.3) 
and the maps were plotted using Prism GraphPad, and the 
experimental data are presented as mean ± SEM. The Welch’s t-test was 
used to compare the measurement data between groups. p < 0.05 for 

statistical significance; p < 0.01 for high statistical significance; 
p < 0.001 for extremely high statistical significance.

3 Results

3.1 Construction of non-alcoholic fatty 
liver model

Upon examination, liver tissues from the model group of C57 
mice exhibited a distinctive yellow hue and enlarged sizes (Figure 1A). 
Moreover, the levels of TG, TC and LDL were significantly increased, 
whereas HDL levels showed a significant decrease (Figure 1B). These 
findings collectively suggest the successful establishment of the 
NAFLD model (Figure 1).

3.2 Fat formation observed upon oil red O 
staining

Excessive fat deposition represents a crucial pathological 
characteristic of NAFLD. To validate the successful establishment of 
the model, we conducted observations of adipogenesis using oil red O 
staining. Results demonstrated a substantial increase in fat content 
within the model group compared to the control group, further 
substantiating the successful construction of the model (Figure 2).

3.3 Species diversity analysis

The goods coverage curve approaching 1, indicated that sufficient 
sequencing data were acquired, affirming a reasonable sequencing 
depth (Figure  3A). No significant differences in alpha-diversity 
indexes were observed between the NAFLD and HC groups, 
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suggesting that the richness and uniformity of bacterial communities 
remained largely unchanged owing to NAFLD (Figure 3B). However, 
the PCoA results showed a distinct clustering of patients with NAFLD 
and HCs (Figure  3C). Furthermore, the ANOSIM analysis 
demonstrated greater differences between groups than within groups 
(ANOSIM statistics = 0.6233, p = 0.001), signifying the meaningfulness 
of grouping and substantial alterations in the structure and 
composition of the GM induced by NAFLD.

3.4 Analysis of the species composition 
diversity

At the phylum level, the gut microbiota primarily comprised 
Firmicutes, Bacteroidetes, Actinobacteria, Desulfobacterota, 
Patescibacteria, Proteobacteria, Verrucomicrobiota, Campylobacterota, 
Deferribacterota, and Synergistota. Comparing the NAFLD and HC 
groups, revealed significant decreases in the abundances of Firmicutes 

FIGURE 2

Fat formation observed upon oil red O staining. *p < 0.05.

FIGURE 3

Species diversity analysis. (A) The goods coverage curve. (B) Alpha-diversity indexes between the NAFLD and HC groups. (C) The PCoA result.
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and Synergistota in the NAFLD groups (p < 0.05), whereas Patescibacteria 
and Deferribacterota showed decreased abundance, Others 
demonstrated significantly decreased abundances in the NAFLD group 
(p < 0.05) (Figure 4A and Supplementary Table 2). At the genus level, the 
NAFLD group exhibited prominent representation of Muribaculaceae, 
Allobaculum, Dubosiella, Ligilactobacillus, Ruminococcaceae, 
Paramuribaculum, Bifidobacterium, and Desulfovibrio, among others. 
The HC group showed a predominant presence of Ligilactobacillus, 
Muribaculaceae, Lactobacillus, HT002, Dubosiella, Allobaculum, 
Candidatus, and Clostridia, among others. Notably, the NAFLD group 
demonstrated significantly increased abundances of Muribaculaceae, 

Allobaculum, Paramuribaculum, and Ruminococcaceae, and decreased 
abundances of Ligilactobacillus, Lactobacillus, and HT002 (Figure 4B and 
Supplementary Table  3). Further investigation using LEfSE analysis 
identified 46 differentially abundant key gut microbiota, including 35 
with notable roles in the NAFLD groups and 11 in the HC groups. 
Among these, Ileibacterium, Ruminococcaceae (Firmicutes), Olsenella, 
Duncaniella and Paramuribaculum (Bacteroidota), and Bifidobacterium, 
Coriobacteriaceae_UCG_002 and Olsenella (Actinobacteriota) were 
characteristic strains of NAFLD. On the other hand, HT002, 
Lactobacillus (Firmicutes), Bacteroides (Bacteroidota) were characteristic 
strains of HC (Figures 4C,D and Supplementary Table 4).

FIGURE 4

Analysis of the species composition diversity. (A) The distribution of the GM at the phylum level. (B) The distribution of the GM at the genus level. 
(C) LEfSE analysis of the clustering tree. (D) Different microflora in the NAFLD and HC groups.
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3.5 Screening of the 13 diagnostic strains, 
associated with liver protection

In this study, the ROC curves of the characteristic strains were 
calculated, and 13 diagnostic strains were obtained with an 
AUC  value >0.8 (AUCBifidobacterium = 0.969, AUCOlsenella = 1.000, 
AUCEnterorhabdus = 0.812, AUCBacteroides = 0.812, AUCDuncaniella = 1.000, 
AUCMuribaculum = 0.922, AUCParamuribaculum = 0.953, AUCIleibacterium = 0.891, 
AUCTuricibacter = 0.922, AUCHT002 = 0.883, AUCLactobacillus = 0.979, 
AUCRuminococcaceae = 0.984, AUCIleibacterium = 0.891) (Figure  5A). In 
addition, the functional prediction of the diagnostic strains was 
assessed, and the results showed that 121 pathways were significantly 
different between the two groups. Among these groups, 
methylerythritol phosphate pathway, glycogen degradation, 
l-ornithine, l-valine, l-tryptophan, and l-isoleucine biosynthesis 
pathways, among others, were significantly highly expressed in the 
NAFLD groups (p < 0.05) (Figure 5B).

3.6 The function of 2,497 differential 
metabolites mainly enriched in tryptophan, 
linoleic acid and methylhistidine 
metabolism pathways

The constructed OPLS-DA model revealed distinct differences in 
metabolite composition between the two groups (Q2 = 0.837, 
R2Y = 0.999) (Figure  6A). A total of 2,497 differentially regulated 
metabolites, including 947 down-regulated and 1,551 up-regulated 
metabolites, were identified in the NAFLD group, meeting the criteria 
of VIP > 1, FC ≥ 1, and p < 0.05 (Figures  6B,C). In addition, these 
differentially regulated metabolites were predominantly enriched in 
pathways related to tryptophan, alpha-linolenic acid, linoleic acid and 
methylhistidine metabolism (Figure 6D).

3.7 The functions of 2,510 DEGs are 
associated with the occurrence of diseases

A total of 2,510 DEGs (1,531 down-regulated and 979 up-regulated) 
were screened in the NAFLD groups compared with the HC groups 
(Figures 7A,B). In addition, these DEGs exhibited significant enrichment 
in 92 GO, categories, notably involving processes such as small molecule 
catabolic, processes and the regulation of small GTPase mediated signal 
transduction (Figure  7C). Furthermore, the KEGG results revealed 
associations of these DEGs with pathways related to cholesterol 
metabolism, amino acid biosynthesis, and primary bile acid biosynthesis, 
among others (Figure 7D).

3.8 Correlation analysis among the genes, 
microbiota and metabolites

As shown in Figure 8A, characteristic strains of the HC groups—
Bacteroides, HT002 and Lactobacillus demonstrate strong negative 
correlations with docosahexaenoic acid, n-isobutyrylglycine and 
taurine. Conversely, the key microbiota of the NAFLD groups exhibit 
strong positive correlations with cholanoic acid, 5-methyltetrahydrofolic 
acid etc. The correlation between the key metabolites 2 and genes is 
shown in Figure  8B. Shisa8 and Lrrc8e display strong positive 
correlations with cis-4-hydroxyequol, whereas Gm38220 and Gm42977 
exhibit strong negative correlations with Glu-Ile. Moreover, the 
constructed network involving 8 key strains, 14 key genes and 83 key 
metabolites elucidates potential regulatory interactions. Notably, 
Mup-ps16 has been indicated to potentially regulate the metabolism of 
3,7-dihydroxy-12-oxocholanoic acid through interactions with 
Duncaniella and Olsenella. Additionally, Proser2 shows potential 
regulatory capabilities across the metabolism influenced by most 
diagnostic microbiota (Figure 8C and Supplementary Table 5).

FIGURE 5

The 13 diagnostic strains related to liver protection and their function prediction analysis. (A) The ROC curve characteristic pressure calculation and 
4/13 diagnostic strains produced AUC values >0.8. (B) Functional prediction analysis of diagnostic strains.
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3.9 Verification of the expression of 
differential genes using RT-PCR

Based on the results of multi-omics joint analyses, we  further 
verified the expression of differential genes using RT-PCR. The results 
showed that compared with that in the control group, the expression 
of Slc22a7 in the model group was significantly increased, whereas the 
expressions of Hsd3b5, Zfp334, Ace2, Dbp and Proser2 were 
significantly decreased. Cyp2b9 and Ccr7 showed no significant 

differences. In addition to Dbp, Hsd3b5, Cyp2b9 and Ccr7, Slc22a7, 
Zfp334, Ace2 and Proser2 expressions were consistent with the results 
of multi-omics analysis (Figure 9).

4 Discussion

With the advancement in people’s living standards, NAFLD has 
emerged as the most prevalent liver disease globally. An increasing 

FIGURE 6

2,497 different metabolites and their functional enrichment metabolic pathways. (A) The OPLS-DA model shows differences in the metabolite 
composition between the two groups. (B) The volcanic map of different metabolites in the NAFLD group with VIP  >  1, FC  ≥  1, p  <  0.05. (C) Heat map of 
differential metabolite expression in the NAFLD group. (D) Differential metabolite enrichment pathway.
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body of research has established connections between imbalances in 
gut flora and a spectrum of host diseases, such as fatty liver disease, 
metabolic syndrome, inflammatory bowel disease, and colon cancer. 
The direct linkage between the intestine and liver through the portal 
vein, enables the intestinal microflora to remotely influence liver 
health (gut–intestinal microbiota – liver axis). Consequently, 
disruptions in intestinal microflora can alter the biological metabolism 
beyond the liver, potentially contributing to the onset and development 
of NAFLD. However, comprehensive joint analyses integrating 
transcriptomic, microbiomic and metabolomic data in NAFLD 
remain unreported.

In this study, we observed significant increases in the abundances 
of Bacteroides, Muribaculaceae, Allobaculum, Paramuribaculum and 
Ruminococcaceae, alongside notable decreases in the abundances of 
Ligilactobacillus, Lactobacillus and Enterococcus faecalis HT002 within 
the NAFLD group. Specifically, Ileibacterium valens, Ruminococcaceae, 

Duncaniella frettoniella, Paramuribaculum, Coriobacteriaceae, 
Marmorella UCG_002 and Olsenella were identified as characteristic 
strains associated with NAFLD. Previous studies have highlighted the 
negative association of the Ruminococcaceae family with hepatic 
markers, including liver weight, serum transaminase levels and the 
degree of hepatic steatosis and inflammation (Milton-Laskibar et al., 
2022). Moreover, our findings align with previous reports indicating 
increased abundances of Blautia, Romboutsia, Faecalibaculum and 
Ileibacterium alongside decreased levels of Allobaculum and 
Enterorhabdus in NAFLD mice (Gu et  al., 2022). Our results are 
consistent with those of previous literature reports. The relationship 
between the other five strains and NAFLD has not been reported in 
detail. However, Fang et al. (2022) found that Olsenella is negatively 
correlated with lower levels of free fatty acids, a pivotal factor in 
alcoholic liver disease- development. Additionally, Zhou et al. (2022) 
investigated the intestinal microecology in hepatocellular carcinoma 

FIGURE 7

Differentially expressed genes and their enrichment analysis. (A) Volcanic map of 2,510 DEGs associated with disease occurrence. (B) Heat maps of 
2,510 DEGs associated with disease occurrence. (C) GO enrichment analysis of DEGs. (D) KEGG enrichment analysis of DEGs.
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model mice induced by diethylnitrosamine, emphasizing 
Coriobacteriaceae as a dominant bacterial group at the genus level. 
This further suggests the potential importance of Olsenella and 
Coriobacteriaceae in liver diseases.

Jiang et al. (2023) discovered that free fatty acid receptor4 (FFAR4) 
deficiency hindered the protective effects of high endogenous n-3 
polyunsaturated fatty acids on intestinal barrier dysfunction and 
hepatic steatosis. Moreover, FFAR4 deficiency decreased gut 
microbiota diversity and increased the prevalence of Rikenella, 
Anaerotruncus, and Enterococcus, while reducing that of Dubosiella, 
Ruminococcaceae UCG-010, Ruminococcaceae UCG-014, 
Coriobacteriaceae UCG-002, Faecalibaculum, Ruminococcaceae 
UCG-009, and Akkermansia. Alterations in the abundances of these 
specific bacterial genera led to changes in the overall production of 
free fatty acids and their interaction manner with FFAR4, ultimately 

diminishing the protective mechanisms against hepatic steatosis. 
These findings underscore the potential significance of 
Ruminococcaceae and Coriobacteriaceae in liver diseases.

We observed significantly higher expression levels of the 
methylerythritol phosphate, glycogen degradation, l-ornithine, 
l-valine, l-tryptophan, and l-isoleucine biosynthesis pathways in the 
NAFLD group. Isoprenoids were associated with the methylerythritol 
phosphate pathway. Glycogen degradation was found to be correlated 
with liver metabolism, processes, contributing to the onset and 
development of NAFLD. L-ornithine and L-aspartic acid (LOLA) act 
as effective amino-decreasing agents in hepatic encephalopathy 
(Teunis et al., 2022). LOLA facilitates ammonia removal through urea 
synthesis and glutamine production via the action of glutamine 
synthetase. Plausible mechanisms of LOLA in NAFLD involve 
enhanced ammonia removal, increased antioxidative capacity, and 

FIGURE 8

The correlation between the key metabolites, microbiota and DEGs and the collinear network diagram. (A) Correlation between the key metabolites 
and microbiota. (B) Correlations between some differential metabolites and DEGs. In Figures, the “X” indicates non-significant (p  >  0.05). (C) Collinear 
network diagram of the genes –microbiome –metabolites.
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reduced lipid peroxidation via the action of glutamine and glutathione. 
Additionally, LOLA improves hepatic microcirculation by producing 
l-arginine-derived NO (Canbay and Sowa, 2019).

Furthermore, we identified key metabolites significantly enriched 
in tryptophan metabolism, alpha-linolenic acid linoleic acid metabolism 
and methylhistidine pathways. Notably, NAFLD, a known risk factor 
for cirrhosis, is linked with metabolic conditions such as obesity, type 2 
diabetes, dyslipidaemia, and atherosclerosis, conditions potentially 
mitigated by tryptophan metabolism. The canine pathway, a significant 
route in tryptophan metabolism is modulated by indoleamine 2, 
3-dioxygenase, whose increased activity is positively associated with 
inflammation and fibrosis in NAFLD (Teunis et al., 2022). In addition, 
substituting linoleic acid or long-chain n-3 polyunsaturated fatty acids 
has shown potential in preventing the onset of NAFLD associated with 
a western diet (Musso et al., 2010; Yuan et al., 2016).

The key microflora associated with NAFLD, such as 
Muribaculaceae, Allobaculum, Dubosiella, Ligilactobacillus, 
Ruminococcaceae, Paramuribaculum, and Bifidobacterium, exhibited 
strong positive correlations with cholinic acid, 5-methyltetrahydrofolic 
acid and other substances. A study has indicated that primary bile acids 
and deoxycholic acids tend to accumulate in mice on a choline-deficient 
diet. Moreover, the introduction of Aerococcus, Oscillospiraceae, 
Ruminococcaceae, Bilophila, Muribaculaceae, Helicobacter and Alistipes 
has been linked to increased liver steatosis, lobular inflammation and 
fibrogenesis in mice, consequently promoting the progression of 
NAFLD (Jian et al., 2022). These findings align with our analyses.

In this study, our analysis revealed associations of DEGs with 
processes such as small molecule catabolism and the regulation of small 
GTPase-mediated signal transduction. Notably, NAFLD can progress 
into NASH, where the activation of the inflammasome protein scaffold 
(NLRP3) plays a pivotal role in NASH-related inflammation. Moreover, 
our findings indicate that Mup-ps16 could regulate the metabolism of 
3,7-dihydroxy-12-oxocholanoic acid through the action of Duncaniella 
and Olsenella. Similarly, Proser2 appears to regulate metabolism across 
most diagnostic microbiota. Mouse major urinary proteins, primarily 
expressed in the liver, and circulating major urinary proteins regulate 
metabolism by suppressing hepatic gluconeogenesis and lipid 
metabolism (Charkoftaki et al., 2019). In line with our observations, 

Xiang et al. (2021) suggested that Olsenella and Slackia genera potentially 
contribute positively to fat and energy metabolism, correlating with 
increased chicken abdominal fat deposition. Based on these findings, 
we  hypothesize that Mup-ps16 and Duncaniella may regulate the 
production of 3, 7-dihydroxy-12-oxocholanoic acid, impacting energy 
metabolism by inhibiting liver gluconeogenesis and lipid metabolism, 
potentially affecting the progression of non-alcoholic fatty liver.

In summary, Ileibacterium valens, Ruminococcaceae, Olsenella, 
Duncaniella Frettoniella, Paramuribaculum, Coriobacteriaceae, and 
Marmorella UCG_002 were identified as the characteristic strains 
associated with NAFLD. Additionally, significant upregulation of 
pathways such as the methylerythritol phosphate, glycogen 
degradation, l-ornithine, l-valine, l-tryptophan, and l-isoleucine 
biosynthesis pathways was observed in the NAFLD group.

Furthermore, our findings suggest that Mup-ps16 might influence 
the metabolism of 3,7-dihydroxy-12-oxocholanoic acid through the 
action of Duncaniella and Olsenella. Similarly, Proser2 seems to 
regulate metabolism across most diagnostic microbiota. Based on 
these observations, we hypothesize that Mup-ps16 and Duncaniella 
could potentially regulate the production of 3, 7-dihydroxy-12-
oxocholanoic acid, influencing energy metabolism by inhibiting liver 
gluconeogenesis and lipid metabolism, thereby affecting the 
progression of non-alcoholic fatty liver.

In the future, we will focus on conducting an in-depth study of the 
combined mechanisms of gene–strain metabolic processes in NAFLD.
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FIGURE 9

The expression of differential genes was detected by RT-PCR. **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Background: This study aimed to investigate the effects of licorice processing of

different Evodiae Fructus (EF) specifications on liver inflammation and oxidative

stress associated with the intestinal mucosal microbiota.

Materials and methods: The 25 Kunming mice were divided into control

(MCN), raw small-flowered Evodiae Fructus (MRSEF), raw medium-flowered EF

(MRMEF), licorice-processed small-flowered EF (MLSEF), and licorice-processed

medium-flowered EF (MLSEF) groups. The EF intervention groups were given

different specifications of EF extract solutions by gavage. After 21 days, indices

of liver inflammation and oxidative stress and intestinal mucosal microbiota were

measured in mice.

Results: Compared with the MCN, malondialdehyde (MDA), tumor necrosis

factor-α (TNF-α), and interleukin-6 (IL-6) levels were significantly increased in

the MRMEF. Although the trends of oxidative stress and inflammatory indexes

in the MLSEF and MLMEF were consistent with those in the raw EF groups,

the changes were smaller than those in the raw EF groups. Compared to

the raw EF groups, the MLSEF and MLMEF showed closer approximations of

metabolic function to the MCN. The abundance of Corynebacterium in MRMEF

was significantly lower than that in the MCN, and it was not significantly different

from the MCN after licorice processing. The probiotic Candidatus Arthromitus

was enriched in the MLSEF. The probiotic Lactobacillus was enriched in the

MLMEF. Correlation analysis revealed significant negative correlations between

IL-1β, some metabolic functions and Corynebacterium.

Conclusion: The effects of medium-flowered EF on oxidative stress and

inflammatory factors in the liver of mice were stronger than those of small-

flowered EF. The licorice processing can reduce this difference by modulating

the abundance of Corynebacterium and intestinal mucosal metabolic function.

KEYWORDS

small-flowered Evodiae Fructus, medium-flowered Evodiae Fructus, specification,
licorice processing, liver inflammation, oxidative stress, intestinal mucosal microbiota
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Background

Euodiae Fructus (EF) is a medicinal herb with significant
therapeutic value. It is derived from the dried nearly ripe
fruits of the plants Euodia rutaecarpa (Juss.) Benth., Euodia
rutaecarpa (Juss.) Benth. var. officinalis (Dode) Huang, or Euodia
rutaecarpa (Juss.) Benth. var. bodinieri (Dode) Huang (National
Pharmacopoeia Committee, 2020). Natural herbal medicines
exhibit characteristics such as multiple targets, multiple actions,
and multiple levels of effects. In traditional Chinese medicine
(TCM), EF is often used for treating gastrointestinal disorders,
headaches, oral ulcers, and vomiting (Xiao et al., 2023). Modern
pharmacological studies have demonstrated that EF is rich in
alkaloids, lignans, and flavonoids, which possess pharmacological
properties such as analgesic, anti-tumor, and anti-inflammatory
effects (Xia et al., 2023).

Ever since the book “Supplementary Records of Famous
Physicians,”classic Chinese medical books such as “Bencaojing
Jizhu” have documented that EF has trace amounts of toxicity.
Fortunately, throughout its history of medicinal use, it has been
discovered that the addition of licorice juice during the processing
of EF can inhibit the generation of toxic metabolites, thereby
reducing its hepatotoxicity (Ren et al., 2023). For example, Zhang
et al. (2018) intervened in mice with 1, 5, and 10 times clinical
doses of EF and found that licorice processing significantly reduced
the degree of liver pathological damage and the elevated levels of
serum alanine aminotransferase (ALT), aspartate aminotransferase
(AST), lactate dehydrogenase, and alkaline phosphatase. This
is supported by the findings of Shan et al. (2021) that an
overdose of EF altered the morphology of mouse liver, while
licorice processing effectively reduced the acute toxicity of aqueous
extracts, volatile oils and ethanolic extracts of EF. The liver
toxicity of EF might be related to cytochrome P450 (CYP450)
(Zhang et al., 2015; Liu et al., 2020; Zhang W. et al., 2021),
oxidative stress (Cai et al., 2014), inflammatory response (Liao
et al., 2014) and other biochemical reactions. The research on
these mechanisms of the preparation of licorice processing EF is
insufficient. It is necessary to explore the different functions of EF
on liver inflammation and oxidative stress before and after licorice
processing, that may help to explain the mechanism of processing
attenuated toxin.

In recent years, it has become increasingly clear that the vast
microbial community residing in the gastrointestinal tract plays
a critical and intricate role in drug absorption and overall liver
health (Gratz et al., 2010; Pabst et al., 2023). The intestine is an
important site for the metabolism of orally administered drugs in
the body, and upon entering the intestine, the drug components are
first exposed to the microbiota. Therefore, the intestinal microbiota
influences the transformation and absorption of certain drug
components even prior to the liver first-pass effect (Džidić-Krivić
et al., 2023). The intestinal microbiota play important roles in
the dual effects of effectiveness and hepatotoxicity of Chinese
medicine. For example, the reactive metabolite genipin dialdehyde
intermediate, generated through the gut microbiota-mediated
transformation of geniposide, plays a critical role in geniposide-
induced liver damage (Li et al., 2019). Another example is the
anticancer drug irinotecan, which, after metabolism by bacterial β-
glucuronidase, can cause severe diarrhea (Kodawara et al., 2016). In

fact, an animal study has shown that the prevention and treatment
of colorectal cancer by EF are associated with the modulation of
gut microbial metabolites and colonic epithelial signaling pathways
(Wang M. X. et al., 2021). This includes promoting the enrichment
of bacteria producing short-chain fatty acids and reducing the
abundance of pro-inflammatory bacteria (Wang M. X. et al.,
2021; Wang et al., 2023). We discuss the effects of processing EF
on its efficacy and hepatotoxicity associated with the intestinal
mucosal microbiota (Long et al., 2018a,b). This will lead to a better
understanding of the traditional process of EF.

In traditional Chinese medicine clinics, Evodiae Fructus is
divided into different specifications and grades according to the
size of the fruit:small, medium, and large flowers, and the ancients
hold that small-flowered EF is of superior quality. It is worth
noting that the large- flowered EF is usually fully matured, and
the seeds separate from the husk, which is inconsistent with
the description of ‘nearly mature’ in the Chinese Pharmacopoeia
(National Pharmacopoeia Committee, 2020; Zhang W. et al., 2021).
Therefore, we took raw or licorice-processed small-flowered and
medium-flowered specifications of EF to make extract solutions,
intervened in mice at a 5-fold clinically equivalent dose, and
examined liver inflammation and oxidative stress indicators and
intestinal mucosal microbiota. Our results will contribute to the
elucidation of the toxicological properties and the detoxification
mechanisms of licorice processing on different specifications
of EF.

Materials and methods

Drugs and reagents

Processing of licorice: Mix licorice juice with raw EF in a ratio
of 3:50, stir well, and stir-fry over low heat until dry (Zhang et al.,
2018). EF dry extract: the raw small-flowered (fruit diameter less
than 3 mm) and medium-flowered EF (fruit diameter 3 to 5mm),
and their licorice-processed were crushed to powder and sieved,
weighed equal amounts of powder, respectively, with 12 times the
amount of water, refluxed and extracted three times, each time
40 min, combined two filtrates, 50◦C water bath concentrated to
powder, set aside. Table 1 shows the yield and the amount of raw
drug of the four dried extracts of EF, along with the content of
limonin and evodiamine in each. The general feed was provided by
the laboratory animal center of the Hunan University of Chinese
Medicine and produced by Jiangsu Medison Biomedical Co. Ltd.
Malondialdehyde (MDA), superoxide dismutase (SOD), tumor
necrosis factor-α (TNF-α), interleukin-1β (IL-1β), and interleukin-
6 (IL-6) kits were purchased from Konodi Biotechnology
Co., Ltd.

EF extract solution configuration

Referring to the literature (Zhang et al., 2018), the daily dose
for mice was calculated using 5 times the pharmacopoeial dosage
(25 g/d) of dried EF extract converted into raw drug quantity
and body surface area of mice. Different specifications of EF
extract powder were weighed and mixed with a certain amount
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TABLE 1 Extraction yield of EF dry extract and limonin and evodiamine contents in dry extracts.

Sample The amount of raw herbs
per g of dry extract(g)

Limonin content in dry
extract (mg/g)

Evodiamine content in
dry extract (mg/g)

Raw small-flowered EF 3.5721 15.76 0.67

Raw medium-flowered EF 2.4040 18.97 0.78

Licorice-processed small-flowered EF 2.0613 8.84 0.43

Licorice-processed medium-flowered EF 2.7686 15.46 0.91

of distilled water to obtain solutions of EF extract with varying
specifications, which were prepared and used immediately. The
raw small-flowered EF extract solution (0.91 g/kg·d), raw medium-
flowered EF extract solution (1.35 g/kg·d), licorice-processed small-
flowered EF (1.58 g/kg·d), licorice-processed small-flowered EF
extract solution (1.17 g/kg·d).

Animals

Twenty-five SPF-grade male (Zhou et al., 2024) Kunming
mice weighing 20 ± 2 g were provided by Hunan Slaccas Jingda
Laboratory Animal Co., Ltd., with license number SCXK2019-
0004. All animal procedures were performed in accordance with
the Guidelines for Care and Use of Laboratory Animals of Hunan
University of Chinese Medicine and approved by the Animal
Experimental Ethics Committee of Hunan University of Chinese
Medicine (Ethics No: LL2022112302).

Animal grouping and administration

After 3 days of adaptive feeding, 25 mice were randomly
divided into the following groups: control (MCN), raw small-
flowered EF (MRSEF), raw medium-flowered EF (MRMEF),
licorice-processed small-flowered EF (MLSEF), and licorice-
processed medium-flowered EF (MLMEF) group. The
experimental procedure is shown in Figure 1. The MRSEF,
MRMEF, MLSEF, and MLMEF groups were gavaged with extract
solutions of raw small-flowered EF, raw medium-flowered EF,
licorice-processed small-flowered EF, and licorice-processed
medium-flowered EF, respectively. The administration was
performed twice a day for 21 consecutive days, 0.35 ml/ time. The
MCN group was gavaged with distilled water at the same frequency
and amount.

Biochemical index detection

After 21 days of intervention with EF extract solution,
euthanasia was performed on all mice through rapid cervical
dislocation. The liver tissues weighing 0.1 g were collected and
placed in 1.5 ml centrifuge tubes, followed by the addition of 0.9 ml
of physiological saline. The mixture was homogenized at 4◦C. After
centrifugation at 1000 g for 20 min, the supernatant was collected.
According to the instructions provided with the assay kit, the levels
of MDA, SOD, TNF-α, IL-1β, and IL-6 in the liver tissues were
measured (Wu Y. et al., 2022).

Intestinal mucosa collection

The mice were dissected under aseptic conditions, the jejunum
to ileum section of the intestine was removed and cut with surgical
scissors, rinsed in saline to remove the attached contents, placed on
sterile filter paper to remove water, and the intestinal mucosa was
scraped on the weighing paper with a slide. The scraped intestinal
mucosa was put into a sterile tube, weighed, and stored at −80◦C
(Li et al., 2023).

DNA extraction and PCR amplification

Total microbial genomic DNA was extracted from each sample
tube according to the OMEGA Soil DNA Kit instructions. The
quality and concentration of DNA were assessed using 1.0% agarose
gel electrophoresis and a NanoDrop R© ND-2000 spectrophotometer
(Thermo Scientific Inc., USA), respectively (Zhou et al., 2022).

The PCR amplification region is the V3-V4 region of
the 16S rRNA gene, with the forward primer 338F (5′-
ACTCCTACGGGAGGCAGCA-3′) and the reverse primer
806R (5′-GGACTACHVGGGTWTCTAAT-3′). The samples
were purified using the OMEGA DNA purification column,
and checked by 1.8% agarose gel electrophoresis. The PCR
products were recovered using the Monarch DNA Recovery
Kit. The amplification reaction system and conditions refer to
our previously published literature (Liu et al., 2023). Finally,
the PCR products were sequenced using the Illumina Novaseq
6000 sequencing platform. Shanghai Personal Biotechnology Co.
performed the sequencing work.

Bioinformatics analysis

The raw sequencing data was processed through modifications,
trimming, filtering, denoising, merging, and removal of chimeras
by the DADA2 method to obtain high-quality sequences (Callahan
et al., 2016). The obtained data was analyzed and visualized using
QIIME2 (v2019.4) (Caporaso et al., 2010) and R language (v4.2.0).
Alpha diversity of the microbial community was assessed using
Chao1, Observed species, Shannon, and Simpson indices. Beta
diversity of the microbial community was evaluated using non-
metric multidimensional scaling (NMDS) analysis. Random forest
analysis was employed to rank the importance of the microbial
community and identify the key core species in each group.
Subsequently, the correlation analysis based on the Spearman
correlation coefficient was performed to investigate the relationship
between the biochemical indicators in the liver and the core genus.
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FIGURE 1

Animal experiment process. MCN: Control group; MRSEF: Raw small-flowered EF group; MRMEF: Raw medium-flowered EF group; MLSEF:
Licorice-processed small-flowered EF group; MLMEF: Licorice-processed medium-flowered EF group.

Finally, functional analysis of the gut microbiota in mice intestinal
mucosa was conducted using the PICRUSt2 software (v2.2.0-b)
(Langille et al., 2013), which provided predicted metabolic function
information of different bacterial samples.

Statistical analysis

The data were statistically analyzed using SPSS 22.0 software.
When the measurement data conformed to normal distribution
and met variance homogeneity, one-way ANOVA was used to
compare the differences between multiple groups, and the Least
Significant Difference (LSD) method was selected for two-way
comparison between groups. When the data did not conform
to normal distribution or the variance was not uniform, the
Kruskal Wallis test with Bonferroni correction was used in the
nonparametric test, and P < 0. 05 indicated that the differences
were statistically significant (Yi et al., 2023).

Results

Effect of licorice-processed EF extract
solution on liver oxidative stress and
inflammatory factors

As shown in Figures 2A, B, the MDA content in the liver of
mice increased after the intervention of EF extract solution, with
the highest content in the MRMEF group, which was significantly
higher than the MCN group (P < 0.01), indicating that the
oxidation products in the MRMEF group were increased. SOD

content was opposite to MDA content, and SOD content in the
liver of mice decreased after treatment with EF extract solutions,
with greater decreases in the MRSEF and MRMEF groups, with
no significant difference. Compared with MCN, the inflammatory
factors in the MRSEF, MRMEF, MLSEF and MLMEF groups all
showed increasing trends (Figures 2C–E). TNF-α and IL-6 contents
were significantly higher in the MRMEF group than that in the
MCN group (P < 0.01), and IL-1β contents were significantly
higher in the MRSEF group than in the MCN and MLMEF groups
(P < 0.01). In contrast, there was no significant difference between
the two groups MLSEF, MLMEF and the MCN group (P > 0.05).
This indicates that the intervention of raw EF increased the level of
oxidative stress and promoted the level of inflammatory factors in
the liver of mice. Among them, medium-flower EF caused the most
damage to the liver.

Analysis of sequencing quality and
number of amplicon sequence variants
(ASVs)

Based on the dilution curve (Figure 3A), it is evident that
with increasing sequencing depth, the number of detected species
in each sample has reached a plateau, indicating that the current
samples are adequate for subsequent analysis. Moreover, at various
taxonomic levels (Figure 3B), the overall classification count in
the control group is consistently lower than that in the four
EF extract intervention groups. Using Qiime software, sequences
were clustered into ASVs based on a 100% sequence similarity
threshold. The Up-Set plot illustrates the shared or unique ASV
counts among the groups. As depicted in Figure 3C, the groups’
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FIGURE 2

Liver oxidative stress and inflammatory factor levels. (A) MDA content. (B) SOD content. (C) TNF-α content. (D) IL-1β content. (E) IL-6 content. MCN:
Control group; MRSEF: Raw small-flowered EF group; MRMEF: Raw medium-flowered EF group; MLSEF: Licorice-processed small-flowered EF
group; MLMEF: Licorice-processed medium-flowered EF group. *P < 0.05, **P < 0.01.

ASV counts are ranked as follows: MRSEF (1436) > MCN
(1294) > MRMEF (1128) > MLMEF (828) > MLSEF (761). These
findings preliminarily suggest that licorice-processed EF further
diminishes species richness in the mouse intestinal mucosa.

Effect of licorice-processed EF extract
solution on the diversity of intestinal
mucosal microbiota

We evaluated the species richness of different groups using
the Chao1 and Observed species indices, and assessed species
diversity using the Shannon and Simpson indices. As shown in
Figures 3D–G, except for the MRSEF group, the MRMEF, MLSEF,
and MLMEF groups exhibited varying degrees of decline in the
Chao1, Observed species, Shannon, and Simpson indices compared
to the MCN group. Among them, the MLSEF and MLMEF groups
showed the largest decrease in intestinal mucosal richness indices,
and the MLSEF group had the lowest values for all four diversity
indices among the five groups. These results indicate that EF extract
reduced species richness and diversity in the mouse intestinal
mucosa. Furthermore, licorice processing exacerbated the decrease
in intestinal mucosal microbial richness, with a greater impact
observed in small-flower EF.

Subsequently, we used NMDS analysis to evaluate the
distribution characteristics of different microbial communities.
In NMDS analysis, a smaller Stress value is better, and values
below 0.2 are generally considered acceptable (Wu Z. et al., 2022).
As shown in Figure 3H, the Stress value for this analysis was

0.00879. Compared to the other groups, the distribution areas of
MCN overlapped with the MRSEF and MRMEF groups, while
the distribution areas of MCN were relatively separated from the
MLMEF and MLSEF groups. This indicates that the EF extract
solution intervention did not alter the microbial community
structure in the intestinal mucosa. However, licorice-processed
EF exhibited a certain degree of regulatory effect on the mouse
intestinal mucosal microbiota.

Effects of licorice-processed EF extract
solution on the taxonomic composition
and core genera of the intestinal
mucosal microbiota

By ASVs analysis and species annotation, a total of 23
distinct phyla and 326 genera were identified. We selected the
top 10 abundant phyla and genera for graphical representations
(Figures 4A–D). As shown in Figures 4 A, B, Firmicutes (70.24%)
and Bacteroidetes (17.83%) dominated the majority of the samples.
Compared to MCN (78.58%), the abundance of Firmicutes and
Bacteroidetes increased in the MRSEF (84.39%), MRMEF (92.65%),
MLSEF (90.96%), and MLMEF (93.87%) groups. Following
intervention with EF extract solution, the dominance of the
dominant phyla in the intestinal mucosal microbiota was further
expanded. At the genus level (Figures 4C, D), Candidatus
Arthromitus was the most abundant genus in the intestinal
mucosa. Compared with MCN (27.59%), the relative abundance
of Candidatus Arthromitus increased to different degrees in
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FIGURE 3

Analysis of ASV number and diversity of intestinal mucosal microbiota. (A) Dilution curve of Observed species. (B) Number of classifications for each
level. (C) Up-set plot. (D) Chao1 index. (E) Observed species index. (F) Shannon index. (G) Simpson index. (H) NMDS analysis. MCN: Control group;
MRSEF: Raw small-flowered EF group; MRMEF: Raw medium-flowered EF group; MLSEF: Licorice-processed small-flowered EF group; MLMEF:
Licorice-processed medium-flowered EF group.

the MRSEF (48.97%), MRMEF (49.17%), MLSEF (67.83%), and
MLMEF (31.38%) groups.

In addition, the relative abundance of Corynebacterium and
Staphylococcus decreased in all four groups (Figures 5A, B).
Specifically, the relative abundance of Corynebacterium in the
MRMEF was significantly lower than that in the MCN group
(P < 0.05), and the relative abundance of Staphylococcus in the
MRSEF group was significantly lower than that in the MCN group
(P < 0.05). Although both Staphylococcus and Corynebacterium
also showed a decreasing trend in the MLSEF and MLMEF groups,
there was no significant difference in their relative abundance
compared to the MCN group (P > 0.05). Licorice processing can
alleviate the changes of these two genera of bacteria in the intestinal
mucosa induced by the administration of EF to a certain extent.

We further screened the top-ranking core bacterial genera
in each group by constructing a random forest model. As
illustrated in Figures 5C, the core genera in the MCN group
included Corynebacterium, Jeotgalicoccus, and Psychrobacter.
A genus under the Erysipelotrichaceae, cc_115, contributed
more to the MRSEF group, and Akkermansia contributed more
to the MRMEF group. The core genera of the MLSEF group
include Bifidobacterium, Candidatus Arthromitus, Shigella,
Adlercreutzia, Lactococcus, Clostridium, Oscillospira, and Blautia.
The core genera of the MLMEF group include Streptococcus,
Acinetobacter, Lactobacillus, Atopostipes, Sporosarcina, Facklamia,
and Aerococcus.

Effect of licorice-processed EF extract
solution on intestinal microbiota
functionality

Based on the intestinal microbiota data, we conducted a
functional analysis of the metabolic pathways involved in the
intestinal mucosal microbiota using the Kyoto Encyclopedia of
Genes and Genomes (KEGG) database. As shown in Figure 6A,
metabolism was identified as the predominant primary functional
category within the mouse intestinal mucosal microbiota. The
primary functional category was further divided into 31 secondary
functional categories. Among them, carbohydrate metabolism,
amino acid metabolism, metabolism of cofactors and vitamins,
metabolism of terpenoids and polyketides, metabolism of
other amino acids, and lipid metabolism exhibited the highest
abundances. The secondary functional categories were further
divided into 182 sub-functions, of which we selected and
presented the top 20 abundant functions. These functions may
represent the main pathways affected by the administration
of EF extract solution within the mouse intestinal mucosal
microbiota, including biosynthesis of ansamycins, D-glutamine
and D-glutamate metabolism, D-alanine metabolism, secondary
bile acid biosynthesis, and biosynthesis of vancomycin group
antibiotics.

Based on Figure 6B, compared to the MCN, the MRSEF
and MRMEF groups showed increased abundances in 17 out
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FIGURE 4

Taxonomic composition of intestinal mucosal microbiota. (A) Relative abundance at the phylum level. (B) Chord diagram of the phylum level.
(C) Relative abundance at the genus level. (D) Chord diagram of the genus level.

FIGURE 5

The effect of licorice-processed EF extract solution on the core genera of the intestinal mucosal microbiota. (A) Differences in the relative
abundance of Corynebacterium. (B) Differences in the relative abundance of Staphylococcus. (C) Random forest analysis. The heat map of the
relative abundance distribution of the genera in each group is shown on the left. MCN: Control group; MRSEF: Raw small-flowered EF group;
MRMEF: Raw medium-flowered EF group; MLSEF: Licorice-processed small-flowered EF group; MLMEF: Licorice-processed medium-flowered EF
group. *P < 0.05.

of 20 level 3 functions, with the exceptions of valine, leucine

and isoleucine biosynthesis, pantothenate and CoA biosynthesis,

and terpenoid backbone biosynthesis. Notably, the MRMEF

group exhibited significantly higher abundance in functions

such as peptidoglycan biosynthesis, aminoacyl-tRNA biosynthesis,

and ribosome compared to the MCN group (P < 0.05).

After intervention with licorice-processed EF extract solution,

the MLSEF and MLMEF showed similar abundance to the
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FIGURE 6

The effect of EF extract solution on intestinal microbiota functionality. (A): Sankey diagram of KEGG function prediction. The first column shows the
six classes of primary metabolic pathways, the second column shows the secondary metabolic functions, and the third column shows the tertiary
metabolic functions in the top twenty in abundance in mouse intestinal mucosa. (B) Difference diagram of metabolic functions in the top 20 in
abundance. MCN: Control group; MRSEF: Raw small-flowered EF group; MRMEF: Raw medium-flowered EF group; MLSEF: Licorice-processed
small-flowered EF group; MLMEF: Licorice-processed medium-flowered EF group. *P < 0.05.

MCN group in functions such as biosynthesis of ansamycins,
biosynthesis of vancomycin group antibiotics, mismatch repair,
ribosome, homologous recombination, and carbon fixation in
photosynthetic organisms. Among them, the MLMEF group
demonstrated more consistent effects on intestinal mucosal
metabolic functions after processing. Compared to the MRMEF,
the MLMEF group showed a closer resemblance to the MCN

group in the abundance of 14 functions, including biosynthesis
of ansamycins, D-glutamine and D-glutamate metabolism, and
D-alanine metabolism. This suggests that excessive raw EF
extract solution disrupts the metabolic functions of the mouse
intestinal mucosa, while processing with licorice can alleviate
the impact of raw EF on mouse intestinal mucosal metabolic
functions.
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Correlation analysis of intestinal mucosal
microbiota with liver biochemical
indicators and metabolic functions

In order to explore the correlation between intestinal mucosal
microbiota and liver biochemical indexes and their functions,
we did the correlation analysis between the top 10 genera of
random forest contribution and liver biochemical indexes and the
top 20 abundant intestinal mucosal flora functions in Figure 6.
In Figure 7A, MDA and SOD were positively correlated with
Lactobacillus, Streptococcus and Acinetobacter, and TNF-α, IL-1β

and IL-6 were positively correlated with Bifidobacterium, Shigella
and Lactococcus, and with Corynebacterium and Jeotgalicoccus
were negatively correlated. Among them, IL-1β was significantly
negatively correlated with Corynebacterium and Jeotgalicoccus
(P < 0.05).

In Figure 7B, Candidatus Arthromitus showed significant
positive correlations with d-alanine metabolism, fatty acid
biosynthesis, mismatch repair, protein export, and cell cycle-
caulobacter (P < 0.05). It showed significant negative correlations
with valine, leucine and isoleucine biosynthesis, one carbon
pool by folate, lysine biosynthesis, and pantothenate and CoA
biosynthesis (P < 0.05). Acinetobacter exhibited a significant
positve correlation with D-alanine metabolism and fatty acid
biosynthesis. Lactobacillus demonstrated significant negative
correlations with the biosynthesis of ansamycins and fatty
acid biosynthesis, but a significant positive correlation with lysine
biosynthesis (P < 0.05). Adlercreutzia showed a significant negative
correlation with fatty acid biosynthesis, but significant positive
correlations with valine, leucine and isoleucine biosynthesis, one
carbon pool by folate, and pantothenate and CoA biosynthesis
(P < 0.05). It is worth noting that Corynebacterium displayed
significant negative correlations with several important metabolic
functions, including D-glutamine and D-glutamate metabolism,
secondary bile acid biosynthesis, and biosynthesis of vancomycin
group antibiotics (P < 0.01).

Discussion

Oxidative stress is typically caused by an imbalance between
reactive oxygen species and the body’s antioxidant defense system,
and it is one of the most common mechanisms of cell death
in organ injuries, including liver damage (Pizzino et al., 2017).
Among them, MDA is the final product of lipid oxidation,
while SOD is an antioxidant enzyme and one of the body’s
cellular defense mechanisms against oxidative stress. Therefore,
the balance between them can reflect the level of oxidative stress
response, which affects liver health. After intervention with raw
EF extract solution, SOD levels had no difference before and after
administration of EF. MDA level significantly increased in MRMEF,
meanwhile, there was no difference in MDA level between MC and
MLMEF. It means that the intervention of raw medium-flowered
EF caused liver damage in mice, and licorice processing mitigated
the damage. Licorice-processed EF relieves the damage degree of
the liver by reducing lipid peroxidation. It remains to be further
studied that whether licorice-processed EF can cause other changes
in the molecular mechanisms of oxidative stress.

TNF-α, IL-1β and IL-6 are all pro-inflammatory cytokines,
and they play complex roles in the inflammatory response, that
can both help the host defend against infection and promote
inflammation. Their increased levels contribute to the development
of inflammation, thus mediating liver injury. In a recent report,
(Zhang M. et al., 2021) used EF of different doses to intervene
in rats and found that licorice processing significantly reduced
the levels of TNF-α, IL-1β, and IL-6 in serum by EF. We found
a similar pattern that the magnitude of changes in inflammation
markers decreased after intervention with licorice-processed EF
solution, indicating that licorice processing has a certain alleviating
effect on the liver inflammatory damage caused by EF intervention.
Interestingly, we also found the differences in the inflammatory
response mediated by different sizes of EF. In Figures 2C–E, IL-
1β significantly increased in MRSEF, while TNF-α, and IL-6 levels
significantly increased in MRMEF. This may be related to the
difference in chemical composition in different sizes of EF. And
licorice processing narrows down the differences in liver damage
caused by different specifications.

Despite the intervention of the raw EF and licorice-processed
EF, there was no obvious change in the structure of the microbiota
(Figures 3D–G). However different sizes of EF before and
after processing caused differences in the core bacterial genera,
which may penetrate their inflammatory reactions. Following the
intervention of EF extract solution, except for the MLMEF group,
the abundance of Candidatus Arthromitus in the intestinal mucosa
increased. Among them, the MLSEF group exhibited the highest
abundance. Candidatus Arthromitus is one of the most abundant
genera in the intestinal mucosal microbiota. Previous studies have
indicated that Candidatus Arthromitus potentially plays a role in
promoting the growth of probiotics and shaping adult intestinal
metabolism (Hedblom et al., 2018; Vallianou et al., 2021). Wu
et al. (2020) reported that the processing of licorice can reduce
the hepatotoxicity of Tripterygium wilfordii, and this mechanism
may be associated with the modulation of fatty acid metabolism.
In the correlation analysis (Figure 6B), Candidatus Arthromitus
showed significant positive correlations with metabolic pathways
including fatty acid biosynthesis, D-alanine metabolism, and
mismatch repair. In addition, probiotics such as Bifidobacterium
(He et al., 2019), Adlercreutzia (Ziętak et al., 2016), Lactococcus
(Casalta and Montel, 2008), Oscillospira (Yang et al., 2021), and
Blautia (Liu et al., 2021) were enriched in the MLSEF group.
This indicated that licorice processing small-flower EF could
improve the intestinal microbiota by promoting probiotics such as
Candidatus Arthromitus, Bifidobacterium, and thus regulating fatty
acid metabolism.

However, this effect may change with the gradual ripening
of EF. In terms of medium-flower EF, the maximum enrichment
of Lactobacillus genus was observed in the MLMEF group.
Lactobacillus may be the key genus of licorice for regulating
intestinal microbiota according to the previous findings of Wang
et al. (2020). The majority of Lactobacillus is recognized as
probiotics, exhibiting functions such as maintaining intestinal
mucosal integrity, modulating immunity, and alleviating
gastrointestinal inflammation (Heeney et al., 2018; Ji et al., 2020).
Research has suggested that the therapeutic effects of Evodiamine
on ulcerative colitis associated with an increase in Lactobacillus
acidophilus abundance and acetate production (Wang M. X. et al.,
2021). Therefore, the alleviation of inflammation in processed
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FIGURE 7

Correlation analysis. (A): Heat map of correlation between core genera and liver biochemical indices. (B) Heat map of correlation between core
genera and metabolic functions. *P < 0.05, **P < 0.01.

medium-flowered EF may be attributed to the elevation of
Lactobacillus abundance. Despite the positive correlations between
Candidatus Arthromitus, Bifidobacterium, and Lactobacillus with
MDA, IL-1β, TNF-α, and IL-6 levels, opportunistic pathogens such
as Shigella, Staphylococcus, and Acinetobacter were also enriched in
the MLSEF or MLMEF groups (Qi, 2010; Amorim and Nascimento,
2017). Licorice processing only mitigated the liver inflammation
of EF, and the presence of these opportunistic pathogens may be
associated with the induction of inflammation under excessive
intervention of EF. Moreover, compared with the MCN group,
Corynebacterium and Jeotgalicoccus exhibited lower abundance
in all four EF solution intervention groups. Jeotgalicoccus is a
natural producer of terminal olefins, with limited clinical reports
(Nusantara Putra et al., 2019). Corynebacterium is an opportunistic
pathogen commonly found in immunocompromised patients
(Sengupta et al., 2015; Kalt et al., 2018). It is significantly
and negatively associated with several dominant metabolic
functions, including peptidoglycan biosynthesis, aminoacyl-tRNA
biosynthesis, and ribosome, which are significantly elevated in
the MRMEF group. Furthermore, Corynebacterium is negatively
correlated with MDA, TNF-α, and IL-6, and significantly negatively
correlated with IL-1β. Compared to the intervention group of
raw EF, the abundance of Corynebacterium is higher in licorice-
processed EF. This aligns with the previous mention that licorice
may cause moderate increases in inflammatory factors to exert its
anti-infective effects (Wang et al., 2020). This suggests that the
addition of licorice juice is the key to influencing the intestinal
bacteria and pharmaceutical effect of EF. Licorice-processed EF
not only reduces the pathogenic bacteria in the intestinal mucosal
microbiota and adjusts the balance of the intestinal mucosal
microbiota, but also enhances the mice’s resistance to infection by
regulating the abundance of Corynebacterium.

As one of the most commonly used herbal medicines in Asia,
the reliability of EF therapeutic efficacy has been tested for centuries
(Li and Wang, 2020). Licorice-processed EF is commonly used
in clinical preparation, widely approved as less toxic than raw
products. Its toxicity is suspected to be size related, which is still
far from certain. Therefore, investigating the scientific connotation

of processing different specifications of EF with licorice to reduce
its toxicity is of significant importance for promoting the use of EF
and ensuring patient safety.

