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Abstract: The gut microbiota, often termed the “second genome”, demonstrates profound therapeutic potential through its intricate
biological network connecting multiple distal organs. Although microbial diversity is strongly correlated with intestinal health, its
systemic implications on overall physiological homeostasis remain incompletely understood. This review synthesizes the latest
evidence from clinical trials, randomized controlled trials (RCTs), systematic reviews