Conclusion

Based on the above, excessive intervention with raw EF extract
solution resulted in liver oxidative damage and increased levels of
inflammatory factors in mice. The effect of medium-flowered EF
on oxidative stress and inflammatory factors in the liver of mice
was stronger than that of small-flowered EF. Licorice processing
can alleviate the liver inflammation caused by different sizes of EF
extracts, restore intestinal mucosal function closer to the normal
group, and potentially enhance the mice’s resistance to infection.
This is closely related to the regulation of Corynebacterium
abundance. Moreover, the licorice processing influenced the
modulatory effect of EF on the intestinal microbiota. The licorice-
processed small-flowered EF can promote the growth of beneficial
bacteria such as Candidatus Arthromitus and Bifidobacterium,
thereby regulating fatty acid metabolism. While licorice-processed
medium-flowered EF promotes the growth of the probiotic
Lactobacillus.
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Introduction: Metabolic dysfunction-associated steatotic liver disease (MASLD) 
affects nearly 25% of the population and is the leading cause for liver-related 
mortality. Bariatric surgery is a well-known treatment for MASLD and obesity. 
Understanding the fundamental mechanisms by which bariatric surgery can 
alter MASLD can lead to new avenues of therapy and research. Previous studies 
have identified the microbiome’s role in bariatric surgery and in inflammatory 
immune cell populations. The host innate immune system modulates hepatic 
inflammation and fibrosis, and thus the progression of MASLD. The precise role 
of immune cell types in the pathogenesis of MASLD remains an active area of 
investigation. The aim of this study was to understand the interplay between 
microbiota composition post-bariatric surgery and the immune system in MASLD.

Methods: Eighteen morbidly obese females undergoing sleeve gastrectomy 
were followed pre-and post-surgery. Stool from four patients, showing resolved 
MASLD post-surgery with sustained weight loss, was transplanted into antibiotic 
treated mice. Mice received pre-or post-surgery stool and were fed a standard 
or high-fat diet. Bodyweight, food intake, and physiological parameters were 
tracked weekly. Metabolic parameters were measured post-study termination.

Results: The human study revealed that bariatric surgery led to significant weight 
loss (p  >  0.05), decreased inflammatory markers, and improved glucose levels six 
months post-surgery. Patients with weight loss of 20% or more showed distinct 
changes in blood metabolites and gut microbiome composition, notably 
an increase in Bacteroides. The mouse model confirmed surgery-induced 
microbiome changes to be  a major factor in the reduction of markers and 
attenuation of MASLD progression. Mice receiving post-surgery fecal transplants 
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had significantly less weight gain and liver steatosis compared to pre-surgery 
recipients. There was also a significant decrease in inflammatory cytokines 
interferon gamma, interleukin 2, interleukin 15, and mig. This was accompanied 
by alterations in liver immunophenotype, including an increase in natural killer T 
cells and reduction of Kupfer cells in the post-surgery transplant group.

Discussion: Our findings suggest surgery induced microbial changes significantly 
reduce inflammatory markers and fatty liver progression. The results indicate a 
potential causal link between the microbiome and the host immune system, 
possibly mediated through modulation of liver NKT and Kupffer cells.

KEYWORDS

metastatic dysfunction-associated steatotic liver disease, obesity, host innate immune 
system, microbiome, fecal transplant

1 Introduction

The prevalence of obesity in adults has doubled in the last decade 
alone, confirming that the obesity epidemic of the late 1900s is only 
worsening (Park et  al., 2005; Hruby and Hu, 2015). Obesity is 
understood as the underlying mechanism for several comorbidities, one 
being metabolic associated steatotic liver disease (MASLD). MASLD is 
the leading cause of chronic liver disease and for liver-related mortalities 
globally (Younossi et al., 2016; Ding et al., 2023). The rates of MASLD 
in the population have increased in parallel with the rise in obesity, 
affecting over 25% of the global population (The GBD 2015 Obesity 
Collaborators, 2017; Pouwels et al., 2022). While the disease itself can 
be relatively asymptomatic and in some cases, reversible, nearly 25% 
MASLD cases progress into stages in which the liver becomes overly 
fibrotic and eventually scarred (Ismail and Pinzani, 2009; Fallowfield 
and Hayes, 2011; Bashiardes et  al., 2016). Given its rise and the 
detrimental outcomes of MASLD, understanding the underlying 
mechanisms of MASLD progression, and identifying potential 
therapeutic strategies for MASLD remains a leading area of research.

Bariatric surgery has been a very well established treatment for 
eligible patients with both obesity and MASLD. Many studies have 
shown the beneficial effects of bariatric surgery in MASLD (Gulinac 
et  al., 2023). It is thought the main effect of bariatric surgery on 
MASLD is through weight loss. However, MASLD improvement can 
often occur before significant weight loss is achieved (Seeberg et al., 
2022). This suggests that the effects of bariatric surgery on MASLD are 
potentially multifactorial.

The gut microbiome has recently emerged as a critical factor 
contributing to the progression of MASLD, indicating it to be  a 
promising avenue for investigation (Durack and Lynch, 2019; Afzaal 
et al., 2022). Dysregulation of the gut microbiota has been associated 
with compromised gut barrier function, which can contribute to 
translocation of bacteria and endorse hepatic inflammation, and with 
the modulation of certain metabolites (Bashiardes et al., 2016; Chopyk 
and Grakoui, 2020; Afzaal et al., 2022). The gut microbiome also plays 
an important role in the host innate immune system (Zheng et al., 
2020). This is important because several immune cell populations and 
inflammatory mediators have been implicated in the development and 
progression of MASLD (Carter and Friedman, 2022; Huby and 
Gautier, 2022). The liver, as a central organ in the immune response, 
is constantly exposed to gut-derived antigens and microbial products 

through the portal circulation, making it susceptible to immune-
mediated damage. Studies have shown that various immune cells, 
including macrophages, T cells, and dendritic cells, infiltrate the liver 
and contribute to the inflammatory milieu that characterizes MASLD 
(Ma et al., 2018; Bai et al., 2023).

One specific subset of immune cells, known as natural killer T 
(NKT) cells, has garnered increasing attention due to their involvement 
in metabolic conditions like MASLD (Kumar and Delovitch, 2014; 
Krijgsman et al., 2018). NKT cells are a subset of T cells that express both 
a T cell receptor and a natural killer cell receptor (Kumar and Delovitch, 
2014; Krijgsman et al., 2018; Nilsson et al., 2020). With two receptors, 
the cells can recognize lipid antigens presented by CD1d molecules, 
making them critical in lipid metabolism and immune regulation 
(Dowds et  al., 2014). Several studies have shown that NKT cells 
modulate hepatic lipid metabolism and introduce a pro-inflammatory 
environment (Nilsson et al., 2020; Zheng et al., 2022). More specifically, 
the activation of NKT cells has been associated with a prevalence of 
pro-inflammatory cytokines like tumor necrosis factor-alpha (TNF-α) 
or interferon-gamma (IFN-γ). Some studies, however, have shown the 
opposite. Certain subsets of NKT cells have been found to play a 
protective role, producing anti-inflammatory cytokines like interleukin-4 
(IL-4) and interleukin-10 (IL-10) instead (Nilsson et al., 2020).

Given the contradictory results across studies, the precise role of 
NKT cells in the pathogenesis of MASLD remains an active area of 
investigation. Understanding the interplay between gut microbiota 
changes in bariatric surgery and the protective or pathogenic 
proliferation of NKT cells in the context of liver inflammation could 
provide novel insight in the underlying mechanisms of 
MASLD. Therefore, the aim of this study is to investigate the role of 
the microbiome post-bariatric surgery in MASLD and its effects on 
NKT cells in the liver disease setting.

2 Methods

2.1 Human cohort recruitment

A human study using a small cohort design was employed to 
investigate a causal relationship between the gut microbiome and 
MASLD after bariatric surgery. Adult patients were recruited from the 
Bariatric Surgery Program at the University of California, Los Angeles. 
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Patients eligible for the study had to meet the following requirements: 
biologically female, an intention to undergo sleeve gastrectomy, 
diagnosis of MASLD, and in line with the criteria listed in the 
Guidelines for Clinical Application of Laparoscopic Bariatric Surgery 
of American Gastrointestinal and Endoscopic Surgeons (SAGES 
Guidelines Committee, 2008). Recruiting patients of the same gender, 
surgical procedure intent, and from the same program minimized 
confounding factors that could impact the gut microbiome 
composition. Diagnosis of MASLD was based on a patient history of 
non-excessive alcohol use, absence of viral hepatitis, and either 
pathology and imaging consistent with steatosis or elevated 
transaminases. Exclusion criteria included cirrhosis, use of 
medications interfering with or affecting intestinal motility, excessive 
substance abuse, a history of major gastrointestinal surgeries or 
procedures, irritable bowel syndrome, inflammatory bowel disease, 
pregnancy, or recent antibiotic or probiotic use. The demographic 
information of each participant was collected as well as stool and 
blood samples before surgery and six months after surgery.

Ethical approval of the study was obtained from the University of 
California, Los Angeles Institutional Review Board (IRB #13-001552). 
All patient research procedures followed the principles of the 
Declaration of Helsinki.

2.2 Human cytokine profiling

Fasting blood samples were obtained from patients both before 
and 6 months after undergoing bariatric surgery. Subsequently, the 
levels of C-reactive protein (CRP) (Abcam, ab260058) and 
lipopolysaccharide-binding protein (LBP) (Abcam, ab279407) were 
quantified using an enzyme-linked immunosorbent assay (ELISA) kit, 
following the manufacturer’s recommended protocols. The following 
cytokines were measured: HGF, IL-1beta, IL-6, IL-8, MCP-1, NGF, 
and TNF-α. Fast blood serum was also analyzed for metabolites using 
16S sequencing.

2.3 Human serum metabolite profiling

Fasting serum was collected from patient and sent to Metabolon 
Inc. for processing.

2.4 Human stool collection and 16S 
sequencing

Stool samples were collected from the participants within one 
week prior to their scheduled surgery, as well as at 6 and 12 months 
post-surgery. Fresh stool samples were promptly collected and 
immediately frozen, ensuring preservation at a temperature 
of-80°C. Subsequently, the frozen stool samples were divided into 
aliquots for subsequent analysis. DNA extraction was performed using 
the ZymoBIOMICS DNA Microprep Kit (Zymo Research, 
United States), following the manufacturer’s instructions.

To target the V4 region of the 16S ribosomal RNA gene, PCR 
amplification was conducted utilizing the 515\u00B0F-806 R primer 
set (Tong et al., 2014). Following the amplification step, the samples 
underwent 250 × 2 paired-end sequencing using an Illumina HiSeq 

platform (Illumina, San Diego, CA, United States) (Zheng et al., 2022). 
The resulting raw fastq files were subjected to processing using the 
DADA2 pipeline in R, employing the SILVA 132 database and default 
parameters for taxonomy assignment (Callahan et al., 2016).

After initial pre-processing in R using DADA2, the data were 
subsequently integrated into QIIME 2 version 2019.10 (Bolyen et al., 
2019). To ensure data quality, amplicon sequence variants (ASVs) that 
were sparsely represented were filtered out if they were not present in 
at least 15% of all samples, consistent with our previous publications 
(Dong et al., 2020; Hussain et al., 2020). The sequence depths ranged 
from 60,710 to 269,258 per sample.

2.5 Statistical analysis of human data

Physiological metrics were analyzed after calculating the mean 
values and standard deviations of quantitative demographic 
information, including age, body weight, and body mass index (BMI). 
The Shapiro–Wilk test was done to test for normality of continuous 
data from the human trial. Data deemed to be not normally distributed 
if the Shapiro–Wilk test had a p-value <0.05. Parametric test were 
done on normally distributed data and non-parametric tests were 
done on non-normally distributed data. A paired t-test was used to 
statistically compare respective mean values of normally distributed 
data. A paired Wilcoxon signed-rank test was used to statistically 
compare non-normally distributed data: body weight, BMI, fasting 
glucose, and inflammatory cytokines in patients before and after 
surgery. A Fisher’s exact test was used to assess categorical 
demographic information, like ethnicity and race.

Changes to microbial composition were analyzed using several 
metrics. Alpha diversity was computed using the Shannon Index 
within the QIIME2 framework (Bolyen et al., 2019). The Shannon 
index incorporates both species and evenness. The microbiome 
dataset was rarefied to a standardized sequence depth of 60,710 reads. 
The statistical significance of the Shannon Index was determined 
using analysis of variance (ANOVA) after confirming normality 
using the Shapiro–Wilk test, adjusting for subject ID as a covariate. 
Beta diversity was analyzed using the robust Aitchison Distance 
Metric within the DEICODE package of QIIME2 (Martino et al., 
2019). The Aitchison Distance Metric has demonstrated superior 
discriminatory capacity compared to other metrics, such as UniFrac 
or Bray-Curtis (Lozupone and Knight, 2005; Martino et al., 2019). 
Beta diversity was evaluated using permutational multivariate 
analysis of variance, specifically employing the ‘adonis’ package in R 
(Version 4.1.2), adjusting for subject ID as a covariate (Dong et al., 
2021). Differential abundance analysis of genera was computed using 
MaAsLin2, in which subject ID was a random effect (Mallick 
et al., 2021).

Metabolite data was transformed using a median-scale 
normalization approach–one in which each metabolite value was 
divided by its median value. Metabolite levels over different time 
points were statistically compared using ANOVA, adjusting for subject 
ID as a covariate. p-values were adjusted for multiple hypothesis 
testing using the Benjamin-Hochberg correction method (Benjamini 
and Hochberg, 1995; Glueck et al., 2008). A heatmap was generated 
using the ‘ggplots’ and heatmap.2 function in R to visually depict 
significant metabolites. p-values deemed significant were those less 
than 0.05, adjusted for multiple hypothesis testing if appropriate.
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2.6 Mouse model

A mouse model was designed to engraft the microbiome of 
human patients into antibiotic treated mice. 64 C57/B16 male mice 
between 6–8 weeks old at the start of the study were separated into 16 
cages with four mice in each cage. Since we were evaluating the role 
of the immune system in our model, ferm-free mice were not used 
because of their altered immune systems (Kennedy et al., 2018). Eight 
cages received donor stool collected prior to surgery and eight cages 
received donor stool collected six months post-surgery. Within those 
time point groups, half was assigned a standard double-irradiated diet 
(10% fat by kcal, 0% fructose, and 0% cholesterol) and the other was 
assigned a Western high-fat double-irradiated diet (40% fat, 20% 
fructose, 2% cholesterol) for the duration of the study. Each cage was 
provided with individually packaged 1-kg bags of food, with a new bag 
introduced during each cage change.

A combination of systemically absorbed antibiotics (ampicillin, 
cefoperazone, and clindamycin) and non-systemically absorbed 
antibiotics (ertapenem, neomycin, and vancomycin) were given on 
alternating weeks in their drinking water for 21 days prior to the 
beginning of the study. This process has been shown to lead to stable 
engraftment of human microbiota in non-germ-free animals. The 
concentration of antibiotics in the mice’s water was maintained at 
1 g/L ad libitum.

Stool samples for fecal transplant were prepared using donor stool 
from four patients who met the following criteria: diagnoses of MASLD 
prior to surgery that resolved after surgery and achieved significant and 
sustained weight loss of at least 20% six months following surgery. 
Resolution of MASLD was determined either by biopsy or by imaging. 
Approximately 1 g of frozen stool per time point and donor was 
resuspended in 15 mL of pre-reduced PBS and filtered through a 100 μm 
filter. Mice were then orally administered 200 μL of this solution. The 
microbial concentration of the preparation was determined using a 
Petroff-Hausser counting chamber, and approximately 10^10 cells were 
administered during each gavage procedure.

This research was conducted in compliance with the guidelines 
and approval of the UCLA Animal Research Committee and the 
Institutional Animal Care and Use Committee.

2.7 Mouse body composition and glucose 
tolerance testing

The body weight of each mouse and average food intake per 
mouse were recorded once a week. At the end of the 90-day period, a 
body composition analysis, including lean body mass and fat mass, 
was conducted using an EchoMRI machine. To assess glucose 
tolerance, mice were fasted for 9 h and then injected intraperitoneally 
2 g/kg of glucose. Serum glucose levels were measured at 0, 30 min, 
60 min, and 90 min using a glucometer.

2.8 Mouse sample processing

Mice were fasted 9 h before being euthanized. Isoflurane was used 
as the primary method for euthanasia. Animals were exposed to a 10% 
concentration of isoflurane. Heart puncture and phlebotomy were 
carried out as a secondary method. Serum samples were obtained via 
heart puncture, and the liver and gastrointestinal tract were collected.

2.9 Liver steatosis staining and 
quantification

Frozen OCT-embedded liver tissue was stained with Oil red O. The 
quantification of staining was performed using ImageJ. Hematoxylin 
and eosin staining was conducted by the histology core at the 
University of California, Los Angeles. A blinded pathologist calculated 
MASLD activity scores based on the hematoxylin and eosin staining. 
Liver triglyceride content was quantified using a calorimetric 
triglyceride assay kit (Abcam ab65336), per the manufacturer protocol.

2.10 Serum inflammatory markers and 
hepatic immune flow cytometry

IL-6, TNF-α, CCL2, IL-4, and TGF-β were quantified using the 
Millipore Milliplex Cytokine Kit (Melamud et al., 2022). This kit also 
includes other cytokines such as IL-1β, IL-2, IL-15, IL-10, IL-12p70, 
IL-13, IL-17A, IFN-γ, MCP-1, MIP-1a, MIP-1b, GM-CSF, CCL3, 
CCL4, MIG, and CCL5, which play critical roles in various 
inflammatory and immune responses, providing valuable insights into 
MASLD and HCC development (Kennedy et al., 2018).

The activation of hepatic immune cells was assessed using flow 
cytometry and cell surface marker staining (Hildreth et al., 2023). The 
liver of each mouse was perfused with PBS and EDTA, followed by 
incubation with HBSS containing collagenase IV and DNAase I. Each 
liver was homogenized, filtered through a cell strainer, and 
centrifuged. The resulting pellet was resuspended and separated 
using a Percoll gradient. Flow cytometry antibodies targeting specific 
markers were used, including Alexa Fluor® 488 anti-mouse Ly-6C, 
Alexa Fluor® 647 anti-mouse F4/80, APC/Cyanine7 anti-mouse 
CD45.2, Brilliant Violet 650™ anti-mouse CD3, Brilliant Violet 
750™ anti-mouse/human CD11b, PE anti-mouse α-GalCer:CD1d 
complex, PE/Dazzle™ 594 anti-mouse CD335 (NKp46), PerCP/
Cyanine5.5 anti-mouse CD4, Brilliant Violet 421™ anti-mouse/
human CD45R/B220, and Brilliant Violet 510™ anti-mouse CD8a. 
The antibodies were obtained from BioLegend.

The flow cytometry panel allowed for the characterization of 
various immune cell populations, including T cells (CD3, CD4, and 
CD8a), B cells (CD45R/B220), macrophages (F4/80), monocytes 
(Ly-6C), and NKT cells.

2.11 Statistical analysis for mouse data

A paired t-test was used to statistically compare groups. Shapiro–
Wilk test was done to test for normality.

3 Results

3.1 Bariatric surgery leads to decreased 
obesity markers

Eighteen morbidly obese females were recruited for the human 
cohort study. Their demographic and physical characteristics were 
recorded (Table 1). Non-Hispanic White individuals made up 44.4% 
of the cohort and Hispanic individuals made up 38.9%. Asians made 
up 11.1% of the cohort and African Americans made up 5.6%. The 
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mean pre-surgery BMI was 44.7 ± 4.9 and the mean pre-surgery body 
weight 118.5 ± 18.8 kg. The cohort exhibited a statistically significant 
reduction in BMI and body weight six months after bariatric with a 
mean post-surgery bodyweight of 89.7 ± 16.9 kg (Figure 1A), and a 
post-surgery BMI of 33.9 ± 4.8 (p < 0.001) (Figure 1B). Blood fasting 
glucose decreased by 7.9% and the inflammatory markers C-reactive 
protein (CRP) and lipopolysaccharide binding protein (LBP) 
decreased by approximately 87.5 and 42.3%, respectively, six months 
post-surgery (Figures 1C–E).

3.2 Bariatric surgery reduces blood 
metabolites and introduces changes in gut 
microbiome composition

Six months post-bariatric surgery, patients demonstrated a 
noteworthy decline in several blood metabolites. Specifically, 
hepatocyte growth factor (HGF), interleukin-6 (IL-6), and tumor 
necrosis factor alpha (TNF-α) levels significantly decreased 
(Figures  2A–C). No significant differences were observed in 
interleukin-1 beta (IL-1B), interleukin-8 (IL-8), monocyte 
chemoattractant protein 1 (MCP1), or nerve growth factor (NGF) 
concentrations.

Upon analysis of beta diversity, patients who maintained a 
sustained weight loss of 20% or greater from their baseline had distinct 
differences in their gut microbiomes both at baseline and six months 
post-surgery compared to those who did not sustain weight loss 
(Figure  3A). Patients that sustained weight loss also exhibited 
significantly lower alpha diversity both at baseline and post-surgery 
(Figure 3B). There was no significant difference between alpha or beta 
diversity between individual patients’ samples pre-surgery of six 
months afterwards. Patients who sustained weight loss had higher 
levels of Bacteroides at baseline, with an upward trend in relative 
abundance over the duration of the study while patients who did not 
sustain weight loss over time had lower levels of Bacteroides at baseline 
and a relatively unchanged level overtime.

46 blood metabolites were identified as significantly different at 
the six-month post-surgery time point when compared to their 
baseline values. Of these, 31 metabolites were found to be linked to 
lipid metabolism, while 9 were associated with amino acid 
metabolism (Figure 3C).

Gut Differential Analysis reveals 12 patients who sustained 
weight loss to have altered genera six months post-surgery. 
Bacteroides, which had the largest relative abundance amongst both 
groups, increased noticeably after the sleeve gastrectomy procedure; 
22.5% at baseline to 25.5% for patients without sustained weight loss 
and 36.6 to 42.8% six months after surgery for patients who did 
(Figures 3D,E). Other genera that were altered pre-and post-surgery 
include Acetanaerobacterium, Phascolarctobacterium, 
Ruminococcaceae UCG-005, Ruminococcus 2, Klebsiella, Blautia, 
Lachnospiraceae NK4A136 group, Lachnospiraceae NK4A136 group, 
(f) Lachnospiraceae, Capriociproducens, Agathobacter, and Veillonella.

3.3 Bariatric surgery-induced gut 
microbiome changes in a preventative 
mouse model result in body weight 
reduction and attenuation of MASLD 
progression

Stool samples were collected from four donors who met the 
criteria for fecal transplantation. (Table 2). Mice with baseline donor 
stools (donor stool collected pre-surgery) gained significantly more 
weight on either diet compared to those who received the donor 
stool six months post-surgery (Figures  4A,B). No significant 
difference was seen in the average food intake in either of the two 
groups (Figures 4C,D). A measurement of body fat percentage using 
EchoMRI showed that mice on either diet who received the post-
surgery stool had significantly lower body fat percentage and higher 
average lean body mass compared to their respective pre-surgery 
groups (Figures 4D,E). Histological analysis of the liver revealed 
that pre-surgery groups on either diet had significantly elevated 
hepatic steatosis compared to their respective post-surgery groups 
(Figure 4G). This was verified both by quantification of oil red o 
lipid staining using ImageJ and quantification of liver triglycerides 
(Figures 4H–J).

Mice who received the post-surgery stool had several 
significantly lower inflammatory cytokines in their serums as 
compared to mice who received the pre-surgery stool, regardless of 
diet. Specifically, interferon gamma (IFN-y), interleukin-2 (IL-2), 
interleukin 15 (IL-15), and mig levels were significantly lower 
(Figures  5A–D). No other cytokines tested were 
significantly different.

3.4 Bariatric surgery-induced gut 
microbiome alters immunophenotype and 
reduces inflammation

The immunophenotype of the livers reflected an increase in 
natural killer T cells (NKT cells) in both the post-surgery groups 
compared to their respective pre-surgery groups, but the groups 
receiving a high fat diet demonstrated a significant decrease overall in 
the percentage of NKT cells (Figures 6A,C). Cytotoxic T-cells (CTLs) 
were lower in the post-surgery group on both diets with no significant 
differences in the quantity of CTLs between diet groups (Figures 6B,D). 
A decrease in Kupffer cells was evident in the post-surgery groups on 
either diet with a notable elevation of Kupffer cell quantity overall in 
the groups receiving the high fat diet (Figures 7A,C). There was a 

TABLE 1 Cohort characteristics.

Race and ethnicity (%)

Non-Hispanic White 44.4

Hispanic 38.9

Asian 11.1

African American 5.6

Average 
(SD) (n  =  18)

Six months 
pre-surgery

Six months 
post-surgery

p-value

Age (yr) 37.1 (9.4) 37.1 (9.4) –

Body Mass Index 44.7 (4.9) 33.9 (4.8) <0.001

Weight (kg) 118.5 (18.8) 89.7 (16.9) <0.001

The demographic and physical characteristics of 18 females recruited for the human cohort 
study. SD: Standard Deviation.
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significant decrease in inflammatory macrophages of the post-surgery 
group on either diet, and a notable increase in inflammatory 
macrophages overall in the groups receiving the high fat diet 
(Figures 7B,D).

4 Discussion

Bariatric surgery is one of the leading treatment options for a 
long-term positive outcome for obese individuals with MASLD. The 

FIGURE 1

Changes in physical and physiological metrics post-bariatric surgery. (A) Body weight of 18 cohort members before and six months post-surgery. 
(B) BMI before and six months post-surgery. (C) Fasting glucose before and six months post-surgery. (D) C-reactive protein (CRP) before and six 
months post-surgery. (E) Change in lipopolysaccharide binding protein (LBP) before and six months post-surgery. “*” indicates p-value<0.05.
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primary purpose of this study was to demonstrate that the microbiome 
is partially responsible for MASLD improvement following bariatric 

surgery. The long-term positive trends observed in the human cohort 
reflected those seen in previously published data on more extensive 

FIGURE 2

Changes in blood cytokines post-bariatric surgery. (A) Hepatocyte growth factor (HGF) before and six months post-surgery. (B) Interleukin-6 before 
and six months post-surgery. (C) Tumor necrosis factor alpha (TNF-α). “*” indicates p-value<0.05.

FIGURE 3

Changes in gut microbiome composition and serum metabolites following bariatric surgery. (A) Principal coordinate analysis plot (PCoA) measuring 
beta diversity. Each patient sample is indicated by either a triangle for pre-surgery or circle for six-months post-surgery, color-coded in either green for 
sustained weight loss or red for otherwise. Shapes are connected by a line to indicate an individual patient’s sample over time. (B) Shannon Index 
quantifying alpha diversity. (C) Heatmap of serum metabolites before and six months post-surgery, categorized by major biochemical pathway. Only 
metabolites that were significantly different are shown. (D) Stacked bar plot showing the average relative abundance of each genera. Only genera with 
a relative abundance of at least 1% are included. (E) Results of differential abundance testing by MaAsLin, showing genera that are different from 
baseline. The test is adjusted for sustained weight loss (SWL) with patient ID as a random effect.
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cohorts and confirm that the treatment is effective (Courcoulas et al., 
2014). Notably, individuals who underwent sleeve gastrectomy 
achieved a total body weight loss of 22.7% and a decrease in BMI of 
21.6% six months after surgery. This decrease was associated with 
significant downwards trends in concentrations of C-reactive protein 
and lipopolysaccharide-binding protein, both notable inflammatory 

markers associated with obesity. Previous studies examining visceral 
adipocyte tissue in obese patients have revealed that expressions of 
hepatocyte growth factor (HGF), interleukin-6 (IL-6), and tumor 
necrosis α (TNF-α) are significantly elevated in obese patients 
compared to lean ones (Park et al., 2005; Gletsu-Miller and Wright, 
2013; Muratsu et al., 2017). Likewise, studies incorporating bariatric 

TABLE 2 Microbiome donor characteristics.

Donor Race/ethnicity Age Body mass index % Body weight 
loss at six months

Fatty liver resolution 
on imaging

Pre-surgery Post-surgery

A Non-Hispanic White 25 51.0 37.1 20.1 Yes

B Hispanic 21 42.2 30.9 23.3 Yes

C Asian 45 36.9 25.1 35.3 Yes

D Hispanic 43 38.2 31.0 20.2 Yes

The demographic and physical characteristics of four cohort members who had fatty liver disease prior to surgery that resolved after six months after treatment.

FIGURE 4

Bariatric surgery induced microbiome changes protect against MASLD progression in mice. (A) Average change in body weight for mice on a standard 
diet (SD) over 90  days. Orange indicates the control group with a vehicle gavage; gray indicates the group which received the pre-surgery stool 
transplant; yellow indicates the group that received the post-surgery stool transplant. (B) Average change in body weight for mice on high fat diet 
(HFD) over 90  days. (C) Cumulative food intake for mice on a standard diet over 90  days. (D) Cumulative food intake for mice on a high fat diet over 
90  days. Comparison of average percent body fat between mice receiving pre-surgery versus post-surgery stool transplant on either diet following 
90  days of gavage. (E) Comparison of average percent body fat of mice receiving pre-surgery versus post-surgery stool transplant on either diet 
following 90 days of gavage. (F) Comparison of average lean body mass of mice receiving pre-surgery versus post-surgery stool transplant on either 
diet following 90  days of gavage. (G) Images of Oil red o-stained liver samples from pre-surgery or post-surgery transplants on either diet. 
(H) Quantification of fat on liver for mice on standard diet using ImageJ. (I) Quantification of fat on liver from mice on high fat diet using ImageJ. 
(J) Quantification of mouse liver triglycerides. “*” indicates p-value<0.05.
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surgery and its role in obesity show a decrease in adiposity and in 
serum levels of IL-6, and TNF-α (Casimiro et al., 2020). Elevated 
levels of HGF have also been found to be associated with increased 
insulin resistance, a marker of severe obesity (Muratsu et al., 2017). As 
anticipated with the differences in physiological markers for patients 
in our cohort, measurements of inflammatory cytokine markers HGF, 
IL-6, and TNF-α were significantly lower six months after surgery 
compared to before. These results match the trends of more extensive 
bariatric surgery trials referenced.

A comparison of the microbiome composition of individuals 
before and after surgery reveals significant long-term differences. 
Bacteroides have previously been shown to have a negative correlation 
with physiological markers of obesity–body weight, BMI, and body 
fat (Aoun et al., 2020; Zsálig et al., 2023). The findings in this study 
concur with these trends; individuals in our study had increased 
levels of Bacteroides after surgery. Those who sustained weight loss 
after surgery had a more pronounced increase compared to those 
who did not. The exact mechanisms by which Bacteroides are 
correlated with weight loss remain unclear. However, multiple studies 
propose that these species may contribute to weight management 
through their potential involvement in gut-barrier integrity and 
metabolism (Ghosh et al., 2021; Zafar and Saier, 2021). Bacteroides 
have previously been shown to promote tight junction expression 
between epithelial cells in the small intestine, reducing permeability 
and potentially hindering the translocation of pro-inflammatory 
pathogens from the gut lumen into the bloodstream (Zhou et al., 
2022). Consequently, an increase in the population could protect 
against systemic inflammation, a hallmark of obesity-related 
dysfunction. Bacteroides are also known for their ability to synthesize 
SCFAs as byproducts of complex dietary fibers. SCFAs are positively 
associated with glucose homeostasis and satiety (Ghosh et al., 2021; 
Zafar and Saier, 2021). Ghosh et al. (2021) particularly emphasized 
the potential impact of Bacteroides-synthesized SCFAs on insulin 
sensitivity. Several mouse studies and human studies have shown that 
SCFA are altered after bariatric surgery, with butyrate and propionate 
being positively associated with weight loss.

In order to demonstrate a causal relationship between changes 
in the gut microbiome induced by bariatric surgery and the 

progression of MASLD, fecal samples pre-surgery and post-surgery 
of cohort members who had resolution of MASLD post-surgery 
were transplanted into antibiotic treated mice. Mice who had 
received the pre-surgery microbiome showed increased body 
weight and a more rapid increase in body fat complemented with 
more severe progressed MASLD and fat on the liver, demonstrated 
in the histological staining and quantification. These trends were 
observed regardless of diet with no significant differences in food 
intake amongst those receiving the pre-surgery or post-surgery 
transplant, matching those of the findings in Tremaroli et al.; mice 
receiving the pre-surgery transplant had gained greater weight 
than those receiving the post-surgery transplant with no difference 
in respiratory levels, activity, or average food intake (Tremaroli 
et al., 2015). Mice receiving the post-surgery transplant also had a 
significant decrease in interferon gamma (IFN-y), interleukin-2 
(IL-2), interleukin 15 (IL-15), and mig levels in their serum as 
compared to the pre-surgery transplant group. The active role of 
these cytokines is linked to growth of hepatocytes and a more rapid 
progression of MASLD (Chang et al., 2015; Duan et al., 2022). 
Moreover, in Tarantino et al., IL-15 is identified as a predictor for 
intima-media thickness independent of age, suggesting the role of 
the cytokine in the onset and progression of atherosclerosis in 
obese individuals (Tarantino et  al., 2021). While the exact 
mechanism by which the gut microbiome can modulate the 
development of obesity and MASLD remains unknown, we propose 
that the microbiome is affecting the progression of MASLD via the 
host innate immune system, specifically via natural killer T 
cells (NKT).

Hepatic lipid accumulation triggers a complex interplay of 
immune responses centered around Kupffer cells, which subsequently 
contributes to the progression of fibrosis, cirrhosis, and ultimately 
hepatocyte death (Chiang et al., 2011; Krijgsman et al., 2018). At the 
forefront of the immune defense, the innate immune system 
orchestrates rapid reactions through lymphocyte infiltration and 
localized inflammation. NKT cells, recognized by their expression of 
both CD3 and a unique natural killer cell marker, play a distinct role 
in this context. These cells exhibit an unconventional antigen 
recognition mechanism, responding to lipid antigens presented by 

FIGURE 5

Post bariatric microbiome changes alters inflammatory cytokines in the serum. These four groups are consistent across graphs: Mice who received 
pre-surgery stool and were on a standard diet (Pre-SD); mice who received post-surgery stool and were on a high fat diet (Pre-HFD); mice who 
received post-surgery stool and were on a standard diet (Post-SD); mice who received post-surgery stool and were on a high fat diet (Post-SD). 
Comparison of (A) interferon gamma (IFN-y), (B) interleukin-2 (IL-2), (C) interleukin-15 (IL-15), (D) Mig between the pre-and post-surgery groups within 
their respective diets. “*” indicates p-value<0.05.
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CD1d molecules. This specialized characteristic suggests their 
potential involvement in the pathogenesis of fatty liver diseases, where 
lipid accumulation serves as a hallmark feature.

In the studies presented in this paper, mice with the pre-surgery 
microbiome had higher weight gain and lower levels of NKT cells, 
worsened fatty liver pathogenesis, and increased insulin resistance as 
compared to their counterparts. This trend is consistent with those 
demonstrated in earlier findings. Previous murine studies consistently 
reveal a decrease in NKT cells in obese phenotypes (Lynch et al., 2012; 
Subramanian et al., 2018). It should be noted, however, that there 
exists unclear information about the role of NKT cells in obesity; 
while murine models consistently show a depletion in NKT cells, 
several human studies have conflicted results (Ohmura et al., 2010). 
This is possibly due to the stage at which human MASLD is clinically 
evaluated compared to murine studies. Existing murine models focus 
on the inhibitory role of NKT cells in early stages of fibrosis while later 
human studies suggest the promotion of progression in later stages of 

fibrosis (Teige et al., 2010; Lee et al., 2022). A recently published paper 
using knockdown and overexpression of CD1d, showed that 
overexpression of CD1d was protective in human and mouse MASLD 
models (Lei et al., 2024).

Kupffer cells, the resident macrophages of the liver, are 
regulated by the recruitment of inflammatory cytokines by 
cytotoxic T cells (CTL) (Kolios, 2006; Zhang and Bansal, 2020). 
Kupffer cells were significantly decreased in post-surgery mice in 
either group, indicating a relationship between the transplanted 
microbiome and macrophage activation. Active macrophages 
further enhance the pro-inflammatory environment by amplifying 
the cytokine response (Kolios, 2006). It is likely that dysbiosis in 
obesity phenotypes may contribute to the recruitment of cytokines 
by CTL and subsequent activation of Kupffer cells (Krijgsman 
et  al., 2018; Zhang and Bansal, 2020). This could have a dual 
impact on the increase in cytokine secretion and depletion in 
NKT cells.

FIGURE 6

Natural killer T and CD8 T cells are altered by microbial changes post-bariatric surgery. Flow cytometry data displayed in density plot for four groups: 
Mice who received pre-surgery stool and were on a standard diet (Pre SD); mice who received post-surgery stool and were on a high fat diet (Pre 
HFD); mice who received post-surgery stool and were on a standard diet (Post SD); mice who received post-surgery stool and were on a high fat diet 
(Post SD). (A) Comparison of NKT cell count in black square box labeled “NKT CD4+ Cells.” Mice who received post-surgery stool had a higher count 
of NKT cells compared to the pre-surgery group on either diet. (B) Comparison of CD8 T cells cell count in black square box labeled “CD4+ CD8  +  .” 
Mice who received post-surgery stool had a lower count of CD8 T cells compared to the pre-surgery group on either diet. (C) Quantification by 
percentage of density plot (A). (D) Quantification by percentage of 606 density plot (B). “*” indicates p-value<0.05.
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In conclusion, the findings in this study suggest that bariatric 
surgery induces microbiome changes that interacts with the host 
innate immune system, influencing the progression of MASLD. The 
human cohort study confirms that the microbiome of an obese 
individual undergoes distinct changes after bariatric surgery both 
physically and with biological markers of obesity. These findings were 
replicated in the mouse model using fecal transplants from qualifying 
cohort members that recovered from MASLD. Mice who received the 
pre-surgery stool reflected an obese phenotype with greater 
inflammatory markers than those who received the post-surgery stool, 
regardless of diet. Quantification of innate immune cells using flow 
cytometry suggests a depletion of NKT cells in mice receiving the 
pre-surgery stool, paired with an increase in pro-inflammatory 
cytokines, findings that were opposite for the post-surgery group. 
These findings suggest that NKT cells may have a protective role early 
on against the development MASLD.

4.1 Limitations

While our study offers valuable insights into the interplay between 
microbiome and host innate system on obesity and MASLD, several 
limitations should be  considered. First, despite the observed 
association between the study phenotypes and their respective 
immune profile, the exact molecular mechanisms underlying the 
influence of microbiome changes on NKT cell signaling remain a 
subject of ongoing investigation. While we tried to explore as many 
immune cells as we could, not all immune cells were studied. For 
example, regulatory T cells play a significant role in inflammation and 
may play a role in MASLD. Therefore, it is possible that other immune 
cells not measured may play a critical role between the microbiome 
and MASLD. It should also be  noted that microbial transfer has 
pleiotropic effects that extend beyond the scope of this study. These 
effects could include, but are not limited to, alterations to bile acids, 

FIGURE 7

Mice in pre-surgery group have higher level Kupffer cells and macrophages. Flow cytometry data displayed in density plot for four groups: Mice 
who received pre-surgery stool and were on a standard diet (Pre SD); mice who received post-surgery stool and were on a high fat diet (Pre 
HFD); mice who received post-surgery stool and were on a standard diet (Post SD); mice who received post-surgery stool and were on a high 
fat diet (Post SD). (A) Comparison of Kupffer cell count in black square box labeled “CD11b (int) F4/80.” Mice who received post-surgery stool 
had a visually lower quantity of Kupffer cells than mice in the pre-surgery group on either diet. (B) Comparison of Monocyte-Derived 
macrophage count in black square box labeled “CD11b (high).” Mice who received post-surgery stool had a lower count of macrophages 
compared to the pre-surgery group on either diet. (C) Quantification by percentage of density plot (A). (D) Quantification by percentage of 606 
density plot (B). “*” indicates p-value<0.05.
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SCFAs, and hormone signaling pathways. Future studies should 
involve manipulating NKT cell activity through knockdown and 
overexpression techniques within a similar microbial transfer model. 
This will help determine whether NKT cell expression is a crucial 
mediator between the gut microbiome and MASLD.
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The integrated analysis of gut
microbiota and metabolome
revealed steroid hormone
biosynthesis is a critical pathway
in liver regeneration after 2/3
partial hepatectomy
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Introduction: The liver is the only organ capable of full regeneration in
mammals. However, the exact mechanism of gut microbiota and
metabolites derived from them relating to liver regeneration has not been
fully elucidated.

Methods: To demonstrate how the gut-liver axis contributes to liver
regeneration, using an LC-QTOF/MS-based metabolomics technique, we
examine the gut microbiota-derived metabolites in the gut content of
C57BL/6J mice at various points after 2/3 partial hepatectomy (PHx).
Compound identification, multivariate/univariate data analysis and pathway
analysis were performed subsequently. The diversity of the bacterial
communities in the gastrointestinal content was measured using 16S rRNA
gene sequencing. Then, the integration analysis of gut microbiota and
metabolome was performed.

Results: After 2/3 PHx, the residual liver proliferated quickly in the first 3 days
and had about 90% of its initial weight by the seventh day. The results of PLS-
DA showed that a significant metabolic shift occurred at 6 h and 36 h after 2/
3 PHx that was reversed at the late phase of liver regeneration. The α and β-
diversity of the gut microbiota significantly changed at the early stage of liver
regeneration. Specifically, Escherichia Shigella, Lactobacillus, Akkermansia,
and Muribaculaceae were the bacteria that changed the most considerably
during liver regeneration. Further pathway analysis found the most influenced
co-metabolized pathways between the host and gut bacteria including
glycolysis, the TCA cycle, arginine metabolism, glutathione metabolism,
tryptophan metabolism, and purine and pyrimidine metabolism. Specifically,
steroid hormone biosynthesis is themost significant pathway of the host during
liver regeneration.
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Discussion: These findings revealed that during liver regeneration, there was a
broad modification of gut microbiota and systemic metabolism and they were
strongly correlated. Targeting specific gut bacterial strains, especially increasing the
abundance of Akkermansia and decreasing the abundance of Enterobacteriaceae,
may be a promising beneficial strategy to modulate systemic metabolism such as
amino acid and nucleotide metabolism and promote liver regeneration.

KEYWORDS

steroid hormone biosynthesis, liver regeneration, 2/3 partial hepatectomy, gutmicrobiota,
metabolomics

1 Introduction

The liver is the largest organ of themammal’s internal organs and is
mainly responsible for maintaining internal balance, involving the
elimination of waste, the storage and balancing of glucose and
glycogen, the regulation of amino acid metabolism, detoxification,
drug metabolism, and more. The liver is the only internal organ in
mammals with the amazing capacity to regenerate to 100% of its initial
weight, guaranteeing that the liver-to-weight ratio is consistently
maintained at the level necessary for maintaining bodily homeostasis
(Tremaroli and Bäckhed, 2012). Liver regeneration is a highly
coordinated biological process. Many changes in gene and protein
expression, the production of growth factor, and tissue remodeling
occurred during this process. Multiple types of cells and extrahepatic
factors cooperated during liver regeneration (Mao et al., 2014). Based on
this characteristic of the liver, hepatic resection has been established as a
safe primary treatment for a variety of diseases of the liver, such as
hepatic trauma, intrahepatic gallstones, hepatic cysts, hepatic tumors,
and liver transplantation (Rahbari et al., 2021); however, successful
restoration of the patient’s hepatic function in the postoperative period
is critical for their good prognosis and quality of life.

After hepatic resection, hepatocytes that have not undergone final
differentiation show remarkable proliferative capacity (Liu et al., 2015),
in addition to cytokines, growth factors andmitogens also participate in
the process of hepatic regeneration. Energy production and the
provision of precursors for the manufacture of chemicals essential
for hepatic cell proliferation and tissue remodeling are dependent on
active metabolism (Fausto et al., 2012; Michalopoulos, 2014; Monga,
2014). Liver regeneration is accompanied by changes in system
metabolism. Metabolic change is a sign of various liver diseases, and
liver regeneration after PHx is also characterized by a changed status of
metabolism, in which the body undergoes significant changes in
metabolites reflected in the serum, liver and urine (Kajiura et al.,
2019). Metabolomics is a method of comprehensive and systematic
analysis and quantitate of metabolites in biological matrix using high-
throughput technologies. A number of studies have been conducted on
rodent partial hepatectomy models with metabolomics techniques to
explore the alteration of metabolism related to liver regeneration
(Kajiura et al., 2019). These studies have pointed out that metabolic
pathways including bile acid metabolism have an essential role in the
whole complex process of liver regeneration (de Haan et al., 2018).

Gut microecology is essential in regulating metabolic activities
(Tremaroli and Bäckhed, 2012; Cani, 2014), modulating immunity
(Viaud et al., 2013) and protecting the host from pathogenic
microorganisms, etc (Fukuda et al., 2011). Many diseases are at risk
due to dysbiosis of the intestinal flora, and in this regard, the connection

between the liver and the gut is becomingmore well-recognized (Tripathi
et al., 2018). The gut-liver axis, which is the integrated functional and
physiological relationship between the liver and the gut, is the focus of
current research. The intestinal flora is validated can influence the
pathophysiology of the liver through the gut-liver axis. Numerous
liver illnesses, such as alcoholic liver disease and nonalcoholic fatty
liver disease, primary sclerosing cholangitis, and hepatocellular
carcinoma, etc. are linked to changes in the composition of the gut
microbiota. In addition, gut flora has been shown to influence the
regenerative capacity of the liver. Studies have shown that the gut
microbiota acts through the gut-liver axis to link a wide range of
metabolites to liver regeneration and that these metabolites are
important signaling and energy substrates for hepatocytes (Yin et al.,
2023). A shift in the gut microbiota ratio results in modifications to the
metabolites, which in turn affect hepatocyte proliferation andmetabolism,
thus reducing liver injury and enhancing liver regeneration (Liu et al.,
2016). In general, the etiology of liver disease and the process of liver
regeneration are significantly influenced by gut bacteria.

With the development of metabolomics and advanced
bioinformatics analysis, the relationship between the functional
activity of the gut microbiota and changes in endogenous metabolites
[bile acids (Huang et al., 2006), short-chain fatty acids (Yin et al., 2023),
tryptophan (Xu et al., 2022), etc.] and liver regeneration has been
reported; yet, the connection between the gut microbiota and the
metabolites derived directly from them and liver regeneration has not
been fully elucidated. In this study, gutmicrobiota andmetabolites in the
gut content were analyzed in an integrated manner, and this
comprehensive and integrated approach may provide a clearer
understanding of the function of gut microbiota and metabolites
derived from them and the underlyingmechanisms of liver regeneration.

2 Methods

2.1 Animals and treatment

Thirty male C57BL/6J mice, 6 weeks old, were kept in a 12 h
light/12 h dark environment (lights on at 6:00 a.m. and lights off at 6:
00 p.m.). The mice were acquired from Changzhou Cavens
Laboratory Animal Co. (Changzhou, China). The Animal Ethics
Committee of Nanjing University Medical School Affiliated Drum
Tower Hospital accepted all protocols pertaining to animal care and
experimental procedures. Five groups (n = 6) of mice were used: the
Sham group (PHx-0h), the PHx-6h group, the PHx-36h group, the
PHx-72h group, and the PHx-168h group. The PHx surgery was
performed as previously reported (Kong et al., 2018). Briefly, the
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mice were anesthetized with isoflurane, the mouse abdomen was
skinned and disinfected, then fully exposes the liver and ligate the
roots of the left and middle lobes of the liver with 5-0 silk thread
respectively and then both lobes are removed. The control group
(sham operation group) only underwent laparotomy and suturing.
The mice were sacrificed at different time points after PHx. Serum
and tissues were collected and used for further analysis. The detailed
information can be found in Supplementary Material.

2.2 Untargeted metabolomics of the gut
content by LC-QTOF/MS

The same extraction and analysis procedures were applied as
previously reported with a few adjustments (Sun et al., 2023a; Sun
et al., 2023b). To summarize, 20mg of gut material was added to 100 μL
of normal saline, and 50 μL of the gut content combination was then
mixed with 200 μL of methanol that contained 1 μg/mL of 4-
chlorophenylalanine as an internal standard (IS). Following a 3-min
vortex and 10 min of centrifugation at 12,000 rpm, 200 μL of the
supernatant was moved to a fresh Eppendorf tube and dried using an
SPD 2010-230 SpeedVac Concentrator (Thermo Savant, Holbrook,
United States). The residue was re-dissolved with 100 μL 50%
methanol-water and centrifuged at 18,000 rpm for 10 min. Finally,
80 μL supernatant was transferred to an LC vial and 5 μL was injected
and analysed. The chromatographic andmass spectrometric parameters
were the same as reported before (Sun et al., 2023b). Briefly, the LC-Q/
TOF-MS (AB SCIEX TripleTOF® 5600 LC-Q/TOF-MS, Foster City,
CA) was used for the untargeted metabolomics analysis both in positive
and negative mode. TOF MS ranged from m/z 50–1,200. Then
compound identification, multivariate and univariate data analysis
were performed. Pathway analysis was carried out using the online
metabolomics data analysis tool MetaboAnalyst 6.0 (www.
metaboanalyst.ca) with the KEGG library (Mus musculus).
Enrichment analysis was also performed using chemical structures.
The detailed information can be found in Supplementary Material.

2.3 16S rDNA gene sequencing

The 16S rDNA gene amplicon sequencing of gut microbiota was
performed by Suzhou PANOMIX Biomedical Tech Co. Ltd.
(Suzhou, China) using an Illumina MiSeq platform (Illumina,
San Diego, CA, United States) (Sun et al., 2023b). The detailed
information can be found in Supplementary Material.

2.4 Integration analysis of microbiome and
metabolome

The integration analysis of the microbiome and metabolome was
conducted using metorigin (https://metorigin.met-bioinformatics.cn)
(Yu et al., 2022).Mus musculus (house mouse) was selected as the host.

2.5 Statistical analysis

Statistical analysis was performed using the R project (version
4.2.1) and GraphPad Prism 7.2 software (La Jolla, CA,

United States). The data was displayed as mean ± standard
deviation. A one-way ANOVA was used to examine group
differences, and the Bonferroni post hoc test was used afterward.
A significance level of P < 0.05 was applied to all statistical tests.

3 Results

3.1 The liver regenerated to normal after 2/
3 PHx in mice

Serum and liver samples were collected at five time points (0 h, 6 h,
36 h, 72 h, and 168 h) after surgery to inquire about the changes in the
gut microbiota and the metabolites during liver regeneration progresses
following 2/3 PHx. According to the liver index, the remaining liver
grew more quickly in the first 3 days and then reached over 90% of its
initial weight again on the seventh day (Figures 1A, B). Following 2/
3 PHx, the serum’s total bile acids (TBA) considerably rose in the early
stages (Figure 1C). ALT (Figure 1D), AST (Figure 1E), and ALP
(Figure 1F) were significantly increased during the early stages of
liver regeneration and recovered to normal after 72 h.

3.2 A significant metabolic change in the gut
content occurred after 2/3 PHx

The typical total ion current (TIC) chromatograms of mouse gut
content in positive and negative modes are shown in Supplementary
Figure S1. 23,225 and 26,524 chromatographic features were
deconvoluted and extracted respectively. The compounds identified
include organic acids, amino acids, carbohydrates, purines, pyrimidines
and fatty acids. An overview of the metabolomics data was obtained
using unsupervised principal component analysis (PCA). In the PCA
analysis, no outlier was discovered based on the scatter plots (Figures
2A, B). The partial least squares discriminant analysis (PLSDA) showed
that the 6 h group, the 36 h group, and the Sham group were clearly
separated from one another, while the 72 h group and the 168 h group
were closer to the Sham group (Figures 2C, D). This suggests that
during the liver regeneration process, PHx induced a significant
metabolic change in the gut content at an early stage and returned
to normal at the late stage.

3.3 Metabolites in the gut content changed
significantly during liver regeneration after
2/3 PHx

To select the differential metabolites in the gut content during
liver regeneration after 2/3 PHx, the average of each of the two
groups was divided to determine the fold change (FC), and the
Benjamini–Hochberg method was used to adjust the Student’s t-test
to determine the P-value. Metabolites in the gut contents with an FC
of greater than 2 or less than 0.5 and a P-value of less than 0.05 are
considered to be differential metabolites and displayed in the
volcano plot (Supplementary Figures S2A–D, positive mode;
-Supplementary Figures S3A–D, negative mode). The heat maps
of differential metabolites in the gut contents of the positive and
negative modes are shown in Supplementary Figures S4, S5,
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respectively. Specifically, metabolites in TCA cycle (succinic acid),
nucleotides (cAMP, AMP, Uridine), amino acids (L-cystine), the
steroid hormones (cortisone, corticosterone, deoxycorticosterone
and 17-hydroxyprogesterone) all peaked at the early phase (6 h
or 36 h) during liver regeneration after 2/3 PHx, and returned to
normal at the late phase (Supplementary Figure S6).

3.4 Energy metabolism, amino acid
metabolism and nucleotide metabolism are
the significantly changed metabolic
pathways during liver regeneration after
2/3 PHx

The significantly changed metabolites in the gut content were
selected and further analyzed by MetaboAnalyst (www.
metaboanalyst.ca). In order to analyze the metabolites of gut
contents for overrepresentation and pathway analysis, the
differential metabolites were mapped to KEGGmetabolic pathways.

The pathway analysis showed that glyoxylate and dicarboxylate
metabolism, the citrate cycle (TCA cycle), alanine, aspartate and
glutamate metabolism, cysteine and methionine metabolism, purine
metabolism and pyrimidine metabolism were the most changed
pathways (Figure 3A). Accordingly, the enrichment analysis showed
that the most enriched metabolites set including carboxylic acids

and derivatives, purine nucleotides/nucleotides, pyrimidine/
nucleotides, benzene and substituted derivatives, steroids and
steroid derivatives, indoles and derivatives and fatty
acyls etc (Figure 3B).

3.5 Alterations of gut microbial diversity and
abundance during liver regeneration after
2/3 PHx

16S rRNA sequencing was used to investigate the bacterial
communities. The α diversity of gut microbiota is shown in
Figure 4A. The Chao1 index and the Shannon index showed that
the α diversity of the gut bacteria increased significantly. The PCoA
results representing the β diversity (Figure 4B) showed that the
composition of microbial communities at various times after
2/3 PHx was significantly separated, indicating a dramatic alteration of
the microbial composition. The considerable distance between the
PHx-6 h group and the PHx-36 h group with the sham group suggested
that the abundance of the microbial community could be obviously
modulated during liver regeneration, and the changed abundance of the
microbial will return at the late phase of liver regeneration.

The top 20 most prevalent bacteria at the phylum level and
family level in the gut contents are presented in Figures 4C, D,
respectively. Specifically, compared with the Sham group, At the

FIGURE 1
After 2/3 PHx, liver weight (A) and liver index (B) at various phases. The following biomarkers were assessed for the Sham group and 36, 72, and 168 h
after PHx: total bile acids (TBA) (C), Alanine aminotransferase (ALT) (D), aspartate aminotransferase (AST) (E), alkaline phosphatase (ALP) (F). The data (n =
6) are displayed as mean ± SD. *** P < 0.001, ** P < 0.01 and * P < 0.05.

Frontiers in Pharmacology frontiersin.org04

Sun et al. 10.3389/fphar.2024.1407401

132

http://www.metaboanalyst.ca
http://www.metaboanalyst.ca
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1407401


early phase, PHx markedly decreased the relative abundance of
Firmicutes and Verrucomicrobia and increased the relative
abundances of Bacteroidetes and Proteobacteria at the genus level.
At the family level, PHx markedly decreased the relative abundance
of Akkermansiaceae and Lactobacillales and increased the relative
abundances of Muribaculaceae and Enterobacteriaceae at the early
phase. These changes all returned to normal at the late phase of PHx.
Figure 4E shows the biological evolution tree of each group.

LefSe was also used to evaluate the species and relative abundance
of gut microbiota in each group. Following PHx, the evolutionary
branch diagram displayed themost distinct bacteria at each time point
(Figure 5A). The results (Figure 5B) showed that at the phylum level,

Verrucomicrobiota, Bacteroidota, Proteobacteria, and Firmicutes are
themost differentially enriched bacteria in the 0 h, 6 h, 36 h, and 168 h
groups, respectively. At the class level, Verrucomicrobiae, Bacteroidia,
Gammaproteobacteria and Bacilli are the most differentially enriched
bacteria in the 0 h, 6 h, 36 h, and 168 h groups, respectively. At the
order level, Verrucomicrobiales, Bacteroidales, Enterobacterales,
Bifidobacteriales and Lactobacillales are the most differentially
enriched bacteria in the 0 h, 6 h, 36 h, 72 h, and 168 h groups,
respectively. At the family level, Akkermansiaceae, Muribaculaceae,
Enterobacteriaceae, Bifidobacteriaceae and Lactobacillaceae are the
most differentially enriched bacteria in the 0 h, 6 h, 36 h, 72 h, and
168 h groups, respectively. At the genus level, Akkermansia,

FIGURE 2
The total alteration of metabolites at different phases following a 2/3 PHx. The score plots for PCAmodel of mouse gut content at positive mode (A)
and negative mode (B). Score plots for the PLS-DA model’s positive mode (C) and negative mode (D).
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Muribaculaceae, Escherichia Shigella, Bifidobacterium and
Lactobacillus were the most differentially enriched bacteria in the
0 h, 6 h, 36 h, 72 h, and 168 h groups, respectively.

3.6 Gut microbiota and metabolites derived
from them were closely related

The correlation between the gut microbiota and metabolites
derived by them was analyzed, and the metabolites and pathways in
the host and microbiota respectively and co-metabolized by the host
and microbiota were shown in the venn plot (Figures 6A, B). A total
of 130 metabolites and two pathways were co-metabolized by the
host and microbiota. Spearman’s correlation analysis between the
metabolites in the gut contents and the differential bacteria at the
genus level was performed in order to better evaluate the possible
association between the gut microbiota and metabolites derived by
them (Supplementary Figure S7). The correlations of gut bacteria
and metabolites were shown in Figures 6C, D for 6 h and 36 h after
PHx, respectively. Specifically, at 6 h, morin, sphinganine,
oxycodone, L-theanine and prednisone, etc. were negatively
correlated with Mucispirillum, Anaerofustis, Rikenellaceae,
Oscillibacter and Muribaculum, whereas positively correlated with
Pelomonas, Porphyromonas, Corynebacterium, Actinomyces and
Allobaculum. L-alanine, sebacic acid, N-trans-feruloyltyramine,
oxoadipic acid and suberic acid, etc., have the opposite trend
with these bacteria (Figure 6C). At 36 h, oleanolic acid,
progesterone, thymidine, carvedilol and creatine were negatively
correlated with Klebsiella, Erysipelatoclostridiaceae, Prevotella 9,
Enterococcus and Oscillibacter, and positively correlated with
RF39, ASF356, Enterobacter, Dialister and Gordonibacter.

Deoxycorticosterone, phenylacetylglycine, DOPA, guanidoacetic
acid, trans-muconic acid and 5,7-Dihydroxyflavone etc. have the
opposite trend with these bacteria (Figure 6D).

3.7 Network analysis of gut microbiota and
metabolites derived by them revealed that
steroid hormone biosynthesis is the most
important altered metabolic pathway in
the host

A co-occurrence network analysis among the differential
microbiota and metabolites derived by them was carried out by
contrasting the 6 and 36-h groups with the Sham group. Steroid
hormone biosynthesis is the most important altered metabolic
pathway in the host. Aminobenzoate degradation, degradation of
flavonoids and caprolactam degradation are the most important
changed metabolic pathways in the bacteria at 6 h after 2/
3 PHx. Aminobenzoate degradation and ubiquinone and other
terpenoid-quinone biosynthesis are the most important changed
metabolic pathways in the bacteria at 36 h after 2/3 PHx.
The TCA cycle, glycolysis, tryptophan metabolism, glutathione
metabolism, taurine and hypotaurine metabolism, biosynthesis of
unsaturated fatty acids, purine and pyrimidine metabolism were the
important metabolic pathways co-metabolized by the host and bacteria
at 6 h after 2/3 PHx (Figure 7). Glyoxylate and dicarboxylate
metabolism, the TCA cycle, vitamin B6 metabolism, purine and
pyrimidine metabolism were the important metabolic pathways co-
metabolized by the host and bacteria at 36 h after 2/3 PHx (Figure 8).
These results suggested that gut microbiota and metabolites derived by
them dynamically changed during liver regeneration.

FIGURE 3
Metabolites in the gut content significantly changed during liver regeneration after 2/3 partial hepatectomy. Metabolic pathways that are modulated
considerably during liver regeneration: (A). The classification of metabolites that are significantly modulated during liver regeneration (B).
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FIGURE 4
Alterations in composition of gut microbiota during liver regeneration after 2/3 partial hepatectomy. (A) α diversity of gut microbiota (Chao1 and
Shannon index). (B) PCoA of β diversity. (C) Alteration of gut microbiota composition at phylum levels. (D) Alteration of gut microbiota composition at
family levels. (E) Graphical Phylogenetic Analysis (GraPhlAn) Phylogenetic tree.
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4 Discussion

The complicated biological process of liver regeneration involves
successive alterations in cytokines, metabolites, and gene expression,
among others. After 2/3 PHx, gut-liver axis interaction is crucial to
liver regeneration. Gut microbiota plays a key role in the gut-liver
axis and influences many areas of human health and diseases. It is
also found to be essential in liver regeneration. Liver regeneration is
delayed in Germ-free mice and after the use of antibiotics in normal
mice (Cornell et al., 1990; Wu et al., 2015). Reconstitution of normal
gut microbiota in GF mice could ameliorate liver regeneration
(Amin et al., 2020). Several studies also demonstrate the

beneficial effects of probiotics and specific gut microbiota on the
promotion of liver regeneration (Xie et al., 2021; He et al., 2023). By
stimulating the phospholipid biosynthesis of the hepatic membrane,
gut bacteria may contribute to liver regeneration (Yin et al., 2023).
These findings demonstrate how crucial gut microbiota is to liver
regeneration. However, the underlying mechanisms of gut-liver axis
interaction involving gut microbiota in liver regeneration are not
fully understood, and the modulation of gut microbiota and the
metabolites derived from them after PHx and additional
investigation are still required to determine the underlying
mechanisms. In this study, we discovered that there was a
notable shift in the gut microbiota’s composition at different

FIGURE 5
Identifying the distinctive taxa that differ the most during liver regeneration following a 2/3 PHx. (A) Characteristic taxa are analyzed using linear
discriminant analysis (LDA) effect size (LEfSe) across five experimental groups. (B) Use LDA to characterize taxa with a threshold score greater than 3.0.
The influence of distinctive taxa within specific groups is shown by the bar length of the LDA.
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FIGURE 6
Correlation study between the gut microbiota and the considerably altered metabolites in the gut content. (A) Metabolites and pathways in the
microbiota and host significantly altered 6 hours after 2/3 PHx. (B)Metabolites and pathways in the microbiota and host significantly altered 36 h after 2/
3 PHx. (C) A correlation heatmap showing the major metabolite changes in the gut microbiota and gut content 6 h and after 2/3 PHx. (D) A correlation
heatmap showing the metabolites that were significantly altered in the gut microbiota and gut content 36 h after 2/3 PHx.
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stages during liver regeneration, especially at 6 h and 36 h after PHx.
The metabolites in the gut content also showed an obvious alteration
at various time points after 2/3 PHx. The correlation between gut
microbiota and metabolites derived by them showed that several
metabolic pathways are changed during liver regeneration, including
pathways in host-specific metabolism, microbiota-specific
metabolism and host and microbiota co-metabolized.

Our study showed the alteration of gut microbial composition after
PHx by 16S rRNA sequencing. The process of liver regeneration causes
a dynamic shift in the composition of the gut flora. The α and β diversity
of the gut bacteria both changed. This is in line with other research (Liu

et al., 2016). Specifically, at the genus level, PHx markedly decreased
Firmicutes and Verrucomicrobia and increased Bacteroidetes and
Proteobacteria. The ratio between Firmicutes/Bacteroidetes is
reported to be associated with obesity, diabetes, NAFLD/NASH,
inflammatory bowel disease and even cancer. The elevated F/B ratio
that happened within the first 6 h after PHx might be more efficient in
producing energy for the regenerative liver. Muribaculaceae,
Prevotellaceae, Rikenellaceae and Bacteroidaceae were the most
predominant family in the Bacteroidetes phylum, whereas
Lactobacillaceae, Lachnospiraceae, Oscillospiraceae and
Ruminococcaceae were the most prevalent members of the phylum

FIGURE 7
Network analysis of host metabolites (A), bacteria metabolites (B) and co-metabolism (C) at 6 h after 2/3 PHx. Microbes are shown by round nodes,
and metabolites are shown by cubic nodes.

FIGURE 8
Network analysis of host metabolites (A), bacteriametabolites (B) and co-metabolism (C) at 36 h after 2/3 PHx. Microbes are shown by round nodes,
and metabolites are shown by cubic nodes.
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Firmicutes. These bacteria can provide energy, and have the ability to
produce several metabolites and cytokines that shape the gut
environment, maintain intestinal barrier function and be beneficial
for maintaining gut health. Thus, we hypothesized that these bacteria
were involved inmodulating themetabolites in the body and promoting
liver regeneration (Grigor’eva, 2020; Kusnadi et al., 2023; Stojanov et al.,
2020; An et al., 2023).

An important factor in liver regeneration is metabolism. Glucose,
triglycerides, cholesterol, and amino acids were significantly changed
during liver regeneration (Bollard et al., 2010; Huang and Rudnick,
2014; Caldez et al., 2018). Consistently, metabolic genes are altered
during liver regeneration. Through the portal vein, the body absorbs
metabolites from the gut microbiota, which serve as energy substrates
and vital signaling molecules. Lipopolysaccharide (LPS), bile acids,
short-chain fatty acids (SCFAs) and tryptophan metabolites, etc. were
themainmetabolites produced by gutmicrobiota. Several studies have
revealed the multifaceted roles of these metabolites in liver
regeneration. The appropriate amount of LPS, the major
component of the outer wall of the Gram-negative bacteria, is
beneficial for liver regeneration, mainly by promoting hepatocyte
DNA replication (Zheng and Wang, 2021). SCFAs (acetic acid,
propionic acid and butyric acid) are produced by gut microbiota
during the degradation of dietary fiber. SCFAs are considered energy
sources for host colonocytes, they can also improve the metabolism
homeostasis, shape the gut environment and maintain intestinal
barrier function, thus promoting liver regeneration (Ríos-Covián
et al., 2016; Murugesan et al., 2018). In our study, these
metabolites were not detected. This is because LPS has a molecular
weight of 10–20 kDa and can not be detected by LC-TOF/MS.
Similarly, SCFAs also can not be detected because they are small
polar volatile compounds and GC/MS is more suitable for detecting
them. In addition, the functions of these metabolites have been well
elucidated. Thus we mainly focus on the metabolites including amino
acids, organic acids, purine and pyrimidine nucleotides and lipids, etc.

Our results show obvious alteration of metabolites in these
pathways, including glycolysis, the TCA cycle, amino acid
metabolism, purine and pyrimidine metabolism, etc. Consequently,
we deduced that these pathways contribute significantly to the
metabolic process involved in liver regeneration. These metabolic
pathways were basic life activities and performed both by the host and
bacteria. However, it’s difficult to determinewhether thesemetabolites
were produced by host or bacterial. Enzymes produced by the gut
microbiota known as microbial-host isozymes operate similarly to
host enzymes and may be involved in gut metabolism and preserving
host metabolic homeostasis (Wang et al., 2023). We speculated that
the microbial-host-isozymes also changed during liver regeneration
and contributed to the alteration of metabolites.

Glycolysis and the TCA cycle are metabolic pathways that generate
energy. Additionally, they provide the intermediary molecules needed
for additional pathways. Pyruvate, lactate and succinate, etc. can be
converted into acetate, propionate and butyrate by the gut microbiota.
They appear to be the natural ligands of G-protein-coupled receptor
(GPR), activate the downstream signaling pathways, improve the
metabolism homeostasis and promote liver regeneration (Portincasa
et al., 2022). According to these findings, these metabolic intermediates
modulate energy metabolism and liver regeneration in a significant
way. This effectmay be due to the control of intestinal cells as well as the
gut microbiota.

Amino acids are the building blocks of protein. Protein synthesis is
necessary for cell proliferation, which allows cells to grow and divide
rapidly during liver regeneration. The liver has a pivotal role in amino
acid metabolism. Besides, amino acids also function as signaling
molecules and participate in many essential critical cellular
functions. We found that arginine metabolism, taurine and
hypotaurine metabolism, and glutathione metabolism were
identified to be attributable to liver regeneration. Glutathione is a
critical intracellular antioxidant, its concentration was doubled after
PHx, which can maintain immune system homeostasis and activate
hepatic NF-κB to promote liver regeneration (Irino et al., 2016).
Taurine is a sulfur-containing amino acid, it can conjugate with bile
acids to increase their aqueous solubility and decrease their cytotoxicity
(Murakami et al., 2016). Taurine is also involved in many physiological
functions including antioxidation, calciummodulation, andmembrane
stabilization. Taurine and hypotaurine metabolism is a pathway that is
enriched during liver regeneration, consistent with the change of bile
acids. The taurine-conjugated bile acid, taurocholic acid, can reduce the
expression of connective tissue growth factor in hepatocytes through
ERK-YAP signaling (Yu et al., 2018), and YAP is reported to be a core
transcription coregulator in controlling organ growth including liver
size (Jiang et al., 2019). The oxidative metabolite of L-arginine, nitric
oxide (NO), plays a crucial role as a modulator of hepatocyte
proliferation during liver regeneration. L-glutamine, a precursor for
molecules including glutathione, nucleotides, and nucleic acids, can also
function as a signaling molecule. L-arginine, L-glutamine, and BCAA
supplements assist in speeding the recovery process of the liver
following a hepatectomy (Kurokawa et al., 2012; Ceyhan et al., 2019).

Nuclear bases of nucleic acids, purine and pyrimidine nucleotides,
are also important energy carriers. They also serve as building blocks
for the synthesis of SAM, NAD, and other nucleotide cofactors. After
PHx, the liver immediately starts to restore itself, which is a process
that needs massive nucleotides, amino acids and energy. Nucleotide
metabolism is a key metabolic process after PHx in the synthesis of
DNA and RNA. Pyrimidine nucleoside uridine is found to be a potent
regeneration-promoting factor (Liu et al., 2022). Nucleotides are also
co-metabolized by the host and gut microbiota. The catabolism of
purine nucleotides in the regenerating liver is accelerated and the
pyrimidine pool is enlarged during liver regeneration (Usami et al.,
1996). In our study, the purine and pyrimidine nucleotides were also
significantly changed, these results suggested that PHx modifies the
metabolism of pyrimidines and purines. A preoperative supply of
nucleoside is effective for increasing hepatocyte DNA synthesis and
hepatic regeneration after PHx (Usami et al., 1996).

According to earlier research, the body’s endogenous metabolites
and gut bacteria are crucial for liver regeneration. Different from these
studies, our study mainly focuses on the metabolites in the gut content,
which we think can demonstrate the direct relationship that exists
between the host’s gut flora and itself, and further reveal the function of
gut microbiota-derived metabolites in liver regeneration. We further
analyzed the results by correlation analysis to reveal the metabolites
produced by the host and the gut microbiota, or co-metabolized. Our
results revealed that steroid hormone biosynthesis is the most
significantly changed pathway during liver regeneration, which is a
host-specific metabolic pathway. Besides, bile acid metabolism is also
enriched as a changed pathway. Thus we speculate that cholesterol
metabolism, including primary bile acid biosynthesis and steroid
hormone biosynthesis are important metabolic pathways during
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liver regeneration. Steroid hormones and bile acids (BAs) are both
steroid molecules produced by the degradation of cholesterol.
Cholesterol is an essential substance for liver recovery after PHx. It
wasmetabolized to primary bile acids in hepatocytes and converted into
secondary bile acids by the gut microbiota. In many liver illnesses, the
metabolism of primary bile acid is a crucial pathway. BAs break down
fats and help absorb them into the body. What’s more, they also have
variate functions as signalingmolecules. BAs are reported to be involved
in the proliferation phase of liver regeneration. The right dosage of BAs
may promote the growth of hepatocytes and cause the regeneration of
the liver. However, the liver is harmed by too many BAs. Steroid
hormones are found to be differential metabolites and the pathway was
enriched in our study, which has not been reported by the previous
studies. The role of steroid hormones in liver regeneration is complex.
The steroid hormones progesterone, dehydroepiandrosterone (DHEA)
(Kitamura et al., 1999), methandrastenolone, norethanedrolon,
testosterone, and deoxycorticosterone were reported to accelerate
this process (Gershbein, 1967). A low dose of dexamethasone
ameliorates the transient impairment of liver regeneration, although
it can not accelerate liver regeneration (Shibata et al., 2012).
Controversially, cortisone, hydrocortisone and prednisolone
depressed liver regeneration (Gershbein, 1973). Aldosterone,
fludrocortisone, methylprednisolone have no apparent effects on
hepatic regeneration (Glanemann et al., 2004). From a meta-
analysis, pre-operative steroids may have a clinically significant
benefit in liver regeneration (Richardson et al., 2014). The reason
for the alteration in steroids and their function and mechanism in
liver regeneration need to be further investigated.

The aminobenzoate degradation pathwaywas themost significant
gut microbiota-specific metabolic pathway in the gut content of mice
during liver regeneration. It was the third-largest xenobiotic
biodegradation pathway by gut bacteria. This pathway can be
cross-regulated between aerobic and anaerobic pathways of
catabolized aromatic compounds, thus increasing the cell fitness in
organisms, especially the gut that survive in environments subject to
changing oxygen concentrations (Valderrama et al., 2012; Sridharan
et al., 2014). 4-hydroxybenzaldehyde is an intermediate derived from
tryptophan and other indole ring-containing compounds (Rudney
and Parson, 1963). It was reported that 4-hydroxybenzaldehyde could
regulate gut microbiota and inhibit lipid accumulation (Li et al., 2021).
It can also sensitizeAcinetobacter baumannii to antibiotics (Shin et al.,
2018). The gut microbiota can metabolize tryptophan to produce
indoles and their derivatives. They have the ability to upregulate the
expression of genes critical for preserving the gut mucosal epithelial
barrier and tight junctions in epithelial cells. Several bacteria
participate in the degradation of these compounds, i.e., Bacteroides,
etc. increased and Akkermansia, etc., decreased. These bacteria and
metabolites and the process of their metabolism may contribute to
maintaining homeostasis after PHx and promoting liver regeneration.

Some limitations remain in this study. Firstly, this study only
involved samples frommice, whereas human samples would provide
more meaningful information. We believe the animal study could
provide references for further clinical studies. Secondly, the earlier
time points between 6 and 36 h will be included in the future study.
Thirdly, the results will be more reliable and solid if targeted
metabolomics is used further to correctly quantify the differential
metabolites. Finally, the impact of particular gut bacterial species
and the metabolites they produce on liver regeneration, as well as the

underlying mechanisms need to be further elucidated. Further study
is ongoing to try to answer these questions.

5 Conclusion

In conclusion, our study demonstrated that the gut microbiota
composition and gut microbiota-derived metabolites in the gut content
changed markedly during liver regeneration. Untargeted metabolomics
showed that PHx significantly modulates the metabolites involved in
glycolysis, the TCA cycle, argininemetabolism, glutathionemetabolism,
tryptophan metabolism, purine and pyrimidine metabolism, which
were co-metabolized by the host and gut microbiota. In the host,
steroid hormone biosynthesis is the most significantly changed
pathway. For the gut microbiota, Escherichia Shigella, Lactobacillus,
Akkermansia, and Muribaculaceae were changed considerably during
liver regeneration. Aminobenzoate degradation pathway was the most
significant gut microbiota-specific metabolic pathway during liver
regeneration. To the best of our knowledge, this is the first thorough
explanation of themetabolites derived from the gutmicrobiota and how
they relate to changes in the gut microbiota during liver regeneration
after 2/3 PHx. This discovery advances our knowledge of the metabolic
mechanism underlying liver regeneration and offers a novel, potentially
useful therapeutic target for it. Additional research will be done on the
underlying role and mechanism of metabolites originating from gut
bacteria in liver regeneration.
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SUPPLEMENTARY FIGURE S1
Typical LC-QTOF/MS chromatograms of gut content in positive (A) and
negative modes.

SUPPLEMENTARY FIGURE S2
Metabolites (positive mode) in the gastrointestinal content significantly
altered during liver regeneration following a 2/3 PHx. The volcano plots
showed the Sham group compared with those of the 6 h group (A), 36 h
group (B), 72 h group (C), and 168 h group (D).

SUPPLEMENTARY FIGURE S3
Metabolites (negative mode) in the gastrointestinal content
significantly altered during liver regeneration following a 2/
3 PHx. The volcano plots showed the Sham group compared
with those of the 6 h group (A), 36 h group (B), 72 h group (C), and
168 h group (D).

SUPPLEMENTARY FIGURE S4
The heatmap shows the significantly changedmetabolites in the gut content
in positive mode.

SUPPLEMENTARY FIGURE S5
The heatmap shows the significantly changedmetabolites in the gut content
in negative mode.

SUPPLEMENTARY FIGURE S6
The box plot shows the typical significantly changed metabolites in the
gut content.

SUPPLEMENTARY FIGURE S7
The parameters of regularized Canonical Correlation Analysis (rCCA)
between gut microbiota and its metabolites.
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Candida tropicalis ZD-3 prevents 
excessive fat deposition by 
regulating ileal microbiota and 
bile acids enterohepatic 
circulation in broilers
Jiaqi Feng 1†, Fang Wang 1†, Shanshan Nan 1, Lijing Dou 2, 
Xiaotong Pang 1, Junli Niu 1, Wenju Zhang 1 and Cunxi Nie 1*
1 College of Animal Science and Technology, Shihezi University, Shihezi, China, 2 Animal Husbandry 
and Veterinary Workstation of the 8th Division, Shihezi, China

Introduction: Evidence suggests that the dietary intake of Candida tropicalisZD-3 (ZD-3) 
has various health benefits, but the treatment mechanisms and effects remain unclear. 
The aim of this study investigates the effect of ZD-3 on reducing fat deposition in broilers 
and the underlying mechanism.

Methods: 180 one-day-old, yellow-feathered broilers were randomly divided into 
three groups: control (CON) group fed a basal diet, an active Candida tropicalis ZD-3 
(ZD) group supplemented with ZD, and a heat-inactivated Candida tropicalis ZD-3 
(HZD) group supplemented with HZD. The experiment lasted for 28 d.

Results: The ZD and HZD treatments significantly reduced the abdominal fat 
index (p < 0.05), decreased TG levels in serum and liver (p < 0.05), altered the 
ileal microbial composition by reducing the Firmicutes to Bacteroidetes (F/B) 
ratio. Additionally, the ZD and HZD treatments reduced liver cholesterol by 
decreasing ileal FXR-FGF19 signaling and increasing liver FXR-SHP signaling (p 
< 0.05). The ZD and HZD treatments also changed liver PC and TG classes lipid 
composition, regulating liver lipid metabolism by promoting TG degradation 
and modulating the signal transduction of the cell membrane.

Discussion: Overall, ZD-3 was effective in improving lipid metabolism in broilers 
by regulating the ileal microbial composition and BAs enterohepatic circulation. 
This study provides a theoretical basis for the development and application of 
ZD-3 for the regulation of lipid metabolism in broilers.

KEYWORDS

Candida tropicalis ZD-3, gut microbiota, bile acid metabolism, lipid metabolism, 
yellow-feathered broiler

1 Introduction

In the poultry industry, high energy diets and genetic breeding methods are used to artificially 
select chickens to achieve unexampled feed conversion ratios and growth rates (Tallentire et al., 
2016). Fast-growing broilers are frequently linked to excessive abdominal fat deposition because 
one unit of fat consumed for deposition provides three times as much energy as one unit of lean 
meat consumed for deposition, a trait detrimental to the interests of producers and consumers (Nie 
et al., 2015). In broilers, more than 85% of abdominal fat is considered unnecessary because it is 
viewed as a waste of dietary energy (Fouad and El-Senousey, 2014). Excessive fat deposition can 
lead to a fatty liver, which is associated with high mortality and morbidity in broilers. Global broiler 
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production yields approximately 3 million tons of abdominal fat per year, 
leading to many economic losses in the poultry industry and posing a 
significant challenge to sustainable agricultural profitability (Wen et al., 
2019). Researchers have discovered that abdominal fat cells exhibit greater 
metabolic activity and possess higher heritability (0.82) than breast and 
leg muscles, resulting in fat accumulation (Abdalla et  al., 2018). 
Accumulation of excess fat has become a perplexing and increasingly 
prevalent problem. Consequently, understanding the underlying 
mechanisms that contribute to excessive fat deposition has garnered 
significant attention.

When consumed in adequate amounts, probiotics offer health 
benefits to the host and have preclinical potential for reducing obesity 
(Larsen et al., 2023). Therefore, probiotics are considered a non-invasive 
but potentially effective treatment for obesity and related metabolic 
diseases (Delzenne et al., 2011). Recently, the cholesterol reducing effects 
of probiotics have garnered significant research interest, and consumers 
prefer their safety, high efficacy, and cost-effectiveness to pharmaceutical 
interventions (Tang et al., 2021). Many probiotic formulations have been 
developed to control cholesterol levels. However, most studies have used 
live bacteria. Additionally, studies have suggested that postbiotics also play 
a role (Salminen et al., 2021). The term postbiotics is a newly recognized 
concept encompassing various bioactive substances, such as inactive or 
heat-inactivated microbial cells, cellular components, and metabolic 
byproducts, that have the potential to promote beneficial biological effects 
when ingested by consumers (Cuevas-González et al., 2020). Research on 
postbiotics is still in its early stages, but they have been found to have a 
significant impact on regulating fat metabolism (Depommier et al., 2019).

In our previous study, we found that diets fermented with ZD-3 were 
effective in reducing total cholesterol (TC) levels and had the potential 
to modulate abdominal fat morphology and lipid metabolism in early 
white feathered broilers but the effect was not evident in later stages (Niu 
et al., 2020). However, the mechanism of action and the effect of heat-
inactivated ZD-3 on fat metabolism remain unclear. Probiotics modulate 
lipid metabolism by regulating intestinal microbiota and their associated 
metabolites. The alteration in the gut microbiota, often referred to as the 
“second brain,” can affect the energy regulation, glucose (GLU) 
equilibrium, and lipid metabolism of the host (Li et al., 2020). It has been 
shown that interactions between host ileal microbiota and bile acid (BA) 
metabolism ameliorate hyperlipidemia and related metabolic diseases 
(Wang Y. et al., 2023). The primary factor contributing to hyperlipidemia 
is the accumulation of lipids in the bloodstream and liver. Therefore, the 
principal approach for treating hyperlipidemia involves restoring the 
metabolism of lipids, particularly cholesterol and BAs (Zhang Y. et al., 
2022). BAs regulate host metabolism and immunity through the 
farnesoid X receptor (FXR) activated by BAs. Probiotics reduce BA 
absorption and promote liver bile acid synthesis through the ileum liver 
FXR-fibroblast growth factor 19 (FGF19) axis (Pathak et al., 2018). The 
liver is a crucial organ for energy metabolism and plays a significant role 
in maintaining the lipid balance by regulating lipid synthesis and 
breakdown (Feng et al., 2020). Lipidomics allows for the identification 
and evaluation of how lipids, either independently or in conjunction with 
proteins, regulate cellular and subcellular functions such as signaling and 
gene expression. The utilization of lipidomic analysis of the liver has the 
potential to provide new perspectives for investigating lipid metabolism. 
Hence, the utilization of probiotics to regulate the gut microbiota and 
improve liver lipid metabolism is a promising research field.

In this study, we evaluated the regulatory effects of active and heat-
inactivated ZD-3 on lipid metabolism and its effects on ileum 

microbiota and BA metabolism and then studied lipid changes in the 
liver by using lipidomics, providing a theoretical basis for the application 
and development of ZD-3 and the reduction of fat deposition in broilers.

2 Materials and methods

2.1 Treatment of Candida tropicalis ZD-3

The strains of ZD-3 were obtained from the College of Animal 
Science & Technology Shihezi University (Shihezi, China). The 
activated strains were inoculated with YPD at 37°C for 24 h. The ZD-3 
were harvested using centrifugation at 4,000 g for 10 min and then 
washed twice with phosphate buffered saline (pH = 7.4). Next, 
Candida tropicalis ZD-3 (ZD) was obtained by lyophilization 
(1 × 109 CFU/kg). Heat-inactivated Candida tropicalis ZD-3 (HZD) 
were prepared from the bacterial pellets by subjecting them to a 90°C 
water bath for 30 min and then lyophilization. Plate culture analysis 
confirmed the absence of active bacterial growth.

2.2 Animals and experimental design

Animal experiments were conducted in accordance with China’s 
national guidelines and in compliance with the regulations of the 
Bioethics Committee of Shihezi University (Xinjiang, China) 
(Approval no: A2023-202). In total, 180 one-day-old male, yellow-
feathered broilers were obtained from a business incubator (Xinjiang 
Taikun Group Co., Ltd.) and randomly divided into three groups, each 
consisting of six replicates, with 10 birds in each replicate. Broilers in 
the CON group were fed a basal diet. Broilers in the ZD group were 
fed the basal diet with added active Candida tropicalis ZD-3 
(1 × 109 CFU/kg). Broilers in the HZD group were fed a basal diet 
containing heat-inactivated Candida tropicalis ZD-3 (1 × 109 CFU/kg). 
The compositions and nutrient levels of the diets are listed in Table 1. 
The basal diet complied with the nutritional requirements of the 
yellow-feathered broiler chicks (NY/T 3645–2020). Broilers were 
raised in multilevel coops. Each coop contained three levels, five cages 
per level, and five birds in each cage. Each cage was equipped with two 
nipple drinkers and one feeder. The broilers had ad libitum access to 
water to fulfill their nutritional requirements. The cages were under 
24 h lighting, and the temperature was initially set at 35°C, gradually 
decreasing to 25°C by the fourth week. The experiment lasted for 28 d.

2.3 Sample collection

At 28 days, after a 12 h fast, six broilers were randomly selected 
from each treatment group (one bird from each replicate) and 
sacrificed using cervical dislocation. The broilers were weighed, and 
blood samples (obtained from the jugular vein), liver tissue, 
abdominal adipose tissue, and ileal contents were collected. The 
blood was centrifuged at 3,000 g for 10 min at 4°C to separate the 
serum, which was stored at −20°C for future use. The liver and 
abdominal fat were collected and weighed; a portion of each was 
fixed in 4% paraformaldehyde, and the remainder was frozen in 
liquid nitrogen and stored at −80°C. Ileal contents were also 
collected, frozen in liquid nitrogen, and stored at −80°C for 
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subsequent analysis. Feces were collected and mixed in repeat units 
3 days before slaughter.

2.4 Growth performance

Body weight and feed intake of broilers were monitored weekly in 
a replicated fashion. These measurements were used to calculate the 
average daily feed intake (ADFI), average daily gain (ADG), and feed: 
gain ratio (F/G).

2.5 Carcass trait

Carcass, liver, and abdominal fat were measured and reported as 
a proportion of the live weight. The thickness of the subcutaneous fat 
(encompassing the skin) in front of the caudal vertebra was 
determined using Vernier calipers.

2.6 Serum and liver lipid indices and fecal 
total BAs concentration

TC, triglyceride (TG), high-density lipoprotein cholesterol 
(HDL-C), low-density lipoprotein cholesterol (LDL-C), and GLU in 
serum; TC, TG, HDL-C, and LDL-C in liver; and fecal total BAs 
concentration were detected according to the instructions of commercial 

kits [Glu kit (A154-1-1), TG assay kit (A110-1-1), TC assay kit (A111-1-
1), HDL-C assay kit (A112-1-1), LDL-C assay kit (A113-1-1), and BAs 
assay kit (E003-2-1)] (Nanjing Jiancheng Bioengineering Institute, 
Nanjing, China).

2.7 Histomorphology analysis

HE staining: Liver and abdominal adipose tissue samples 
were fixed, stained with hematoxylin for 5 min, washed with 
running water, dehydrated with gradient alcohol, and stained 
with eosin for 5 min. Oil Red O staining: Fresh frozen tissue 
sections were fixed and stained with Oil Red O. They were then 
immersed in 60% isopropyl alcohol for 5 s, followed by a 
hematoxylin counterstain for 5 min. The slides were fixed and 
observed under a light microscope.

2.8 RT-qPCR analysis

RNA was isolated from liver and ileum tissues by using TRIzol 
reagent (Invitrogen, CA, United States), as described in our previous 
study (Nie et al., 2015). RT-qPCR analysis was conducted using a Light 
Cycler 96 System (Roche Applied Science, Penzberg, Germany) with 
primers listed in Table 2, and β-actin was used as an internal control 
for the target genes. The 2−ΔΔCt method was used to standardize the 
fold change in mRNA levels.

2.9 16S RNA sequencing

DNA was isolated from the samples using a DNA extraction kit 
(M5635-02) (Omega Bio-Tek, Norcross, GA, United  States). The 
following steps were performed according to Niu’s method with slight 
modifications; details are provided in the Supplementary material 
(Niu et al., 2020).

2.10 LC/MS analysis of BAs

The liver tissue was homogenized, and BAs were extracted 
using a methanol extraction method, along with the addition of 
internal standards. Subsequently, the analysis was conducted on 
the BAs by using a combination of liquid chromatography  
and electrospray ionization tandem mass spectrometry; details 
are provided in the Supplementary material (Bhargava 
et al., 2020).

2.11 Lipidomics analysis

Liver tissue was homogenized, and lipids were extracted using a 
chloroform/methanol extraction method with the addition of 
internal standards. Subsequently, lipid analysis was conducted using 
a combination of liquid chromatography and electrospray ionization 
tandem mass spectrometry; details are provided in the 
Supplementary material (Werner et al., 2018).

TABLE 1 Diet compositions and nutrient contents of the experimental 
diets.

Item 1–28 d

Ingredients, %DM

Yellow corn 54.80

Soybean meal 37.70

Vegetable oil 2.50

Premixa 5.00

Nutrient content, %DM

Metabolizable energy, MJ/kg 12.37

Crude protein 20.98

Ether extract 5.07

Crude ash 7.12

Crude fiber 3.41

Calcium 1.01

Total phosphorus 0.71

Available phosphate 0.45

Methionine 0.53

Methionine + cysteine 0.95

Threonine 0.86

Lysine 1.31

aPremix provided the following per kg of diets: Ca 8.1 g/kg; P 2.97 g/kg; Nacl 2.90 g/kg; Lys 
0.256 g/kg; Met 1.813 g/kg; VA 8800 IU/kg; VD 3000 IU/kg; VE 30 mg/kg; VK2 1.65 mg/kg; 
VB1 2.5 mg/kg; VB2 6.6 mg/kg; VB3 11 mg/kg; VB4 500 mg/kg; VB5 60 mg/kg; VB6 4.0 mg/kg; 
VH 0.2 mg/kg; VB11 1.0 mg/kg; VB12 0.02 mg/kg; VC 50 mg/kg; Fe2+ 80.0 mg/kg; Cu2+ 8.0 mg/
kg; Zn2+ 60.0 mg/kg; Mn2+ 70.0 mg/kg; I 0.5 mg/kg; Se4+ 0.3 mg/kg.
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2.12 Statistical analysis

One-way ANOVA was conducted using SPSS 22.0, significant 
differences were assessed using Duncan’s method, and correlation 
analysis was conducted using Spearman analysis. p < 0.05 indicates 
statistical significance, and p < 0.01 indicates high significance. All data 
are presented as mean ± SD. Data were entered into SPSS version 22.0, 
and correlation coefficients were calculated based on Spearman 
correlation distances. Heat maps were constructed using ORIGIN 
2021 to assess the bivariate relationships between variables.

3 Results

3.1 Effect of ZD-3 on growth performance, 
fat deposition, and serum lipid indices in 
broilers

No significant differences were observed in Body weight, ADFI, 
ADG, and F/G among the three groups (Table 3). However, ZD and 
HZD treatments significantly reduced the abdominal fat index and 
subcutaneous fat thickness compared with the CON (p < 0.05) 
(Table 3). Treatment with ZD significantly reduced the serum GLU, 
TG, TC, and LDL-C levels relative to that of the CON (p < 0.05). 
Treatment with HZD resulted in a decreasing trend in TG and LDL-C 
levels relative to those of the CON. No significant differences were 
observed in the HDL-C levels among the three groups (Table 3).

3.2 Effect of ZD-3 on tissue morphology, 
liver lipid indices, and lipid gene expression 
in broilers

HE staining revealed that of the CON, the hepatic cell arrangement 
was lax and chaotic, with numerous fat vacuoles of varying sizes and 

quantities. When broilers were treated with ZD or HZD, the fat 
droplets were reduced (Figure 1A). No significant differences were 
observed in the liver weight among the three groups (Figure 1B). The 
ZD and HZD treatments significantly decreased the average size of 
abdominal adipocytes relative to that in the CON (p < 0.05) (Figure 1C) 
and significantly reduced the liver TG levels relative to those in the 
CON (p < 0.05). No significant differences were observed in the TC and 
HDL-C levels among the three groups (Figure 1D). The ZD and HZD 
treatments significantly increased the levels of lipoprotein lipase (LPL) 
and carnitine palmitoyl transferase (CPT) and decreased the levels of 
fatty acid synthase (FAS), acetyl CoA carboxylase (ACC), and sterol-
regulatory element-binding protein 1c (SREBP) in the liver compared 
with those of the CON (p < 0.05). Treatment with ZD and HZD 
significantly decreased the levels of ACC and SREBP in abdominal fat 
compared with those of the CON (p < 0.05) (Figure 1E).

3.3 Effect of ZD-3 on ileal microbiota 
structure in broilers

A comprehensive analysis of the broiler ileum microbiota using 
16S rRNA sequencing technology revealed the presence of 2,431 
operational taxonomic units (OTUs), comprising 21 phyla, 51 classes, 
87 orders, 165 families, 346 genera, and 467 species. The α diversity of 
the ileum microbiota in broilers exposed to different treatments was 
assessed using OTU levels. The Chao1 index of the ileal microbiota of 
the ZD and HZD was higher than that of the CON, and the Shannon 
and Simpson indices of the ileal microbiota of the ZD group were 
higher than those of the CON and HZD groups (Figure 2A). The ZD 
and HZD treatments resulted in a higher abundance of ileum 
microbiota in broilers, with an increase in the number of OTUs by 
19.94 and 16.53%, respectively, than that of the CON (Figure 2B). The 
principal coordinate analysis (PCoA) of β diversity revealed that the 
ileum microbiota of the ZD and HZD was similar but different from 
that of the CON (Figure 2C). Additional analysis of the composition 

TABLE 2 A list of primer sequences used in this study.

Gene Forward sequence (5′-3′) Reverse sequence (5′-3′) Gene Bank No.

β-actin ATTGTCCACCGCAAATGCTTC AAATAAAGCCATGCCAATCTCGTC NM_205518.2

FAS TCAGGGTGTTCTGGAATGCAA AATCCTGGTGGGCAATCGTAG NM_205155.4

ACC AATCCTGGTGGGCAATCGTAG GGAACATTCAGGATACGC NM_205505.2

CPT GCCCTGATGCCTTCATTCAA ATTTTCCCATGTCTCGGTAGTGA NM_001012898.1

SREBP TCACCGCTTCTTCGTGGAC CTGAAGGTACTCCAACGCATC NM_204126.3

LPL AGTCAGAGTGAAGTCAGGCGAAAC CTGCTCCAGGCACTTCACAAATA NM_205282.2

PPARα TGCACTGGAACTGGATGATAGTGA TCCTACATTTACAAGACCAGGACGA NM_001001464.1

PPARγ TGTGAAGTTCAACGCACTGGAATTA GGAGCTCCAAAGCT TGCAACA NM_001001460.2

CYP7A1 AGGTAACGCCCTAGATGC GCACTGTGGGCACTCTT NM_001001753.2

CYP27A1 CTGATGTCCCGACGCA TCCGCATCGGGTATTT XM_422056.8

CYP8B1 GGAGACGAAGACCCAATG CTTACTTAGAAACCCTGAACTG NM_001005571.1

FXR ATGGGATCTGAAATGAATTTAAT ATGCCAAATAAATGAGGAC NM_001396910.1

SHP CCCCAAAGAATATGCCTACC TGTCTGCGTTGCCGATG NM_001030893.3

FGF19 ATTCGTCCAGACGGCTACAA GGGATCCATGCTGTCCGTTT NM_204674.3

IBABP ATGGCATTCACAGGCAAATATGA TGCTGAGTCCAGGTGAA NM_001277700.2

ASBT ATGCAGTCTTACTTACTTTCTCG AACTGACAGAGGAAACCC NM_001319027.2
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of ileum microbiota at the phylum level revealed that the ZD and 
HZD treatments decreased the relative abundance of Firmicutes by 
10.23 and 1.60%, respectively, and significantly increased the relative 
abundance of Bacteroidetes by 231.85 and 325.99%, respectively 
(p < 0.05), decreasing in the F/B ratio compared with that of the CON 
(Figure  2D). Additional analysis of the composition of the ileum 
microbiota at the genus level revealed that the ZD treatment increased 
the abundance of Enterococcus, Gallibacterium, Weissella, and Rothia 
compared with that of the CON (Figure 2D). LEfSe analysis revealed 
significant differences in the abundances of 20 species among the 
three groups, with 12 species being most abundant in the ZD group 
and eight species in the HZD group (Figure 2E).

3.4 Effect of ZD-3 on liver BA profile and 
enterohepatic circulation of BAs in broilers

OPLS-DA was used to identify clustering trends in the data. The 
results of the ZD and HZD differed slightly from those of the CON 
(Figure 3A). A permutation test further validated the reliability of the 
model (Figure 3B). Hierarchical clustering heatmaps of the BA content 
among the three groups showed that when broilers were treated with 
ZD and HZD, the liver BA profile differed from that of the CON 
(Figure 3C). The liver BA change revealed that the ZD and HZD 
treatments significantly increased the concentration of total BAs and 
primary BAs relative to that of the CON (p < 0.05) (Figure 3D). The 
ZD and HZD treatments significantly increased the levels of Norcholic 
acid (NorCA), Nordeoxycholic Acid (NorDCA), and Taurolithocholic 
acid sodium salt (TLCA) compared with those of the CON but 
decreased the 3β-Cholic acid (β-CA) levels (p < 0.05). The ZD 
treatment significantly increased the levels of Tauro deoxycholic acid 
sodium salt (TDCA), and the HZD treatment significantly increased 
the levels of Cholic acid (CA), Taurocholic acid Sodium Salt (TCA), 
and Tauro-β-muricholic acid Sodium Salt (T-β-MCA) compared with 

those of the CON (p < 0.05) (Figure 3E). In this study, BAs from the 
three groups of samples were combined for KEGG pathway 
enrichment analysis for the biological interpretation of higher-level 
system functions. The metabolites identified using non-targeted 
metabolomics were primarily associated with the biosynthesis of 
primary BAs and taurine and hypo taurine metabolism (Figure 3F). 
The ZD and HZD treatments significantly increased the concentration 
of total BAs in the fecal matter compared with that of the CON 
(p < 0.05) (Figure 3G). ZD and HZD significantly increased the levels 
of cholesterol 7-α-hydroxylase (CYP7A1), sterol 12-α-hydroxylase 
(CYP8B1), and FXR in the liver and decreased the levels of FXR, 
FGF19, and apical sodium-dependent BA transport (ASBT) in the 
ileum compared with those of the CON (p < 0.05) (Figure 3H).

3.5 Effect of ZD-3 on liver lipid 
composition in broilers

A total of 3,229 lipid metabolites were detected in liver tissues 
across the three groups, namely 612 TG, 436 Phosphatidylcholine 
(PC), 278 Phosphatidylethanolamine (PE), 187 Ceramides (Cer), 178 
Cardiolipin (CL), 161 methylated phosphatidylcholine (MePC), 152 
Diglyceride (DG), and 147 Hexosylceramides (Hex1Cer) (Figure 4A). 
The control and treatment groups were distinguished using the 
OPLS-DA results (Figure 4B). However, the ZD and HZD groups 
could not be  distinguished (Figure  4C). Heat map visualization 
revealed a significant decrease in the relative abundances of TG, PC, 
Lyso-phosphatidylethanolamine (LPE), and Zymosteryl (ZyE) and a 
significant increase in the relative abundances of Phosphatidylglycerol 
(PG), Lyso-phosphatidylcholine (LPC), and Phosphatidylserine (PS) 
in the ZD and HZD groups compared with the CON (p < 0.05) 
(Figure 4D). A total of 141 differential abundance (DA) lipids were 
identified (abundance increased more than 2.5 times and decreased 
more than 1.5 times compared with CON). Heat map visualization 

TABLE 3 Effects of active and heat-inactivated ZD-3 on growth performance, fat deposition, and serum lipid indices in yellow-feathered broilers.

Items Treatment SEM p-value

CON ZD HZD

Growth performance

Body weight, g 701.98 692.86 694.30 7.418 0.878

ADG, g/d 23.46 23.38 23.45 0.262 0.991

ADFI, g/d 54.38 52.91 53.62 0.428 0.397

F/G 2.32 2.26 2.29 0.026 0.747

Fat deposition

Abdominal fat index, % 1.43a 0.79b 0.92b 0.088 0.002

Subcutaneous fat thickness, cm 0.17a 0.11b 0.09b 0.010 0.003

Serum lipid indices

GLU, mmol/L 12.48a 9.80b 10.88b 0.374 0.009

TC, mmol/L 3.78a 2.83ab 3.61b 0.167 0.019

TG, mmol/L 0.52a 0.35ab 0.44b 0.026 0.034

LDL-C, mmol/L 0.80a 0.53ab 0.63b 0.047 0.050

HDL-C, mmol/L 1.76 1.90 1.96 0.231 0.944

ab indicates significant differences compared to CON at p < 0.05, respectively.
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(Figure 4E) confirmed that the individual lipids in the liver could 
be clearly classified into three groups, which was consistent with the 
analyses shown in Figure 4D. In this study, DA lipids from the three 
groups of samples were combined for lipid functional enrichment 
analysis, lipid classification, chemical and physical properties, and 
function and subcellular component interpretation of the higher-level 
system functions. We found that the metabolites identified through 
non-targeted metabolomics were primarily associated with membrane 
components, headgroups with positive charges/zwitterions, 
mitochondria, and glycerophospholipids (GP) (Figure 4F).

3.6 Correlation of ileal microbiota 
structure, liver BA profile, liver lipid 
composition, and fat deposition in broilers

Further analysis of Pearson correlations showed correlations 
among ileal microbial community, liver BA profile, liver lipid 
composition, and fat deposition. TCA had significant positive 
correlations with Jeotgalicoccus and Enterococcus. glycocholicacid 
(GCA) had significant positive correlations with Enterococcus 
(p < 0.05). T-β-MCA had significant positive correlations with 

FIGURE 1

Effects of active and heat-inactivated ZD-3 on liver and abdominal fat metabolism in yellow-feathered broilers. (A) Representative images of H/E 
staining and Oil Red O staining of liver and abdominal fat sections (100 ×, scale bar  =  40  μm). (B) Liver weight. (C) Distribution of adipocyte size in 
abdominal fat. (D) Liver lipid parameters indices: GLU, TG, TC, HDL-C, and LDL-C. (E) Lipid-related gene expression in the liver and abdominal fat (FAS, 
fatty acid synthase; ACC, acetyl CoA carboxylase; SREBP, sterol-regulatory element-binding protein 1c; LPL, lipoprotein lipase; CPT, carnitine palmitoyl 
transferase; PPAR-α, peroxisome proliferator-activated receptor-α; PPAR-γ, peroxisome proliferator-activated receptor-γ). Values are represented as 
means ± SD (n  =  6). *p  <  0.05, **p  <  0.01 and indicate the significant differences between the CON.
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Ignatzschineria (p < 0.05). TLCA had significant positive correlations 
with Peptoniphilus and Jeotgalicoccus (p < 0.05) (Figure 5A). MePC 
(34.5) had significant positive correlations with TCA, Lithocholic 
acid (LCA), and TLCA (p < 0.05). PC (33:6) and PC (12:0/18:2) had 
significant positive correlations with CA, TCA, GCA, TLCA, and 
T-β-MCA (p < 0.05). PE (18:3/18:2) had significant positive 
correlations with CA, TCA, TLCA, and T-β-MCA (p < 0.05). PE 
(38:7) had significant positive correlations with LCA, TLCA, and 
T-β-MCA (p < 0.05). DG (18:1/22:0) had significant negative 
correlations with TCA and T-β-MCA (p < 0.05). MePC (36:5e) and 

PE (20:4e) had significant negative correlations with TCA, GCA, 
LCA, and TLCA (p < 0.05). PC (32:1), PC (21:5e), and TG 
(16:1/18:2/18:3) had significant negative correlations with LCA and 
TLCA (p < 0.05). WE (21:1) had significant negative correlations 
with CA, TCA, and T-β-MCA (p < 0.05) (Figure 5B). The abdominal 
fat index had significant negative correlations with Peptoniphilus, 
TLCA, MePC34.5, PC (33:6), PC (12:0/18:2), and PE (18:3/18:2) 
and positive correlations with DG (18:1/22:0), PC (21:5e), TG 
(27:0/18:2/18:2), TG (6:0/6:0/13:0), and ZyE (35:1) (p < 0.05). 
Subcutaneous fat thickness had significant negative correlations 

FIGURE 2

Effects of active and heat-inactivated ZD-3 on ileal microbiota structure in yellow-feathered broilers. (A) Alpha-diversity assessed using richness 
(Chao1 index) and diversity (Shannon index and Simpson index). (B) Venn diagram of OTUs among the groups. (C) Beta diversity calculated using Bray-
Curtis based PCoA. (D) Relative abundance of microbiota at the phylum and genus level. (E) LDA score (LDA  >  2) among the groups. Values are 
represented as means ± SD (n  =  6).
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with Jeotgalicoccus, Ignatzschineria, TLCA, MePC34.5, PC (33:6), 
PC (12:0/18:2), PE (18:3/18:2), and PE (38:7) and positive 
correlations with PC (21:5e), PC (32:1), PE (20:4e), TG 
(16:1/18:2/18:3), TG (27:0/18:2/18:2), and TG (6:0/6:0/13:0) 
(p < 0.05) (Figure 5C).

4 Discussion

The results of the present study showed a decrease in broiler body 
weight and F/G under the influence of Saccharomyces cerevisiae 
tropicalis, which is consistent with the previous study (Niu et  al., 

FIGURE 3

Effects of active and heat-inactivated ZD-3 on the enterohepatic circulation of BAs in yellow-feathered broilers. (A) Orthogonal partial least squares-
discriminant analysis (OPLS-DA) based on the liver BAs metabolites. (B) Corresponding validation plots based on the liver BAs metabolites. 
(C) Hierarchical clustering heatmaps of the BAs contents in liver among the groups. (D) Liver BAs concentration: total BAs; pBAs, primary BAs; sBAs, 
secondary BAs. (E) Levels of BAs in the liver. (F) KEGG metabolite molecular network diagram based on the liver BAs metabolites. (G) Fecal total BAs 
concentration: total BAs. (H) BAs-related gene expression in the liver and ileum (CYP7A1, cytochrome P450 family 7 subfamily A member 1; CYP27A1, 
cytochrome P450 family 27 subfamily A member 1; CYP8B1, steps sterol 12-α-hydroxylase; FXR, farnesoid x receptor; SHP, small heterodimer partner; 
FGF19, fibroblast growth factor 19; ASBT, apical sodium-dependent BA transporter; IBABP, ileum BA binding protein). Values are represented as means 
± SD (n  =  6). *p  <  0.05, **p  <  0.01 and indicate the significant differences between the CON.
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FIGURE 4

Effects of active and heat-inactivated ZD-3 on liver lipid composition in yellow-feathered broilers. (A) Percentages of the top 10 different lipid classes. 
(B) OPLS-DA based on the liver lipid metabolites. (C) Heatmaps based on total liver lipid content. (D) Hierarchical clustering heatmaps based on liver 
lipid classes. (E) Heatmaps of liver differential abundance (DA) of individual lipids (abundance increased more than 2.5 times and decreased more than 
1.5 times compared with CON). (F) Lipid metabolic pathway analysis based on the liver lipid metabolites. The color indicates the significance of the 
enrichment p value, and the redder the color, the more significant the enrichment result; the size of the bubble point indicates the number of 
differential lipids enriched to the item, and the larger the bubble point, the more the enriched lipids are (n  =  6).
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FIGURE 5

Correlation of ileal microbiota structure, liver BA profile, liver lipid composition and fat deposition in active and heat-inactivated ZD-3-treated broilers. 
(A) Correlation between ileal microbiota structure and liver BA profile. (B) Correlation between liver BA profile and liver lipid composition. 
(C) Correlation between ileal microbiota structure, liver BA profile, liver lipid composition, and fat deposition. Cells are colored based on Spearman’s 
correlation coefficient: red represents a negative correlation, and blue represents a positive correlation, *p  <  0.05, **p  <  0.01.

2019). Probiotics prevent excessive abdominal fat deposition by 
inhibiting lipid synthesis and promoting fatty acid decomposition 
(Wang et al., 2022). In addition, ZD and HZD treatments reduced 
subcutaneous fat thickness and abdominal fat percentage, which 
suggests that ZD-3 can regulate fat metabolism in broilers, and heat-
inactivated ZD-3 can play the same role and explain the loss of body 
weight in broilers. ZD-3 could reduce abdominal fat deposition and 
F/G without affecting other growth performance in broilers, thereby 
enhancing economic efficiency. Therefore, ZD-3 has the potential to 
be a novel probiotic preparation with lipid-lowering effects. This is 
also evidenced by the serum lipid indices. In this study, under the 
influence of ZD-3, GLU enters tissue cells for oxidative catabolism to 
provide energy and reduce fat deposition in broilers through energy 
metabolism. TG in broilers is mainly stockpiled in the abdominal fat, 
and serum TG levels and abdominal fat usually decrease 
simultaneously (Kim and Voy, 2021). The results showed that the 
addition of ZD-3 effectively reduced serum TG levels. To some extent, 
probiotics play a role in lowering serum TC levels (Qu et al., 2020). 
Meanwhile, ZD-3 has a beneficial effect on lowering serum TC and 
LDL-C, and the underlying mechanism may be  that its cell walls 

adsorb cholesterol, or the bacterial cells transport cholesterol out of 
the body, promoting lipid metabolism (Ooi and Liong, 2010).

Hepatocytes are the major parenchymal cells of the liver that play 
a crucial role in the maintenance of liver and systemic lipid metabolism 
(Zhou et al., 2022). In this study, ZD-3 reduced the liver weight and 
intracellular lipid vacuoles. In this study, the surface area of adipocytes 
in abdominal fat was reduced in broilers fed ZD-3. Thus, ZD-3 can 
inhibit the enlargement of fat cells, leading to a decrease in fat 
accumulation. Consistent with the serum lipid results, the TG level in 
the liver of broilers fed ZD-3 was also significantly reduced. The ZD-3 
strain demonstrated significant lipid-lowering effect, confirmed by 
serum and liver lipid indices and histomorphology tests. In general, 
cell viability is the main factor affecting the function of probiotics 
(Brandão et al., 2021). Our results indicate that heat-inactivated ZD-3 
retains some physiological activity to provide lipid-lowering benefits 
to the host.

Additionally, ZD-3 regulated the expression of genes involved in 
lipid metabolism in broilers. Peroxisome proliferator-activated 
receptor-α (PPAR-α) is highly expressed in broiler liver and is 
primarily involved in the regulation of fatty acid oxidation and glucose 
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metabolism (Gu et al., 2022). CPT is a major regulator in the control 
of fatty acid β-oxidation in mitochondria (Dai et al., 2018). The mRNA 
levels of PPARα and CPT were increased in broilers fed with ZD-3, 
which may lead to a reduction in fat deposition by promoting fatty 
acid oxidation in the liver. LPL is a key enzyme that hydrolyzes TG to 
release fatty acids and glycerol (Huang et al., 2023). The increased 
expression of the LPL gene in the livers of broilers fed ZD-3 indicates 
that it may promote lipolysis, which is corroborated by the decrease 
in TG levels in the liver. SREBP and its response genes ACC and FAS 
activate fatty acid (FA) biosynthesis (Currie et al., 2013). In addition, 
ZD-3 reduced the mRNA expression of SREBP, ACC, and FAS in 
abdominal fat and liver tissue, implying that it reduces FA synthesis 
and fat deposition. Our study suggests that ZD-3 reduces the 
accumulation of fat in the liver and abdominal fat tissue by decreasing 
the mRNA expression related to de novo FA synthesis and increasing 
the mRNA expression related to FA oxidation.

It has been shown that probiotic supplements can effectively 
change the composition of the intestinal microbiota and influence its 
regulation of lipid metabolism, preventing the accumulation of 
abdominal fat (Helmink et  al., 2019). Our study unequivocally 
demonstrated that ZD-3 led to changes in the composition of ileal 
microbial communities and an increase in microbial diversity in 
broilers. The principal microbial communities in the ileum of the 
broilers were Firmicutes and Proteobacteria (He et  al., 2019). An 
increased abundance of Firmicutes usually disturbs host energy 
metabolism and results in fatty liver disease. The addition of ZD-3 led 
to a reduction in the abundance of Firmicutes in the ileum, which may 
lead to a decrease in liver lipids. In addition, ZD-3 increased the 
abundance of Bacteroidetes and decreased the F/B ratio, which has 
traditionally been considered an indicator of obesity. In this study, the 
addition of ZD-3 to the diet did not alter the dominance of Firmicutes 
in the ileum but increased the relative abundance of Bacteroidetes to 
regulate fat deposition. At the genus level, the abundance of 
Lactobacillus, Streptococcus, Enterococcus, Gallibacterium, Weissella, 
and Rothia underwent significant changes in this study, which have 
been documented as potentially related to lipid metabolism 
(Turnbaugh et al., 2009). There are reports that Enterococcus has good 
cholesterol-lowering activity, which may improve lipid metabolism 
and prevent liver damage (Yang et  al., 2021). In this study, ZD-3 
increased the abundance of Enterococcus, which helped regulate 
cholesterol content to reduce fat deposition. It has been shown that 
mice fed a high-fat diet have a significantly reduced gut microbiota of 
Weissella (Liu et al., 2021), whereas its abundance was significantly 
increased by feeding ZD-3. In addition, Rothia has been enriched in 
the ZD group, which is beneficial to the host and contributes to 
regulating GLU metabolism, reducing lipid levels, and improving 
inflammation (Wang M. et al., 2023). These bacteria can produce bile 
salt hydrolase (BSH), a crucial component of the interaction between 
microbes and the host, which regulates the metabolism of host 
cholesterol and BAs (Liu et al., 2023). Notably, the alteration of the BA 
profile induced by BSH-producing bacteria may have a significant 
impact on promoting lipolysis. In addition, the microbial composition 
related to lipid metabolism was identified through LEfSe analysis. 
Sphingomonas synthesizes sphingosine, which subsequently combines 
with FA derivatives to form sphingomyelin, decreasing lipid 
accumulation in the liver (Zhang X. et  al., 2022). Jeotgalicoccus 
produces cytochrome P450 enzymes for the decarboxylation and 
hydroxylation of fatty acids, which affects their levels in the host 

organism (Rude et al., 2011). Acetobacter synthesizes acetyl coenzyme 
A synthetase, which regulates the tricarboxylic acid cycle (Guertin and 
Wellen, 2023). These results suggest that active and heat-inactivated 
ZD-3 may improve host lipid metabolism by altering the composition 
and function of the gut microbiota and possibly by affecting the 
enterohepatic circulation of BA.

In the liver, cholesterol is primarily excreted from the body by being 
converted into bile acids. Cholesterol is converted to BAs and secreted 
into the ileum to facilitate the absorption of dietary lipids. Enterohepatic 
circulation of BAs is a highly efficient physiological mechanism 
(Chambers et al., 2019). Our research suggests that ZD-3 altered the liver 
BA profile and increased the relative concentration of BAs and the levels 
of CA, TCA, and GCA in liver tissue. These changes may have been 
influenced by alterations in the ileal microbiota (Collins et al., 2023). 
Spearman analysis revealed statistically significant positive correlations 
between TCA and the bacterial species Enterococcus and Jeotgalicoccus, 
and GCA had significant positive correlations with Enterococcus. ZD-3 
has been found to contribute to the conversion of cholesterol into primary 
BA, and changes in BA profile were mainly reflected in the enrichment of 
taurine-conjugated BAs. Taurine metabolism prevents obesity by 
modulating mitochondrial function and promoting browning of adipose 
tissue (Guo et al., 2019). In this study, primary BA were primarily released 
as taurine-conjugated BAs in the ileum to activate the enterohepatic axis 
and reduce liver cholesterol levels. To gain insight into the process of BAs 
enterohepatic circulation, we analyzed the gene expression in broilers. In 
this study, the liver mRNA levels of CYP7A1 and CYP8B1 were 
significantly increased in broilers fed ZD-3. This result suggests that ZD-3 
mainly enhances the classical pathway, accelerating the conversion of 
cholesterol. As CA is an activator of FXR, FXR expression was increased 
in the liver of broilers fed with ZD-3. When FXR is activated, it induces 
downstream FGF19 release, which regulates BAs metabolism (Jia et al., 
2023). FXR activation down-regulates the expression of the target gene 
FAS and inhibits the expression of SREBP via the small heterodimer 
partner (SHP) and stimulates the expression of PPARα and peroxisome 
proliferator-activated receptor-γ (PPARγ), indirectly promoting the entry 
of fatty acids into mitochondria for β-oxidation (Shen et al., 2011; Xu 
et al., 2022). These results suggest that FXR has a significant impact on the 
regulation of lipid metabolism in the liver. The substantial buildup of 
taurine-conjugated BAs in the intestine can alleviate the occurrence of 
fatty liver by suppressing intestinal FXR (Huang et al., 2019). In addition, 
the production of BSH by the gut microbiota leads to an increase in the 
excretion of unconjugated BAs in the faces, facilitating the conversion of 
cholesterol into BAs (He and You, 2020). In our study, ZD-3 suppressed 
the FXR-FGF19 signaling pathway in the intestine by increasing the 
abundance of BSH-producing microbiota and promoting the formation 
of taurine-conjugated BAs. In the ileum, 95% of BAs are absorbed into the 
liver in the presence of ASBT and ileal BA binding protein (IBABP), 
completing enterohepatic circulation and regulating the size of the BA 
pool (Al-Dury and Marschall, 2018). ASBT inhibitors have been shown 
to improve hepatic steatosis in mice by modulating BA metabolism (Rao 
et al., 2016). In this study, ZD-3 treatment resulted in the downregulation 
of ileum ASBT expression, leading to increased BAs elimination, and 
decreased liver cholesterol levels. As a result, ZD-3 may reduce cholesterol 
accumulation in the liver and regulate lipid metabolism through a 
combination of decreased ileal FXR-FGF19 signaling via the gut 
microbiota-BA-FXR pathway and increased liver FXR-SHP signaling. 
Heat-inactivated ZD-3 could play the same role, possibly because the cell 
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wall, outer membrane proteins, and metabolites of ZD-3 retain some 
biological activity.

In this study, we found that ZD-3 induced changes in liver lipid 
biomarkers, which may explain the reduction in blood lipid levels 
and abdominal fat deposition. Significant but variable changes were 
observed in glycolipids (TG and DG), phospholipids (PC, PE, PG, 
and PS), and sphingolipids (Cer and Hex1Cer). The lipid classes 
may play a crucial role in regulating lipid metabolism in the liver of 
ZD-3. Of the 141 lipid molecules screened, downregulated lipids 
mainly belonged to the TG, DG, and Carboxylesterase (CarE) 
classes. The reduction in liver TGs was due to changes in the levels 
of the LPL, SREBP, ACC, and FAS genes. In hepatocytes, the 
reduction of CarE results in a decreased rate of lipid movement 
toward preexisting cytoplasmic lipid droplets, leading to a reduction 
in their size. This effect reduced weight gain, lowered blood lipid 
levels, and improved fatty liver disease (Lian et al., 2018). GP are 
the most abundant phospholipids found in living organisms. They 
form biofilms, are components of bile and membrane surfactants, 
and are involved in the recognition and signaling of proteins by cell 
membranes (Wang et  al., 2020). We  found multiple altered GP 
components in broilers fed ZD-3, such as PC, PE and MePC. PC, a 
major component of cell membranes, is involved in the secretion of 
very-low-density lipoproteins in the liver. Abnormally low or high 
levels can lead to steatosis (Kim et al., 2018). Lipolysis of the PE 
class was the main cause of the increase in free fatty acids. MePC is 
a methylated phospholipid and an important precursor of PC 
formation. Heatmap visualization showed that PC (33:6), PC 
(12:0/18:2), PC (32:1), PC (21:5e), PE (18:3/18:2), PE (38:7), PE 
(16:0/16:1), PE (20:4e), MePC (34:5), and MePC (36:5e) may be key 
lipids that mediate cell membrane signal transduction to regulate 
liver lipid metabolism. Spearman’s analysis suggested that elevated 
levels of liver CA, TCA, GCA, LCA, and TLCA caused the GP 
changes in liver tissue.

Sphingolipids (SP) are components of cell membranes and 
lipoproteins involved in intracellular and extracellular signal 
transduction and the induction or activation of genes that regulate 
lipid metabolism (Summers et al., 2019). Cer serves as the central 
component of the SP pathway and can be  converted into 
Sphingomyelin (SM) and HexCer. SM is a primary constituent of cell 
membranes. Changes in the levels of SM molecules in the cell 
membrane cause corresponding changes in cholesterol levels (St Clair 
et al., 2020). Thus, these altered SP might also play a role in regulating 
liver lipid metabolism by ZD-3. We  also found higher levels of 
WE (21:1), WE (23:1), and ZyE (35:1) in the CON, and these DA lipids 
might be markers of lipid accumulation. The DA lipids examined in this 
study had various physiological functions, either beneficial or 
detrimental to lipid metabolism, and mainly belonged to the classes of 
PC and TG. Therefore, ZD-3 may regulate liver fat deposition by 
promoting TG degradation and modulating signal transduction in the 
cell membrane.

The liver is the center of fat transport. Changes in liver lipids in 
broilers can impact alterations in abdominal fat lipids and potentially 
influence systemic lipid changes. In this study, ZD-3 reduced 
abdominal fat deposition by altering the structure of ileal microbiota, 
liver BA profile, and liver lipid composition, and Jeotgalicoccus, 
Ignatzschineria, TCA, TLCA, MePC (34:5), PC (12:0/18:2), PE 
(18:3/18:2), and TG (16:1/18:2/18:3) may be markers for avoiding 
excessive fat deposition.

5 Conclusion

The addition of ZD-3 to feed helps prevent excessive fat deposition 
in yellow-feathered broilers by influencing the composition of 
Firmicutes and Bacteroidetes in the ileum microbiota, inhibiting ileal 
FXR-FGF19 and activating the liver FXR-SHP signaling pathway, which 
promotes the conversion of cholesterol to BAs and its excretion in the 
feces, and altering the liver lipid composition of TG and PC classes.
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Background: Numerous studies have confirmed that gut microbiota plays a

crucial role in the progression of cirrhosis. However, the contribution of gut fungi

in cirrhosis is often overlooked due to the relatively low abundance.

Methods: We employed 16S ribosomal RNA sequencing, internal transcribed

spacer sequencing, and untargeted metabolomics techniques to investigate the

composition and interaction of gut bacteria, fungi, and metabolites in cirrhotic

patients.

Results: Cirrhotic patients exhibited significant di�erences in the diversity

and composition of gut microbiota and their metabolites in cirrhotic patients

compared to healthy individuals. Increase in pathogenic microbial genera and

a decrease in beneficial microbial genera including bacteria and fungi were

observed. Various clinical indexes were closely connected with these increased

metabolites, bacteria, fungi. Additionally, endoscopic treatment was found to

impact the gut microbiota and metabolites in cirrhotic patients, although it

did not significantly alter the gut ecology. Finally, we constructed a cirrhosis

diagnosticmodel based on di�erent features (bacteria, fungi,metabolites, clinical

indexes) with an AUC of 0.938.

Conclusion: Our findings revealed the characteristics of gut microbial

composition and their intricate internal crosstalk in cirrhotic patients, providing

cutting-edge explorations of potential roles of gut microbes in cirrhosis.

KEYWORDS

cirrhosis, gut dysbiosis, bacteria, fungi, metabolome

Introduction

Human gastrointestinal tracts harbor trillions of microbes (about 1012-1014), including

bacteria, fungi, archaea, and viruses, which are involved in many physiological functions

and disease pathogenesis (Gomaa, 2020). In recent years, the importance of intestines

to human health and dysregulation of the gut microbes in different diseases has been

implicated based on high-throughput sequencing technology (Lynch et al., 2016). Due to

its unique anatomical location, the liver is regarded as the first organ to encounter gut
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microbes and their products through the gut epithelial barrier.

The blood supply to the liver comes from the hepatic artery and

portal vein. Portal blood contributes to 75% of the total blood

flow to the liver and transfers nutrients, enteric-borne microbes,

and pathogen-associated molecular patterns to liver originating

from the intestine (Llorente and Schnabl, 2015; Hsu and Schnabl,

2023). Thus, the liver and gastrointestinal tract are interconnected,

known as the gut-liver axis (Tripathi et al., 2018). Appreciable

evidence suggests that gut microbes play a central role in the gut-

liver axis and are closely related to liver diseases (Schnabl and

Brenner, 2014; Pabst et al., 2023). However, the contributions of gut

microbes to the occurrence and progression of liver diseases and the

feasibility of clinical applications targeting gut microbes have yet to

be fully elucidated.

Liver cirrhosis (LC) is a common outcome of chronic liver

diseases, characterized by tissue fibrosis and the transformation

of normal liver architecture into abnormal nodules (Kisseleva and

Brenner, 2020). LC progression eventually leads to the development

of portal hypertension and its associated complications with high

mortality, accounting for 1.2 million deaths per year and nearly

3.5% of global mortality (Moon et al., 2020). The gut microbes

have been proven to be related to the induction and progression

of liver injury (Yan et al., 2011). Gut bacterial dysbiosis may

adversely disorder liver homeostasis, leading to the progression

and complications of LC (Qin et al., 2014; Lachar and Bajaj,

2016). Accumulating studies have revealed significant microbial

dysbiosis with substantially decreased richness, diversity, and

altered composition of the gut bacteria translocation in LC patients

compared with healthy individuals (Bajaj et al., 2014; Shao et al.,

2018).

In addition, bacterial and fungal communities do have

significant impacts on the homeostasis of the intestinal

microecosystem, although colonizing fungi account for a

minor component of the gut microbiota (Dworecka-Kaszak

et al., 2016). Traditional culture-dependent methods can only

detect small proportions of fungi. With the development of high-

throughput sequencing technology, fungal sequencing methods,

including 18S ribosomal RNA sequencing and fungal-specific

internal transcribed spacer DNA sequencing, have gradually

replaced traditional methods for studying fungi. With the growing

knowledge of the characteristics and species of fungi, complex

relationships between gut fungi and human health were discovered,

and the alterations of fungal communities may contribute to the

occurrence of liver diseases (Zeng and Schnabl, 2022). Clinical

studies suggested that fungal colonization and translocation could

increase the mortality rate of LC patients in intensive care unit

(ICU; Theocharidou et al., 2016; Verma et al., 2022). Consistently,

a cross-sectional study has revealed the presence of dysregulated

intestinal fungi in cases of cirrhosis and hepatocellular carcinoma

by ITS (internal transcribed spacer) DNA sequencing (Bajaj

et al., 2018; Zhang et al., 2023). Although bacteria and fungi

are dysregulated in cirrhosis, previous efforts mainly focused on

bacteria, the impact of the differences in fungi and the crosstalk

between fungi and bacteria in patients with cirrhosis is barely

known, especially in those with endoscopic treatment.

In the present study, we performed 16S ribosomal RNA and

ITS sequencing, liquid chromatography coupled to tandem mass

spectrometry (LC-MS/MS) technology to reveal gut microbial

characteristics and explore the connections among intestinal

bacteria, fungi, and metabolites in patients with liver cirrhosis.

Our study reveals the complex interactions within the intestinal

microbiota of cirrhotic patients, providing new insights for the

diagnosis and treatment of liver cirrhosis.

Materials and methods

Patients and sample collection

A total of 45 patients with decompensated liver cirrhosis

who were admitted to the Department of Gastroenterology and

Hepatology of Beijing You’an Hospital affiliated with Capital

Medical University from January to May 2023 were enrolled,

while another 30 healthy people without any chronic diseases

were selected as control group. Patients were diagnosed with

liver cirrhosis in terms of clinical symptoms, medical history,

laboratory tests, imaging tests, or histological examinations, and

complications included esophagogastric varices (EGV), ascites,

hepatic encephalopathy (HE), portal vein thrombosis (PVT). The

demographic and clinical data of the subjects involved were

collected through the electronic medical record system. Exclusion

criteria included the following conditions: aged< 18 or >75;

ursodeoxycholic acid, probiotics, or antibiotics treatment before

sample collection; hepatic encephalopathy > grade 2 and/or other

cognitive disorders not allowing for informed consent; suffered

frommalignant cancers including hepatocellular carcinoma, severe

cardiopulmonary failure, and other diseases (gastrointestinal

intestinal polyps, inflammatory bowel disease, necrotizing enteritis,

diabetes, etc.). Feces samples were collected in the morning after

an overnight fast, delivered to the laboratory within 2 h on dry

ice, and stored at −80◦C until further analyses. In addition, to

further explore the short-term effects of endoscopic treatment

of esophagogastric variceal on the gastrointestinal flora, we also

collected the feces of patients who underwent endoscopic treatment

10–14 days. The Ethics Committee of Beijing You’an Hospital

authorized the project (LL-2022-065-K), and Informed consent was

obtained from all individual participants included in the study.

Clinical data analysis

Descriptive and comparative statistics were used to assess

and compare clinical data between two groups. Quantitative data

were represented as Mean ± SE (standard error) and categorical

variables were represented by the number of cases and percentage.

Continuous data was performed by using t-test, the chi-square test

and the Fisher’s precision probability test for categorical variables.

P-value < 0.05 was considered statistically significant.

DNA extraction, PCR amplification, and
sequencing

Genomic DNA was extracted using the DNeasy Power

Water DNA Isolation Kit (Qiagen, Germany, Cat: 14900-100-

NF) according to the manufacturer’s instructions with minor
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modifications for separate extraction of bacterial and fungal

genomic DNA.

Equal concentrations of bacterial and fungal DNA (∼10

ng) were used for PCR amplification of the bacterial 16S

rRNA V4 hypervariable region and fungal ITS2 region. The

V4 primers are forward 5′ -GTGCCAGCMGCCGCGGTAA-3′

and reverse 5′-GGACTACHVGGGTWTCTAAT-3′ (Sun et al.,

2013). For fungi, the ITS2 intergenic region were amplified

using the forward primer (5′-GCATCGATGAAGAACGCAGC-3′)

and reverse (5′-TCCTCCGCTTATTGATATGC-3′; Zhang et al.,

2023). 16S rRNA V4 hypervariable region and ITS2 region were

amplified used the specific primer with the barcode. Sequencing

libraries were generated using Illumina TruSeq DNA PCR-Free

Library Preparation Kit (Illumina, USA) following manufacturer’s

recommendations and index codes were added. The library quality

was assessed on the Qubit@ 2.0 Fluorometer (Thermo Scientific)

and Agilent Bioanalyzer 2100 system. At last, the library was

sequenced on an IlluminaNovaSeq platform and 250 bp paired-end

reads were generated.

Bioinformatics and statistical analysis

Raw bacterial and fungal amplicon sequences were processed

and analyzed with the EasyAmplicon (Liu et al., 2023) pipeline

(version 1.19, https://github.com/YongxinLiu/EasyAmplicon).

First, FastQC (version 0.12.1) was used to control the raw

data quality and confirm the absence of primers. Subsequently,

the software VSEARCH (Rognes et al., 2016; version 2.22.1)

was used to merge pair-end reads (-fastq_mergepairs), filter

(-fastq_maxee_rate 0.01), and dereplicate (-derep_fulllength).

The obtained high-quality, unique sequences were denoised into

amplicon sequence variants (ASVs) with the software USEARCH

(Edgar, 2010; version 11.0.667). Chimeras were identified and

removed from the bacterial and fungal data using VSEARCH(-

uchime_ref) against the SILVA (Quast et al., 2012) v123 database

and UNITE (Abarenkov et al., 2023) v9.0 database, respectively.

Finally, based on the chimera-free ASVs, we constructed feature

tables using VSEARCH (-usearch_global). Species classification

of bacterial and fungal ASVs was done based on the RDP

(Cole et al., 2014) v18 database and UNITE v9.0 database, with

USEARCH (-sintax), respectively. Bacterial and fungal sequences

of all samples were rarefied to 62,889 and 5,766 for downstream

analysis, respectively.

Alpha diversity of bacterial and fungal communities was

calculated using USEARCH (-alpha_div) based on the richness

index. The differences between groups were assessed using

Tukey’s HSD test. Beta diversity was calculated using USEARCH

(-cluster_agg, -beta_div) through principal coordinate analysis

(PCoA) based on the Bray-Curtis distance. Permutational

multivariate analysis of variance (PERMANOVA) with the

ADONIS test was used to assess the differences between groups.

Linear discriminant analysis (LDA) effect size (LEfSe) was used

to determine biomarkers at the genus level between groups

(LDA score>3). The functional composition of bacterial and

fungal communities was predicted based on the MetaCyc (Caspi

et al., 2018) database (https://metacyc.org/) using Phylogenetic

Investigation of Communities by Reconstruction of Unobserved

States (PICRUSt2; Douglas et al., 2020) software. The P-values

of metabolic pathways differing between groups were calculated

by Welch’s t-test and corrected using the Benjamini-Hochberg

false discovery rate (FDR). Orthogonal partial least squares

discriminant analysis (OPLS-DA) was used to determine the

differences in metabolite composition among samples. The

screening criteria for differential metabolites were: P-value of

Student’s t-test < 0.05, Variable Importance in the Projection

(VIP) values obtained from the OPLS -DA model was >1, and

the absolute value of log2(fold change) was >0. The VIP values

were used to assess the contribution of the different metabolites to

the differences between groups. Pathway enrichment analysis of

differential metabolites was done based on the Kyoto Encyclopedia

of Genes and Genomes (Kanehisa, 2000) pathway database.

Metabolic pathways that were significantly enriched (P-value <

0.05) were identified by the hypergeometric test.

Associations among differential bacteria-clinical indexes,

differential fungi-clinical indexes, and differential metabolite-

clinical indexes, as well as bacteria-fungi-differential metabolites in

liver cirrhotic patients, were determined based on the Spearman’s

correlation analysis (correlation coefficient > 0.4, P-value <

0.05). The random forest model used to distinguish liver cirrhosis

patients from healthy individuals was constructed using the R

package “randomForest.” The specific construction process of the

model is as follows. The first step is to determine the training and

test sets. The training set consisted of 34 liver cirrhosis patients

and 23 healthy individuals. The test set consisted of 11 liver

cirrhosis patients and seven healthy individuals. Random forest

models were then constructed using the training set (ntree =

1,000) and the importance of different features (bacteria, fungi,

metabolites or clinical indexes) was evaluated (importance =

TRUE). Subsequently, the optimal number of features to use

was determined based on the 10-fold cross-validation results

and models were further optimized to select the best mtry value.

Finally, the prediction accuracy was tested in the test set and area

under curve (AUC) values were calculated. All above Bioinformatic

analysis results were visualized using the Wekemo Bioincloud

(Gao et al., 2024; https://www.bioincloud.tech), ImageGP (Chen T.

et al., 2022), STAMP (Parks et al., 2014; version 2.1.3), R packages

“ggplot2” (https://ggplot2.tidyverse.org), “circlize” (http://cran.r-

project.org/web/packages/circlize/), and “pheatmap” (https://cran.

r-project.org/web/packages/pheatmap/).

Untargeted metabolomic data preparation
and analysis

100 µL of sample was taken, mixed with 400 µL of extraction

solution [MeOH: ACN, 1:1 (v/v)], the extraction solution contains

deuterated internal standards, the mixed solution was vortexed

for 30 s, sonicated for 10min in 4◦C water bath, and incubated

for 1 h at −40◦C to precipitate proteins. Then the samples were

centrifuged at 12,000 rpm (RCF = 13,800 (×g), R= 8.6 cm) for

15min at 4◦C. The supernatant was transferred to a fresh glass

vial for analysis. The quality control (QC) sample was prepared by

mixing an equal aliquot of the supernatant of samples.
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LC-MS/MS analyses were performed using an UHPLC system

(Vanquish, Thermo Fisher Scientific) with a Waters ACQUITY

UPLC BEH Amide (2.1 × 50mm, 1.7µm) coupled to Orbitrap

Exploris 120 mass spectrometer (Orbitrap MS, Thermo). The

mobile phase consisted of 25 mmol/L ammonium acetate and

25 mmol/L ammonia hydroxide in water (pH = 9.75) (A) and

acetonitrile (B). The auto-sampler temperature was 4◦C, and the

injection volume was 2 µL. The Orbitrap Exploris 120 mass

spectrometer was used for its ability to acquire MS/MS spectra

on information-dependent acquisition (IDA) mode in the control

of the acquisition software (Xcalibur, Thermo). In this mode,

the acquisition software continuously evaluates the full scan MS

spectrum. The ESI source conditions were set as following: sheath

gas flow rate as 50 Arb, Aux gas flow rate as 15 Arb, capillary

temperature 320◦C, full MS resolution as 60,000,MS/MS resolution

as 15,000, collision energy: SNCE 20/30/40, spray voltage as 3.8 kV

(positive) or−3.4 kV (negative), respectively.

The raw data were converted to the mzXML format using

ProteoWizard and processed with an in-house program, which

was developed using R and based on XCMS, for peak detection,

extraction, alignment, and integration. Then a MS2 database was

applied in metabolite annotation. The cutoff for annotation was set

at 0.3.

Results

Clinical characteristics of participants

A total of 75 participants were included in this study: 45 liver

cirrhotic patients and 30 healthy controls. The baseline clinical and

demographic data for all groups were shown in Table 1. Age (P =

0.067) and gender (P = 0.745) were matched without significant

differences between LC and C groups. Serum levels of ALT, TBIL,

PT, and INR were elevated, whereas WBC, HB, PLT, ALB, and PTA

were decreased in the LC group compared with healthy controls

(P < 0.05). In cirrhotic patients, the median CTP scores and

MELD scores were five and nine, respectively. The distribution of

etiologies of LC was as follows: HBV/HCV, 25 patients; ALD, ten

patients; NAFLD, five patients; AIH, five patients. Additionally, 15

patients were accompanied by EGV complications and underwent

endoscopic treatment.

Characterization of the intestinal
microbiome and mycobiome in
decompensated liver cirrhotic patients

A total of 10,274,244 high-quality 16S rRNA reads were

obtained from fecal samples of 45 patients with liver cirrhosis

(LC group) and 30 healthy individuals (C group). After

sequence processing, the final number of 6,861 ASVs was

obtained. The rarefaction curve of richness indicates that

the current sample was sequenced at a reasonable depth

(Supplementary Figure 1A). One hundred and twenty-five

and 102 ASVs were specific to cirrhotic patients and healthy

individuals, respectively (Supplementary Figure 1B). In terms

of alpha diversity, the Shannon index was significantly lower

in cirrhotic patients than in healthy individuals (P < 0.01,

Tukey’s HSD test; Figure 1A). In terms of beta diversity, the

results of principal coordinate analysis (PCoA) based on

Bray-Curtis distance showed that the gut bacterial community

structure of cirrhotic patients was significantly different from

that of healthy individuals (P = 0.001, PERMANOVA with

ADONIS test; Figure 1B). After alignment with the RDP

database, 6,861 ASVs were annotated to a total of 6 phyla,

12 classes, 19 orders, 33 families, and 83 genera. On average,

more than half of the bacteria in different subgroups were

from Firmicutes (Figure 1C). Faecalibacterium, Blautia, and

Bifidobacterium were the three genera with the highest average

relative abundance (Figure 1D). Subsequently, LEfSe was used

to further identify bacterial genera with significant differences

in abundance across subgroups (Figure 1E). There were 17

and 25 bacterial genera enriched (LDA score > 3) in cirrhotic

patients and healthy individuals, respectively. Among them,

Streptococcus, Akkermansia, Ligilactobacillus, Pseudescherichia

were signifantly enriched in liver cirrhotic patients, while

Blautia, Anaerobutyricum, Gemmiger, Ruminococcus, and

Dorea were markedly decresed (LDA score >4). In addition,

the functional composition of the bacterial communities

was enriched in bacterial-associated metabolic pathways

(Supplementary Figure 1C). Several metabolic pathways

differed significantly from LC and healthy individuals

(Supplementary Figure 1D).

In terms of gut mycobiome, a total of 9,594,331 high-

quality ITS rRNA reads were obtained from fecal samples of

45 cirrhotic patients and 30 healthy individuals. After sequence

processing, the final number of ASVs was 901. The rarefaction

curve of richness indicates that the current sample was sequenced

at a reasonable depth (Supplementary Figure 2A). There were

18 and 60 ASVs specific to cirrhotic patients and healthy

individuals, respectively (Supplementary Figure 2B). The Shannon

index was significantly lower in cirrhotic patients than in

healthy individuals (P < 0.01, Tukey’s HSD test; Figure 2A).

The results of PCoA showed that the gut fungal community

structure of cirrhotic patients was significantly different from

that of healthy individuals (P = 0.004, PERMANOVA with

ADONIS test; Figure 2B). After alignment with the UNITE

database, 901 ASVs were annotated to a total of 8 phyla, 20

classes, 51 orders, 101 families, 116 genera, and 125 species.

On average, more than 80% of the fungi in the different

subgroups were from Ascomycota (Figure 2C). Saccharomyces,

Candida, and Aspergillus were the three genera with the

highest average relative abundance (Figure 2D). Subsequently,

LEfSe analysis indicated that the Saccharomyces was significantly

increased and Aspergillus, Penicillium, Auricularia, as well as

Cladosporium were reduced in cirrhotic patients (LDA score >4).

In addition, we analyzed the functional composition of the fungal

communities (Supplementary Figure 2C) and predicted 69 fungal-

related metabolic pathways. There were 15 metabolic pathways

with mean relative abundance differences >0.3% between groups,

of which six were enriched in liver cirrhotic patients, including

aerobic respiration II (cytochrome c; yeast), aerobic respiration

I (cytochrome c), pentose phosphate pathway, glycolysis III

(from glucose), CDP-diacylglycerol biosynthesis I, and adenosine

ribonucleotides de novo biosynthesis (Supplementary Figure 2D).
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TABLE 1 Demographics and clinical characteristics of subjects.

Clinical variables LC (n = 45) C (n = 30) t/χ2-value P-value

Age 56.2± 1.6 51.6± 2.0 −1.86 0.067

Gender, male, n (%) 33 (73.3) 23 (76.7) 0.11 0.745

WBC (109/L) 3.3± 0.3 6± 0.3 6.53 <0.001

Hb (g/L) 110± 4.2 153± 2.6 8.61 <0.001

PLT (109/L) 95.9± 13.3 240± 11.3 7.67 <0.001

ALT (U/L) 22.5± 1.7 27.6± 2.7 1.68 0.097

AST (U/L) 31.8± 2 23.9± 1.3 −3.31 0.001

TBIL (µmol/L) 22± 1.9 15.2± 0.8 −3.21 0.002

ALB (g/L) 36.8± 0.7 43.4± 1.5 4.54 <0.001

PT (s) 11.3± 0.3 10.2± 0.1 3.40 0.001

PTA (%) 66.27± 1.8 103.3± 1.4 14.96 <0.001

INR 1.2± 0.2 1± 0.2 −5.07 <0.001

CTP scores 5 (5, 7) - - -

MELD scores 9 (8,11) - - -

Etiology - - -

HBV/HCV 25 (55.6) - - -

ALD 10 (22.2) - - -

NAFLD 5 (11.1) - - -

AIH 5 (11.1) - - -

Complications

EGV, n (%) 15 (33.3) - - -

PVT, n (%) 11 (24.4) - - -

HE, n (%) 2(4.4%) - - -

Ascites, n (%) 9 (20) - - -

LC, liver cirrhosis; C, healthy controls; WBC, white blood cell; Hb, hemoglobin; PLT, blood platelet; ALT, alanine transaminase; AST, aspartate aminotransferase; TBIL, total bilirubin;

PT, prothrombin time; PTA, prothrombin activity; INR, international normalized ratio; CTP scores, Child-Turcotte-Pugh scores; MELD scores, Model for End-Stage Liver Disease scores;

HBV/HCV, Hepatitis B/C Virus; ALD, alcoholic liver disease; NAFLD, non-alcoholic fatty liver disease; AIH, autoimmune liver disease; EGV, esophageal and gastric variceal; PVT, portal vein

emboli; HE, hepatic encephalopathy.

Characterization of the intestinal
metabolome in liver cirrhotic patients

Based on the untargeted metabolomic technology, we

detected 11,382 variables in fecal samples from 45 cirrhotic

patients and 30 healthy individuals. Of these, 727 variables

were enriched in cirrhotic patients [VIP score>1, P < 0.05,

|log2(fold change) |>0], and 814 variables were enriched in

healthy individuals (Supplementary Figure 3A). OPLS-DA

analysis similarly demonstrated significant differences in the

metabolite composition of the samples from different subgroups

(Figure 3A). After metabolite annotation, we finally identified

130 differential metabolites. Sixty-eight of these metabolites were

enriched in cirrhotic patients, and another 62 were enriched

in healthy individuals (Supplementary Figure 3B). Ranking

all differential metabolites by VIP score, among the top 20

differential metabolites: 5,6-dihydroyangonin, glycyrrhizin,

diammonium glycyrrhizinate, bilirubin, (S)-2-acetamido-4-

amino-4-oxobutanoic acid, and protoporphyrin IX were enriched

in cirrhotic patients (Figure 3B). To further explore the biological

processes in which the differential metabolites might be involved,

we performed metabolic pathway annotation and enrichment

analysis based on the KEGG PATHWAY Database. The results

revealed that 49 differential metabolites were annotated to 75

metabolic pathways. Among them, the “porphyrin metabolism”

pathway showed the most significant enrichment effect (P =

0.053, hypergeometric test; Supplementary Figure 3C). Bilirubin,

biliverdin, protoporphyrin IX, and coproporphyrin I were jointly

involved in this metabolic pathway.

The e�ects of endoscopic treatment on gut
bacteria, fungi, and metabolites

In this study, 15 cirrhotic patients had fecal samples collected

before and after undergoing the endoscopic treatment. Based on

this, we further explored the effects of endoscopic treatment on

the intestinal bacteria, fungi, and metabolome of cirrhotic patients.
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A total of 8,506,082 high-quality 16S rRNA reads were obtained

from fecal samples of 15 treatment-before cirrhotic patients (TB

group), 15 treatment-after cirrhotic patients (TA group), and 30

healthy individuals (C group). A total of 8,009,700 high-quality

ITS rRNA reads were obtained. The average number of reads per

sample was 133,495 (5,771–280,279). After sequence processing,

7,069 ASVs (bacteria) and 712 ASVs (fungi) were obtained. The

rarefication curve of richness indicated that the current sample was

sequenced at a reasonable depth (Supplementary Figures 4A, E).

Compared with the TB group, the alpha diversity and beta diversity

of the TA group did not change significantly for either bacterial or

fungal communities (Figures 4A–D). Species classification results

of bacteria and fungi showed that at the phylum and genus

levels, the TA group had a similar species composition as the

TB group (Supplementary Figures 4B, C, F, G). LEfSe results

showed that the relative abundance of several bacterial and

fungal genera changed significantly after endoscopic treatment

(Supplementary Figures 4D, H). Among them, the bacterial genus

Acinetobacter and the fungal genus Cutaneotrichosporon (LDA

score >4) were enriched in the TB group, while the bacterial genus

Megamonas (LDA score > 4) and the fungal genera Coniochaeta

and Ascotricha (LDA score > 3) were decreased. In contrast, no

differential metabolic pathways related to bacteria and fungi were

found in predicting community functional composition based on

the MetaCyc database using PICRUSt2 software.

A total of 11,156 variables were detected in the metabolomic

analysis of 15 before- and 15 after-treatment cirrhotic patients.

Of these, 43 variables were enriched in the TA group [VIP

score > 1, P < 0.05, |log2(fold change) |>0], and 192 variables

were enriched in the TB group (Supplementary Figure 4I). The

OPLS-DA analysis demonstrated that before and after endoscopic

treatment, samples showed significant differences in metabolite

compositions (Figure 4E). After metabolite annotation, we finally

identified 16 differential metabolites. Only nandrolone was

enriched in the TA group, and the other 15 metabolites were

enriched in the TB group (Supplementary Figure 4J, Figure 4F).

Metabolic pathway annotation and enrichment analysis based on

the KEGG PATHWAY Database showed that four differential

metabolites were annotated to seven metabolic pathways. Among

them, the “butanoate metabolism” pathway showed the most

significant enrichment effect (P = 0.0058, hypergeometric test;

Supplementary Figure 4K). Maleic acid and D-malic acid (enriched

in the TB group) were involved in this metabolic pathway.

Multi-omics integration analysis

To explore the association between clinical indexes and

differential bacteria, fungi, and metabolites, we performed the

Spearman’s correlation analysis based on 45 cirrhotic patients and

30 healthy individuals. Depending on the number of significant

factors and the size of the p-values, we finally demonstrated

the ten most highly correlated features (differential bacteria,

fungi, and metabolites) in heatmaps (Figure 5). Overall, there

were significant associations between the clinical indexes ALB,

HGB, MELD, PLT, PTA, and WBC with various features. Among

bacterial genera, Acinetobacter (enriched in cirrhotic patients)

significantly negatively correlated with HGB and PTA indexes

(correlation coefficient<-0.6, P < 0.001). Dorea (enriched in

healthy individuals) significantly positively correlated with ALB,

HGB, and PTA indexes (correlation coefficient>0.6, P < 0.001).

Among the fungal genera, Saccharomyces (enriched in cirrhotic

patients) significantly negatively correlated with the PLT index

(correlation coefficient<-0.4, P < 0.001). Auricularia (enriched in

healthy individuals) significantly correlated not only with ALB,

HGB, and PTA indexes (correlation coefficient>0.5, P < 0.001)

but also with the MELD index (correlation coefficient<-0.5, P

< 0.001). Among the metabolites, 4-Acetyl-2-methylpyrimidine

and diammonium glycyrrhizinate (enriched in cirrhotic patients)

significantly negatively correlated with the PTA index (correlation

coefficient<-0.5, P < 0.001). 5,6-DHET (enriched in healthy

individuals) significantly positively correlated with the PTA, ALB,

and HGB indexes (correlation coefficient>0.5, P < 0.001).

Then we performed the Spearman’s correlation network

analysis for the bacterial genera (n = 83), fungal genera (n

= 116), and enriched metabolites (n = 68) in 45 cirrhotic

patients (LC group). The results showed significant associations

(|correlation coefficient|>0.4, P < 0.05, FDR corrected) between

74 bacterial genera, 59 fungal genera, and 53 enriched metabolites

(Supplementary Figure 5A). Overall, there were 519 positive and

149 negative correlations between different features. Compared

to fungi, there are more links between bacteria and enriched

metabolites. We also found 3 LC-enriched metabolites were

associated with bacterial and fungal genera, but the associations

differed (Supplementary Table 1). Within bacteria, 51 genera were

associated with each other, of which 10 were enriched in cirrhotic

patients (LDA score>3), including Streptococcus, Ligilactobacillus,

and Enterococcus. The top three bacterial genera ranked by degree

were Oscillibacter, Anaerobutyricum and Coprococcus. Within

fungi, 46 genera were associated with each other, with Pichia

enriched in cirrhotic patients (LDA score>3). The top three

fungal genera ranked by degree were Papiliotrema, Absidia, and

Aureobasidium. Within metabolites, associations existed among

36 enriched metabolites. The top three metabolites ranked by

degree were 7-Methylxanthine, L-Ribulose, and Theophylline. For

contrast, we also performed the Spearman’s correlation network

analysis for the bacterial genera (n = 83), fungal genera (n

= 116), and enriched metabolites (n = 62) in 30 healthy

individuals (C group). The results showed significant associations

(|correlation coefficient|>0.4, P < 0.05, FDR corrected) between

48 bacterial genera, 77 fungal genera, and 46 enriched metabolites

(Supplementary Figure 5B). Overall, there were 301 positive and 32

negative correlations between different features.

To explore the potential of different biomarkers for diagnosing

liver cirrhosis disease, 45 liver cirrhotic patients and 30 healthy

individuals were divided into a training set (34LC and 23C) and

a test set (11LC and 7C) to construct random forest models

based on the 16S data, ITS data, metabolites data, clinical indexes,

and a combination of them, respectively. Figures 6A, C, E, G, I

showed the top 20 features of different data types that contributed

most to the accuracy of predicted sample grouping. The random

forest model constructed based on 16S data had the lowest AUC

value of 0.75 (Figure 6B). The genera Acinetobacter (enriched in

LC patients), Kandleria, and Parasutterella (enriched in healthy

individuals) were three of the most important features to this
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model. Models constructed based on ITS data or clinical indexes

had close AUC values of 0.839 and 0.844, respectively (Figures 6D,

F). The fungal genera Auricularia, Hypsizygus, and Cladosporium

(enriched in healthy individuals), as well as the clinical indexes

PTA, MELD, and HGB were key features. The model constructed

on the basis of metabolites data had a high AUC value of

0.909 (Figure 6H). Metabolites MeAIB, 5-Aminopentanamide, and

N-Acetylglutamine enriched in LC patients were the top three

important features. Compared to other models, the random forest

model constructed by combining all four types of features had the

highest AUC value of 0.938 (Figure 6J).

Discussion

It has been widely known that gut microbial dysbiosis is a

bidirectional process with the development of cirrhosis because of

pathological interactions of the gut-liver axis (Albillos et al., 2020).

When the equilibrium between the intestinal microbiome and the

microenvironment is disturbed, increased microbial translocation

and dysbiosis result in liver injury and are closely linked to

the progression of cirrhosis (Acharya et al., 2017). Meanwhile,

abnormal liver function and portal hypertension easily occur in

the progression of cirrhosis, which will result in intestinal mucosal

barrier damage and weakening of the inhibitory effect of the

liver on intestinal harmful microbes (Wiest et al., 2014; Acharya

and Bajaj, 2017). The intestinal fungi and bacteria share micro-

habitats and complexly interact with microbial communities,

which have been shown to affect various biological processes

maintaining the stability of the intestinal environment (Huang X.

et al., 2023). Bacterial and fungal dysbiosis threaten the delicate

equilibrium that distinguishes cirrhosis and is associated with a

high mortality risk in patients with advanced liver disease through

the gut-liver axis (Maraolo et al., 2020; Chen L. et al., 2022). For

these reasons, our study focused on the interconnections among

cirrhosis-associated gut bacteria, gut fungi, microbial metabolites,

and disease conditions.

Previous studies have reported that cirrhotic patients

exhibited frequent gastrointestinal bacteria disturbances, which

are characterized by a decreased diversity, overgrowth of

Enterococcus, Enterobacteriaceae, and Bacteroidaceae, and a

reduction of the abundance of probiotic microorganisms, such

as Lachnospiraceae and Ruminococaceae (Gómez-Hurtado et al.,

2016; Wang et al., 2020). Our results in the present study showed

that intestinal bacterial alpha diversity was lower than healthy

controls (Figure 1A) and identified several compositional bacterial

differences in cirrhotic patients. At the genus level, the LC group’s

relative abundance of pathogenic bacteria such as Acinetobacter,

Enterococcus and Streptococcus significantly increased (Figure 1E),

which may cause an inflammatory reaction to aggravate liver

injury. It has been reported that Enterococcus and Streptococcus

are significantly abundant in patients with liver diseases, such as

autoimmune hepatitis (Ponziani et al., 2018; Zhong et al., 2021;

Huang X. Y. et al., 2023). Meanwhile, we observed decreased

beneficial bacterium abundance of Anaerobutyricum, Blautia,

Coprococcus, Dorea, Gemmiger, and Ruminococcus in LC group

(Figure 1E). KEGG analysis suggested that the variations in gut

bacteria led to significant differences in metabolic pathways

(Supplementary Figure 1D). In the LC group, more bacteria were

enriched in “fatty acid elongation—saturated,” “(5Z)-dodec-5-

enoate biosynthesis,” and “inosine-5′-phosphate biosynthesis III”

pathways. Notably, Blautia, Coprococcus, and Ruminococcus were

mainly involved in producing short-chain fatty acids, which are

widely thought to be beneficial microbial substances correlated

with a reduced risk of liver fibrosis and cirrhosis (Zhou et al.,

2019). Moreover, our study also exhibited strong linkages between

gut bacteria and cirrhosis clinical features (Figure 5A), especially

the severity of LC, including the MELD score, CTP score, and PTA

positively associated with potentially pathogenic taxa and inverse

correlations with the probiotic ones.

Analogous to intestinal bacteria disturbances, cirrhotic patients

exhibited intestinal fungi disorders with decreased fungal diversity

(Figure 2A) and a relative increase in abundance of opportunistic

fungal pathogens. In our study, Ascomycota and Basidiomycota

were the most common intestinal fungi at the phyla level in LC

patients and healthy controls (Figure 2C). Compared with healthy

controls, LC patients had an increased abundance of Ascomycota

and a decreased abundance of Basidiomycota (Figures 2C, E).

As reported, the Basidiomycota to Ascomycota ratio was used

to define fungal dysbiosis, and the gut fungal/bacterial metric

(Ascomycota/Bacteroidetes) was independently associated with

the risk of hospitalization (Bajaj et al., 2018). At the genus

level, our results found an increment of Saccharomyces and a

reduction ofAspergillus, and Penicillium associated with the clinical

variables (Figures 2E, 5B).Aspergillus,Cryptococcus,Debaryomyces,

Malassezia, Penicillium, and Saccharomyces have been more

vigorously studied in recent years to highlight the relationship

between gut fungi and human diseases, including liver diseases

(Suhr and Hallen-Adams, 2015; Doron et al., 2023). Of them,

some species of Saccharomyces were significantly associated with

the severity of the disease in cirrhotic patients (Costa et al., 2014).

The increased fecal abundance of Saccharomyces was also validated

in a cohort of patients with chronic hepatitis B virus (HBV)

infection and HBV-associated cirrhosis (Mou et al., 2018). Zhang

et al. (2023) have confirmed the decreased alpha diversity and

increased Saccharomycetes in LC patients with various etiologies.

Intriguingly, some edible mushroom genera from dietary sources

such as Auricularia and Hypsizygus were found in negatively

related to the severity of the liver cirrhosis in our data. Edible

mushrooms are healthy food with great therapeutic value as they

contain abundant bioactive metabolites with antioxidant, anti-

aging, antibacterial, anti-inflammatory properties. When exploring

the role of gut fungi in diseases, in addition to colonizing

fungi in the intestine itself, fungi from dietary sources may also

have a certain effect. In summary, our study demonstrated that

intestinal microbial disorders of patients with LC exhibited the

lack of potentially beneficial microbes, including an overgrowth of

potentially pathogenic microbes (bacteria and fungi), which may

affect and reflect the clinical features and severity of liver cirrhosis.

An essential function of the gut microbiota is metabolism,

which supplies nutrients to both microbes and host. Recently,

increasing evidence has shown that microbial metabolites play

pivotal roles in communicating among gut bacteria, fungi, and

hosts in various ways, leading to co-occurrence patterns of

fungi and bacteria (Gao et al., 2021). Microbial dysbiosis can

result in aberrant translocation of microbial components or
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FIGURE 1

Characterization of intestinal bacterial communities in liver cirrhosis patients. (A) Alpha diversity of bacterial communities between groups based on

Shannon index. (B) Principal coordinate analysis (PCoA) based on Bray-Curtis distance. (C) Bacterial community composition (phylum level). (D)

Bacterial community composition (genus level). (E) LEfSe analysis reveals di�erential bacteria between groups (LDA score > 3).

microbial-derived metabolites (such as bile acids, fatty acids, and

tryptophan metabolites) from the gut to the liver via the portal

circulation, which can affect the onset and progression of LC

(Trebicka et al., 2020). Consistent with the results of intestinal

microbial sequencing, we observed the raised prevalence of the

“fatty acid elongation—saturated” pathway and the reduced relative

abundance of unsaturated and short-chain fatty acid-producing

bacteria in patients with LC, suggesting a loss of beneficial fatty

acid in the intestinal environment resulting in more pervasive

gastrointestinal phenotypes. These metabolites may be involved in
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FIGURE 2

Characterization of intestinal fungal communities in liver cirrhosis patients. (A) Alpha diversity of fungal communities based on Shannon index. (B)

Principal coordinate analysis (PCoA) based on Bray-Curtis distance. (C) Fungal community composition (phylum level). (D) Fungal community

composition (genus level). (E) LEfSe analysis reveals di�erential fungi between groups (LDA score > 3).

regulating bacterial and fungal homeostasis and play an essential

role in the development and progression of cirrhosis. This also

suggests that metabolites in the gut are probably not just from the

same species but may be regulated by multiple ones.

Esophageal and gastric varices is one of the potentially life-

threatening complications of LC, resulting in high mortality

(Lesmana et al., 2020). Esophageal and gastric variceal bleeding

(EGVB) can represent a risk factor for the development of bacterial

infections in up to 45% of patients (Tandon and Garcia-Tsao,

2008). In our study, we exhibited the gut microbial ecology in LC

patients with EGV. Endoscopic procedures (endoscopic variceal

ligation, endoscopic injection sclerotherapy, and endoscopic

tissue adhesive) remain the mainstay recommended by domestic

and international guidelines for treating EGV and controlling
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FIGURE 3

Characterization of intestinal metabolites in liver cirrhosis patients. (A) OPLS-DA analysis reveals di�erences in metabolite composition of samples

between groups. Red color represents 45 liver cirrhosis patients (LC group) and blue color represents 30 healthy individuals (C group). (B) Top20

intergroup di�erential metabolites (sorted by VIP score).

acute bleeding. Changes caused by the endoscopic treatment

in portal vein pressure, blood flow, and gastric function may

alter gut microbiota composition and abundance. A total

of 15 LC patients with EGV who underwent endoscopic

treatment were enrolled to investigate the potential roles of

endoscopic treatment on gut microbial changes. Finally, no

significant differences were found in diversity of gut bacteria

and fungi (Figures 4A–D), composition at the phylum level

(Supplementary Figures 4B, F), and microbial metabolic pathways

before and after endoscopic procedures. However, several bacterial

and fungal genera were differentiated after endoscopic treatment

(Supplementary Figures 4D, H), which may affect subsequent

EGV bleeding. However, it will need long-term follow-up

and monitoring.

The gut bacteria and fungi contribute to the intestinal

ecosystem through their key roles in host interactions and

homeostasis. Fungal–bacterial interactions underlie both the

pathogenesis and the progression of disease (Krüger et al., 2019).

Previous study found that gut fungi can produce antimicrobial

peptides to influence bacterial colonization (Kombrink et al., 2019),

while bacteria can modulate fungal commensalism, pathogenesis

and growth by affecting fatty acids generation (García et al., 2017;

McCrory et al., 2024). The most widely studied pathogenic fungi

being antagonized by commensal bacteria (such as Streptococcus

and Clostridium difficile) is C. albicans (Santus et al., 2021).

Except that, data on the interactions between other fungi

and bacteria are limited. Our study preliminarily explored a

cirrhosis-specific interkingdom network among bacterial genera,

fungal genera, and enriched metabolites (Supplementary Figure 5,

Supplementary Table 1), and the type of interactions between these

bacteria and fungi might have clinical relevance. Three cirrhosis-

enriched metabolites were associated with bacterial and fungal

genera, but the associations differed (Supplementary Table 1).

Although the roles of these interaction are still unclear, these

findings can broaden our knowledge of the function and crosstalk

of gut microbiota.

Gut microbes have been used as novel molecular biomarkers,

mainly for disease risk prediction modeling, and have proved

their value in several diseases (e.g., diabetes, enteritis, and bowel

cancer). Previous studied have interrogated shotgun metagenomic,

untargeted metabolomic profiles and random forest machine

learning algorithm to evaluate the diagnostic accuracy based on

a set of liver fibrosis/cirrhosis-related bacterial and metabolomic

signatures, and the result were effective (AUC: 0.72–0.91; Loomba

et al., 2017; Lee et al., 2020; Oh et al., 2020). The construction of

disease risk models for liver cirrhosis was also attempted in our

study with multiple data combinations. Our modeling was based

on gut microbiome data and clinical indexes from 45 patients with

cirrhosis and 30 healthy individuals, with AUCs ranging from 0.750

to 0.938. Moreover, we found that the efficacy of diagnostic models

based on fungal signatures is not inferior to those based on bacterial

or metabolic signatures. Combining the metagenomic signature

with key clinical indicators (PTA, MELD, and HGB) accurately

distinguished cirrhosis in etiologically can improve the diagnostic

efficacy of liver cirrhosis.

Of course, several issues should also be addressed. Firstly, we

used an insufficient number of samples (case: 45 vs. control:30),

thus we did not classify cirrhosis patients in detail, and differences

in disease subtypes, which has an impact on our screening of

differential bacteria, fungi, and metabolites. Secondly, the overall

performance of our models was not promising enough, there

is still much room for improvement in the AUC of the risk

prediction model as well as its stability. Thirdly, this study

mainly used amplicon sequencing to study bacteria and fungi

in the gut microbiota. Therefore, more large-scale research must

be done on the genes and functions of bacteria and fungi by

mNGS sequencing. We plan to remedy these deficiencies in

subsequent studies.
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FIGURE 4

E�ect of endoscopic treatment on intestinal bacteria, fungi, and metabolites in liver cirrhosis patients. Red, green, and blue colors represent 15

treatment-before cirrhotic patients (TB group), 15 treatment-after cirrhotic patients (TA group), and 30 healthy individuals (C group), respectively. (A)

Alpha diversity of bacterial communities based on Shannon index. (B) Principal coordinate analysis (PCoA; bacteria) based on Bray-Curtis distance (P

= 0.001, PERMANOVA with ADONIS test). (C) Alpha diversity of fungal communities based on Shannon index. (D) Principal coordinate analysis (PCoA;

fungi) based on Bray-Curtis distance. (E) OPLS-DA analysis reveals di�erences in metabolite composition of samples between groups. (F) Di�erential

metabolites in patients with cirrhosis before and after treatment (sorted by VIP score).

Conclusion

In conclusion, our study presented the cirrhosis-associated

intestinal microbial characteristics and highlighted the gut bacteria-

fungi-metabolite interactions in patients with cirrhosis. Meanwhile,

we constructed a predicted diagnosis of cirrhosis using a random

forest model based on identified intestinal microbial and clinical

features. This interaction provides a new direction and theoretical

basis for exploring gutmicrobiota-based diagnostic and therapeutic

strategies for cirrhotic patients. Further mechanistic studies of

fungal, bacterial, and metabolic ecological interactions in liver

cirrhosis are required.
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FIGURE 5

Correlation analysis of clinical indexes with di�erent features. (A) Top10 di�erential bacterial genera most correlated with clinical indexes. (B) Top10

di�erential fungal genera most correlated with clinical indexes. (C) Top10 di�erential metabolites most correlated with clinical indexes. The red color

in the heatmap represents positive correlation and the blue color represents negative correlation. P < 0.05; **P < 0.01; ***P < 0.001 (FDR corrected).
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FIGURE 6

Random forest model for the diagnosis of cirrhosis. (A) Top 20 bacterial genera contributing most to the accuracy of predicting sample grouping. (B)

Bacterial genera used to discriminate between cirrhotic patients and healthy individuals with an AUC of 0.750. (C) Top 20 fungal genera contributing

most to the accuracy of predicting sample grouping. (D) Fungal genera used to discriminate between cirrhotic patients and healthy individuals with

an AUC of 0.839. (E) Top 20 clinical indexes contributing most to the accuracy of predicting sample grouping. (F) Clinical indexes used to

discriminate between cirrhotic patients and healthy individuals with an AUC of 0.844. (G) Top 20 metabolites contributing most to the accuracy of

predicting sample grouping. (H) Metabolites used to discriminate between cirrhotic patients and healthy individuals with an AUC of 0.909. (I) Top 20

features contributing most to the accuracy of predicting sample grouping. (J) Bacterial and fungal genera, metabolites, and clinical indexes used to

discriminate between cirrhotic patients and healthy individuals with an AUC of 0.938.
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SUPPLEMENTARY FIGURE 1

Analysis of intestinal bacterial communities in cirrhotic patients. (A)

Rarefaction curves. (B) Presence of ASVs (relative abundance > 0.1%) within

di�erent subgroups. (C) PCA analysis of the functional composition of

communities in di�erent subgroups. (D) Di�erential pathways in di�erent

subgroups (di�erence between proportions > 0.17%, q-value < 0.01).

Pathway names not shown in full are adenosylcobalamin biosynthesis from

cobyrinate a,c-diamide I, superpathway of guanosine nucleotides de novo

biosynthesis I, superpathway of guanosine nucleotides de novo

biosynthesis II.

SUPPLEMENTARY FIGURE 2

Analysis of intestinal fungal communities in cirrhotic patients. (A)

Rarefaction curves. (B) Presence of ASVs (relative abundance > 0.1%) within

di�erent subgroups. (C) PCA analysis of the functional composition of

communities in di�erent subgroups. (D) Di�erential pathways (di�erence

between proportions > 0.3%, q-value < 0.01) in di�erent subgroups.

Pathway names not shown in full are NAD/NADP-NADH/NADPH

mitochondrial interconversion (yeast), phospholipid remodeling

(phosphatidylethanolamine, yeast).

SUPPLEMENTARY FIGURE 3

Analysis of intestinal metabolites in cirrhotic patients. (A) Distribution of

metabolites di�ering between groups. Metabolites enriched in group C are

shown in blue, metabolites enriched in group LC are shown in red, and

metabolites without significant di�erences are shown in gray. (B)

Distribution of the 130 identified di�erential metabolites among samples.

Darker colors indicate higher relative abundance of metabolites. Red color

represents 45 patients with liver cirrhosis (LC group) and blue color

represents 30 healthy control individuals (C group). (C) Results of KEGG

pathway enrichment analysis of di�erential metabolites (Top 30). Vertical

coordinates are KEGG pathways enriched for di�erential metabolites. The

horizontal coordinate, Rich factor, is the ratio of the number of di�erential

metabolites in the corresponding pathway to the total number of

metabolites detected and annotated in that pathway. A larger value

indicates a greater degree of enrichment. The size of the dot represents the

number of di�erential metabolites enriched. The color of the dots is the

hypergeometric test p-value, with redder values indicating more

significant enrichment.

SUPPLEMENTARY FIGURE 4

Analysis of intestinal bacterial and fungal communities and metabolites in

patients with liver cirrhosis after the endoscopic treatment. (A) Rarefaction

curves (bacteria). (B) Bacterial community composition (phylum level). (C)

Bacterial community composition (genus level). (D) LEfSe analysis reveals

di�erential bacteria between groups (LDA score > 3). (E) Rarefaction curves

(fungi). (F) Fungal community composition (phylum level). (G) Fungal

community composition (genus level). (H) LEfSe analysis reveals di�erential

fungi between groups (LDA score > 3). (I) Distribution of di�erential

metabolites in cirrhotic patients before and after treatment. Red color

represents metabolites enriched in TA group and blue color represents

metabolites enriched in TB group. (J) Distribution of 16 identified di�erential

metabolites in samples between groups. (K) Results of KEGG pathway

enrichment analysis of 16 identified di�erential metabolites.

SUPPLEMENTARY FIGURE 5

Correlation network of enriched metabolites with bacteria and fungi. (A) LC

group network. (B) C group network. Blue triangles, red squares and cyan

circles represent bacterial genera, fungal genera, and LC-enriched

metabolites, respectively. Larger nodes have more associations with other

nodes. Red lines represent positive correlations and blue lines represent

negative correlations. Spearman’s correlation coe�cient|>0.4, P < 0.05

(FDR corrected).
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Potential mechanisms of 
traditional Chinese medicine in 
the treatment of liver cirrhosis: a 
focus on gut microbiota
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Cirrhosis, a pathological stage that develops from various chronic liver diseases, 
is characterized by liver fibrosis, pseudolobular formation, and chronic 
inflammation. When it progresses to the decompensated phase, the mortality 
rate of cirrhosis can reach 80%. The role of gut microbiota in the progression of 
liver diseases has received significant attention. Numerous studies have shown 
that regulating gut microbiota has significant therapeutic effects on preventing 
and reversing liver cirrhosis. This article reviewed the mechanisms by which gut 
microbiota influence liver cirrhosis, explaining the effective therapeutic effects 
of traditional Chinese medicine. Through multi-directional regulation involving 
signaling pathways, gut microbiota diversity, and restoration of intestinal barrier 
function, traditional Chinese medicine has been promising in ameliorating liver 
cirrhosis, providing treatment options and pharmacological guidance for the 
occurrence and development of liver cirrhosis.

KEYWORDS

liver cirrhosis, gut microbiota, traditional Chinese medicine, natural products, 
microbial metabolites

1 Introduction

More than 2 million people worldwide die from liver disease annually, accounting for 4% 
of all deaths, mainly due to liver cirrhosis and liver cancer (Devarbhavi et al., 2023). As the 
disease progresses, various complications of liver cirrhosis are key prognostic factors. Data 
show that about 4–12% of patients with cirrhosis experience more than one decompensated 
event per year [ascites, variceal bleeding, hepatic encephalopathy (HE)], and progression of 
cirrhosis to HE occurs in more than 40% of patients over a 5-year period. Secondly, during 
hospitalization, 25–50% of patients with cirrhosis develop bacterial infections, and 20% of 
patients suffer from acute kidney injury (Moon et  al., 2020). The above data are more 
conservative for European countries (Peng et al., 2016; Pimpin et al., 2018). Given that liver 
cirrhosis and its complications are still a major burden in the global health problem, timely 
reverse this is crucial.

The etiology of liver cirrhosis is complex and multifaceted, with common causes involving 
viral hepatitis, alcohol-related liver disease (ALD), and non-alcoholic fatty liver disease 
(NAFLD). Epidemiological data reveal that over 40% of global liver cirrhosis cases are infected 
with hepatitis B virus, while more than 20% are infected with hepatitis C virus (Huang et al., 
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2023). In addition to alcohol consumption, factors such as obesity, 
type 2 diabetes, metabolic syndrome, and hypertension also increase 
the likelihood of chronic liver disease progressing to cirrhosis 
(Younossi, 2019). These factors gradually lead to liver cell damage, 
degeneration and necrosis, and then liver cell regeneration and fibrous 
connective tissue proliferation, liver fibrosis formation, and finally 
progress to cirrhosis. Its pathological evolution is mainly composed of 
the following four aspects: (1) The role of pathogenic factors leads to 
extensive degeneration and necrosis of hepatocytes and collapse of the 
reticular fiber scaffolds of hepatic lobules (Romanelli and Stasi, 2016); 
(2) The remaining hepatocytes are not regenerated along the original 
scaffold, but form irregular nodular clusters of hepatocytes 
(regenerated nodules) (Iredale, 2007). (3) Various cytokines (such as 
TGF-β1) promote the production of fibrosis, extending and expanding 
in the central venous area and the portal area of the lobule, forming 
fibrous septa (Nishimura et al., 2021); (4) The proliferative fiber tissue 
makes these fiber intervals interconnect, wrap around the regenerated 
nodules or re-segment the residual hepatic lobules and transform 
them into false lobules, forming the typical morphological changes of 
cirrhosis. The above pathological changes caused the narrowing, 
occlusion and distortion of the vascular bed, The vessels were squeezed 
by regenerating nodules, and the branches of intrahepatic portal vein, 
hepatic vein and hepatic artery lost their normal relationship, and 
anastomosed branches appeared (Pu et  al., 2023). Hepatic blood 
circulation disorder is the pathological basis of portal hypertension, 
aggravates hepatic cell ischemia and hypoxia, and promotes the 
further development of cirrhosis (Kaji and Yoshiji, 2020; Mahmoudi 
et al., 2022; Violi et al., 2023). Clinically, liver cirrhosis is roughly 
divided into compensated and decompensated liver function. Most 
patients in the compensatory stage are asymptomatic or have mild 
symptoms, and there are no abnormalities or mild abnormalities in 
liver function tests; when the stage progresses to decompensation, 
patients will have significant symptoms, mainly manifested by liver 
function decline and portal hypertension. The transition from 
compensated to decompensated cirrhosis represents a significant 
reduction in life expectancy and an increase in mortality (Ginès et al., 
2021). Therefore, it is of great significance to accurately grasp the 
“critical point” of progression from compensated to decompensated 
and delay or reverse the progression of early liver cirrhosis to improve 
the quality of life and survival rate of patients.

In recent years, numerous studies have highlighted the close 
relationship between gut health and the normal functioning of various 
physiological systems, particularly the dynamic balance between the 
gut and the liver via the portal vein system. With the progression to 
the decompensated stage, the gut microbiota changes progressively in 
the direction of more serious disorders, and conversely, the gut 
microbiota dysbiosis will also break the balance state of enterohepatic 
circulation, affect the occurrence and development of liver diseases, 
and become an important driving factor for complications such as 
hepatic encephalopathy (HE) and spontaneous bacterial peritonitis 
(SBP) (Trebicka et  al., 2021). In other words, there is a causal 
relationship between the gut microbiota and cirrhosis. Therefore, early 
regulation of gut microbiota is expected to become a new approach 
for liver cirrhosis treatment (Tsiaoussis et al., 2015). Compared to 
Western medicine, traditional Chinese medicine (TCM) is more 
widely accepted by patients owing to its advantages, including fewer 
adverse effects, enhanced specificity, reduced dependency, and 
diminished drug resistance. TCM has been widely used in the 

treatment of various clinical diseases. For example, flavonoids directly 
regulate insulin secretion, glucose metabolism-related enzymes, and 
related signaling pathways, thereby playing a significant role in 
treating diabetes and its complications (Bai et al., 2019). Similarly, 
natural products also have significant implications in regulating 
intestinal microecology and treating liver cirrhosis. There is a two-way 
promoting effect between citrus fruits rich in flavanone and intestinal 
flora. Intestinal flora plays a significant metabolic potential for 
polyphenols. Polyphenols can also inversely increase the abundance 
of beneficial bacteria, such as Bifidobacterium and Lactobacillus spp., 
and positively regulate the production of SCFA and intestinal PH 
value. Thus, the bacteria and the host can achieve a win-win situation 
(Tang et  al., 2022). Baicalin mitigates diethylnitrosamine-induced 
cirrhosis by inhibiting oxidative stress and inflammation (Wang et al., 
2024). Forsythiside A (FTA) demonstrates its good hepatoprotective 
effects by improving liver fibrosis by reversing the decreased bacterial 
richness, displaying anti-inflammatory and antioxidant properties, 
and improving the metabolism of bile acids (BAs) (Zhao et al., 2021). 
Emodin, belonging to the anthraquinone class of compounds, has 
hepatoprotective and anticancer effects against liver damage induced 
by various factors such as alcohol, high-fat diet (HFD), and 
lipopolysaccharides (LPS) (Hu et al., 2020).

Based on the close relationship between the intestinal flora and 
the liver, the aim of this study was to explore the role and potential 
mechanisms of gut ecological imbalance in liver cirrhosis. 
Furthermore, the study also aimed to assess the feasibility of TCM 
interventions targeting gut microbiota to improve liver cirrhosis, 
providing insights for future research directions and clinical 
management strategies. The interplay among liver cirrhosis, gut 
microbiota, and TCM is illustrated in Figure 1.

2 Gut microbiota and cirrhosis

The human body is consisted by a complex ecosystem, including 
bacteria, fungi, viruses, and archaea, which typically coexist with the 
host to maintain homeostasis. The microbial community is extensive 
and diverse. The number of bacterial cells in humans is tenfold higher 
than that of animals, with over 70% of bacteria concentrated within 
the intestine (Neish, 2009). The gut microbiota primarily consists of 
anaerobic bacteria (Lynch and Pedersen, 2016), with Firmicutes and 
Bacteroidetes as dominant species. Studies have indicated that changes 
in the ratio of Firmicutes to Bacteroidetes might affect lipid 
metabolism and the central nervous system, potentially leading to 
obesity (Ley et al., 2005; Turnbaugh et al., 2006; Koliada et al., 2017). 
In recent years, an increasing number of researchers have analyzed the 
close relationship between gut microbiota and human physiology and 
pathology from various perspectives, such as the brain-gut axis, 
liver-gut axis, and lung-gut axis. Shao et al. demonstrated a significant 
alleviating effect on depression by targeting the brain-gut axis to 
regulate the peripheral microenvironment (Shao et al., 2023). Li et al. 
(2023) found that the lung-gut axis plays an important role in various 
pulmonary diseases such as COVID-19 and asthma, by reshaping the 
gut microbiota in rat models.

Therefore, the balance of gut microbiota is crucial for human 
health and diseases, often referred to as the “new virtual metabolic 
organ” within the body (Lankelma et al., 2017). At birth, a baby’s gut 
microbiota begins to establish itself. Disruptions in the composition 
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and diversity of intestinal bacteria during early childhood, termed 
ecological imbalance, significantly impacts metabolism and immunity 
in adulthood (Milani et al., 2017). The gut and liver interact through 
various pathways, including the biliary tract and systemic circulation 
and the enterohepatic circulation facilitated by the portal vein (Giuffrè 
et al., 2020). Nutrients and microbial metabolites absorbed in the 
intestine enter the liver via the portal vein, where they are absorbed or 
stored in hepatic cells. Microorganisms and their metabolites are 
closely related to the immune and metabolic functions of the liver 
(Hsu and Schnabl, 2023). Conversely, the liver uses various immune 
cells, such as Kupffer cells, NKT cells, and Th17 cells, to regulate the 
intestinal barrier, prevent bacterial translocation (BT), and inhibit 
inflammatory responses (Gola et al., 2021). Besides, the maturation of 
gut microbiota is closely related to the synthesis and transport of BAs. 
Oral administration of BAs to postnatal mice can increase the richness 
and maturity of their gut microbiota (Van Best et al., 2020). Similarly, 
Lv et al. (2016) using metagenomic sequencing, observed a decrease 
in beneficial gut bacteria and an increase in Firmicutes and 
Proteobacteria phyla, considered opportunistic pathogens, in 
cholestatic patients. Additionally, upon conversion into secondary 
BAs, signals are transmitted through the nuclear farnesoid X receptor 
(FXR) and G-protein-coupled membrane receptor 5 (TGR5) in the 
intestinal epithelium to regulate host metabolism (Wahlström et al., 
2016). In summary, the connection between gut microbiota and the 
liver is bidirectional, sustaining host health through synergistic effects.

The gut microbiota is widely involved in host metabolism, and 
its dysbiosis can alter the host’s metabolic phenotype. Intestinal 
ecological disorders are closely related to cirrhosis and end-stage 
liver disease. Li et  al. conducted a quantitative metagenomic 
association analysis on 98 patients with liver cirrhosis and 83 
healthy controls, revealing a significant difference in the abundance 

of 75,245 genes believed to be related to liver cirrhosis (Qin et al., 
2014). Similarly, an analysis of the fecal microbiome of patients 
with cirrhosis resulting from alcohol consumption and hepatitis B 
virus infection demonstrated a decrease in functional genes related 
to amino acids, lipids, nucleotides, and other metabolic pathways. 
The abundance of these functional genes negatively correlated with 
the Child-Pugh score (Chen et  al., 2014), indicating that the 
structure and function of intestinal flora are significant in cirrhosis 
and its diverse complications. Therefore, exploring the changes in 
gut microbiota among patients with liver cirrhosis is expected to 
aid in intervening in the development of liver cirrhosis and its 
associated complications by targeting gut microbiota as a 
therapeutic approach.

3 Mechanisms of gut microbiota 
involved in the occurrence and 
development of live cirrhosis

The occurrence and development of liver cirrhosis are significantly 
influenced by the gut microbiota. Research indicates that changes in 
the gut microbiome can damage the liver by inducing inflammatory 
responses, exacerbating liver fibrosis, and affecting host metabolism 
(Martínez-Montoro et al., 2022; Wang et al., 2022; Zhang et al., 2023). 
Moreover, greater changes in the gut microbiota are associated with 
an increased risk of infection and reduced survival in liver cirrhosis 
(Fang et al., 2022). The gut microbiota known to be involved in the 
occurrence and development of chronic liver diseases such as 
cirrhosis. However, the specific mechanism by which changes in the 
gut microbiota leads to cirrhosis remains unclear. Current hypotheses 
propose mechanisms involving ecological dysbiosis, intestinal barrier 

FIGURE 1

Links among liver cirrhosis, gut microbiota, and TCM. The figure is drawn with Figdraw.com.
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disruption, abnormal enterohepatic circulation and BA metabolism, 
and the translocation of microbial-derived metabolites (Figure 2).

3.1 Dysbiosis of gut microbiota

Dysbiosis of the gut microbiota mainly involves quantitative and 
qualitative changes in intestinal flora, where qualitative changes 
mainly lie in the composition and quantity of bacteria (Wegierska 
et al., 2022). Compared to the healthy population, the gut microbiota 
of patients with liver cirrhosis increases in Proteobacteria and 
Clostridium but decreases in Bacteroidetes at the phylum level (Qin 
et al., 2014; Bajaj et al., 2015; Trebicka et al., 2021). There is a reduction 
in the Bacteroides genus, with significant enrichment observed in 
Veillonella, Streptococcus, Clostridium, and the β-Proteus genus (Qin 
et al., 2014). Marco et al. demonstrated lower levels of Lachnospiraceae 
in fecal samples from patients with liver cirrhosis compared to healthy 
individuals, highlighting its important role in liver immune and 
metabolic processes through the production of short-chain fatty acids 
(SCFAs) (Zamparelli et al., 2017). In addition, beneficial bacteria like 
Ruminococcaceae and Clostridium Cluster XIV showed a significant 

decrease in the proportion of gut microbiota in patients with liver 
cirrhosis (Bajaj, 2019). Bajaj et al. introduced the cirrhosis dysbiosis 
ratio (CDR) to reflect the ratio of native to non-native microbiota in 
their fecal microbiota, and demonstrated correlation between CDR 
and the severity of liver cirrhosis, which further confirmed the 
significance of gut microbiota diversity in disease progression (Bajaj 
et  al., 2014). The significant reduction of Clostridium XIV, 
Ruminococcae, and Trichrospiridae, which belong to the native flora, 
and the enrichment of potential pathogens Enterobacteriaceae and 
Bacteroidetes, synergistically promoted the accumulation of 
endotoxins in metabolites, and endotoxin levels could be used as an 
important indicator of the severity of HE. In addition, the abundance 
of Actinomycetes, Bacteroidetes and Firmicutes decreased to varying 
degrees in patients with cirrhosis infection, suggesting a causal 
relationship with the increased risk of systemic inflammation in 
patients with cirrhosis (Kulkarni et  al., 2024). Families such as 
Lachnospiraceae and Ruminococcus, similar to acetate producers, are 
abundant in healthy individuals but significantly insufficient in 
patients with liver cirrhosis. Pathogenic bacterial overgrowth includes 
Enterobacteriaceae, Staphylococcus, and Enterococcus (Chen et al., 
2011). Veillonella atypica, Veillonella parvula, and the Streptococcus 

FIGURE 2

Pathogenesis of cirrhosis based on the enterohepatic circulation. The figure is drawn with Figdraw.com. The figure is divided into three sections from 
top to bottom: (A) Intestinal barrier: The effect of intestinal microbes, metabolites such as BAs and endotoxin on intestinal mucosal barrier function, 
including increased permeability and bacterial translocation. (B) Portal vein: Factors delivered to the liver via the portal vein, such as cytokines and 
microbiota-associated molecular patterns (MAMPs), which induce the activation of immune cells such as Kupffer cells, leading to inflammation and 
endotoxemia. (C) Liver microenvironment: After microbial-derived metabolites reach the liver through the portal vein, they trigger a series of reactions 
in the liver, including the activation of macrophages and HSCs, and may lead to liver fibrosis/cirrhosis, portal hypertension, and eventually liver failure.
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genus were identified as pivotal components in disrupted gut 
microbiota of patients with liver cirrhosis. These bacteria produce rich 
sialidase enzymes that degrade human mucin O-glycans, leading to 
intestinal barrier disruption (Patel et al., 2022). Additionally, these 
bacteria trigger the secretion of chemokines such as CXCL8 and 
tumor necrosis factor-α (TNF-α) (Horvath et  al., 2019), inducing 
inflammatory responses and increasing intestinal permeability (Chen 
et al., 2015). The phenomenon of oral colonization bacteria expanding 
in the intestine may be attributed to reduced gastric acid secretion, 
diminishing bacterial clearance in the stomach (Tsuda et al., 2015). 
Notably, Bifidobacteria and Lactobacillus, typically regarded as 
beneficial gut bacteria with anti-inflammatory properties (Yu et al., 
2021; Song et al., 2023), are enriched in the intestinal tract of patients 
with alcoholic cirrhosis, suggesting potential adverse effects in liver 
cirrhosis patients. Therefore, attention should be  paid to the 
administration of medications to such patients (Dubinkina 
et al., 2017).

Quantitative changes in gut microbiota are mainly characterized 
by small intestinal bacterial overgrowth (SIBO), which is related to 
factors such as decreased intestinal peristalsis, reduced gastric acid 
secretion, and impaired BA secretion, leading to prolonged content 
retention in the small intestine (Nishimura et al., 2021; Efremova 
et al., 2023). SIBO has been shown to be a risk factor for clinical 
decompensation of liver cirrhosis, which is manifested by increased 
abundance of Firmicutes and Fusobacterium at the phylum level; at the 
genus level, the abundance of Blautia, Fusicatenibacter, Acinetobacter, 
Oribacterium, and Haemophilus increased, with Blautia as a major 
contributor to the induction of SIBO in all overproliferating bacteria. 
Cirrhotic patients with SIBO had more severe intestinal flora 
dysbiosis, characterized by a higher Firmicutes/Bacteroidetes ratio, 
compared to those without SIBO (Maslennikov et  al., 2022), 
suggesting this ratio as a crucial indicator reflecting cirrhosis 
progression. SIBO facilitates the translocation of harmful 
microorganisms and their metabolites (especially LPS) due to 
increased intestinal permeability, finally leading to endotoxemia 
(Augustyn et al., 2019). Activation of NF-κβ by endotoxemia triggers 
the production of pro-inflammatory cytokines, inducing liver 
inflammation and insulin resistance (IR), a significant factor in the 
pathogenesis of cirrhosis and its complications (Clarembeau et al., 
2020). Moreover, SIBO generates excess acetate and disrupts the 
homeostasis of BA metabolism, promoting the deconjugation of BA 
(Bala et al., 2006). Acetate harms the colon mucosa, while unbound 
BAs adversely affect lipid metabolism and intestinal mucosa, 
accelerating the progression of liver cirrhosis (Nafday et al., 2005; 
Hartmann et al., 2018). The diversity of fecal microbiota in patients in 
the decompensated stage was lower than that in the compensated 
stage, and the Clostridium XIV, Ruminococcaceae and Trichromyceae 
belonging to the native flora were significantly reduced, while the 
potential pathogenic bacteria Enterobacteriaceae and Bacteroides 
were enriched, and these two changes synergistically promoted the 
accumulation of metabolite endotoxins, and the increase of gut 
permeability led to SIBO and pathological BT. The overall 
translocation of viable bacteria to mesenteric lymph nodes is an 
important feature of decompensated cirrhosis, which in turn can 
damage the host’s systemic and local immune defenses, leading to 
further exacerbation and a vicious cycle (Giannelli et al., 2014). A 
meta-analysis involving 306 samples revealed a significant correlation 
between SIBO and various complications of liver cirrhosis, such as 

HE, spontaneous bacterial peritonitis, malnutrition, and ascites 
(Maslennikov et al., 2018). However, due to the lack of an optimal 
diagnostic standard for SIBO (Massey and Wald, 2021), it cannot 
be  definitively concluded that SIBO directly leads to these 
complications, necessitating further research for confirmation. The 
abundance changes of gut microbiota in patients with liver cirrhosis 
are shown in Table 1.

3.2 Intestinal barrier dysfunction

Potential harmful bacteria and their effector molecules, known as 
pathogen-associated molecular patterns (PAMPs), originating from 
the intestine, directly cross the damaged intestinal barrier and enter 
the liver, facilitated by various pattern recognition receptors. Activated 
liver cells release damage-associated molecular patterns, which, in 
conjunction with hepatic stellate cells (HSCs) and liver immune cells, 
particularly Kupffer cells, exacerbate liver inflammation and fibrosis 
(Guan et al., 2022). Therefore, the dysfunction of the intestinal barrier 
is an important prerequisite for PAMPs translocation to the liver and 
is a key factor influencing the pathogenesis of liver diseases. The 
intestinal barrier, composed of a mucous layer and an epithelial layer, 
together with the gut microbiota and immune system, maintains the 
normal function of the intestinal function (Tilg et al., 2022). These 
physical, immune, and biological barriers interact with each other 
(Figure  3), and any disruption at any crosslink will increase 
susceptibility to liver disease.

3.2.1 Physical barriers
The mucus layer is mainly composed of secretion products from 

goblet cells, with its outer layer colonized by microbial communities 
and its inner layer containing minimal bacteria (Tsiaoussis et  al., 
2015). Mucus, predominantly composed of mucin (MUC), are divided 
into two types: transmembrane mucin (MUC1, MUC4, MUC15, 
MUC16, etc.) and secretory mucin (primarily MUC2) (Chopyk and 
Grakoui, 2020). Microorganisms competed for attachment sites and 
energy for colonization by degrading the O-and N-linked glycans and 
glycosaminoglycans of MUC2 (Martens et al., 2009). The protective 
effect of mucus in MUC2-deficient mice was significantly weakened, 
allowing direct entry of bacteria into epithelium and crypts, thereby 
inducing colitis-related cytokine expression (Johansson et al., 2008). 
Transmembrane mucin not only protected intestinal epithelial cells 
and acted as a lubricant but also provided immune protection and 
inhibits cell apoptosis (Constantinou et al., 2011; Paone and Cani, 
2020). For example, MUC1 overexpression generated anti-MUC1 
antibodies that could damage colon cells through cell-dependent 
cytotoxicity, leading to chronic intestinal inflammation such as 
ulcerative colitis (UC) (Apostolopoulos et  al., 2015). Preventive 
treatment with anti-inflammatory milk fat globule membrane 
(MFGM) upregulated colonic MUC2, MUC4, Reg3g, and other gene 
expressions in mice, enhancing mucosal barrier integrity and reducing 
the risk of microbial-induced intestinal inflammation and secondary 
liver injury (Wu et  al., 2022). Fecal samples from liver cirrhosis 
patients showed potential pathogenic bacteria rich in sialidase (e.g., 
Veillonella atypica, Veillonella parvula, and Streptococcus spp.) 
degrading MUC2 O-glycans, leading to barrier damage (Patel et al., 
2022). Additionally, isoproterenol can reduce the number of goblet 
cells and mucus thickness in mice, impairing the intestinal mucosal 
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TABLE 1 Changes in gut microbiota abundance in patients with cirrhosis.

Classification Common 
bacteria 
species

Change 
trend

Mechanism Reference

Phylum

Bacteroidetes Down
The synthesis of SCFAs (acetate, butylhydrochloric acid and palmitate) decreased; Secondary BAs production 

was insufficient and BA uncoupling was impaired.
Qin et al. (2014), Zamparelli et al. (2017), and Bajaj (2019)

Proteobacteria Up
Promoting the translocation of cells and bacteria, making them the most harmful bacteria in the gut 

microbiota, has the potential to stimulate liver fibrosis.
Zamparelli et al. (2017) and Maslennikov et al. (2018)

Fusobacteria Up

The transformation from primary BA to secondary BA was disordered. It produces LPS that travels with the 

impaired intestinal barrier into the liver, increases oxidative stress and activates TLR4, producing 

proinflammatory and profibrotic effects.

Zamparelli et al. (2017)

Family

Enterobacteriaceae Up

It releases potent endotoxins and produces endogenous ethanol, which disrupts intestinal barrier function, 

increases intestinal permeability, stimulates the innate immune system, and leads to chronic inflammation of 

the intestinal wall and liver.

Bajaj et al. (2014), Bajaj (2019), and Massey and Wald (2021)

Veillonelaceae Up
It is the most representative fibrosis-associated bacterium and positively interacts with ursodeoxycholic acid 

and propionate.
Wahlström et al. (2016) and Kulkarni et al. (2024)

Streptococcaceae Up It was negatively correlated with acetic acid level and positively correlated with Child-Pugh score. Wahlström et al. (2016)

Lachnospiraceae Down
Reduction of 7α-dehydroxylation; Inhibition of this bacterium leads to a decrease in SCFA production, which 

in turn raises colonic PH and increases ammonia content.
Maslennikov et al. (2018), Bajaj (2019), and Kulkarni et al. (2024)

Ruminococcaceae Down
It affects the 7α-dehydroxylation process. The production of SCFA decreased, and the levels of inflammatory 

cytokines in the blood are increased.

Wahlström et al. (2016), Maslennikov et al. (2018), Bajaj (2019), 

and Kulkarni et al. (2024)

Enterococcaceae Up
Promote endotoxin release, cause intestinal barrier damage and BT; It activates proinflammatory cytokines, 

exacerbates hepatocyte injury, and plays a key role in the complications of infectious cirrhosis, especially SBP.

Kulkarni et al. (2024), Zamparelli et al. (2017), and Maslennikov 

et al. (2023)

Porphyromonadacea Up
Promoting inflammation and disrupting the normal microbiome; It is associated with cognitive impairment in 

patients with liver cirrhosis.
Maslennikov et al. (2023)

Alcaligeneceae Up It is associated with bacterial infection in patients with liver cirrhosis. Maslennikov et al. (2023)

Staphylococcaceae Up
It can change gastric hemodynamics and increase the incidence and severity of portal hypertensive gastropathy. 

It is also closely related to liver failure and endotoxemia.
Zamparelli et al. (2017) and Kulkarni et al. (2024)

Genus

Bifidobacterium Up It was negatively correlated with the expression level of aspartate aminotransferase and prothrombin time. Yu et al. (2021)

Lactobacillus Up Promoting the production and accumulation of endogenous ethanol. Zamparelli et al. (2017) and Yu et al. (2021)

Faecalibacterium 

prausnitzii
Down

The production of butyrate is reduced, weakening its anti-inflammatory protective and oxidative stress-

ameliorating properties in the gut.
Wahlström et al. (2016)

Prevotella Up Promotes ethanol metabolism in the intestine. Wahlström et al. (2016) and Manzoor et al. (2022)

Clostridium Down
Involved in 7α-dehydroxylation, the reduction of its genus leads to a lack of substrates for the conversion of 

primary BA to secondary BA.

Wahlström et al. (2016) and Zamparelli et al. (2017), and 

Maslennikov et al. (2018)

Blautia Down
The production of SCFA decreased; BA transformation regulation is limited; It also attenuated its anti-

inflammatory properties.
Bajaj et al. (2012) and Meijnikman et al. (2022)

(Continued)
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epithelial and vascular barriers, facilitating BT to the liver and 
exacerbating liver damage (Sorribas et al., 2020). This multifaceted 
dysfunction of the intestinal barrier significantly contributes to the 
severity and complications of liver cirrhosis.

Intestinal epithelial cells include five specialized types: stem cells, 
goblet cells, neuroendocrine cells, Paneth cells, and intestinal 
absorptive cells (Pott and Hornef, 2012). They form a protein network 
that mediates selective permeability through transcellular and 
paracellular pathways (Tsukita et al., 2001). The protein network is 
composed of various adhesive complexes such as desmosomes, 
adhesive junctions (AJs), tight junctions (TJs), and gap junctions 
(Groschwitz and Hogan, 2009), among which TJ is recognized as the 
most important. Besides, Claudins, Occludin, and cytoskeleton-
connected adhesive molecules (mainly microfilaments) considered as 
particularly important TJs (Tsiaoussis et  al., 2015). Compared to 
healthy individuals, the expression levels of Occludin and Claudin-1 in 
intestinal epithelial cells were reduced in patients with liver cirrhosis, 
negatively correlated with the Child-Pugh score (Assimakopoulos 
et  al., 2012). As a dynamic permeability tight barrier, intestinal 
epithelial TJs could prevent potential pathogenic bacteria, toxins, and 
other harmful substances from invading and permit the passage of 
nutrients, water, and ions (Hossain and Hirata, 2008). Mutation or 
defects in TJs cause TJPs contraction, enlarging intercellular spaces 
and enabling harmful macromolecules such as bacteria and toxins to 
infiltrate the portal vein, promoting the occurrence and development 
of liver cirrhosis (Twardowska et al., 2022). Additionally, oxidative 
stress is a key mechanism in intestinal barrier damage (Mohamed 
et  al., 2021; Mo et  al., 2022), inducing intestinal epithelial cell 
apoptosis, reducing the expression of TJPs, and increasing intestinal 
permeability (Li et al., 2022).

3.2.2 Immune barriers
Following the disruption of the physical barrier structure, 

activation of the intestinal mucosal immune system occurs, with 
humoral immunity dominated by secreted immunoglobulin A (SIgA). 
SIgA not only prevents the recognition and uptake of bacteria, toxins, 
and other harmful molecules by intestinal mucosal epithelial cells 
(Mantis et  al., 2011) but also contributes to the elimination of 
pathogens and toxins through intestinal mechanical peristalsis. 
Furthermore, it attenuates the systemic immune response and immune 
tolerance triggered by external antigenic stimulation and prevents the 
intestinal mucosal immune barrier system from eliciting an immune 
response to beneficial gut microbiota (Perez-Lopez et al., 2016). These 
intricate mechanisms involve T cells, interleukins (IL)-4, IL-6, 
transforming growth factor (TGF)-β, and tumor necrosis factor 
(TNF)-α within gut-associated lymphoid tissue (GALT) (Hooper and 
Macpherson, 2010). Prolonged pathogen stimulation of the immune 
system, coupled with inhibition of regulatory cells such as macrophages, 
dendritic cells, and M cells, disrupts immune homeostasis, thereby 
instigating intestinal inflammation. Multiple immune cells through 
complex interactions accelerates pro-inflammatory and fibrotic 
processes in the liver (Winer et al., 2016). Porowski et al. calculated the 
hepatic elimination ratio (LER) of IL-6, hepatocyte growth factor 
(HGF), TNF-α, and TGF-β introduced from the GALT and portal vein. 
In healthy individuals, LER values were 0.4, 0.2, 0.4, and 0.3 
respectively, while in liver transplant patients, they were-0.1, −0.5, 0.1, 
and-0.2, respectively. Negative elimination rates indicate cytokine 
synthesis surpassing degradation in patients with liver cirrhosis (liver C
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failure), with levels of these growth factors and cytokines closely related 
to the severity of liver cirrhosis (Porowski et al., 2015). Moreover, the 
severe immune deficiency induced by systemic inflammation and 
immune cell dysfunction in patients with liver cirrhosis plays a pivotal 
role in the pathogenesis of chronic acute liver failure (ACLF) (Martin-
Mateos et al., 2019). In addition, endotoxins can severely damage the 
intestinal mucosal barrier and immune system of the body through 
oxidative stress (Wang and Wang, 2022). This particular subject was 
further elucidated in subsequent sections.

3.2.3 Biological barriers
We explored the composition and changes in gut microbiota in 

the above discussion. Here, we  delve into the interplay and 
mechanisms between the biological barrier, comprised of gut 
microbiota, and other barriers. Firstly, mucoglycans serve as nutrients 
for beneficial bacteria, enabling them to compete for mucosal 
colonization sites and inhibit pathogen colonization (Paone and Cani, 
2020), thereby influencing mucus properties by interfering with 
glycosyltransferase expression, MUC2 glycosylation, and 

transmembrane mucin glycosylation (Schroeder, 2019; Pelaseyed and 
Hansson, 2020). Furthermore, microbial metabolites such as acetate 
and butyrate contribute to epithelial homeostasis by modulating 
goblet cells (Wrzosek et al., 2013). Lactobacillus reuteri mediates the 
PI3K/Akt Nrf-2/HO-1-NF-κβ and PKC-Nrf-2/HO-1-NF-κβ signaling 
pathways, enhancing the expression of TJPs, inhibiting TNF-induced 
apoptosis of intestinal epithelial cells (Zhou et al., 2022), and activating 
the Wnt/β-catenin pathway to stimulate the proliferation of intestinal 
epithelial cells, thereby regulating the physical barrier function of the 
intestine (Wu et al., 2020).

Microorganisms and the intestinal mucosal immune system 
interact with each other, jointly maintaining a symbiotic relationship 
between the host and microorganisms (Hooper et al., 2012). SIgA on 
the surface of the intestinal mucosa selectively binds to symbiotic 
bacteria, preventing their penetration of the epithelial barrier 
(Macpherson et al., 2000). Microbial colonization also facilitates the 
development and function of the intestinal immune system (O’Hara 
and Shanahan, 2006). The Toll-like receptor (TLR) family and 
nucleotide-binding oligomerization domain proteins Nod1 and Nod2 

FIGURE 3

Comparison of intact and impaired intestinal barriers. The figure is drawn with Figdraw.com. (A) In the intact intestinal barrier, the intestinal microbial 
diversity is normal, the mucus layer limits the colonization and transfer of bacteria, the beneficial bacteria repel the invasion of pathogenic bacteria, 
and the complex structure of TJ together to maintain the selective permeability of intestinal epithelial cells, allowing nutrients and water ingested by 
the host to pass through and preventing harmful microorganisms and their metabolites from entering the portal vein through the intestinal barrier. 
Immune cells secrete various cytokines to timely remove invading pathogens and toxins and strengthen the intestinal barrier. (B) After the intestinal 
barrier is damaged, the mucus layer becomes loose and thick. Harmful microorganisms and their metabolites break through the mucus layer, destroy 
the intestinal tight-junction apparatus, and compete with beneficial bacteria and intestinal epithelial cells for nutrients, leading to increased intestinal 
permeability. Bacteria, toxins and other harmful molecules stimulate the intestinal immune barrier system, leading to enhanced immune activity and 
reduced microbial diversity. Finally, it further increases BT and intestinal leakage.
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serve as primary receptor systems for microbial regulation of the 
innate immune system in the intestinal mucosa (Kelly and Conway, 
2005). For example, LPS not only aids in the repair of damaged 
intestinal epithelium through MyD88-dependent processes (Rakoff-
Nahoum and Medzhitov, 2007), but also activates the expression of 
the antimicrobial lectin Reg III γ, serving as an additional barrier to 
inhibit bacterial infiltration into the intestinal mucosa (Vaishnava 
et al., 2011). Therefore, excessive microbial stimulation may lead to 
the abnormal activation of intestinal immune cells, leading to 
intestinal inflammation. In summary, damages to the intestinal 
biological barrier inevitably affect the physical and immune barriers 
of the host, ultimately increasing the risk of various chronic liver 
diseases such as cirrhosis.

3.3 Abnormal metabolism of BAs

3.3.1 Synthesis and pathways of BAs
BAs originate from cholesterol oxidation in the liver through two 

primary pathways. Under normal conditions, cholesterol 
7α-hydroxylase (CYP7A1) initiates the classical pathway to produce 
the majority of primary BAs. CYP7A1 regulates the overall rate of BA 
synthesis, while sterol 12α-hydroxylase regulates the cholic acid (CA) 
to chenodeoxycholic acid ratio in the BA pool. In an adaptive 
response, alternative pathways, initiated by sterol-27 hydroxylase, play 
crucial roles in intestinal metabolism, cellular signaling, and microbial 
composition (Li and Chiang, 2014). Intestinal microbiota modify 
human BAs via four mechanisms: deconjugation of glycine or taurine, 
dehydroxylation, dehydrogenation, and epimerization (Guzior and 
Quinn, 2021), further activating BAs receptors. There is a close 
relationship between metabolic disorders of BAs and liver cirrhosis, 
along with its complications and intestinal dysbiosis.

3.3.2 Bidirectional regulation of BAs and gut 
microbiota

Changes in gut microbiota composition and activity due to factors 
such as antibiotics, diet, and exercise significantly impact BA synthesis 
and signal transduction (Collins et  al., 2023). Bacterial bile salt 
hydrolase (BSH), found in various gut bacteria like Clostridium, 
Enterococcus, Bifidobacterium, Lactobacillus, and Bacteroidetes, 
catalyzes the decoupling, oxidation, and 7α-dehydroxylation of 
conjugated BA, regulating the production level of secondary BAs 
(Ridlon et al., 2016). In addition, the composition and number of 
Firmicutes also affect secondary BA levels by altering 
7α-dehydroxylation (Lee et  al., 2022). Conversely, BAs influence 
microbiota composition and function, playing a decisive role in both 
quantitative and qualitative changes, as well as metabolic activities of 
gut microbiota. For example, studies suggest that glycine-and taurine-
preferred BSH can inhibit the growth of Clostridium difficile, possibly 
by increasing the concentration of microbial conjugated BA, which 
inhibits the germination, growth, and toxin expression of Clostridium 
difficile (Foley et al., 2023). Moreover, BA administration in neonatal 
mice could significantly drive the maturation of the intestinal 
microbiota, improving its diversity and richness (Van Best et  al., 
2020). However, BAs may also harm intestinal bacteria due to their 
toxic effects, mediating oxidative stress and DNA damage (Collins 
et al., 2023). Overall, BA metabolism intricately links gut microbiota 
to physiology and pathology of the liver, offering a broader perspective 

for the treatment of liver diseases through the modulation of 
gut microbiota.

3.3.3 Nuclear receptor FXR
FXR is a core regulatory factor in the biosynthesis of BAs and 

enterohepatic circulation. Dysfunction of the microbiota leads to 
decreased BA activity, reducing unconjugated BA and secondary BA 
production, weakening FXR activity, and exacerbating cirrhosis 
through various pathways: (1) In hepatocytes, FXR interacts with 
nuclear receptors such as peroxisome proliferator-activated receptors 
(PPAR)-α and liver X receptor (LXR)α to form heterodimers, 
regulating downstream target gene expression. Weakened FXR activity 
decreases the expression of PPAR-α and LXRα, negatively impacting 
liver energy metabolism (Preidis et al., 2017); (2) The inhibitory and 
regulatory effects on TLR4 transcription levels and NLRP3 
inflammasome are weakened, promoting the production of 
inflammatory factors such as IL-1β and NOS2, further exacerbating 
the inflammatory response (Vavassori et al., 2009; Han et al., 2018); 
(3) Fat synthesis, high-density lipoprotein (HDL) formation, liver 
HDL uptake, and fatty acid β-oxidation, are affected, disrupting lipid 
metabolism and worsening liver steatosis and fibrosis (Ding et al., 
2015); (4) Enhanced HSC activation increases collagen synthesis and 
deposition, accelerating liver fibrosis progression (Zhou et al., 2020). 
(5) Dysbiosis and the release of inflammatory markers (LPS) (Ridlon 
et al., 2015) further lead to BT, endotoxemia, and intestinal barrier 
damage, significantly correlating with liver cirrhosis progression and 
cognitive impairment (Zhang et al., 2022).

3.4 Microbial metabolites

The changes in gut microbiota observed during the occurrence 
and progression of liver cirrhosis are mainly attributed to the diversity, 
richness, and the presence of potential pathogenic byproducts such as 
endotoxins. Intestinal bacteria are the key source of LPS, and the liver 
is a vital site for LPS clearance. Therefore, abnormal production, 
kinetics and metabolism of LPS can reverse interfere with liver 
function and intestinal flora (Fuke et al., 2019). SCFA is the most 
abundant among all microbial metabolites, and about 500-600mmol 
of SCFAs are produced in the human intestine every day (Marrocco 
et al., 2022). SCFAs entering the liver supply more than 30% of the 
liver’s total energy source (Mann et  al., 2024). As a tryptophan 
catabolite produced by the intestinal microbiota, indole is an 
indispensable signaling molecule regulating intestinal homeostasis 
(Roager and Licht, 2018). Although less than 1% of bacteria in the 
healthy gut contain genes for trimethylamine (TMA) synthesis, this is 
sufficient to regulate the balance of choline metabolism, indicating 
that these trace intestinal microorganisms and choline are essential for 
host health (Rath et al., 2017). Under anaerobic conditions, 1g of 
Escherichia coli produces 0.8 g of ethanol per hour, and excessive 
ethanol will significantly change the abundance of some intestinal 
flora, especially Bacteroidetes and Proteobacteria (Yan et al., 2023). In 
brief, metabolites produced by gut microbes are key mediators of gut 
microbiota-cirrhosis crosstalk.

The previously discussed physical, immune, and biological 
barriers within the intestine are critical in preventing harmful 
microorganisms and their metabolites from infiltrating the liver. 
However, dysbiosis or compromised intestinal barriers can lead to the 
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abnormal accumulation of harmful metabolites in portal circulation, 
triggering a cascade of pro-inflammatory reactions associated with 
liver diseases (Ceccarelli et al., 2014). Yet, the specific mechanisms 
through which certain metabolites contribute to the occurrence and 
development of liver cirrhosis are not fully understood. Here, 
we delved into the pathological effects and mechanisms of SCFAs, 
endotoxins, indole, choline, and endogenous ethanol on the liver 
(Figure 4).

3.4.1 Short chain fatty acids
The main products of anaerobic fermentation in the intestine are 

SCFAs, with acetic acid, propionic acid, and butyric acid being the 
most abundant (Vallianou et al., 2021). These SCFAs help maintain 
energy homeostasis through multiple pathways. Firstly, SCFAs, 
especially butyric acid, act as preferred energy sources for intestinal 
epithelial cells. Upon absorption, butyric acid is converted into 
cellular energy, inhibiting NLRP3 inflammasome activation and 
autophagy, thus protecting the intestinal barrier against LPS damage 
and maintaining the normal cell function (Feng et  al., 2018). 
Moreover, acetate, propionate, and butyrate contribute to glucose, 
cholesterol, and lipid metabolism, directly impacting hepatic energy 
levels (Den Besten et al., 2013). Additionally, they indirectly influence 
the energy metabolism of peripheral organs by affecting the activity 
of hormones and the nervous system (Chambers et al., 2015; Perry 
et  al., 2016). Therefore, SCFAs play an important role in human 
physiology and pathology (Koh et al., 2016).

SCFAs are closely related to the occurrence and severity of liver 
cirrhosis (Cao et al., 2023). There is a correlation between a decrease 
in the number of SCFA-producing bacteria compared with 
compensated patients and the occurrence of decompensated events 
(Bajaj et al., 2023). Reduced SCFA levels, particularly butyric acid, 
have been observed in fecal samples from cirrhotic patients, positively 
correlating with Child-Pugh classification (Jin et  al., 2019). 
Furthermore, abnormal SCFA production correlates with liver 
cirrhosis severity. Diminished levels of beneficial bacteria such as 
Lachnospiraceae, Roseburia, Blautia, and Ruminococcaceae lead to 
decreased butyrate levels, impacting TJ and mucin (MUC) expression 
and altering intestinal barrier function and permeability. 
Consequently, pro-inflammatory cytokines were released into the liver 
(Woodhouse et al., 2018), affecting NF-κB signaling pathways and 
histone deacetylase inhibition (Neis et  al., 2016). SCFAs have 
demonstrated an important role in regulating endothelial function, 
immune response, and vascular tone. The imbalance in SCFA 
production due to dysbiosis of the flora, particularly decreased 
Bacteroidetes abundance, disrupt these regulatory mechanisms, 
contributing to portal hypertension (Toshida et al., 2023).

3.4.2 Endotoxin
Endotoxins, a component of LPS, constitute the outermost layer 

of Gram-negative bacteria cell walls, exerting diverse biological effects 
on ALD, viral hepatitis, cirrhosis, and its complications (Porras et al., 
2017; Sehgal et al., 2020). Alcohol consumption and HFD-induced 

FIGURE 4

Specific mechanisms by which microbial metabolites act on cirrhosis. The figure is drawn with Figdraw.com.
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dysbiosis trigger potential pathogen translocation through the 
disrupted intestinal barriers. LPS binds to TLR4, stimulating Kupffer 
cells in the liver and the NF-κB pathway and promoting the expression 
of inflammatory factors, such as TNF-α, IL-1, and IL-6. On the other 
hand, LPS-TLR4 can increase the permeability of intestinal TJs and 
activate HSC, leading to inflammatory reactions in the intestine and 
liver. Besides, it also promotes the excessive secretion and deposition 
of collagen and other extracellular matrix proteins, ultimately leading 
to the development of liver cirrhosis (Roderburg and Luedde, 2014). 
Interestingly, LPS in activating immune signal transduction through 
TLR4-related pathways and affecting liver physiological functions is 
structurally dependent, indicating that a few LPS may act as 
antagonists to inhibit the occurrence of inflammatory responses (Di 
Lorenzo et al., 2019). In the gut microbiota of patients diagnosed with 
liver cirrhosis, increased abundance of the Enterobacteriaceae family, 
encoding heptyltransferase I (HpeI), a key enzyme involved in LPS 
synthesis, were observed and categorized into seven clusters. 
Specifically, the first cluster of HpeI serves as a biomarker for liver 
cirrhosis, offering diagnostic and treatment guidance from the 
perspective of gut microbiota (Lin et al., 2021).

Oxidative stress plays a crucial role in the progression of chronic 
liver disease to cirrhosis and its complications (Assimakopoulos et al., 
2011). Liver damage weakens antioxidant effects, elevating oxidative 
stress and the production of reactive oxygen species (ROS), which 
subsequently harm the intestinal mucosa (Moustafa et al., 2009). It is 
specifically characterized by high levels of lipid peroxidation, protein 
oxidation, and an imbalance in glutathione redox status (Spahr et al., 
2007). Damaged intestinal mucosa enhances permeability, promotes 
BT, coupled with collateral circulation and liver damage, finally 
leading to endotoxemia. The ensuing cycle exacerbates oxidative 
stress, intestinal barrier dysfunction, and organ damage (Liu et al., 
2023), underscoring a significant correlation between liver cirrhosis, 
endotoxemia, and oxidative stress. Cheon et al. found that elevated 
endotoxin levels and subsequent increased ammonia levels activate 
the NLRP3 inflammasome through mitochondrial oxidative stress, 
resulting in neuroinflammation, brain edema, and the development 
of HE (Bajaj, 2014; Cheon et al., 2023). In addition, entero-derived 
endotoxins and oxidative stress are important factors in triggering 
portal hypertension in decompensated cirrhosis (Tripathi et al., 2018; 
Liu et  al., 2023). Alterations in specific gut microbiota 
(Corynebacterium, Lautropia) and their excessive accumulation of 
metabolites, particularly LPS, are strongly associated with sepsis and 
related events in patients with decompensated cirrhosis (Philips et al., 
2023). In addition, Sandler et  al. proposed that LPS-induced 
inflammatory response and oxidative stress are predictive of 
progression to early compensated cirrhosis and end-stage liver failure 
in patients with chronic HBV or HCV infection (Sandler et al., 2011). 
Therefore, the exploration of drugs that target the regulation of LPS 
and its producing bacteria is expected to provide a therapeutic strategy 
for liver cirrhosis at different stages of progression.

3.4.3 Indole
Indole can be  produced by various gut microbiota such as 

Escherichia coli, Clostridium, and Bacteroidetes (Lee et  al., 2015). 
Studies have found that indole can alter the composition of gut 
microbiota and increase gene expression of TJPs and mucins between 
epithelial cells, indicating enhanced intestinal epithelial barrier 
(Shimada et al., 2013). Moreover, indole can reduce TNF-α-mediated 

activation of NF-κβ, inhibit the expression of pro-inflammatory 
chemokine IL-8, and increase the expression of anti-inflammatory 
cytokine IL-10. Furthermore, it confers resistance to pathogen 
colonization, particularly against Escherichia coli, thereby attenuating 
intestinal inflammation (Bansal et al., 2010). Zhao et al. observed that 
indole intervention in HFD-treated rats resulted in significant 
downregulation of genes related to liver fibrosis and collagen synthesis 
(Zhao et al., 2019). However, subsequent studies have shown that 
indole or its metabolites do not consistently exhibit a beneficial role in 
liver disease. Liu et al. found that indole-3-propionic acid (IPA) could 
reduce the gap in gut microbiota diversity between CCl4-induced 
mice and healthy counterparts, activated HSCs and the TGF-β1/
Smads signaling pathway, leading to hepatocyte apoptosis, increased 
expression of extracellular matrix components such as collagen I and 
α-SMA, ultimately promoting liver fibrosis (Liu et al., 2021). These 
contrasting findings underscore the necessity for thorough validation 
and consideration when evaluating the therapeutic potential of IPA in 
managing liver cirrhosis. Nevertheless, Li et  al. analyzed 560 
metabolites in serum metabolomics of patients with cirrhosis at 
different stages and found that IPA was the most significant indicator 
of decompensated metabolic biomarker reduction, suggesting that 
IPA can help accurately predict the stage of cirrhosis (Li et al., 2024).

3.4.4 Trimethylamine
Gut microbiota metabolism involves the conversion of choline 

into TMA, which is absorbed by the host and subsequently converted 
into trimethylamine N-oxide (TMAO) in the liver (Arias et al., 2020). 
Imbalances in gut microbiota reduce the bioavailability of choline and 
increase portal venous influx of TMA, both implicated in metabolic 
abnormalities associated with liver cirrhosis (Albillos et al., 2020). 
Mourier et al. established a fatty liver model using a methionine/
choline-deficient diet, revealing downregulation of the Wnt/β-catenin 
pathway in mice, leading to disruption of the intestinal vascular 
barrier (Mouries et  al., 2019). Sawada et  al. observed reduced 
expression of TJPs like ZO-1 in choline-deficient rats compared to 
controls, resulting in intestinal endotoxin accumulation in the portal 
vein, triggering liver inflammation and oxidative stress (Sawada et al., 
2019). In addition, deficiencies in methionine and choline promote 
the accumulation of cholesterol and fat in the liver by inhibiting the 
assembly/export of very low-density lipoprotein (Simon et al., 2020). 
Excessive fat deposition in liver cells is the main cause of liver 
inflammation, implicating its role in diverse liver diseases (Li 
et al., 2023).

3.4.5 Endogenous ethanol
In fact, Enterobacteriaceae and Klebsiella pneumoniae in the gut 

produce endogenous ethanol through the fermentation of 
carbohydrates, and ethanol metabolism produces toxic acetaldehyde 
(Salaspuro, 1997). Numerous studies have proved that when alcohol 
accumulates in the intestine due to long-term drinking, obesity and 
other factors, it will increase the expression of inflammatory cytokines 
to disrupt intestinal homeostasis, resulting in portal endotoxemia 
(Sheth et al., 2007; Kwon et al., 2014). In addition, ROS and ammonia 
produced by ethanol metabolism may cause oxidative stress and 
hepatocyte necrosis (Lieber, 1999). What’s more, its metabolite 
acetaldehyde may damage TJs of intestinal epithelial cells, destroy the 
intestinal barrier, cause pathological BT and intestinal leakage, and 
promote the progression of cirrhosis (Yan et al., 2023). In conclusion, 
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endogenous ethanol can worsen liver inflammation through multiple 
pathways and has a significant effect on fibrosis.

4 Protective effects of TCM on liver 
cirrhosis induced by intestinal 
dysbiosis

Given the advantages of TCM, including its multi-component, 
multi-target, multi-path approaches, and mild effects, as well as its 
pharmacological activities like anti-inflammatory, antioxidant, anti-
fibrotic, and hepatoprotective effects, it holds significant promise in 
the treatment of liver cirrhosis. Recent studies have highlighted the 
substantial potential of TCM in modulating ALD, NAFLD, liver 
cirrhosis, and liver cancer, primarily through targeted regulation of 
gut microbiota (Li et al., 2019; Liu et al., 2022). Currently, extensive 
research has been conducted on natural products and compounds for 
managing liver cirrhosis by targeting gut microbiota, with notable 
contributions from high-throughput screening and multi-omics 
research. Despite numerous studies, including clinical trials, 
demonstrating the significant therapeutic efficacy of TCM in treating 
liver diseases, the precise mechanism of action remains incompletely 
understood. This article was aimed to introduce the natural products 
(Table 2) and herbal compound formulations (Table 3) identified in 
recent research that focus on regulating gut microbiota to intervene 
in cases of liver cirrhosis.

4.1 Natural products of TCM

4.1.1 Polyphenols
Resveratrol (RSV) is primarily derived from natural plants such 

as Polygonum cuspidatum, Cassia seed, and grapes (Zhang et al., 2021). 
RSV has various pharmacological activities, including anti-
inflammatory, antioxidant, anti-lipogenic, and anti-tumor effects, 
which could be  closely related to its capacity for modulating gut 
microbiota, thereby ameliorating liver cirrhosis (Kim et  al., 2011; 
Gambini et al., 2015). Recently, Li et al. found that in a CCl4-induced 
liver fibrosis rat model, RSV reversed the reduced expression of ZO-1, 
Occludin, and other proteins and mRNA induced by CCl4, 
accelerating the repair of damaged intestinal mucosal barriers. 
Moreover, while Staphylococcus xylosus and Staphylococcus lentus 
accelerate BT and enhance intestinal permeability, RSV inhibits the 
excessive proliferation of Staphylococcus lentus by inhibiting its biofilm 
formation, leading to the regulation of intestinal flora imbalance, 
adjustment of gut microbiota balance, and substantial amelioration of 
liver fibrosis (Li et al., 2022).

4.1.2 Alkaloids
Berberine (BBR) a quaternary ammonium alkaloid derived from 

Rhizoma coptidis, has become a novel therapeutic approach in recent 
years (Song et al., 2020). It relies on its antibacterial, anti-inflammatory, 
anti-fibrotic, and anti-hyperlipidemic activities to target the regulation 
of gut microbiota in the treatment of liver diseases. BBR can enhance 
intestinal anaerobic bacteria to stimulate butyrate production, elevate 
the levels of beneficial bacteria (especially Clostridium) in the 
intestines, thereby reducing host liver inflammation, regulating lipid 
metabolism, and improving liver fibrosis. Additionally, BBR serves as 

an FXR and TGR5 agonist, pivotal in modulating the metabolic 
homeostasis of BAs, thereby intervening in liver cirrhosis by mediating 
the crosstalk between BAs metabolism and gut microbiota (Liu et al., 
2022). However, studies have indicated that BBR itself can induce 
dysbiosis of the microbiota, leading to mild diarrhea in the host (Yue 
et al., 2019). Therefore, in future, special attention should be paid to 
the adverse reactions or intolerance of BBR in the drug development.

Corydalis saxicola Bunting (CSB) has significant therapeutic 
benefits in various liver diseases (Qin et al., 2023). Recently, Qin et al. 
demonstrated for the first time that palmitine (PAL) is the main active 
component of CSB and plays a pivotal role, particularly in conferring 
anti-fibrotic attributes. Further analysis using metagenomic 
sequencing methods revealed that the anti-fibrotic properties of PAL 
depended on the gut microbiota and could significantly reverse the 
decrease in the abundance of s_Lactobacillus_reuteri, s_Lactobacillus_
murinus and s_Lactobacillus_johnsonii induced by CCL4. These three 
bacteria were directly negatively correlated with the degree of liver 
fibrosis. In addition, the levels of LPS, TNF-α, IL-6 and IL-1β in the 
liver of mice were reduced to varying degrees after PAL treatment, 
repair the intestinal barrier, and increase the immune response of 
intestinal epithelial cells against inflammatory stimuli, thereby 
elucidating the specific mechanism underlying PAL’s hepatoprotective 
effects (Qin et al., 2023).

4.1.3 Terpenoids
Curcumol (CU), a sesquiterpenoid compound extracted from 

turmeric, has garnered attention for its crucial anti-inflammatory, 
anti-fibrotic, and immunomodulatory roles in liver and intestinal 
diseases (Liu et al., 2019; Yang et al., 2020). Recent CU can effectively 
alleviate liver cirrhosis (Zhang et al., 2024), alter the fecal microbiota 
composition in rats afflicted with liver fibrosis, reduce the abundance 
of Bacteroidetes, increase the abundance of Firmicutes and 
Proteobacteria, and inhibit the activity of TLR4/NF-κβ signaling 
pathway, leading to reduced expression of inflammatory factors (IL-6, 
TNF-α, IL-8) (Zheng et al., 2022). These findings suggest that CU has 
a potential as an alternative therapeutic drug targeting the liver 
and intestine.

Ginkgolide A (GA), a diterpenoid compound extracted from the 
roots and leaves of Ginkgo biloba trees, has been widely used in clinical 
practice to treat cardiovascular and neurological disorders (Wang 
et al., 2023). However, recent studies have found that GA has great 
potential in managing liver diseases (Ye et al., 2016; Jeong et al., 2017). 
Enterococcus and Bacteroides, but not Lactobacillus, were involved in 
GA regulation of intestinal flora imbalance in cirrhotic mice. It can 
also activate the progesterone X receptor (PXR), a potential 
therapeutic target for liver cirrhosis, thereby upregulating the 
expression of PXR in the liver and intestines. By improving the 
expression of TJPs such as ZO-1 and Occludin, inhibiting pathological 
translocation of intestinal bacteria, and regulating the inflammatory 
cytokine environment within the liver, GA plays an important role in 
maintaining the balance of the gut-liver axis during the treatment of 
liver cirrhosis (Mohandas and Vairappan, 2020a,b).

Glaucocalyxin A (GLA), a natural n-pentane diterpene isolated 
from the aerial parts of Rabdosia japonica (Chen et al., 2021), has 
recently been implicated in improve gut microbiota dysbiosis in a 
mouse model of liver fibrosis. GLA treatment could decrease the 
Bacteroidetes to Firmicutes ratio. At the class level, it decreased 
abundance of Clostridia and increased availability of Bacteroidia. At 
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TABLE 2 Summary of natural products targeting gut microbiota for the treatment of cirrhosis.

Type Natural 
products

Research design Regulatory strains Possible mechanism Reference

Polyphenolics Resveratrol
CCl4 (0.5μL/g)-induced male mouse models were given 

RSV 30mg/kg daily for 4 weeks
Staphylococcus_lentus↓, Staphylococcus_xylosus↓

Enhance the expression of TJPs and intestinal barrier, reduce 

intestinal permeability and inhibit BT.
Li et al. (2022)

Alkaloids

Berbine Firmicutes↑, especially Clostridium scindens↑

Maintain BA metabolic homeostasis, increase butyrate 

production to regulate lipid metabolism, relieve inflammatory 

response and immune disorders.

Liu et al. (2022)

Palmatine

Based on its clinical dose design for humans (1.2g/60kg/ 

d), male rat models induced by CCl4 (1ml/kg) were given 

PAL, high dose (108mg/kg/ d) and low dose (54mg/kg/ d) 

respectively.

s_lactobacillus_reuteri↑, s_lactobacillus_murinus↑, 

s_lactobacillus_johnsonii↑

Enhance the expression of ZO-1, Claudin-1 and Occludin, 

decrease the expression of LPS, TNF-α, IL-6 and IL-1β, 

enhance intestinal barrier, and reduce inflammatory response, 

hepatocyte steatosis and collagen fiber deposition.

Qin et al. (2023)

Terpenoids

Curcumol

CCl4(5 mL/kg)-induced male mouse models were given 

daily intragastric administration of CU30 mL/kg (1 mg/mL 

CU solution and anhydrous ethanol) for 6 weeks

Bacteroidetes↓, Firmicutes↑, Proteobacteria↑
Inhibition of TLR4/NF-κβ signaling pathway and decrease the 

expression of downstream inflammatory factors.

Zheng et al. 

(2022)

Ginkgolide A
CCl4(0.5ml/kg)-induced male Swiss albino mouse models 

were given GA100 mg/kg daily for 2 weeks
enterococcus↓, Bacteroidaceae↓

Inhibition of BT, restore the expression of PXR and related 

genes in the gut-liver axis, reduce the expression of TLR4/

MyD88/NF-κβ axis and TNF-α, and improve the expression of 

ZO-1 、Occuldin

Mohandas and 

Vairappan 

(2020a, 2020b)

Glaucocalyxin A

CCl4(0.01mL/g)-induced male C57BL/6J mice were 

intraperitoneally injected with GLA daily at a high dose 

(5mg/kg/ day) and a low dose (10mg/kg/ day) for 6 weeks

Bacteroidetes/Firmicutes ↑,

Clostridia↓,

Erysipelotrichales↓,

Lachnospiraceae↓,

Bacteroidia↑,

Muribaculaceae↑

Reduce the expression of inflammatory factors and alleviate 

liver fibrosis.
Qu et al. (2023)

EFT+SMP
CCl4(20%, 0.1ml/10g)-induced male mouse models were 

given EFT+SMP mixture 0.2ml/20g daily for 6 weeks

Firmicutes↓, Acfinobacteria↑, Candida phylum↑, 

Tenericutes↑

Increase intestinal microbial diversity in mice, reduce the 

production of bacterial metabolites LPS, LysoPE and LysoPC, 

inhibit kupffer cell activation and liver inflammatory 

response,then exerts potential anti-fibrotic effects.

Tan et al. (2020)

Artesunate

CCl4、intragastric administration of 10% ethanol and 

HFD induced male rats were gavaged with AS (25 mg/kg) 

daily.

Lactobacillus↑, Eubacterium ↑, Clostridium↑, 

Desulfotomaculum↓, Desulfosporosinus↓

Increase intestinal microbial diversity, regulate intestinal 

permeability, reduce BT, reduce intestinal mucosal barrier 

damage and inflammatory response.

Chen et al. (2016)

Cichorium 

pumilum Jacq 

Extract

5%2,4,6-trinitrobenzenesulfonic acid (60mg/kg) and 50% 

ethanol induced male rats were gavaged with CGEA at a 

high dose (150 mg/kg/ d) and a low dose (100mg/kg/d) for 

2 weeks

Ochrobactrum ↓, Bacteroidetes↓, Ruminococcus ↑, 

Acinetobacter ↑, Bifidobacterium↑, Firmicutes↑, 

Proteobacteria↑, Acidobacteria↑

Inhibit the activation of MAPK-Akt signaling pathway, inhibit 

the phosphorylation of Akt and MAPKs proteins and the 

expression of inflammatory factors such as NO and IL-6 

induced by LPS, reduce inflammation and anti-fibrosis.

Han et al. (2021)

(Continued)
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TABLE 2 (Continued)

Type Natural 
products

Research design Regulatory strains Possible mechanism Reference

Glycosides Forsythiaside A
CCl4 (2mL/kg)-induced male C57BL/6 mouse model was 

administered with FTA (10 mL/kg) by gavage for 4 weeks

Firmicutes/Bacteroidetes↓, Mucispirillum↓, 

Lactobacillus↓, prevotellaceae_ UCG-001↑, 

Ruminococcus_1↑, Mucispirillum↑, Lactobacillus↑

Increase TJP expression and prevent intestinal injury, reduce 

endotoxin and inflammatory factor levels, maintain BA 

metabolic homeostasis, and increase SCFAs content (especially 

butyrate).

Fu et al. (2022)

Carbohydrates

Sodium alginate

CCl4(10%, 5mL/kg)-induced SPF male C57BL/6 mice were 

intraperitoneally injected with SA at high dose (100 mg/

kg) and low dose (50 mg/kg) for 4 weeks

Lactobacillus↑, Lachnospiraceae↑, Faecalibaculum↑, 

Marvinbryantia↑, Phascolarctobacterium↑, 

Oscillospiraceae↑, Monoglobus↓, 

Erysipelotrichaceae↓, Ileibacterium↓

Regulate intestinal flora, protect intestinal barrier, reduce 

inflammation level, reduce liver fibrosis and liver injury.
He et al. (2023)

Lycium barbarum 

L. 

oligosaccharides

CCl4(10mL/kg)-induced male C6BL/2019J mouse were 

gavaged with LBO dissolved in normal saline (200mg/kg 

bw)

bacillus ↑, Tyzzerella↑, Fournierella↑, corobacteriaceae 

UCG-002↑, but could not fully restore the intestinal 

flora of mice to a healthy state

Enhance intestinal barrier function, reduce intestinal 

permeability and inflammatory response, and significantly 

alleviate liver fibrosis and mitochondrial metabolism disorders

Zhang et al. 

(2023)

Dendrobium 

officinale 

polysaccharide

CCl4 (30%, 2mL/kg)-induced male rats were treated by 

gavage of DOP solution at high (800 mg/kg), middle (400 

mg/kg) and low (200 mg/kg) dose twice a week for 8 weeks

The expression of Claudin-1, ZO-1, Bcl-2 and other TJP 

proteins was up-regulated, and the expression of Bax and 

caspase-3 proteins was down-regulated, which may benign 

regulate the intestinal mucosal barrier. At the same time, 

inhibition of LPS-TLR4-NF-κB signaling pathway, decreased 

the expression of TGF-β and TNF-α, increased the expression 

of IL-10, and decreased the expression of α-SMA and collagen 

I.

Wang et al. 

(2020)

Garlic 

polysaccharide

ALF mouse model was established by gavage of alcohol 

(56%, 6 mL/kg) for 30 days and then treated with GP, high 

dose group (250 mg/kg), low dose group (150 mg/kg).

Lachnospiraceae↑, Lactobacillus↑, Facklamia↓, 

Firmicutes↓

Remodeled intestinal microecology, down-regulated the 

expression of TGF-β1 and TNF-α proteins, increased the 

content of decorin, inhibited the activation of HSCs, and 

reduced the production of ECM.

Wang et al. 

(2018)

CCl4, carbon tetrachloride; TJ, tight junction; BT, bacterial translocation; TLR, toll-like receptor; NF-κβ, nuclear factor kappa-betta; PAL, palmatine; ZO, zonula occludens; LPS, lipopolysaccharide; LysoPE, lysophosphatidylethanolamine; LysoPC, 
lysophosphatidylcholine;TNF, tumor necrosis factor; IL, interleukin; GA, ginkgolide A; PXR, Pregnane X receptor; MyD88, myeloid differentiation factor-88; GLA, glaucocalyxin A; EFT, E. fukienensis Hsu.; SMP, S. miltiorrhiza Bge; AS, artesunate; DOP, Dendrobium 
officinale polysaccharide; GP, garlic polysaccharide; CGEA, Cichorium pumilum jacq; MAPK, mitogen-activated protein kinases; FTA, forsythiaside A; SCFA, short-chain fatty acid; BA, bile acid; LBO, Ycium barbarum L. oligosaccharides.
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TABLE 3 Summary of Herbal compound prescriptions targeting gut microbiota for the treatment of cirrhosis.

Herbal compound 
prescriptions

Composition Regulatory strains Possible mechanism Reference

BJJP

turtle shell, donkey-hide gelatin, nidus vespae, pillbug, ground 

beetle, dung beetle, saltpeter, bupleurum, scutellaria, pinellia, 

codonopsis, rhizoma zingiberis, magnolia officinalis, cassia 

twig, radix paeoniae alba, rhizoma belamcandae, peach kernel, 

cortex moutan, rheum officinale, trumpet creeper, semen 

lepidii, pyrrosia leaf, fringed pink

Bifidobacteria↑, Lactobacillus↑, Faecalibacterium↑, Blautia↑, 

Escherichia coli↓, Bacteroides↓, Ruminococcus↓, 

Parabacteroides↓, Prevotella↓

Increase carbohydrate and vitamin metabolite levels 

in mice, reduce intestinal permeability and 

inflammatory response, improve mitochondrial 

dysfunction and liver fibrosis

Chi et al. (2023)

DHZCP

rhubarb, soil locust, leech, locust, grub, peach kernel, true 

lacquertree dried lacquer, scutellaria baicalensis, radix 

paeoniae alba, amygdala amara, rehmannia, licorice

Firmicutes/Bacteroidetes↓,Prevotella↑,alloprevotella↑,phasc

olarctobacterium↑,muribaculaceae 

unclassified↑,lachnospiraceae unclassified↑,clostridiales 

unclassified↑,desulfovibrio↓, colidextribacter↓

Regulate microbial metabolites, enhance the damaged 

intestinal barrier, reduce BT, and reduce inflammatory 

response and liver fibrosis by inhibiting the TLR4/

MyD88/NF-κβ pathway

He et al. (2024)

YCWLP

artemisia Capillaris Herba, Polyporus Umbellatus, Alismatis 

Rhizoma, Atractylodes Macrocephalae Rhizoma stir-fried 

with wheat bran, Poria, Cinnamomi Ramulus

Christensenella↑, Ruminococcus↑, Barnesiella↑, 

Bifidobacterium↑, Coprococcus↑, Anaerostipes↑,

Increase the production of butyrate, improve the 

metabolism of amino acid, sphingolipid and glucose 

in rats by regulating related microbial metabolites, 

and then reduce the content of ammonia in the body, 

regulate inflammation and immune response

Zhang et al. (2021a, 

2021b)

GSG

Codonopsis radix, Radix buuri, Radix sinensis, Radix salvia 

miltiorrhiza, Atractylodes atractylodes, Polygonum 

cuspetatum, peach kernel, Fructus aurantii, Poria, dandelion, 

Prunella sinensis, Biejia, Radix paeoniae alba

Bacteroidetes/Firmicutes↑, Lactobacillus↑, Akkermansia↑, 

Bacteroides↑, Oscillospira↑, Acinetobacter↑, Allobaculum↓

Reduce intestinal permeability, reduce BT, and 

enhance the intestinal barrier
Zhao et al. (2021)

ZGHYD

Astragalus membranaceus, Turtle shell, Three Lengs, Zedoary 

turmeric, Chuanxiong, Salvia miltiorrhiza, Hedyotis diffusa, 

Scutellaria barbata

Eubacteriaceae↑, Lactococcus↑, Micrococcaceae↑, Rothia↑, 

Eubacteriaceae↑, Rothia↑, Acidaminococcus↑, 

Fusobacteriaceae↓, erysipelotricaceae↓

Promote SCFAs production, enhance intestinal 

barrier, inhibit inflammatory response, and alleviate 

liver injury and fibrosis

Wenlin et al. (2023)

QJ

Astragali radix, Angelicae sinensis radix, Trionycis carapax, 

Eupolyphaga steleophaga, Salviae miltiorrhizae radix et 

rhizoma, Carthami flos, Persicae semen, Sparganii rhizome, 

Curcumae rhizome, Glycyrrhizae radix et rhizome

Lactobacillaceae↑, rumen bacterium↑, Rikenellaceae↑, 

Limosilactobacillus Reuteri↑,Escherichia coli↓, 

Muribaculaceae↓, Prevotellaceae↓

Restore the structure of intestinal tissue, increase the 

expression levels of Claudin-1, Occludin and ZO-1, 

restore the TJ apparatus damaged by CCl4, and 

inhibit liver inflammation and liver fibrosis by 

repairing the intestinal epithelial barrier

Li et al. (2024)

BJJP, Biejiajian Pill; DHZCP, Dahuang Zhechong Pill; YCWLP, YinChenwuling Powder; GSG, Ganshuang granules; ZGHYD, Zhenggan Huayu Decoction; QJ, Qijia Rougan decoction; BT,bacterial translocation; TLR, toll-like receptor; MyD88, myeloid differentiation 
factor-88; NF-κβ, nuclear factor kappa-betta; SCFA, short-chain fatty acid.
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the order level, the abundance of Erysipelotrichales decreased, while 
that of Bacteroidia increased. At the family level, Lachnospiraceae 
became less abundant in the GLA group, whereas the presence of 
Muribaculaceae and Bacteroidaceae increased. GLA can also reduce 
the levels of inflammatory factors that are closely related to the gut 
microbiota, such as TNF-α, TGF-β, and ROS, thereby reducing the 
extent of liver fibrosis and addressing the imbalance of intestinal flora 
caused by liver diseases (Qu et al., 2023).

In addition, Yang et al. explored the synergistic effect of a blend of 
triterpenoids extracted from E. fukienensis Hsu. (EFT) and phenolic 
acids derived from the roots of S. miltiorrhiza Bge (SMP) on liver 
fibrosis. Their findings underscored a significant reduction in the 
Firmicutes/Bacteroidetes ratio in the EFT+SMP group compared to 
the model group, concomitant with a decrease in the levels of gut 
microbiota metabolites lysophosphatidylethanolamine (LysoPE) and 
lysophosphatidylcholine (LysoPC), both of which have pro-fibrotic 
effects, thereby inhibiting the activation of Kupffer cells. These 
findings suggest that the potential association between EFT+SMP and 
gut microbiota may serve as a mechanism for the management of liver 
fibrosis (Tan et al., 2020).

Artesunate (AS) is synthesized based on dihydroartemisinin, a 
derivative of artemisinin, and is mainly used for malaria treatment 
(Rueangweerayut et al., 2012). AS has beneficial therapeutic effects on 
liver diseases (Kong et al., 2019). Chen et al. found that AS intervention 
group exhibited a significant increase in intestinal microbial diversity 
(primarily Lactobacillus), compared to the cirrhosis model group, and 
resulted in a deceased incidence and quantity of BT, contributing to 
the protection of the intestinal barrier, reduction of inflammation, and 
mitigation of liver injury. These findings demonstrated that AS 
effectively reduced the prevalence of liver cirrhosis induced by 
variouspathogenic factors, such as CCl4, alcohol, and HFDs (Chen 
et al., 2016).

Previous studies have underscored the significant anti-liver 
fibrosis activity and “probiotic-like effect” of the ethyl acetate extract 
of Cichorium pumilum Jacq (CGEA) (Qin et  al., 2014; Lee et  al., 
2015). Therefore, building upon the gut-liver axis concept, Chang 
et al. further explored the effects of CGEA on the gut microbiota and 
intestinal barrier and discovered that CGEA promoted the growth of 
Bifidobacteria, increased the abundance of Ruminococcus, and 
consequently improved the homeostasis of the gut-liver axis. It is 
essential to highlight that lactate, the main compound in CGEA, is 
significant for the anti-inflammatory process. By inhibiting the 
phosphorylation of mitogen-activated protein kinase (MAPK) and 
Akt signaling pathways triggered by LPS, CGEA can effectively 
suppress the expression of inflammatory factors such as IL-6 and NO, 
thereby alleviating the liver’s inflammatory response (Han 
et al., 2021).

4.1.4 Carbohydrates
Sodium alginate (SA), a natural polysaccharide extracted from 

seaweed or Sargassum of brown algae post-iodine and mannitol 
extraction, has emerged as a potential drug for liver protection and 
regeneration promotion (Li et al., 2022; Xia et al., 2023). Chen et al. 
underscored that liver fibrosis resulted in reduced gut microbiota 
diversity in rats, elevated colonization of harmful bacteria (such as 
Erysipelotrichaceae, Helicobacter, and Monolobus), and compromised 
the intestinal barrier. SA intervention remedied these pathological 
changes and increase the abundance of beneficial bacteria (such as 

Lactobacillus, Lachnospiraceae, and Eubacteria), thus improving liver 
fibrosis and inflammatory responses by restoring the stability of gut 
microbiota (He et al., 2023).

Lycium barbarum L. oligosaccharides (LBO) are oligosaccharides 
derived from Lycium barbarum. CCl4-induced liver fibrosis in mice 
results in increased ROS expression and mitochondrial dysfunction (Bi 
et al., 2024). Zhang et al. conducted further research and discovered a 
potential association between the pathological changes observed in liver 
fibrosis and dysbiosis of the gut microbiota. LBO could effectively treat 
liver fibrosis, mainly due to the restoration of gut microbiota, significantly 
increasing the enrichment of commensal bacteria Bacillus, Tyzzerella, 
Fournierella and Coriobacteriaceae UCG-002, further improves 
metabolic disorders caused by bacterial dysbiosis, repairs intestinal 
mucosal damage, regulates colonic epithelial permeability, and enhances 
mitochondrial function (Zhang et al., 2023).

Dendrobium officinale polysaccharide (DOP) have been 
previously shown to have anti-inflammatory, anti-oxidative, immune, 
hypoglycemic and other pharmacological properties (Liu et al., 2021; 
Wang et al., 2022; Chen et al., 2023), and play a significant therapeutic 
effect on acetaminophen induced liver injury by targeting the 
intestinal mucosal barrier (Lin et al., 2018). Subsequently, Wang et al. 
further explored and found that the mechanism of DOP in 
maintaining intestinal balance involved regulating the expression 
levels of TJPs such as occludin, claudin-1, ZO-1 and caspase-3 
proteins, inhibiting the activation of LPS-TLR4-NF-κB signaling 
pathway, and reducing the content of inflammatory factors TGF-β and 
TNF-α, increasing the expression of anti-inflammatory factor IL-10, 
which significantly reduces the expression of α-SMA and collagen I, 
thereby reducing hepatocyte apoptosis and liver fibrosis (Wang 
et al., 2020).

Garlic, which is commonly used as a food spice, is also one of 
the traditional Chinese medicines and can be widely used in the 
treatment of cancer, nervous system and various metabolic 
diseases (Zhang et  al., 2020; Tedeschi et  al., 2022). In an 
experimental study on alcoholic liver fibrosis (ALF), garlic 
polysaccharide (GP) reversed the negative effects of changes in 
intestinal dominant flora on ALF, enriched Lachnospiraceae and 
Lactobacillus again, and reduced the diversity of potential 
pathogenic bacteria (Firmicute and Facklamia). It also regulates 
the protein expression of TGF-β1 (a key pro-fibrotic factor), 
TNF-α, and decorin (an anti-fibrotic agent), inhibits HSCs 
activation and reduces extracellular matrix (ECM) accumulation, 
ultimately demonstrating its hepatoprotective activity (Wang 
et al., 2018).

4.1.5 Glycosides
FTA is a glycoside compound extracted from the dried fruit of 

Forsythia suspensa and serves as a natural hepatoprotective agent 
(Gong et al., 2023). Fu et al. found that FTA not only restored the 
disrupted structure of intestinal microbiota, specifically, Ace index 
increased significantly, Shannon index decreased significantly, 
Lachnospiraceae_NK4A136_group, Ruminococcaceae_UCG-014, 
Lactobacillus、Bacteroides, Prevotellaceae_UCG-001, Helicobacter 
and Alloprevotellabut were adjusted to benefit the health of the host, 
also promoted the production of SCFA (particularly butyric acid). 
Furthermore, FTA reduced the levels of inflammatory factors such as 
LPS and TNF-α in serum, upregulated the mRNA expression of ZO-1, 
Claudin-1, and Occludin in a dose-dependent manner, thereby 
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mitigating intestinal permeability. Meanwhile, FTA regulates the 
expression of genes related to BAs metabolism (such as FXR, 
CYP7A1.), thereby facilitating the communication between gut 
microbiota and the liver, underscoring its hepatoprotective and anti-
fibrotic properties (Fu et al., 2022).

4.2 Herbal compound prescriptions

Limited research on the regulation of intestinal microbiota by 
TCM compounds for liver cirrhosis has been conducted. Biejiajian pill 
(BJJP), composed of 23 Chinese herbs (including turtle shell, donkey-
hide gelatin, nidus vespae, pillbug, ground beetle, dung beetle, 
saltpeter, bupleurum, scutellaria, pinellia, codonopsis, rhizoma 
zingiberis, magnolia officinalis, cassia twig, radix paeoniae alba, 
rhizoma belamcandae, peach kernel, cortex moutan, rheum officinale, 
trumpet creeper, semen lepidii, pyrrosia leaf, fringed pink)., showed 
promising results in a prospective randomized controlled trial. After 
48 weeks of BJJP treatment, patients with hepatitis B cirrhosis/liver 
fibrosis showed a significantly higher improvement rate of fibrosis 
compared to the model group. This improvement was associated with 
an increase in the abundance of beneficial bacteria (such as 
Bifidobacterium, Lactobacillus, and Faecalibacterium) and a decrease 
in the abundance of potential pathogenic bacteria (such as Escherichia 
coli, Bacteroidetes, Ruminococcus, and Parabacteroides), 
demonstrating the close relationship between microbial community 
composition, reduced inflammatory response, and improved liver 
fibrosis and injury (Chi et al., 2023).

Moreover, He et al. investigated Dahuang Zhechong pill (DHZCP, 
consisting of rhubarb, soil locust, leech, locust, grub, peach kernel, 
true lacquertree dried lacquer, scutellaria baicalensis, radix paeoniae 
alba, amygdala amara, rehmannia, and licorice), and found that it 
could maintain the normal Firmicutes and Bacteroidetes ratio in liver 
fibrosis rats. DHZCP increased the abundance of beneficial bacteria, 
especially those producing SCFA (such as Prevotella, Ruminococcus, 
and Clostridium), while reducing the abundance of harmful bacteria 
(Desulfovibrio, Colidextribacter) and the production of LPS. DHZCP 
also regulated the protein and mRNA expression levels of ZO-1, 
TLR4, and MyD88, significantly improved the intestinal barrier, and 
reduced BT and endotoxemia, underscoring the anti-liver fibrotic 
effects of DHZCP on gut microbiota (He et al., 2024).

YinChenWuling Powder (YCWLP) is a combination of artemisia 
Capillaris Herba, Polyporus Umbellatus, Alismatis Rhizoma, 
Atractylodes Macrocephalae Rhizoma stir-fried with wheat bran, 
Poria, and Cinnamomi Ramulus. It is worth noting that hippuric acid 
can serve as a biomarker of host metabolic health, and its production 
level is strongly correlated with gut microbiota activity (Wang et al., 
2020). Zhang et al. suggested a decrease in hippuric acid levels in rats 
with CCl4-induced liver fibrosis and a significant increase after the 
treatment with YCWLP (Tedeschi et al., 2022). YCWLP could alleviate 
the severity of CCl4-induced liver fibrosis by reshaping the gut 
microbiotaby regulating bacterial genera (such as Christensenella, 
Ruminococcus, and Barnesiella) associated with liver fibrosis. 
Moreover, by increasing the production level of butyrate, YCWLP 
could regulate the microbial metabolites in rat feces. This, in turn, 
helped correct metabolic disorders of amino acids, sphingolipids, and 
glucose, thereby reducing the generation and accumulation of 
ammonia. These effects highlight the potential of YCWLP in 

maintaining its hepatoprotective, anti-inflammatory, and 
immunomodulatory effects (Zhang et al., 2021a).

Ganshuang granules (GSG), composed of Codonopsis radix, 
Radix buuri, Radix sinensis, Radix salvia miltiorrhiza, Atractylodes 
adactylies, Polygonum cuspetatum, peach kernel, Fructus aurantii, 
Poria, dandelion, Prunella sinensis, Biejia, and Radix paeoniae alba, 
have good therapeutic effects on liver fibrosis and cirrhosis (Brial 
et al., 2021; Zhang et al., 2021b). Zhao et al. further investigated its 
underlying mechanism by targeting intestinal flora and found that 
GSG could mitigate xidative stress, inflammatory response, and liver 
fibrosis in a CCl4-induced rat model. The potential mechanisms in 
treating liver fibrosis may be  closely related to reshaping the 
homeostasis of gut microbiota and enhancing the intestinal barrier 
(Zhao et al., 2021).

Zhenggan Huayu decoction (ZGHYD) is a herbal formulation 
composed of Astragalus membranaceus, Turtle shell, Three Lengs, 
Zedoary turmeric, Chuanxiong, Salvia miltiorrhiza, Hedyotis diffusa, 
and Scutellaria barbata. Research has shown that ZGHYD has the 
potential to increase the abundance of beneficial bacteria, while it may 
also enrich certain pathogenic bacteria, specifically Enterococcus, 
Rothia, and Leuconostoc. Rothia, interestingly, was positively correlated 
with the levels of type III procollagen peptide (PIIINP) and spleen 
thickness. PIIINP levels and spleen thickness, which are indicators of 
liver damage, showed a positive correlation with the presence of these 
pathogens. Enterococcus is a gram-negative bacterium whose 
abundance is positively correlated with LPS, serum IL-6, IL-1, and 
other inflammatory cytokines. These findings suggest that ZGHYD 
may not completely correct the dysregulated intestinal flora, but adjust 
the composition of certain pathogenic and beneficial bacteria. 
Nevertheless, ZGHYD demonstrated a notable positive effect in 
reversing liver fibrosis, surpassing the efficacy of Entecavir as a 
standalone treatment (Wenlin et al., 2023).

Recent studies have confirmed that Qijia Rougan decoction, 
composed of Astragali radix, Angelicae sinensis radix, Trionycis 
carapax, Eupolyphaga steleophaga, Salviae miltiorrhizae radix et 
rhizoma, Carthami flos, Persicae semen, Sparganii rhizome, Curcumae 
rhizome, and Glycyrrhizae radix et rhizome, has the effect of 
alleviating liver inflammation and anti-fibrosis. It was further found 
that the mechanism involved in targeting 10 species of bacteria and 37 
metabolites in the intestinal tract (the most critical bacteria were 
Turicibacter, Faecalibaculum, Prevotellaceae UCG 001 and 
Peptococcaceae). After QJ, the intestinal tissue structure of mice 
returned to normal, the expression levels of Claudin-1, Occludin and 
ZO-1 increased, the TJ apparatus damaged by CCl4 was restored, and 
liver inflammation and liver fibrosis were inhibited by repairing the 
intestinal epithelial barrier (Li et al., 2024). Targeting enterohepatic 
circulation has become a potential drug for the treatment of liver 
fibrosis/cirrhosis.

4.3 Strengths and limitations

A growing body of research underscores the significant 
therapeutic impact of TCM on gut microbiota and liver cirrhosis, 
driving ongoing exploration into new Chinese herbal remedies. 
However, numerous herbal medicines face challenges in clinical 
application due to their limited bioavailability. It has been observed 
that a favorable gut microenvironment can significantly influence the 
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metabolism of active ingredients in TCM, thereby enhancing their 
bioavailability (Gong et al., 2020).

Despite the rapid expansion of research on TCM interventions 
targeting gut microbiota in liver cirrhosis, we still face many problems 
that need to be solved in the future. Firstly, there is a scarcity of clinical 
studies investigating the effects of TCM on gut microbiota, with most 
studies conducted in animal models or in vitro settings. Moreover, it 
is possible that other herbal extracts may possess similar bioactivity in 
the treatment of liver fibrosis, and these potential effects may still 
be  undiscovered. Consequently, the next step should involve 
conducting extensive clinical research to explore the therapeutic 
potential of alternative medicines through clinical research. Secondly, 
the quality of existing literature varies, and not all TCM treatments 
have demonstrated beneficial effects on gut microbiota and liver 
health, as evidenced by the example of ZGHYD discussed earlier. 
Therefore, it is necessary to further conduct high-quality research to 
explore the efficacy, safe dosage, and adverse effects of TCM on the 
human body.

5 Conclusion

In conclusion, regardless of physiological or pathological 
conditions, there exists a close relationship between gut microbiota 
and liver cirrhosis. It is noteworthy that patients with liver cirrhosis 
experience significant pathological changes in the abundance of gut 
microbiota, intestinal barrier function, BAs metabolism, and 
microbial metabolites. In addition, there are varying degrees of liver 
and systemic inflammatory responses, liver fibrosis, and metabolic 
dysregulation. However, regulating the imbalanced gut microbiota has 
shown promising effects in reversing these pathological changes 
observed in both the gut and liver associated with cirrhosis. Thus, the 
gut microbiota emerges as a pivotal factor in liver cirrhosis.

Recent studies have shed light on the efficacy of TCM in targeting 
gut microbiota to treat liver cirrhosis. This review summarized the 
specific mechanisms involved in modulating gut microbiota for the 
treatment of liver cirrhosis using TCM. Various compounds, including 
polyphenols, alkaloids, terpenoids, and glycosides, have been 
investigated. These TCM components impact liver cirrhosis through 
four primary mechanisms: (1) regulating gut microbiota composition 
and abundance; (2) Enhancing the intestinal barrier, reducing 
intestinal permeability, and safeguarding against the entry of PAMPs 

into the portal circulation; (3) modulating genes involved in BA 
metabolism and activating the FXR receptor to maintain the metabolic 
homeostasis of BAs; (4) influencing the production and expression of 
key metabolites (such as LPS and SCFA) by modulating microbe-
derived metabolites, thereby mitigating damage through the 
portal system.

While research in this field is still in its early stages, the therapeutic 
potential of TCM targeting gut microbiota modulation in liver 
cirrhosis is undeniable. Given its multifaceted composition and ability 
to address multiple factors, TCM has the capacity to slow down the 
progression of liver cirrhosis and inspire novel ideas in drug 
development. Thus, it represents a significant milestone in gut 
microbiota-based liver cirrhosis research.
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1 Introduction: lack of universal gut microbial
signatures associated with metabolic liver disease

Our understanding of the role of gut microbes in human health and disease has come

a long way since John M. Whipps et al. first defined the term “microbiome.” Since the

early 2000s, with the gradual lowering of the cost of commercial DNA sequencing, health

science has been flooded with 16S rRNA data. Unfortunately, despite a plethora of pre-

clinical and clinical publications on the gut–liver axis, the majority of our understanding

of the microbiota–liver reciprocal interaction remains limited to correlation analysis.

The most exciting part of such metagenomic studies is the sheer amount of “big data”

generated, which is rather easy to correlate with physiological variables; the bigger the

metagenomic data and number of independent variables, the more the chances to find

“significant” associations. Notably, our limited understanding of the gut–liver axis is

derived from the microbiome, rather than the microbiota. Therefore, the conclusions

obtained through microbiome-related correlation studies often do not reflect causation

and are not representative of a universal phenomenon, and there have been almost no true

microbial markers of dysbiosis linked to chronic liver disease.

2 Discussion

2.1 The boundary between the known and the unknown

Translational potentials of pre-clinical microbiota–liver associations in clinical disease

prediction and treatment have not been very successful despite enormous numbers

of interventional and observational studies. In fact, the relevance of utilizing rodents’

gut microbial signatures in understanding human diseases has been criticized due to

the massive difference in the gut microbes between both species, attributed to the

gastrointestinal biogeography and genetic makeup (Nguyen et al., 2015). Especially in

the high-fat diet model of metabolic disease, there is a lack of consistency between

good and bad microbes. In fact, diseases have also been associated with the strains

belonging to probiotics (e.g., Lactobacillus) and commensals (e.g., Akkermansia and

Faecalibacterium) (Dey and Ray Chaudhuri, 2023). Furthermore, confounding results

are obtained from chemical-induced metabolic disease models that are physiologically

mostly irrelevant (Dey, 2020) and data from germ-free mice that possess innate defects
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in various physiological processes (Jans and Vereecke, 2024). The

clinical progression of metabolic liver disease is distinct from pre-

clinical models of chronic liver disease in terms of timeline, cellular

phenotype, pathological complexity, the difference in immune

responses, andmetabolic machinery (Liu et al., 2013). Furthermore,

the innate and general differences between human and animal

disease models, such as biological differences (e.g., genetic

makeup, organ anatomy, and liver functional capacity), extent

of disease complexity (e.g., model specificity and co-influence

of comorbidities), ability to perform controlled experiments, and

predictive validity, make it challenging to conclude on clinical gut

microbial phenotypes based on pre-clinical data. Although there

have been emerging reports of in vitro models of the human

distal intestine (Qi et al., 2023), these models are physiologically

irrelevant given their host-independent nature.

Due to the advent of culturomics techniques and controlled

clinical studies, pre-clinical gut microbial patterns that were

initially considered associated with disease conditions, such as

Firmicutes-to-Bacteroides ratio, enrichment of energy-harvesting

species, and specific metabolic functions, seem to be falling

apart. For instance, γ-proteobacteria, due to the presence of

lipopolysaccharide (LPS), were previously thought to simply cause

hepatic inflammation. However, studies have identified that the

LPS–TLR4–inflammation axis cannot be generalized due to huge

differences in LPS structure dictating the extent of immune

response (Picarello, 2022) and that the majority of the luminal

LPS-supplying Bacteroides rather display immunosuppressive

characteristics (d’Hennezel et al., 2017). Today, it is strongly

recognized that the good, bad, and ugly nature of the gutmicrobiota

is condition-specific. Factors such as the availability of preferred

nutrients, pathoadaptive mutations, and potential to evade the

mucosal immune response have been recognized as critical factors

that define a specific microbial species as commensal or pathobiont

(Dey and Ray Chaudhuri, 2023; Dey, 2024). The bottom line is

that there is no proper clinical definition of dysbiosis and eubiosis

in terms of specific microbial features. However, the only aspect

almost universally accepted is that loss of gut microbial diversity

is associated with chronic liver disease, and when we talk about

the diversity, it is the community effects not disease causation by

a single species.

2.2A critical lack of liver-specific
longitudinal studies

A recent systematic review and meta-analysis of 54 clinical

studies have indicated substantial inter-study heterogeneity in gut

microbial taxonomic identification, in which the enrichment of

inflammation-inducing genera was more closely associated with

non-alcoholic fatty liver disease, but no genera were identified

to provide long-term disease risk-predictive value (Su et al.,

2024). To date, there have been more than 100 cross-sectional

studies to identify the predominant gut microbes associated with

metabolic liver disease, yet no absolute core microbiome related to

progressive liver disease has been identified. Although longitudinal

studies are considered superior to cross-sectional studies and

that informed understanding of disease pathogenesis can only

be obtained through the former, there have been only a few

longitudinal studies undertaken to link the gut microbiome with

liver health. One study from Kyoto (Japan) evaluated the gut

microbial alterations from pre-transplantation to 2 months post-

surgery in 38 liver transplant patients (Kato et al., 2017). Data

show an initial decline and later increase of microbial diversity,

along with the overall increase of Bacteroides, Enterobacteriaceae,

Streptococcaceae, and Bifidobacteriaceae, while a depletion in the

abundance of Lactobacillaceae, Enterococcaceae, Clostridiaceae,

Peptostreptococcaceae, and Ruminococcaceae was noted. The

authors acknowledged that variations in antibiotic regimes,

food, synbiotics, and patient heterogeneity (e.g., various donors

and underlying diseases) likely influence the study’s findings.

Confounding variables and data on relative microbial abundance

were among the limitations. In line, a relatively recent study from

the National Institutes of Health, USA, investigated the gut–liver

axis in hepatitis C patients, taking into account varied degrees of

fibrosis severity (Ali et al., 2023). The investigation was performed

6 months after HCV was undetectable (n = 23) and before (n

= 29) attaining a durable virologic response. Data suggest that

increased hepatic fibrosis was correlated with Anaerostipes hadrus,

while Bacteroides vulgatus with portal inflammation in HCV. A

prolonged virologic response suggests that Methanobrevibacter

smithii may have a beneficial effect on indicators of the severity

of liver disease. Although this longitudinal investigation made it

possible to compare HCV-infected individuals with a supposedly

improved viral clearance state, they were unable to report gut

microbial patterns in healthy controls due to the unavailability

of samples. Another recent study from Stanford examines the

gut microbial composition at various body sites (including

gut) and correlated with host multi-omics, immunological, and

clinical indicators (including hepatic) (n = 86) over 6 years

to comprehend the dynamic interaction between the human

microbiomes and host throughout health and illness (Zhou

et al., 2024). Despite identifying microbial compositional and

diversity patterns associated with host physiological parameters

and metabolites, no temporal associations were derived between

the gut microbiota and the measured liver-specific parameters (e.g.,

transaminases). Emerging studies claim the causative effects of

oral microbiota in the pathogenesis of chronic metabolic disease,

including liver disease (Gupta and Dey, 2023), and there has

been no longitudinal study undertaken in this line to date. Thus,

understanding the true nature of gut microbial dynamics under

the course of hepatic disease pathogenesis and remission remains

largely unknown.

2.3 Machine learning in pattern recognition
along the gut–liver axis

Beyond the availability of longitudinal gut microbial data, a

fundamental difficulty in analyzing large-scale microbiome big-

data lies in their high dimensionality (Advani and Ganguli,

2016). In classically designed experiments, a small number of

carefully selected variables (V) are measured to test a specific

hypothesis, with a large number of measurements (M) for each

variable. Thus, the measurement density is very large (M/V
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→ ∞). Such datasets are referred to as low-dimensional,

and much of classical statistics operates within this framework.

In contrast to this classical scenario, the recent technological

capacity for high-throughput sequencing has led to a different

statistical regime. It is commonplace to simultaneously measure

many variables (V), such as the abundance of hundreds of taxa

at the individual level. However, due to constraints on time or

resources, often it is possible only to make a limited number

of simultaneous measurements. Thus, while both M and V are

large, the measurement density (M/V) is much smaller than in

conventional experiments. Such datasets are referred to as high

dimensional, that is, they consist of a small number of points

in a high-dimensional space. Microbiome datasets consist of the

composition of thousands of microbial taxa in an individual

gut. Hence, understanding the role of gut microbiome in liver

health requires us to use machine learning (ML) approaches

to dissect such a high-dimensional dataset. Utilizing these

approaches enhances our understanding of the complex host–

microbe reciprocal, helping in tracking disease progression over

time or monitoring treatment responses, which is valuable for

personalized medicine.

In recent years, ML approaches have been widely used

to shed light on how gut microbiome impacts various liver

diseases. These studies have identified microbiome biomarkers

associated with metabolic liver diseases (Ruuskanen et al.,

2021; Zhang et al., 2021; Liu et al., 2022; Park et al., 2024).

However, not only that majority of these studies are mostly

cross-sectional in nature but also these ML approaches suffer

from a number of limitations. First, it is extremely difficult to

detect patterns in microbiome datasets that can provide useful

biological insight with translational value. High-dimensional data

analysis techniques such as PCA, ICA, or t-SNE are useful for

reducing dimensionality and detecting patterns. However, since

the resulting axes represent linear combinations of a large number

of features (e.g., taxa abundance), interpreting the analysis or

making experimental predictions is often difficult (Donoho and

Tanner, 2009; Furchtgott et al., 2017). Identifying patterns becomes

even more challenging as the proportion of relevant features

decreases at higher taxonomic levels (Donoho and Tanner, 2009).

In fact, decades of research related to the gut microbiome have

shown that specific combinations of a few microbes can be

associated with a disease. This indicates that the composition of

a small subset of microbes may be most relevant for making

accurate computational inferences. Therefore, there is a need

to develop novel methods to detect sparse patterns in high-

dimensional datasets.

The second challenge is to extract meaningful models

from high-dimensional datasets that can predict interventional

outcomes and guide translational implications of research

findings. Building complex models describing microbial

networks involves hundreds of parameters. Unfortunately, in

most cases, the parameters remain completely unknown. As

Von Neumann once said: “with four parameters I can fit an

elephant, and with five I can make him wiggle his trunk.” The

challenges involving microbial networks are clearly exacerbated

since even the simplest of models would require hundreds of

parameters. Hence, the available data are always limited and

can never constrain the space of models completely. Given

the underconstrained nature of the problem, there exist an

infinite number of combinations of the parameters that can

successfully replicate the data. Hence, making predictions

based on such underconstrained gut microbial networks has

proven to be challenging. Moreover, most of the studies trained

their models on specific datasets, such as Western or Chinese

datasets, that may not generalize to different populations, limiting

their overall applicability. Often these studies used a small

patient population size. Some of these studies suffered from

the absence of population characteristics such as the lack of

lifestyle information (e.g., diet, socioeconomic status, tobacco,

and alcoholism). Furthermore, in some cases, the lack of patient

clinical, metagenomic, and metabolomic profiles hampered

garnering a comprehensive understanding of the various causal

aspects of the disease.

3 Conclusion

The complexity of the gut microbial dynamics and its

function in metabolic liver disease remains largely unknown.

The progressive character and course of liver disorders are not

well captured by pre-clinical and cross-sectional investigations.

We suggest using cutting-edge ML methods in conjunction

with longitudinal research to address these issues. Hence, it is

imperative to first develop methods to detect sparse relevant

features that can then be used to find patterns in the data

and train predictive models. By addressing these limitations and

building new computational approaches, we can fully harness the

potential of ML approaches to deepen our understanding of the

gut microbiome’s role in liver disease and other areas. By doing

this, we can pinpoint certain gut microbial patterns associated with

the advancement of liver disease, resulting in the development of

more potent preventative and therapeutic approaches. For gut–

liver axis research to reach its full potential, machine learning must

be included.
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Could chronic opioid use be an 
additional risk of hepatic damage 
in patients with previous liver 
diseases, and what is the role of 
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Summary: Among illicit drugs, addiction from opioids and synthetic opioids is 
soaring in an unparalleled manner with its unacceptable amount of deaths. Apart 
from these extreme consequences, the liver toxicity is another important aspect 
that should be highlighted. Accordingly, the chronic use of these substances, 
of which fentanyl is the most frequently consumed, represents an additional 
risk of liver damage in patients with underlying chronic liver disease. These 
observations are drawn from various preclinical and clinical studies present 
in literature. Several downstream molecular events have been proposed, but 
recent pieces of research strengthen the hypothesis that dysbiosis of the gut 
microbiota is a solid mechanism inducing and worsening liver damage by both 
alcohol and illicit drugs. In this scenario, the gut flora modification ascribed to 
non-alcoholic fatty liver disease performs an additive role. Interestingly enough, 
HBV and HCV infections impact gut–liver axis. In the end, the authors tried to 
solicit the attention of operators on this major healthcare problem.

KEYWORDS

opioids, fentanyl, liver toxicity, gut flora dysbiosis, CYP 3A4, interleukins

Introduction

According to Diagnostic and Statistical Manual of Mental Disorders, Fifth Edition 
(DSM-5), drug abuse refers to the excessive use of sedatives/hypnotics/anxiolytics/
stimulants, alcohol, caffeine, cannabis, hallucinogens, inhalants, and opioids. Both 
substance abuse and dependence were merged into the category of substance use 
disorders (SUDs) (American Psychiatric Association, 2013). Drug addiction involves the 
mesolimbic system. When rewarding stimuli are experienced, the dopaminergic 
mesolimbic system is activated leading to the release of dopamine from the targeted 
nuclei (Swanson, 2000; Baik, 2013). Contextually, the concentration of dopamine grows 
in the reward areas of the brain, evoking the so-called “stereotypical exhilaration and 
relaxation effects.” As a consequence, this dopamine flood in the reward pathway is 
distinctively associated with the addiction to the drug (Comer and Cahill, 2019). A 
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recent survey on the adult population from European regions 
revealed that substance-attributable mortality rates were highest 
for tobacco smoking, followed by alcohol and illicit drugs 
(Peacock et  al., 2018). Among illicit drugs, opioid abuse is 
skyrocketing in an unprecedented way with its unbearable burden 
of deaths (Wilson et  al., 2020). Fentanyl is one of major 
contributors to both fatal and non-fatal overdoses in the 
United States. In this country, it is reported that in 2017, more 
than 70,237 fatalities were the result of drug overdoses. Of these, 
a high number such as approximately 50,000 were due to opioids, 
but coincidently over 20,000 of those deaths were caused by 
fentanyl alone (National Institute on Drug Abuse, 2023). 
Specifically, in the time interval 2017–2019, death rates involving 
synthetic opioids increased from 9.0 per 100,000 population to 
9.9 in 2018 and accounted for an astonishingly 67.0% of opioid-
involved deaths in 2018. The rates, quite similar among men and 
women, both aged ≥25 years, need to force healthcare system to 
set up comprehensive surveillance and prevention measures to try 
to reduce this high toll (Wilson et al., 2020). Fentanyl users exhibit 
a false sense of wellbeing, feelings of euphoria and relaxation, 
extreme happiness, quickly dissolving into difficulty thinking, 
speaking or walking, confusion, dizziness and coma. Without 
immediate treatment by trained professionals, death comes swiftly 
in minutes. The signs recognizing opioid overdose are small, 
constricted “pinpoint pupils,” falling asleep or losing 
consciousness, slow, weak or no breathing, choking or gurgling 
sounds, limp body, cold and/or clammy skin, and discolored lips 
and nails (Centre for Disease Control and prevention, 2023). 
Impaired liver function, evaluated by the means of Child-Pugh 
score, was identified as one of the most significant factors in 
determining variation in serum fentanyl concentrations (Kokubun 
et al., 2012). The last finding is primary to understanding that 
reduced metabolic processes could induce potential side effects of 
fentanyl, mainly when highly prevalent non-alcoholic fatty liver 
disease (NAFLD) and alcoholic liver disease (ALD) co-exist 
(Alkhouri et al., 2022), but not only.

Aim of the review

This narrative review was organized with summarizing the history 
of research in this field and clarifying trends. It has been presented as 
a ‘conceptual frame’, providing a “rationale” for predictions about the 
relationships among variables, where the contents are separated 
according to various physio-pathological aspects. In this model, the 
central body is partitioned in sections, each composed of mechanistic 
events, which are discussed and evaluated. As core investigation, 
we reviewed evidence on the interference of NAFLD and/or ALD, 
without overlooking HBV and HCV infections, with opioid use/abuse. 
We intended to show that not only NAFLD and ALD may occur in the 
context of these drugs hepatotoxicity but also that these and other 
previous hepatic pathologies could influence the susceptibility to 
opioid hepatotoxicity. In this context, it may be useful to draw the 
attention of physicians and healthcare authorities on a possible, 
sometime severe, risk of liver damage subsequent to the chronic use 
of these substances, with fentanyl as a cornerstone, in patients with 
hidden or full-fledged ALD, NAFLD, or viral infections.

Methods

To prepare this narrative review, the authors first interrogated 
PubMed,1 Scopus,2 and Embase3 to track recent evidence using the 
following keywords: Opioids addiction, opioids analogs, opiod 
overdose, opioid antagonist, opium contamination, substance use 
disorders, fentanyl pharmacokinetics, adverse drug events, 
nonalcoholic fatty liver disease, hepatic steatosis, gut-liver axis, gut 
microbiome, obesity, metabolic syndrome, alcoholic liver disease, 
hepatotoxicity, anesthetics toxicity, microsomal enzymes, liver 
enzymes, drug induced liver injury, microRNAs, animal models, 
prognostic factors, viral hepatitis, coronavirus-19 (revised on 
September 2024). As acronyms were used SUD, NAFLD, ALD, 
CYP450, COVID-19, ALT/AST, HCV, HBV, COVID-19, DILI, PKs, 
ADEs, and their combination, thesaurus system such as the Medical 
Subject Headings (MeSH) terms of the National Library of Medicine 
was referred to for selecting the appropriate keywords directly related 
to the topic of interest. Full tests and abstracts, when the previous ones 
were not available, were screened from January 2000 to April 2023, 
and successively on September 2024, after duplicates removed. Among 
the available published articles in English, both preclinical and clinical 
studies (case reports, epidemiological surveys, RCTs) were critically 
evaluated with particular attention on key results, limitations, 
suitability of the methods used to test the initial hypothesis, quality of 
the results obtained, interpretation of the results, and impact of the 
conclusions in the area. Additional references were identified in the 
list of references of previously retrieved articles. The exclusion criteria 
comprehended no methods described, scarce interpretation of the 
results, and content redundancy or gray literature. This search ended 
up in summing up a number of findings, mostly concerning inner 
mechanisms, linked to liver damage. The final step was citing and 
listing the researched references.

Liver toxicity: from the beginning

The pioneering studies dealing with liver toxicity of fentanyl are 
based on its side effects as an anesthetic. Other potential hepatotoxicity 
can be inferred by the whole class of opioids with same therapeutical 
use. First of all, the terminology commonly adopted in this field of 
research should be clarified. Minimum alveolar concentration (MAC) 
is the concentration of a vapor in the alveoli of the lungs that is needed 
to prevent motor response to surgical stimulus (Minimum Alveolar 
Concentration, 2023). The 0.3 MAC indicates a comparable level of 
anesthetic potency, using the response of male Sprague–Dawley rats 
to tail clamping, and determining the 50% effective dose [ED50] value 
related to thiopental (Shingu et al., 1983).

A historical research on a single sub-anesthetic dose of fentanyl 
showed that it had no effect on liver enzymes. While rats receiving the 
same dose, i.e., 15.6 /mcg/kg bodyweight of fentanyl (0.3MAC), for 6 
consecutive days showed increase of transaminases, mainly GPT, also 
known as ALT, after repeated injections of fentanyl, with no evidence 

1 https://pubmed.ncbi.nlm.nih.gov/, accessed on April 2023

2 https://www.scopus.com/search/form.uri?display=basic&zone=header&

origin=#basic, accessed on April 2023

3 https://www.embase.com/, accessed on April 2023
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of liver necrosis (Fassoulaki et al., 1986). The previous findings were 
not consistent with the results of another study using the hypoxic rat 
model. In fact, fentanyl caused the most severe hepatic injury with 
centrilobular localization when compared with several anesthetics, 
with exception of halothane (Fassoulaki et al., 1984).

Still, to make matters more complicated, all the anesthetics have 
long ago been hypothesized that could affect the liver through 
perturbing the permeability of liposome membranes and consequently 
impairing cell functions (Fassoulaki et al., 1984). Accordingly, it has 
been evidenced that enflurane, isoflurane, halothane, and fentanyl in 
an animal-based study were associated with the same degree of post-
anesthetic hepatic “dysfunction,” which was judged minimal both in 
cirrhotic rats (if they were exposed by inhalation to carbon 
tetrachloride in air at weekly intervals for 12 weeks to induce cirrhosis) 
and in non-cirrhotic ones (Baden et al., 1985).

In eliciting hepatotoxicity, the role of the liver detoxification 
system is expected to be highlighted. Starting with the finding that 
isolated rat hepatocytes metabolize morphine to various compounds 
(morphinone-glutathione conjugate, normorphine, and morphinone), 
the addition of morphine to the isolated hepatocytes induced a 
marked decrease in the level of intracellular glutathione (GSH) and 
resulted in cell death. The formation of glutathione conjugate was 
correlated with the loss of GSH. The cytotoxicity of morphinone was 
higher than that of morphine (Nagamatsu et al., 1986). Following this 
line of research, a study showed that fatty livers (likely of alcoholic and 
non-alcoholic origin) have a weak compensation of hepatic GSH 
regulation, which fails under stress conditions, thus increasing the 
fatty liver’s susceptibility to oxidative damage (Grattagliano 
et al., 2003).

To confuse the issue whether opioids could induce liver necrosis, 
a very recent case report of a middle-aged man with a chronic history 
of drug abuse who presented, after an overdose of cocaine and heroin, 
with acute liver failure, renews interest in opioid hepatotoxicity 
(Dolkar et al., 2022).

It is necessary to stress that the kind of hepatic lesions evidenced 
in old articles focusing on the liver toxicity, extrapolating this datum 
on the basis of anesthetics, is different in severity, thus leading to 
uncertainties. Although there are several lines of evidence about a 
direct hepatic injury from opioids, ascertaining the presence/absence 
of hepatotoxicity of these drugs is rarely so simplistically cut and 
dried, and certainly research in this area is still in its infancy, while the 
topic is a matter of intense socio-political debate yet. The pieces of 
research dealing with hepatotoxicity by opioids are shown in Table 1.

Similar features of alcohol-induced liver 
damage and opioid cytotoxicity

Before pointing out the additional effects of contextual habits, i.e., 
heavy alcohol drinking and opioid use/abuse, the liver cytotoxicity by 
excessive ethanol consumption should be  opportunely addressed. 
Interaction between CYP2E1, ethanol metabolites, and enhanced lipid 
peroxidation is linked to the pathogenesis of alcoholic liver disease. 
That said, even CYP2A6, CYP3A415 and.

CYP3A4 induction also leads to consequent generation of 
acetaldehyde and lipid peroxidation-derived protein-aldehyde adducts 
in the liver (Niemelä et  al., 2000), which are hybrid compounds 
resulting by interaction of alcohol metabolites with other complex 

molecules, confirming previous findings in the liver of alcohol-treated 
rats (Niemelä et al., 1998). Moreover, when looking at the early phase 
of histological liver damage in patients abusing of alcohol beverages, 
the presence of protein adducts in the centrilobular region of the liver 
(the same one interested in opioid cytotoxicity) shows that “adducts” 
formation is one of the leading events in the molecular processes 
displayed during the ALD (Niemelä, 1999).

Bidirectional relationship between alcohol/
opioids and gut flora

Alcoholic and/or opioid addiction, separately and contextually, is 
modified by gut microbiome, in the sense that these substances, 
impacting on gut flora, alter drug biotransformation pathways, but it 
is also true the opposite. Morphine-induced microbial dysbiosis 
associated with the gut barrier disruption was completely reversed by 
transplanting placebo-treated microbiota into morphine-treated 
animals (Banerjee et al., 2016). Morphine metabolism and elimination, 
both of them, are dominant in assessing their efficacy and its adverse 

TABLE 1 Findings from preclinical and clinical studies concerning the 
liver toxicity induced by opioids.

Authors Results from the 
study

Reference 
number (year)

Kokubun et al. Child-Pugh score 

determines variation in 

serum fentanyl 

concentrations, inducing 

potential side effects.

Kokubun et al. (2012)

Fassoulaki et al. Findings of ↑ serum ALT 

after 6 days of 15.6 mcg/

kg of fentanyl in

male Sprague–Dawley 

rats with no liver necrosis

Fassoulaki et al. (1986)

Fassoulaki et al. Fentanyl caused most 

severe hepatic injury with 

centrilobular localization 

in the hypoxic rat model

Fassoulaki et al. (1984)

Baden et al. Fentanyl gave minimal 

hepatic dysfunction in 

both cirrhotic and non-

cirrhotic rats like 

enflurane, isoflurane, and 

halothane.

Baden et al. (1985)

Nagamatsu et al. The cytotoxicity of 

morphinone was higher 

than that of morphine 

due to marked ↓ levels of 

intracellular glutathione 

resulting in cell death.

Nagamatsu et al. (1986)

Dolkar et al. A middle-aged man with 

a chronic history of drug 

abuse presented with 

acute liver failure after an 

overdose of cocaine.

Dolkar et al. (2022)
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effects (Smith, 2009). The same is valid for alcohol toxicity, in that 
among the four main parameters, absorption, distribution, 
metabolism, and excretion only metabolism plays a central role. In 
fact, the elimination of ethanol from the body occurs primarily 
through metabolism (92–98% of dose) (Jones, 2019).

Indeed, that gut microbiota exerts an important role during 
enterohepatic circulation either before drug absorption or through 
various microbial enzymatic reactions in the gut, which is a cogent 
finding (Zhang et al., 2018). The importance of gut microbiota in 
providing information on drug metabolism is evidenced by in vivo, in 
vitro, ex vivo, in silico, and multi-omics approaches (Dhurjad 
et al., 2022).

Gut–liver axis: the intersection between 
microbiome, liver metabolism, and 
inflammation

It is well-established that disruption of intestinal epithelial 
integrity bears as consequence the bacterial translocation from the gut 
(Schulzke et al., 2009). Indeed, both of these processes are mediated 
by toll-like receptor (TLR2 and TLR4) signaling in morphine-treated 
mice (Meng et al., 2013). Following the previous line of research, 
demonstrating that morphine treatment gives place to a primary 
Gram-positive bacterial dissemination, authors using a murine model 
of poly-microbial sepsis showed the induced, sustained upregulation 
of interleukin (IL)-17A and IL-6. The over-expression of IL-17A 
compromised intestinal epithelial barrier function, increased gut 
permeability, maintained bacterial dissemination, and elevated 
systemic inflammation. In keeping with previous findings, analysis of 
the gut microbiome showed that morphine treatment induced 
enrichment of the Firmicutes phylum mostly, and specifically the 
Gram-positive bacterial species Staphylococcus sciuri, Staphylococcus 
cohnii, and Staphylococcus aureus, as well as Enterococcus durans, 
Enterococcus casseliflavus, Enterococcus faecium, and Enterococcus 
faecalis in the gut microbiome. IL-17A neutralization protected 
barrier integrity and improved survival in morphine-treated animals 
(Meng et al., 2015). At this point, it is mandatory to report another gut 
dysbiosis induced by chronic alcoholic beverages. Alcohol is one of 
the main factors that alters the proper functioning of the gut, leading 
to a disruption of the intestinal barrier integrity that increases the 
permeability of the mucosa with a trend for a depletion of bacteria 
with anti-inflammatory activity, such as Bacteroidetes and Firmicutes 
phyla, and an increase in bacteria with pro-inflammation activity, such 
as Proteobacteria (Mutlu et al., 2012). Gut flora function, especially 
related to bile acid metabolism, can modulate alcohol-associated 
injury from the less to the more severe form, i.e., alcoholic cirrhosis 
(Bajaj, 2019). Microbiota changes might also alter brain function, and 
the gut–brain axis might be a potential target to reduce alcoholic 
relapse risk. Particularly, the expansion of Bifidobacterium and 
Lactobacillus suggests that probiotic interventions for patients with 
alcohol-related disorders could be useful (Dubinkina et al., 2017). It 
is salient to analyze another emerging aspect involving gut flora 
modifications and systemic inflammation, process not only linked to 
life styles (addiction and obesity) but also to the frailty of old people, 
who for chronic inflammatory diseases, such as rheumatoid arthritis 
or osteoarthritis, are on opioid therapy for persistent ache. Pain in the 
elderly population, burdened by physiological, pharmacological, and 

psychological aspects, is a major problem of caring in the geriatric 
setting. In a random chart review of 300 US veterans, 44% of those 
receiving an analgesic also received opioids (Chau et  al., 2008). 
Opioids are one of the major causes of adverse drug events (ADEs) 
during hospitalization or shortly after discharge. Out of 10,917 patient 
records, 357 ADEs were identified, of which 28 (8%) involved opioids 
(Schutijser et al., 2020). Chronic low-grade inflammation has been 
speculated to accelerate the aging process, as well as frailty. Intestinal 
homeostasis employs a crucial role in healthy aging (Xu et al., 2021). 
In this sense, the prebiotic consumption modifies the intestinal 
microbiota but unfortunately has little action on markers of 
inflammation (Mysonhimer et al., 2023).

Returning to the intestinal microbiota, several lines of evidence 
suggest that obesity-related NAFLD could impact on patients who 
habitually use/abuse opioids. In a recent study, 72 cirrhotics 
chronically on opioids were age and severity—by model for end-stage 
liver disease and prior hepatic encephalopathy (HE)—balanced with 
72 cirrhotics on no opioids. Stool microbiota composition (multi-
tagged sequencing); predicted functionality, as estimated using 
so-called PiCRUST; endotoxemia; and inflammatory markers were 
comparatively evaluated. Significant gut flora modification was 
observed in the opioid cohort, especially in encephalopathic patients 
on opioids with lower abundance of the autochthonous families 
compared to others (Clostridiales XIV and Lachnospiraceae) along 
with a decrease in Bacteroidaceae relative abundance. PiCRUST 
showed the highest aromatic amino acid and endotoxin production in 
opioid users, who also had higher levels of IL-6. In contrast with 
previous findings addressing the intestinal permeability, in the 
aforementioned study, addicts were not characterized by increased 
levels of IL-17. Interestingly, the hypothesis of the authors was that 
opioids, being associated with obesity in that population, may 
predispose to the development or worsening of NAFLD. Surprisingly, 
alcoholic etiology did not impact on the gut flora (Acharya et al., 
2017). The interference of opioids on cytokine profile is testified by the 
fundamental role of Il-6 in the development of morphine tolerance 
(Liu et al., 2019). The inflammatory cytokines, taken previously into 
account, engage a salient role also in patients with NAFLD, as possible 
liver co-morbidity of opioids dependents, mainly if the attention is 
focused on the microRNA-26a (miR-26a) that exhibits anti-
inflammatory immune effects on immune cells (Yu et al., 2022). The 
mir-26a-IL-6-IL-17 axis attenuated NAFLD through inhibition of 
IL-6 in a murine model of high-fat diet-induced obesity. Moreover, 
IL-17 neutralization markedly decreased total liver weight, triglyceride 
deposition in liver (thus, hepatic steatosis), and serum transaminase 
(ALT) concentration when compared with the control group (He 
et al., 2017). Consequently, mir-26a, regulating insulin sensitivity and 
metabolism of glucose and lipids (Fu et al., 2015), was reduced in the 
livers of patients with NAFLD (Xu et al., 2021). Still, miR-26a-5p is 
hypothesized to carry out a protective role against DILI via targeting 
Bid, a pro-apoptotic member of the Bcl-2 family (Zhang et al., 2022). 
The reported findings have a certain significance in the light that 
neurovascular and immune system alterations are mediated by 
miRNA networks that function as regulators of cellular response to 
opioids (Grimm et al., 2023). Summing up, many molecular processes 
displayed, in the aforementioned studies, zero in both immunological 
and microbiological aspects. They are visible in Table 2 and Figure 1.

Continuing the focus on the impact of gut flora as foremost, but 
not unique, mechanism of liver damage, in addition to the role of 
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glucose dysmetabolism (Bedogni et  al., 2012), as well as the 
involvement of lipids (Pei et al., 2020) in the onset and progression of 
NAFLD, recently the endogenous production of alcohol is emerging. 
In fact, to test the hypothesis that the gut microbiota of patients with 
NAFLD produce enough ethanol to be  a driving force in the 
development and evolution of this highly prevalent liver disease, the 
authors performed both a prospective and intervention clinical study, 
whose results suggested that microbial ethanol could be considered 
fundamental to the pathogenesis of NAFLD. Furthermore, 
lactobacillaceae correlated with postprandial peripheral ethanol 
concentrations (Meijnikman et al., 2022). This last finding apparently 
closes the circle. In conclusion, based on the above studies, there is 
likely an association between the intestinal microbiota and liver 
disease, but a causal relationship has yet to be confirmed (Schwenger 
et al., 2019).

Coming back to metabolic dysfunctions in opioid addicts, not 
always overlapping, as evident in Table 3, a systematic review 
comprehending 46 articles and 37,407 participants suggested that 
opioids increase serum triglycerides (thus, inducing or worsening 

hepatic steatosis) and may reduce blood glucose and low-density 
lipoproteins (LDLs). However, these effects are temporary, even 
though long-term drug dependence exacerbates glucose and lipid-
associated diseases such as diabetes mellitus and atherosclerosis 
(Rezaei and Rezaei, 2021). In keeping with precedent data on LDL, 
the authors of a recent meta-analysis showed that opium abuse 
significantly decreased total cholesterol compared to that of controls 
but only in diabetic patients. On the contrary, concerning body mass 
index (BMI), the differences were not statistically significant. Those 
researchers concluded that nutritional deficiencies, weight loss, and 
lipid dysregulation due to liver dysfunction (as sequela of previous 
diseases) may explain the findings (Ojo et al., 2019). On the other 
side, compelling results show that chronic heroin administration 
produces a state of fasting hyperinsulinemia (again, another driver of 
NAFLD) even in the absence of obesity (Passariello et al., 1983). 
Further data show that alteration of glucose metabolism evidences 
similarities between opiate addicts and non-insulin dependent 
diabetics (Ceriello et al., 1987). Indeed, the lack of involvement of 
BMI in opioid abusers is challenged by other pieces of research. 

TABLE 2 Gut flora alterations associated with liver damage in course of opioid addiction and in presence of alcoholic and non-alcoholic fatty liver 
disease.

Authors Findings from the study Reference number (year)

Zhang et al. Intestinal flora can influence pharmacokinetics, modulating therapeutic effects and side effects of drugs. Zhang et al. (2018)

Meng et al. Morphine induced in mice gut epithelial barrier dysfunction and subsequent bacteria translocation 

mediated by TLR2 and 4 signaling.

Meng et al. (2013)

Meng et al. Morphine treatment induced enrichment of the Firmicutes phylum and specifically the Gram-positive 

bacterial species Staphylococcus sciuri, Staphylococcus cohnii, Staphylococcus aureus, Enterococcus 

durans, Enterococcus casseliflavus, Enterococcus faecium, and Enterococcus faecalis in the gut 

microbiome, using a murine model of poly-microbial sepsis due to activation of TLR2 induced 

sustained upregulation of IL-17A and IL-6.

Meng et al. (2015)

Mutlu et al. Alcohol led to a disruption of the intestinal barrier integrity with ↑ permeability of the mucosa with 

depletion of bacteria with anti-inflammatory activity, such as Bacteroidetes and Firmicutes phyla, and ↑ 

in bacteria with pro-inflammation activity, such as Proteobacteria in 48 alcoholics.

Mutlu et al. (2012)

Bajaj et al. Bile acid metabolism, related to gut flora, modulated alcohol-associated injury until alcoholic cirrhosis. Bajaj et al. (2019)

Acharya et al. Patients with encephalopathy+opioid use showed lower abundance of the autochthonous families 

Clostridiales XIV and Lachnospiraceae compared to others with ↓ in Bacteroidaceae relative abundance. 

PiCRUST evidenced highest aromatic amino acid and endotoxin production in opioid users, who had 

higher levels of IL-6.

Acharya et al. (2017)

Liu et al. The interference of opioids on inflammatory cytokines is testified by the fundamental role of Il-6 in the 

development of morphine tolerance.

Liu et al. (2019)

Yu et al. Interleukins exert a central role also in patients with NAFLD, mediated by microRNA-26a. exhibiting 

anti-inflammatory/immune effects.

Yu et al. (2022)

He et al. The mir-26a-IL-6-IL-17 axis attenuated NAFLD through inhibition of IL-6 in a murine model of high-

fat diet-induced obesity. IL-17 neutralization markedly decreased total liver weight, hepatic triglyceride 

deposition, and serum ALT concentration when compared with the control group.

He et al. (2017)

Xu et al. Mir-26a, regulating insulin sensitivity and metabolism of glucose and lipids, was reduced in the livers of 

patients with NAFLD.

Xu et al. (2021)

Zhang et al. MiR-26a-5p plays a protective role against DILI via targeting Bid, a pro-apoptotic member of the Bcl-2 

family.

Zhang et al. (2022)

Grimm et al. Neurovascular and immune system alterations are mediated by miRNA networks functioning as 

regulators of cellular response to opioid abuse.

Grimm et al. (2023)

Meijnikman et al. There is an endogenous production of alcohol in NAFLD patients. Lactobacillaceae correlated with 

postprandial peripheral ethanol concentrations.

Meijnikman et al. (2022)
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Starting with the growing consensus that the overconsumption of 
readily available and highly palatable foods likely contributes to the 
growing rates of obesity worldwide (Johnson and Wardle, 2014), the 
high intake of ultra-processed foods was associated with an increased 
risk of NAFLD, as evidenced in 6,545 participants who were recruited 
in National Health and Nutrition Examination Surveys 2011–2018 

(Liu et  al., 2022), but the point is that both preference and 
consumption of sweet substances often parallel the self-
administration of several drugs of abuse, and under certain 
conditions, the termination of intermittent access to sweet substances 
produces symptoms that resemble those observed during opiate 
withdrawal (Gosnell and Levine, 2009).

FIGURE 1

Downstream signaling events in opioid-related liver toxicity. First of all, it should be stressed that fentanyl contextually impacts on three levels, which 
are intertwined and bidirectional, i.e., CNS, gut flora, and liver. The complex ecosystem known as the gut microbiota, encompassing bacteria, viruses, 
and fungi living in the gastrointestinal system, plays a fundamental role in the control of the host energy metabolism. The liver–gut axis, mediated by 
intestinal microbiota, could be the link between co-existing liver disease, such as NAFLD and ALD, and the drug addiction. Acetaldehyde, a major toxic 
metabolite, is one of the principal culprits mediating fibrogenic of alcohol in the liver. Mechanistically, acetaldehyde promotes adduct formation, 
leading to functional impairments of key proteins, including enzymes. Indeed, gut microbiota of individuals with NAFLD produce enough ethanol to 
be a driving force in the development and progression of this disease. Gut microbial dysbioses are linked to aberrant immune responses, which are 
often accompanied by abnormal production of inflammatory cytokines (Il-6 and Il-17). The toxicity of opioids could be mediated also by CYP3A4, key 
enzyme involved in the fentanyl metabolism. MCH, a neuropeptide primarily transcribed in the lateral hypothalamus, displays multiple functions, 
mostly controlling feeding behavior and energy homeostasis and regulating the stress axis and emotion. MCH signaling pathway is a potential target to 
treat obesity, and also anxiety and depression that are at the basis of addiction. NAFLD, non-alcoholic fatty liver disease; ALD, alcoholic liver disease; 
ROS, reactive oxygen species; TRL, toll-like receptor; IL, interleukin; CYP, cytochrome P450 enzyme; SNC, central nervous system; MCH, melanin-
concentrating hormone.
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Possible interactions between opioid abuse and organ 
senescence bring us to other pieces of research dealing with 
impaired oxide reductive processes, mostly involved in drug 
addicts, as well as in patients suffering from ALD and 
NAFLD. Cellular senescence is stress-responsive program limiting 
the proliferation of damaged cells and leading to stable cell cycle 
arrest. An increase in ROS levels has been demonstrated to 
be  crucial to inducing and maintaining senescence process 
(Davalli et  al., 2016). Hepatocyte senescence can represent a 
foremost mechanism inducing intracellular fat accumulation, 
fibrosis and inflammation, characteristics of NAFLD, and its more 
severe form, i.e., non-alcoholic steatohepatitis, due to secretion of 
senescence-associated inflammatory mediators (Engelmann and 
Tacke, 2022). Analyzing sub-sequential molecular events related 
to the injury toward hepatocytes, alcohol stimulates the activity of 
cytochrome P450 enzymes, which contribute to ROS production, 
and reduces the levels of the antioxidant system (Wu and 
Cederbaum, 2003). Consequently, ethanol-induced oxidative 
stress causes DNA damage and defective DNA repair, inhibiting a 
main DNA repair factor that is 53BP1. The improperly repaired 
DNA damage further activates cell cycle checkpoint proteins, such 
as p53 and p16INK4α, and leads up to the onset of premature 
senescence (Romero et al., 2016). Finally, senescence markers, 
such as the transcription factors E2F1 and ID1 and the insulin-
like growth factor binding protein-3, were significantly altered in 
ethanol-fed mouse liver specimens compared to controls (Meng 
et al., 2017). On the other hand, opioids increase the levels of ROS 
and decrease the activity of superoxide dismutase, catalase, and 
glutathione peroxidase that function as enzymatic antioxidants. 
Moreover, opioids augment the risk of vitamin deficiency and 
modify gene expression of target cells through ROS production 
(Zahmatkesh et al., 2017). To make matter worse, many opiate and 
alcohol addicts present with calcium and magnesium deficiencies 
due to poor diet and inadequate intake of calcium (Nabipour 
et al., 2014). Recently, there are many literature data indicating a 
key involvement of calcium signaling in cellular senescence 
(Martin and Bernard, 2018), as well as of magnesium (Killilea and 
Maier, 2008). Conclusively, production of ROS/nitrogen species 
can contribute to degenerative diseases and organ dysfunction, 
likely also of liver, occurring in morphine addicted or morphine-
treated patient (Skrabalova et al., 2013). To prove the importance 
of these biochemical pathways, a recent research enrolling 1,602 
patients with SUD compared with 2,858 non-SUD patients 
showed that there is an acceleration of age-related and 
degenerative pathologies in many tissues, evaluated by the higher 
levels of serum glucose, HbA1c elevation, fructosamine, 
concentrations, and microalbumin levels, all of them being 
biomarkers of age (Reece, 2013). In line with the centrality of 
oxidation–reduction process involved in drug abuse, a systematic 
review of the RCTs present into literature until 2017 showed the 
safety profile of N-acetylcysteine and its favorable tolerability, in 
addition to being an over-the-counter medication with an 
interesting potential clinical use for craving in SUDs (Duailibi 
et al., 2017). This is to cast a fresh light on therapeutical approach 
to SUD. Paradoxically, researchers have found that a 
preconditioning of one potent, short-acting synthetic opioid 
analgesic drug that is remifentanil could protect against hypoxia-
induced cellular senescence (Lewinska et al., 2020).

How does constipation contribute to 
opioid toxicity and what is the link between 
opioid-induced constipation and 
infections?

Now, it is required to deepen how other deleterious consequences 
of opioid abuse can modify the hepatocyte integrity adding further 
damage to the preexisting alcohol or metabolic one. That opioids 
have a poor side effect profile which is ascertained. Indeed, the 
incidence of opioid-induced constipation is consistently high, 
varying from 15 to 81% (Lang-Illievich and Bornemann-Cimenti, 
2019). Administration of opiates produces a rapid increase in release 
of ADH, (Van Vugt and Meites, 1980), as well as opioid use can lead 
to a reduction of fluid intake (Mallappallil et  al., 2017). Fluid 
restriction increases constipation (Arnaud, 2003). Opioid-induced 
bowel dysfunction, manifesting as constipation, is mediated by 
peripheral μ-opioid receptors with resultant altered gastrointestinal 
motility (Lee and Hasler, 2016). Among factors impacting on gut 
motility, and thus constipation, beyond the action of immune and 
nervous system, the metabolism of bile acids, and secretion of 
mucus, the gastrointestinal microbiota is relevant. In fact, modifying 
the gut luminal environment, i.e., decreased numbers of 
bifidobacteria and lactobacilli in stool sample, with some probiotics, 
the motility and secretion in the gut are improved (Dimidi et al., 
2017). To try to find a link between constipation from opioids and 
the possible underlying NAFLD of these subjects, recent 
observations hypothesize that Lactobacillus decreases intestinal lipid 
absorption, consequently protecting against diet-induced steatosis 
in vivo (Jang et al., 2019). Researchers have seen that opioids can 
lead to a dehydration status (Mallappallil et al., 2017), but it should 
not be overlooked the fact that also ethanol ingestion affects the 
hypothalamo-neurohypophysial system resulting in increased 
diuresis, dehydration, and hyperosmolality, thus summing up the 
effects of dehydration to altered microbiome (Madeira et al., 1993). 
Accordingly, recent pieces of research indicate that drinking water 
may be an important factor in shaping the human intestinal flora 
(Vanhaecke et al., 2022). In fact, euhydration and dehydration states 
determine changes in microbiota community and the immune 
response (Lukito, 2021). To get a further glimpse on microbiota, it 
is necessary to highlight that many infections of 
immunocompromised patients, such as alcohol addicts (Szabo and 
Saha, 2015), originate from the gastrointestinal tract, with alteration 
of the whole flora (Taur and Pamer, 2013). In fact, bloodstream 
infections are a frequently observed complication in liver cirrhosis 
patients of alcoholic origin (Xie et  al., 2017). Stressing that 
concentrations of Bifidobacterium and Lactobacillus are significantly 
lower in constipated patients, potentially pathogenic bacteria and/
or fungi could be increased (Khalif et al., 2005). In fact, the link 
between opioid-induced constipation and infection is represented 
by the frequent association of constipation with urinary tract 
infection (UTI) and upper urinary tract dilatation (Naseri et al., 
2022). That gastrointestinal tract is one of the main anatomical 
regions implicated in the pathophysiology of UTIs, which is proved 
by the finding that intestinal dysbiosis may upregulate the expression 
of serotonin transporter involved in regulating gastrointestinal 
motility and contribute to the development of chronic constipation, 
supporting a never-ending vicious circle (Cao et  al., 2017). To 
support the connection between drug abuse and constipation, 
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intriguingly, opioid use disorder may lead to the development of 
primary hypothyroidism (Pezeshki et al., 2023), disease in which 
constipation is frequently observed (Pustorino et al., 2004). Coming 
back to infections, it should be  highlighted that fentanyl 
fundamentally exerts a relevant immunosuppression (Sacerdote, 
2008). Because each functional compartment of the immune system 
plays a specialized role in host defense, defects in specific functions 
lead to increased susceptibility to specific pathogens (Dropulic and 
Lederman, 2016). In addition, use of both opioids and other 
substances through IV administration places individuals at increased 
risks of infectious diseases ranging from invasive bacterial and 
fungal infections to human immunodeficiency virus and viral 
hepatitis (Marks et al., 2022). In this context, it has been evidenced 
how fungal products (beta-glucans and candidalysin) activate the 

host’s immune system to exacerbate liver and biliary diseases 
(Hartmann and Schnabl, 2023).

The role of cytochrome P450 enzymes

To give a broader view of the mechanisms underlying the possible 
liver damage, the metabolic pathways of opioids should be accentuated. 
Specifically, could liver microsomes exercise a significant part in inducing 
opioid hepatotoxicity, independently from the absorption and excretion 
of drugs? This has naturally led to deep dispute within the field. In human 
liver microsomes, there were no statistically significant differences in CYP 
activity as a function of age, gender, or ethnicity with CYP3A4 activity 
being slightly greater in women than men (Parkinson et  al., 2004). 

TABLE 3 Metabolic dysfunctions in opioid addicts.

Authors Findings from the study Reference number 
(year)

Rezaei et al. Systematic review showing that opioids ↑ serum triglycerides and ↓ blood glucose and low-density 

lipoproteins.

Rezae and Rezaei (2021)

Ojo et al. Meta-analysis showing that levels of total cholesterol were ↓ in diabetic patients, abusing of opium. 

Nutritional deficiencies, weight loss, and lipid dysregulation, due to liver dysfunction, may explain the 

findings.

Ojo et al. (2019)

Passariello et al. Chronic heroin administration produced a state of fasting hyperinsulinemia even in the absence of 

obesity.

Passariello et al. (1983)

Passariello et al. Alteration of glucose metabolism evidenced similarities between opiate addicts and non-insulin 

dependent diabetics.

Ceriello et al. (1987)

Gosnell et al. Preference/consumption of sweet substances often parallels the self-administration of several drugs of 

abuse, and the termination of intermittent access to sweet substances produces symptoms that 

resemble those observed during opiate withdrawal.

Gosnell and Levine, (2009)

Zahmatkesh et al. Opioids ↑ the levels of ROS and ↓ those of the activity of superoxide dismutase, catalase, and 

glutathione peroxidase that function as enzymatic antioxidants. Furthermore, they ↑ the risk of 

vitamin deficiency and modify gene expression of target cells through ROS production.

Zahmatkesh et al. (2017)

Nabipour et al. Many opiate and alcohol addicts present with ↓ Ca and ↓ Mg due to poor diet and inadequate intake of 

Ca.

Nabipour et al. (2014)

Skrabalova et al. Production of ROS/nitrogen species can contribute to degenerative diseases and organ dysfunction, 

likely of liver, occurring in morphine abusers or morphine-treated patients.

Skrabalova et al. (2013)

Reece et al. 1,602 patients with SUD compared with 2,858 non-SUD patients showed an acceleration of age-related 

and degenerative pathologies in many tissues, evaluated by the higher levels of serum glucose, HbA1c 

elevation, fructosamine, concentrations, and microalbumin levels.

Reece et al. (2013)

Duailibi et al. A systematic review of the RCTs present into literature until 2017 showed the safety profile of 

N-acetylcysteine and its favorable tolerability, in addition to being an over-the-counter medication 

with an interesting potential clinical use for craving in SUDs.

Duailibi et al. (2017)

Lewinska et al. Paradoxically, researchers have found that a preconditioning of one potent, short-acting synthetic 

opioid analgesic drug that is remifentanil could protect against hypoxia-induced cellular senescence.

Lewinska et al. (2020)

Dimidi et al. Playing gastrointestinal microbiota a primary role in constipation, modification of the gut luminal 

environment, with certain probiotic ends up in improvement of the motility and secretion in the gut, 

resulting in bifidobacteria and lactobacilli.

Dimidi et al. (2017)

Jang et al. A link between constipation from opioids and the underlying NAFLD is hypothesized by the fact that 

Lactobacillus decreases intestinal lipid absorption, consequently protecting against diet-induced 

steatosis in vivo.

Jang et al. (2019)

Mallappallil et al. Opioid use can lead to a reduced fluid intake. Mallappallil et al. (2017)

Van Vugt et al. Administration of opiates produces a rapid increase in release of ADH. Van Vugt and Meites (1980)
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Utilizing a proteomics approach to quantify the protein expression of 
CYP3A4, the results suggest that NAFLD and diabetes mellitus are 
associated with the decreased hepatic CYP3A4 activity (Jamwal et al., 
2018). In keeping with the previous findings, recent results demonstrate 
that the transcription repression of the CYP3A4 activity in turn promotes 
liver fat excess (Huang et al., 2019), thus worsening NAFLD. Consequently, 
changes in definite cytochrome P450 enzymes, as those previously 
evidenced in livers of patients with steatosis, but also in vivo models of 
steatosis (in experimental animals) and in vitro models of fat-overloaded 
cells, pose major impact on drug-induced hepatotoxicity (Gómez-Lechón 
et al., 2009), on the basis that CYP 3A4 is the main responsible for the 
metabolism of fentanyl (Figure 2) (Tateishi et  al., 1996). Among the 
various factors that may influence the pharmacological response to 
opioids, genetic polymorphisms have generated some interest. A recent 
meta-analysis including 59 studies showed that CYP3A4*1G carriers 
consumed less opioids than homozygous CYP3A4*1/*1 patients during 
the first 24 h of the postoperative course (Ren et  al., 2015). Using a 
preclinical model, the authors evidenced that chronically fentanyl-treated 
animals (male Brown Norway X F344 rats aged 12, 18, 24, and 30 months) 
lost both fat and lean mass during early and late drug administration, as 
well as during early withdrawal, independently from aging (Mitzelfelt 
et al., 2011). To evaluate the link between CYP3A4 polymorphisms and 
drug addiction risk, the authors found that in the Chinese Han 
population, rs4646440 and rs4646437 were associated with decreased risk 
of drug addiction in co-dominant and recessive models, while rs3735451 
and rs4646437 were associated with drug addiction risk in the middle-
aged and elderly people. Finally, rs3735451, rs4646440, and rs4646437 
had strong relationship with decreased risk of drug addiction for men 
(Wang et  al., 2019). Considering the high inter-subject variability of 
CYP 450, the activity of this superfamily of enzymes has been largely 
attributed to gene polymorphism. Indeed, this interpretation has quite 
completely changed following the rapid development in epigenetics that 
has revealed another aspect of regulatory mechanism of drug-related 
genes (Tang and Chen, 2015). Among the many epigenetic factors, 
affecting CYP expression, beyond histone modification, non-coding (nc)
RNA regulation was particularly deepened. Of the ncRNA classes, 
miRNAs play a key role (Nakano and Nakajima, 2018). Numerous 
“stressors” from various sources, including food and alcohol (again the 
link with liver diseases), tobacco, air pollution, some pharmaceuticals, and 
commercial products, have been shown to alter the expression of miRNAs 
(Marrone et al., 2014). Furthermore, exposure to DNA methylating agents 
may lead to hyper-methylation of CYPs genes by DNA methyltransferases 
and inhibition of CYP expression. Consequently, also DNA methylation 
potentially contributes to the inter-individual expression of CYP3A4 in 
drug metabolism and associated adverse drug effects (Kacevska et al., 
2012). It is essential to underline that chronic alcohol consumption, the 
cause of ALD, leads to enhanced activity of another member of the CYP 
family, i.e., CYP2E1, in the smooth endoplasmic reticulum (Leung and 
Nieto, 2013). Consequently, this difference could have potential major 
implications for the risk of drug toxicity.

Will opioid use contribute to liver damage 
within the context of the viral infection?

New cases of acute hepatitis C virus (HCV) have increased rapidly 
in the US since 2010 and have most often been associated with 
injection drug use. Similarly, a recent national boost in acute hepatitis 

B (HBV) has coincided with an epidemic of opioid abuse (Centers for 
Disease Control and Prevention, 2017). As a consequence, there is a 
significant rise in the proportion of organ donors who died due to 
overdose, but a better use of donors in the light of the risk of disease 
transmission is needed (Verna et al., 2019). However, there is evidence 
that opioid agonist therapy is associated with increased odds of HCV 
treatment initiation among people who use drugs (Bartlett et  al., 
2022). Exogenous opioids, such as morphine and fentanyl, have been 
found to impair the function of macrophages, natural killer cells, and 
T cells and weaken the gut barrier in vitro and in animal studies (Plein 
and Rittner, 2018). The opioid-induced immunosuppression, coupled 
with the release of cytokines, hormones, and bacterial products from 
intestinal tract, could explain from a hand the lack/slowness of viral 
clearance and on the other hand the ongoing liver injury. Drug users 
who are successfully treated for HCV infection can become reinfected 
if they inject unsafely (Proust et al., 2000). That said, fentanyl kinetics, 
studied in patients with cirrhosis, showed that its elimination half-life 
is not primarily influenced by the rate at which it is metabolized in the 
liver (Haberer et al., 1982). Surprisingly, HCV infection impacts gut–
liver axis by altering the composition of gut microbiota (dysbiosis), 
characterized by a loss of microbial diversity and the expansion of 
potential pathogens (Marascio et al., 2022).

Furthermore, recent findings provide evidence of alterations of 
the gut microbiome and some related metabolites in patients with 
both immunotolerant or immuno-active phase of HBV infection (Li 
et al., 2022). By these findings, it is likely that the aforementioned 
diseases could impact on pharmacokinetics of opioids.

Concerning another viral infection, in one cross-sectional study, 
deaths due to opioid toxicity increased substantially during the 
COVID-19 pandemic (Mamdani et al., 2023). Intriguingly, although 
most patients with COVID-19 have a mild increase in transaminases, 
the highest rate of liver damage is in adult patients (Sadeghi Dousari 
et al., 2023). Obviously, the liver damage induced by this viral infection 
could be worsened by a contextual drug toxicity, mainly in patients 
with long-term COVID-19, whose laboratory data show ALT and AST 
levels persistently elevated (de Lima et al., 2023). An important point 
is that patients on opioid overdosing can present rhabdomyolysis but 
are often not diagnosed (Babak et al., 2017). Rhabdomyolysis could 
mimic liver damage, presenting with a marked transaminases 
elevation (Lim, 2020), and causes acute kidney injury (Hebert et al., 
2022). Finally, also fentanyl overdose creates the same renal damage 
(Mallappallil et al., 2017).

Discussion

Surfing the literature, the answer to the initial question whether there 
is evidence of liver toxicity by opioids, synthetic opioids and mainly by 
fentanyl is positive. However, many aspects remain unsolved with an 
unmet need to deepen the topic, in relation to the ways in inducing liver 
damage, and the timing of use/abuse of these drugs, theme that is subject 
of much controversy, i.e., pain control. Our main aim, addressing an 
important question in the light of skyrocketing increase of obesity and 
alcohol addiction, especially among youngsters, was digging into the 
results of some studies to draw the evidence that the co-presence of 
NAFLD and ALF, likely mediated by gut flora dysbiosis, could impact on 
the onset and progression of these very widespread diseases. Placing this 
review within the context of previous studies, the authors ought to report 
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that data from literature emphasize the main role of gut microbiome in all 
the three pathologies, such as opioid addiction and both NAFLD and 
ALD, suggesting that there could be an additive effect in inducing hepatic 
injury. First, it is intriguing to look at how the results of the selected 
studies could be important to the audience. The study of the intestinal 
microbiota reveals that it is constantly evolving in response to host as age, 
nutrition (the role of rich-calorie foods in obesity), lifestyle (alcoholic 
beverage abuse), hormonal changes, inherited genes, epigenetic 
modifications, and underlying disease (NAFLD and ALD as possible 
examples) are major determinants of the human microbiome at any given 
point in time (Ogunrinola et al., 2020). As correct hypothesis, a balanced 
microbiota has a fundamental role in health maintenance. However, gut 
dysbiosis is a key aspect in linking prior and, in most cases, evolving 
hepatic diseases with opioid addiction. In fact, alterations in the intestinal 
microbiota can impact drug metabolism, favoring more toxic metabolites, 
ultimately injuring liver tissues (hepatotoxicity), and in turn worsening 
the preexisting alcohol or metabolic liver damage. On the other hand, 
altered drug metabolism enzyme expression has been found in rodent 
and human samples of NAFLD (Zhu et al., 2023), with the result that 
underlying metabolic-induced damage could give place to or worsen liver 
toxicity by opioids. Nevertheless, without lessening the importance of gut 
flora, the role of microsomal enzymes, specifically CYP 450, should not 
overlooked, mainly concerning the genetic expression and epigenetic 

modifications, as presented in interesting studies. Summing up the 
aforementioned evidence concerning the opioid-related liver toxicity, 
there is substantial and compelling support for the hypothesis that 
alcoholic beverages, foods rich in sugar and fat, and illicit drug use, being 
pleasurable feelings associated with rewards, all of them conduct a 
determinant contribution. Research shows that there is a link between 
substance abuse and obesity, as well as obesity-associated diseases, in 
brain functioning. In keeping with this evidence, current literature 
emphasizes the role of melanin-concentrating hormone (MCH), a 
neuropeptide primarily transcribed in the lateral hypothalamus, in 
mediating the intake and reinforcement of commonly abused drugs 
(Morganstern et al., 2020). By the same accord, the opioid antagonist 
naltrexone blocks the endogenous opioid-mediated inhibition of 
anorexigenic pro-opiomelanocortin (POMC) neurons, leading to 
sustained POMC stimulation, thus acting on central appetite and reward 
region (Walmsley and Sumithran, 2023). Fascinating findings evidence 
that central MCH directly controls hepatic and adipocyte metabolism 
through different pathways (Imbernon et  al., 2013). Furthermore, 
intracerebroventricular infusion of MCH caused induction of hepatic 
steatosis and increase in body weight (prominent aspect) in high-fat 
diet-fed wild-type mice (Kawata et al., 2017). It is emerging that alcohol 
excess, apart its direct hepatotoxicity, is of paramount importance in 
leading to weight gain, mainly when associated with illicit drug 

FIGURE 2

Pharmacokinetics and metabolism of fentanyl Fentanyl metabolism and elimination (half-life), both of them, play an important role in determining drug 
pharmacokinetics and assessing their efficacy and its adverse effects. Gut microbiota plays a key role during enterohepatic circulation along the drug 
absorption phase and mainly through various microbial enzymatic reactions in the gut. Fentanyl is 99% N-dealkylated to norfentanyl by cytochrome 
P450. Utilizing a proteomics approach to quantify the protein expression of CYP3A4 and related enzymes, the results suggest that NAFLD is associated 
with the decreased hepatic CYP3A4 activity. Epigenetic changes in CYP genes would lead to inter-individual differences in drug responses. 
Understanding epigenetic mechanisms can help reduce toxicity for drugs metabolized by CYP enzymes. NAFLD, non-alcoholic fatty liver disease; ALD, 
alcoholic liver disease; CYP, cytochrome P450 enzyme.
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dependence and negative eating behaviors especially in young and very 
young people (Tarantino et al., 2022). The high prevalence of NAFLD all 
over the world is associated with the pandemic of obesity. This explosion 
is testified by an updated analysis finding that mean BMI increased from 
23.0 (95% CI, 22.8–23.2) in 1976–1980 to 27.5 (95% CI, 25.5–29.4) in 
2017–2018, and the prevalence of obesity increased from 5.5% (95% CI, 
4.3–7.0%) to 32.6% (95% CI, 22.1–45.2%) (Ellison-Barnes et al., 2021). In 
this scenario, the gut flora modification ascribed to NAFLD develops an 
additive role (Hrncir et  al., 2021). To reinforce the pivotal role of 
microbiota, similar downstream signaling events are involved in the onset 
and progression of ALD and NAFLD (Fleming et al., 2020). A large 
proportion of street-purchased opioids includes fentanyl, and the drug 
has also become an adulterant within the stimulant supply (Tarantino and 
Citro, 2024). To stem this tide, also the hepatologists’ awareness is 
imperative to increase, coupled with other specialists, beyond educational 
programs (Office of Addiction Services and Supports, 2023). Limitations 
to this review consist in the paucity of specific data of literature concerning 
the models of liver toxicity by opioids that does not permit deepening the 
sub-sequential molecular processes displayed by the use/abuse of these 
drugs. Still, a drawback is the lack of clinical trials, utilizing robust 
methodologies and advanced statistical analysis, in patients contextually 
suffering from NAFLD and drug abuse, as well as studies addressing both 
alcohol and drug dependence, focusing on the possible liver damage. It 
needs to be emphasized, as final observation, that authors do not know 
for sure whether the modifications of the microbiota are cause, effect, or 
side effect of opioid addiction in the context of other hepatic diseases.

Future directions

The authors would suggest some other field of research, starting from 
studies documenting that endogenous and exogenous opioids not only 
induce analgesic effects by regulating pre- and post-synaptic sensory 
neurons but also interact with opioid receptors present in the immune 
system, resulting in immune modulation (Ninković and Roy, 2013). 
Specifically, the release and diffusion of neurotransmitters favor signaling 
through lymphocyte cell surface receptors, which regulates the immune 
response (Sacerdote et al., 2008). Interesting findings suggest that the 
immune system abnormalities in heroin addicted patients can be restored 
to almost normal values by controlled treatment with methadone and 
buprenorphine (Oshaghi et al., 2023). Fascinating enough, opioids can 
favorably harmonize the neurotransmitter systems controlling mood and 
are suggested in the treatment of psychiatric disorders (Kawata et al., 
2017). Finally, the wide spreading use of antibiotics (English and Gaur, 
2010) has serious effects on the host through the gut microbiome and can 
affect various functions including immune regulation, metabolic 
activities, and thus overall health (Patangia et  al., 2022). It would 
be  captivating to establish whether antibiotic-disrupted gut flora 
contribute to liver toxicity by opioids and whether phage therapy could 
be proposed as a clinical alternative to restore intestinal eubiosis, due to 
its immunomodulatory and bactericidal effect against bacterial pathogens 
(Gutiérrez and Domingo-Calap, 2020), and consequently reduce liver 
damage in these addicts. Basing on the finding that magnesium reduces 
the intensity of addiction to opioids (Magnesium in the Central Nervous 
Systems, 2023), another interesting approach could be evaluating the use 
of this essential mineral in trying to alleviate the morphine-induced 
tolerance and withdrawal symptoms in humans, as was found in mice 
with administration of lamotrigine or magnesium sulfate or their 

combination (Habibi-Asl et al., 2009). Still, the main role of the epigenetic 
changes in CYP genes, leading to inter-individual differences in drug 
responses, should be stressed to decrease adverse drug reactions for drugs 
metabolized by CYP enzymes. Specifically, new studies are needed to 
develop CYP-based pharmacoepigenetics to guide clinical applications 
for precision medicine with reduced risk of toxicity (Jin and Zhong, 2023). 
As significant subject, extracellular vesicles may start providing 
information about mechanisms and pathogenesis in substance use 
disorders, consenting to potential therapeutic options being probed 
(Odegaard et al., 2020). Finally, to raise awareness of this nationwide 
epidemic, educational presentations for students in all age ranges, from 
elementary school through graduate school, are supposed to 
be implemented.

Conclusion

The “take-home” message that the authors want our readers to leave 
with is that there is proof of a close link between key topics such as gut 
microbiome, liver metabolism, and inflammation in hepatic toxicity in 
opioid addicts. On this basis, the preexisting liver diseases, such as ALD 
or NAFLD, could worsen liver toxicity from opioid abuse, as well as 
opioid consume could bring further damage to the aforementioned liver 
diseases with complex and difficult to fully address mechanisms. Finally, 
the interdisciplinary nature of the topic, linking addiction medicine, 
hepatology, and microbiology, also makes it an interesting and relevant 
area of study to promote the initial and deserving interest of scientists 
toward this issue, unfortunately lost in time.
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Genetically predicted immune 
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Background: Increasing evidence suggests an association between gut 
microbiota and Autoimmune Liver Diseases (AILDs). However, causal inference 
remains controversial due to confounding bias in observational studies. 
Additionally, there is currently no clear evidence indicating that immune cells act 
as intermediate phenotypes in the pathogenesis of AILDs. This study utilizes the 
Mendelian Randomization (MR) method to investigate the causal relationships 
among gut microbiota, immune cells, and AILDs.

Methods: Initially, we  conducted a two-sample MR analysis to predict the 
causal relationships among 412 gut microbiota, 731 immune phenotypes, and 
AILDs. Subsequently, a series of sensitivity analyses were performed to validate 
the initial MR results and reverse MR analysis was conducted to exclude reverse 
causality. Finally, a two-step MR analysis was utilized to quantify the proportion 
of the impact of gut microbiota on AILDs mediated by immune cells.

Results: Following rigorous MR analysis, our findings indicate that increased 
involvement of the gut microbiome in the superpathway of L-tryptophan 
biosynthesis is positively associated with an elevated risk of Autoimmune 
Hepatitis (AIH). The effect is partially mediated by the CD14+ CD16+ monocyte 
Absolute Count, which accounts for 17.47% of the total effect. Moreover, the 
species Ruminococcus obeum appears to mediate the development of Primary 
Sclerosing Cholangitis (PSC) through CD62L-CD86+ myeloid Dendritic Cell 
%Dendritic Cell, contributing to 32.47% of the total observed effect.

Conclusion: Our study highlights the potential mediating mechanisms of 
immune cells in the causal relationship between the gut microbiome and AILDs. 
These insights provide a foundation for developing preventive strategies for 
AILDs in clinical practice.

KEYWORDS

Mendelian randomization, autoimmune hepatitis, primary biliary cholangitis, primary 
sclerosing cholangitis, immune cells, gut microbiota
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1 Introduction

Autoimmune Liver Diseases (AILDs) represent a spectrum of 
disorders characterized by the immune system’s persistent and 
progressive assault on hepatic cells. This category encompasses 
Autoimmune Hepatitis (AIH), Primary Biliary Cholangitis (PBC), 
and Primary Sclerosing Cholangitis (PSC) (Fischer and Goltz, 2020). 
Individuals afflicted with AILDs commonly experience symptoms like 
fatigue, jaundice, and abdominal discomfort, which may progress to 
severe complications such as cirrhosis and liver failure if not 
adequately managed (Muratori et al., 2023). The incidence of AILDs 
has historically been low worldwide, but it has been gradually 
increasing in recent years, presenting substantial challenges to both 
affected individuals and healthcare infrastructure. Moreover, these 
diseases are frequently associated with extraliver conditions, including 
arthralgia and thyroiditis, affecting a considerable proportion of 
patients (Mihai et al., 2024). This widespread impact underscores the 
urgent need for refined diagnostic approaches and effective treatment 
strategies in the management of AILDs (Kardashian et al., 2023).

Increasing research emphasizes the critical role of the gut 
microbiome in the development of AILDs via the gut-liver axis 
(Qian et al., 2023). This involves mechanisms such as gut barrier 
dysfunction, immune regulation, metabolic products, and 
inflammatory factors. With advances in immunology, it has also 
been recognized that the imbalance of gut microbiota and its 
metabolic products are key signals inducing immune responses in 
the liver tissue of AILDs (Schneider et al., 2023; Zheng et al., 2021). 
Studies suggested that Pien Tze Huang (PTH) stimulates beneficial 
bacteria, increasing Regulatory T cell (Treg)/myeloid Regulatory T 
cell (mTreg) cells and Interleukin (IL)-10 production, inhibiting 
Toll-like receptor (TLR)4/Nuclear Factor-κB (NF-κB) and C-X-C 
motif chemokine ligand 16 (CXCL16)/C-X-C motif chemokine 
receptor 6 (CXCR6) signaling pathways, and reducing liver 
pathology in AIH mice (Oldereid et  al., 2024). In PBC mouse 
models, early gut microbiome changes induce Bile duct Epithelial 
Cell (BEC) apoptosis via TLR2, recruiting CD8 T cells and causing 
a vicious cycle (Wang et al., 2022). Quraishi et al. discovered reduced 
gut microbiota diversity in PSC patients, potentially leading to 
abnormal homing of gut-specific lymphocytes and gut permeability, 
causing mucosal immune dysregulation (Quraishi et  al., 2017). 
However, current research primarily focuses on animal experiments 
and small-scale clinical studies aimed at elucidating the potential 
correlation between gut microbiota and AILDs. These studies rarely 
form a coherent pathological mechanism, and direct evidence of the 
critical role of immune cells in the pathogenesis of AILDs is 
still lacking.

Mendelian Randomization (MR) is a method used in 
epidemiology and genetics to assess the causal impact of exposures 
on outcomes, offering significant advantages in determining causality 
and directionality (Larsson and Burgess, 2021). We  obtained the 
latest summary statistics for 412 gut microbiota and 731 immune 
cells from large public genome-wide association study (GWAS) 
consortia to perform two-sample and mediation MR analyses. This 
approach evaluates the causal relationships between the gut 
microbiome and AILDs and explores the potential mediating role of 
immune cells. These insights provide valuable understanding for 
future genetic and therapeutic research related to the gut microbiome 
and AILDs.

2 Materials and methods

2.1 Study design

We conducted a two-sample and mediation MR study to explore 
the causal relationships between gut microbiota, immune cells, and 
AILDs, as displayed in Figure  1. When conducting MR analyses, 
instrumental variables (IVs) must satisfy three core principles: (i) 
genetic variants used as IVs must be significantly associated with gut 
microbiota or immune cells; (ii) genetic variants must not 
be influenced by other confounding factors; and (iii) genetic variants 
must affect AILDs only through gut microbiota or immune cells.

2.2 Data sources

The summary statistics for gut microbiota were obtained from the 
Dutch microbial GWAS, which included metagenomic sequencing 
data from 7,738 individuals in the northern Netherlands L (Lopera-
Maya et al., 2022). This GWAS explored the relationship between host 
genetics and the gut microbiome by analyzing 207 microbial taxa and 
205 functional pathways.

The genetic dataset analyzing 731 distinct immunophenotypes 
from 3,757 Sardinians was sourced from a GWAS (accession numbers 
GCST0001391 to GCST0002121) (Orrù et  al., 2020). This dataset 
includes 539 immune traits and 192 relative count levels, encompassing 
morphological parameters, median fluorescence intensities of surface 
antigens, and cell counts. These immunophenotypes elucidate the 
complex genetic regulation of immune cells at the cell-subtype level 
in autoimmune diseases.

The dataset for AIH was sourced from a GWAS (GCST90018785) 
and includes 821 cases and 484,413 controls, all of European ancestry 
(Sakaue et  al., 2021). We  acquired genetic data for PBC from the 
FinnGen R10 database, comprising 609 cases of PBC out of a total of 
306,504 participants. The summary statistics data are accessible through 
the following Google Cloud Storage link: https://r10.finngen.fi/. This 
dataset provides a comprehensive genetic insight into PBC, aiming to 
identify associated genetic variants. The PSC dataset, obtained by 
Sun-Gou Ji and colleagues from the International PSC Study Group, 
represents the largest PSC GWAS dataset to date (Ji et al., 2017). In 
addition, it focuses on the genetic determinants associated with PSC, 
comprising 2,871 cases and 12,019 controls. Moreover, the analysis has 
been adjusted for potential confounders such as gender, age, and 
genotyping batches. All original data in this study were sourced from 
publicly available databases and previous studies, all of which had 
received ethical approval.

2.3 Instrumental variables selection

To obtain a sufficient number of Single Nucleotide Polymorphisms 
(SNPs) related to the gut microbiota, we set the selection criteria for 
IVs at p < 1 × 10−5. This threshold is consistent with similar criteria 
utilized in published studies (Qu et al., 2024). Given the sufficient 
number of SNPs for immune cell phenotypes, we applied a more 
stringent threshold of p < 5 × 10−8 to select SNPs closely associated 
with them. Additional screening criteria included the following: First, 
screening for independent SNPs was conducted through Linkage 
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Disequilibrium (LD) analyses, utilizing a threshold of r2 < 0.001 and 
a physical distance of 10,000 kb (Palmer et al., 2012; Levin et al., 2020). 
Second, to reduce weak instrument bias and ensure a strong 
correlation with exposure, SNPs with an F-statistic greater than 10 
were selected as IVs (Gill et al., 2019).

2.4 Statistical analysis strategy

In this study, we employed five distinct methods to assess the 
bidirectional causal relationships between the gut microbiome, 
immune cells, and AILDs. These methods included Inversevariance 
Weighted (IVW) (Burgess et al., 2013), Bayesian Weighted Mendelian 
Randomization (BWMR), MR-Egger, Weighted Median (WME), and 
Weighted Mode (WM) (Burgess et al., 2015; Bowden et al., 2015). The 
IVW method served as our primary approach, offering high efficiency 
and accuracy, simplicity, the ability to reduce the impact of individual 
SNP bias, and broad applicability. It is widely used in epidemiological 
research. Note that results were considered statistically significant 
when the IVW p-value was less than 0.05. At the same time, BWMR 
offered the advantage of addressing pleiotropy and weak instrument 
biases through Bayesian weighting while enhancing analysis efficiency 
with an advanced Variational Expectation Maximization algorithm 
and was, therefore, used as a supplementary method to IVW (Bowden 
et al., 2016). Additionally, to control for potential false positives in 

large-scale omics studies, we applied the False Discovery Rate (FDR) 
to manage statistical bias resulting from multiple comparisons while 
maintaining statistical power (Ma et al., 2024). Notably, associations 
were considered significant when FDR < 0.05.

To address potential issues such as pleiotropy and heterogeneity 
in our two-sample MR analyses, we conducted a series of sensitivity 
analyses. Heterogeneity, which may arise due to variations in 
experimental conditions, selected populations, and SNPs, was assessed 
using Cochran’s Q statistic, with a p-value >0.05 indicating no 
significant heterogeneity (Zhao et al., 2020). The MR-Egger intercept 
method was employed to evaluate pleiotropy, with a p-value >0.05 
suggesting the absence of pleiotropy (Burgess et  al., 2015). 
Additionally, the MR-PRESSO method was used to filter out SNPs that 
might introduce bias, thereby enhancing the reliability of causal 
inferences (Verbanck et al., 2018). Finally, leave-one-out analysis and 
funnel plots were utilized to ensure the consistency of the results. To 
further enhance the robustness of the IVs extracted, we employed the 
Steiger test method to mitigate reverse causation (Hemani et al., 2017). 
It is worth mentioning that, when the number of available SNPs was 
less than three, limiting the scope of comprehensive MR analysis, 
these results were excluded from the analysis to ensure robustness and 
reliability of the findings. This approach was taken to maintain the 
integrity of the MR analysis and to focus on results derived from a 
sufficient number of SNPs for meaningful causal inference. 
Additionally, to further mitigate the interference of reverse causality 

FIGURE 1

Flow chart of the study.
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and ensure the reliability of our research findings, we used AILDs as 
the exposure. Significantly associated SNPs (p < 5 × 10−8) with AILDs 
were selected as IVs. Thus, we conducted reverse MR studies using gut 
microbiota or immune cells as the outcomes.

Exploration of the potential mediating mechanisms of immune 
cells was conducted through a two-step MR mediation analysis. 
Initially, univariable MR analysis was employed to estimate the effect 
of exposure on the mediator, obtaining β1. Subsequently, multivariable 
MR analysis was used to estimate the effect of each mediator on the 
outcome, obtaining β2. Meanwhile, the indirect effect was estimated 
by multiplying these two regression estimates (β1 × β2) (Carter et al., 
2021). This methodology enabled the determination of the proportion 
of mediation by immune cells in the causal relationship between gut 
microbiota and AILDs. All analyses were conducted using 
“TwoSampleMR,” “MR-PRESSO,” and “frostplot,” a package in the R 
software (R version 4.3.2).

3 Results

3.1 Instrument variables included in 
analysis

Detailed information on the final SNPs meeting the requirements 
of our study for each bacterial trait or functional pathway is provided 
in Supplementary Table S1. All SNPs used in our analysis had F-values 
exceeding 10.

3.2 MR and sensitivity analysis of gut 
microbiota and AILDs

3.2.1 AIH
Through rigorous MR analysis, using the IVW method as our 

primary analytical strategy, we identified 16 gut microbial features 

associated with AIH, including 8 microbial taxa and 8 functional 
pathways (Figure 2; Supplementary Table S2). However, after FDR 
correction, no gut microbiota were significantly associated. 
Superpathway of heme biosynthesis from glutamate (OR = 0.552, 
p < 0.001), superpathway of polyamine biosynthesis I (OR = 0.557, 
p = 0.014), Species.Roseburia unclassified (OR = 0.788, p = 0.025) were 
the top three features negatively associated with AIH. Conversely, 
Order.Actinomycetales (OR = 1.533, p = 0.029), superpathway of 
L-tryptophan biosynthesis (OR = 1.380, p = 0.006), L-arginine 
degradation II (AST pathway) (OR = 1.490, p = 0.006) were positively 
associated with AIH.

3.2.2 PBC
We identified 14 gut microbial features associated with PBC, 

including 9 microbial taxa and 5 functional pathways (detailed results 
are displayed in Figure 3; Supplementary Table S3). However, after 
FDR correction, no gut microbiota were significantly associated. 
Genus.Parabacteroides (OR = 0.562, p = 0.009), Genus.Gordonibacter 
(OR = 0.739, p = 0.022), Species.Gordonibacter pamelaeae: 
(OR = 0.740, p = 0.022) were the top three features negatively 
associated with PBC. Conversely, Species.Odoribacter splanchnicus 
(OR = 1.779, p = 0.001), preQ₀ biosynthesis (OR = 1.679, p = 0.013), 
and other features were positively associated with PBC.

3.2.3 PSC
Using the same method, we  identified 19 gut microbial 

features associated with PSC, including 9 microbial taxa and 10 
functional pathways (detailed results are illustrated in Figure 4; 
Supplementary Table S4). However, after FDR correction, no gut 
microbiota was significantly associated. Lactose and galactose 
degradation I: (OR = 0.651, p = 0.002), Family.Sutterellaceae: 
(OR = 0.505, p = 0.003), Species.Eubacterium siraeum: 
(OR = 0.545, p = 0.003) were the top three features negatively 
associated with PSC. Conversely, Species.Lachnospiraceae 
bacterium_7_1_58FAA: (OR = 1.490, p = 0.008), Species.

FIGURE 2

(A) The causal effect of the gut microbiota abundance on AIH. (B) The causal effect of the gut bacterial pathway abundance on AIH.
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Escherichia unclassified (OR = 1.500, p = 0.017), mixed acid 
fermentation pathway (OR = 1.864, p = 0.020), and other features 
were positively associated with PSC.

3.3 MR and sensitivity analysis of immune 
cells and AILDs

3.3.1 AIH
We discovered that 27 immune cell phenotypes significantly affected 

AIH, as evidenced by an IVW p-value of less than 0.05 (including 8cDC, 
6TBNK, 4Monocyte, 4Treg, 3Maturation stages of T cell, 2B cell) 
(Figure 5; Supplementary Table S5). By FDR correction (PFDR <0.05), 
we discovered one immunophenotype to be protective against AIH: 
HLA DR+ Natural Killer %Natural Killer (OR = 0.703, 95%CI 

0.587 ~ 0.842, p = 0.000134, PFDR = 0.028). In addition, we discovered 
that there are two immunophenotypes that have dangerous effects on 
AIH:CD28-CD8+ T cell %CD8+ T cell (OR = 2.203, 95%CI 1.457 ~ 3.331, 
p = 0.00018, PFDR = 0.028), CD28-CD8+ T cell Absolute Count 
(OR = 2.354, 95%CI 1.587 ~ 3.493, p = 2.107 × 10−5, PFDR = 0.0097).

3.3.2 PBC
Based on the IVW method, the results indicate that 24 immune 

cell phenotypes significantly influence PBC. This includes 2B cell, 
4cDC, 4Maturation stages of T cell, 4Monocyte, 4Myeloid cell, 
3TBNK, 3Treg (Figure  6; Supplementary Table S6). By FDR 
correction (PFDR <0.05), we discovered three immunophenotypes 
to be protective against PBC: Terminally Differentiated CD4+ T cell 
%T cell (OR = 0.498, 95% CI 0.353 ~ 0.703, p = 7.331 × 10−5, 
PFDR = 0.0108). HLA DR on CD14-CD16+ monocyte (OR = 0.700, 

FIGURE 3

(A) The causal effect of the gut microbiota abundance on PBC. (B) The causal effect of the gut bacterial pathway abundance on PBC.

FIGURE 4

(A) The causal effect of the gut microbiota abundance on PSC. (B) The causal effect of the gut bacterial pathway abundance on PSC.

218

https://doi.org/10.3389/fmicb.2024.1442506
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Zhang et al. 10.3389/fmicb.2024.1442506

Frontiers in Microbiology 06 frontiersin.org

95% CI 0.577 ~ 0.849, p = 0.00029, PFDR = 0.026). HLA DR on 
CD14+ CD16+ monocyte (OR = 0.635, 95% CI 0.536 ~ 0.753, 
p = 1.700 × 10−7, PFDR = 7.513 × 10−5). However, no 
immnophenotypes were found to be positively associated with PBC.

3.3.3 PSC
The results revealed that 26 immune cell phenotypes significantly 

influence PSC, as indicated by the IVW method. This includes 16Treg, 
6cDC, 2TBNK, 1Monocyte, 1Maturation stages of T cell (Figure 7; 

FIGURE 5

Forest plot illustrates the positive IVW-MR results of causal links between immune cells and AIH.

FIGURE 6

Forest plot shows the positive IVW-MR results of causal links between immune cell and PBC.
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Supplementary Table S7). By FDR correction (PFDR <0.05), 
we discovered one immunophenotype to be protective against PSC: 
FSC-A on CD4+ T cell (OR = 0.447, 95%CI 0.329 ~ 0.607, 
p = 2.530 × 10−7, PFDR = 7.104 × 10−5).

3.4 Reverse MR analysis

To investigate the causal relationship between the gut microbiome 
and AILDs further, we conducted a reverse MR analysis, treating AILDs 
as the exposure and the gut microbiome as the outcome. The results 
indicate a causal relationship between PBC and Species.Odoribacter 
splanchnicus (OR = 0.955, 95% CI 0.919–0.992, p = 0.020), and between 
PSC and L histidine degradation I (OR = 1.032, 95% CI 1.005–1.060, 
p = 0.020). These two gut microbiota will be excluded in subsequent 
mediation studies. However, no other significant causal relationships 
were observed, as detailed in Supplementary Tables S8–S10.

3.5 Mediation analysis result

To elucidate the potential mechanisms underlying the occurrence 
and development of AILDs, we  carried out a mediation analysis to 
establish the causal pathways linking gut microbiota to AILDs through 
immune cells. This analysis builds on earlier findings that identified 
significant associations between certain gut microbiota and immune cells 
and AILDs, as detailed in our Supplementary Tables S11–S13. Initially, 
the causal relationships between specific gut microbiota and immune 
cells were assessed using two-sample MR. In the context of AIH, 
we identified 18 associations linking gut microbiota with immune cells. 
For PBC, we discovered 4 such associations, and for PSC, we detected 14 

associations. MR mediation analysis revealed one immune cell type 
acting as a mediator in the pathway from gut microbiota to AIH. Notably, 
the superpathway of L-tryptophan biosynthesis to AIH appears to 
be mediated by the CD14+ CD16+ monocyte Absolute Count, with a 
mediation proportion of 17.47%. For PSC, one immunophenotype was 
identified as mediator. Species. Ruminococcus obeum’s influence on PSC 
may be mediated by the percentage of CD62L-CD86+ myeloid Dendritic 
Cell, accounting for 32.47% (Table 1).

4 Discussion

In this study, we used genetic prediction to investigate how the 
abundance of gut microbiota and their pathways influence the 
development of AILDs. Our data were further refined to the species 
level, offering a more in-depth analysis compared to previous research 
and facilitating the exploration of potential mediating mechanisms 
involving immune cells. The large sample size and multivariable 
summary data of both gut microbiota and immune cells were utilized 
in MR analysis, yielding numerous positive associations with AILDs. 
Some of these findings are consistent with existing observational 
studies, thereby reinforcing their conclusions. However, other results 
contradicted previous findings, likely due to racial differences, 
warranting further investigation. Additionally, some novel findings 
provide new perspectives for future research.

Evidently, conclusions consistent with previous observational studies 
are of particular interest to us. Roseburia can upregulate tight junctions 
and enhance mucin production, thereby maintaining the integrity of the 
intestinal barrier and preventing the translocation of toxins such as 
Lipopolysaccharides (LPS) from the gut to the liver (Wei et al., 2020). 
Additionally, it increases anti-inflammatory cytokines, such as IL-22, 

FIGURE 7

Forest plot shows the positive IVW-MR results of causal links between immune cell and PSC.
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effectively inhibiting the interaction between LPS and TLR4 and 
reducing hepatic inflammation pathways (Jiang et  al., 2023), thus 
providing protection against AIH. By sequencing the highly variable 
V3-V4 region of the 16S rRNA gene in stool samples from patients with 
early-stage AIH and comparing these with samples from healthy 
individuals, we observed an AIH-associated enrichment of Eubacterium 
(Elsherbiny et al., 2020; Terziroli Beretta-Piccoli et al., 2022), which aligns 
with our study findings. The species Eubacterium rectale was also 
identified as a risk factor for PSC, yet it appears to be protective against 
PBC. In addition, we discovered that Bacteroides may reduce the risk of 
PBC. Evidence demonstrates that this bacterium can produce health-
promoting phenylpropanoid derivatives and generate heparinase, 
facilitating the extraction of heparin and heparan sulfate from bacterial 
sources and categorizing it as a beneficial gut microorganism (Lv et al., 
2016; Bohlmann et al., 2015). Similarly, fecal DNA sequencing in patients 
with PSC has revealed a significant reduction in the abundance of 
Bacteroides (Kummen et al., 2021). A reduction in Ruminococcus lowers 
Short-Chain Fatty Acids (SCFA) production, impairing intestinal 
barriers and potentially exacerbating PSC-related inflammation and 
immune responses through disrupted gut-liver interactions (Coufal 
et al., 2019). Prior research has identified the Ruminococcaceae family as 
protective against PBC. Our study advances this understanding, 
revealing that Genus.Ruminococcaceae noname and Species.
Ruminococcaceae bacterium D16 exhibit similar protective effects (Yang 
et al., 2024).

Gut bacterial pathway abundance refers to the presence and levels of 
specific metabolic and signaling pathways within the gut microbiome. 
Our research has discovered that the gut microbiota can play a protective 
role in AIH by participating in the key biosynthesis pathways of heme, 
polyamines, and riboflavin. Fibroblast growth factor 4 can increase the 
levels of heme oxygenase in ConA-induced AIH mice, thereby inhibiting 
ferroptosis in hepatocytes (Zheng et al., 2021). Tryptophan metabolites 
may serve as activators of the Aryl hydrocarbon Receptor (AhR), 
potentially inducing AIH-like pathology. Concurrently, the 
transcriptional activity of AhR is modulated by the Aryl Hydrocarbon 
Receptor Repressor (AHRR), which inhibits AhR signal transduction in 
Treg and Th17 cells, thereby facilitating the development of AIH (Xiang 
et al., 2024). Arginine residues at specific positions within the (Human 
Leukocyte Antigen)HLA-DRβ polypeptide are critical for determining 
genetic susceptibility to AIH. Additionally, studies demonstrated that the 
interaction between arginine and negatively charged amino acid residues 
on antigenic peptides facilitates salt bridge formation (Czaja and 
Donaldson, 2000). This enhances the stability and presentation of 

antigenic peptides to T-helper cells, thereby promoting immune 
activation and the continuation of the autoimmune response in AIH 
(Donaldson et al., 1994). The derivative of methionine, S-adenosyl-L-
methionine (SAMe), exerts hepatoprotective effects through methylation 
and redox mechanisms. Notably, supplementation with SAMe 
significantly improves clinical symptoms in non-cirrhotic patients with 
PBC (Kilanczyk et  al., 2020; Lai et  al., 2022). Lipid A is a crucial 
component of the LPS discovered in the outer membrane of Gram-
negative bacteria. It serves as the endotoxic component of LPS and plays 
a vital role in bacterial survival and virulence. Lipid IVA is a precursor in 
the biosynthesis of Lipid A and is critical for the proper formation of LPS 
(Paul et  al., 2022). In a mouse model, knocking out L-histidine 
decarboxylase (HDC) led to reduced histamine levels, resulting in 
alleviated biliary damage and liver fibrosis. This suggests that histamine 
exacerbates PSC by intensifying inflammatory and fibrotic pathways 
(Kennedy et al., 2020).

Our study yielded findings that diverge from previous research. 
While earlier studies have suggested that Ruminiclostridium 9 exerts a 
protective effect against AIH (Fu et  al., 2023), and that the 
Ruminococcaceae NK4A214 group increases the risk of AIH, our analysis 
did not confirm these associations. Notably, we identified Ruminococcus 
obeum, a member of the same family, as a potential risk factor for 
AIH. These discrepancies are likely attributable to differences in genetic 
backgrounds and interpopulation interactions across various regions. 
Geographic variations are a key determinant of gut microbiota diversity 
(Zhou et al., 2024). Immune homeostasis and genetic susceptibility are 
key mechanisms in the pathogenesis of AILDs (Tilg et al., 2022). In 
patients with PSC, there is a notable increase in naive-like CD4+ T cells 
in the liver compared to healthy liver tissue. Concurrently, another study 
indicates that reduced apoptosis in activated CD4+ T cells may play a 
role in the immunological dysregulation observed in PSC (Schoknecht 
et  al., 2017; Poch et  al., 2021). Our research suggests that FSC-A 
measurements on CD4+ T cells may act as a protective factor in PSC. The 
HLA genes are widely recognized as a genetic foundation for AILDs, 
albeit with some variations among different types. HLA-DR, a major 
histocompatibility complex class II molecule, participates in immune 
responses to extracellular pathogens by presenting antigens to helper T 
cells. Moreover, elevated expression of HLA-DR is usually linked to 
enhanced immune activation, which is essential for defending against 
pathogens. However, it can also lead to pathological autoimmune 
responses (Li et al., 2018; Higuchi et al., 2021). Our study indicates that 
HLA-DR expression on CD14-CD16+ monocytes and CD14+ CD16+ 
monocytes has a protective effect against PBC, while HLA-DR+ natural 

TABLE 1 Results of two-step Mendelian randomization mediation analysis.

Exposure Mediator Outcome X-M M-Y X-Y Effect 
rate

OR 
(95%CI)

P OR 
(95%CI)

P OR 
(95%CI)

P

Superpathway of 

L-tryptophan 

biosynthesis

CD14+ CD16+ 

monocyte 

Absolute Count

AIH
0.856 

(0.759,0.965)
0.011

0.700 

(0.561,0.865)
0.001

1.380 

(1.095,1.738)
0.006 17.47%

Species.

Ruminococcus_

obeum

CD62L-CD86+ 

myeloid 

Dendritic Cell 

%Dendritic Cell

PSC
0.730 

(0.615,0.868)
0.0003

1.341 

(1.052,1.708)
0.018

0.753 

(0.593,0.956)
0.020 32.47%

X, exposure; M, mediator; Y, outcome; AIH, Autoimmune Hepatitis; PSC, Primary Sclerosing Cholangitis.
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killer cells offer protection against AIH. Conversely, CD4 expression on 
HLA-DR+ CD4+ T cells increases the risk of PBC.

Recent advances in immunology and microbiology have uncovered 
complex interactions between the gut microbiota and the immune 
system, underscoring their significance in AILDs (Li et al., 2021; Liwinski 
et al., 2022). Yet, there are currently limited observational studies on how 
the gut microbiota influences AILDs through immune-mediated 
pathways (Li et al., 2022). To our knowledge, this is the first MR study to 
utilize immune cells as mediators to explore their role in the relationship 
between the gut microbiome and AILDs. Our findings are largely based 
on genetic predictions, demonstrating that the abundance of the 
superpathway of L-tryptophan biosynthesis in the gut microbiome 
correlates positively with the risk of AIH. This association is linked to the 
activation of the AhR by tryptophan metabolites (Xiang et al., 2024), 
with CD14+ CD16+ monocyte Absolute Count partially mediating this 
process. Genetically, the morphological parameters of immune cells play 
a central role in immunoregulation (Longhi et al., 2021). PSC often 
co-occurs with inflammatory bowel disease (IBD) due to interactions 
within the liver-gut-immune axis, which may result from the abnormal 
expression of gut-homing molecules in the PSC liver, thereby facilitating 
the transport of CD8 memory T cells between the gut and liver (Bozward 
et al., 2021). Consequently, fecal microbiota transplantation, widely used 
in IBD patients, may offer a novel therapeutic approach for 
PSC. Regulatory Tregs are crucial for maintaining the balance between 
the immune response to self-antigens and tissue damage caused by 
immune activation (Jeffery et al., 2016). Our study found that Species.
Ruminococcus obeum may protect against PSC through mediation by 
CD62L-CD86+ myeloid Dendritic Cell %Dendritic Cell,providing new 
perspectives for future therapeutic targets for PSC (Li et  al., 2019). 
Nevertheless, further research is required to validate these pathways.

However, this study has some limitations. First, the initial research 
lacked specific information such as age and gender, which are particularly 
relevant, provided that the incidence of AILDs appears to be associated 
with these characteristics according to epidemiological findings. The 
absence of this information hindered further subgroup analysis. Second, 
most of the GWAS data in this study were derived from individuals of 
European descent, limiting the generalizability of the findings to other 
racial groups. Lastly, although the MR method effectively assesses the 
causal relationship between exposure factors and outcomes, the 
credibility of these mediating mechanisms requires further validation 
through experimental and clinical studies.

5 Conclusion

This comprehensive analysis provides a clearer understanding of 
the complex interactions between the gut microbiome, immune cells, 
and the pathogenesis of AILDs, offering a valuable foundation for 
future research into targeted immune therapies for AILD patients. 
Nonetheless, additional basic and clinical research is essential to 
support these insights.
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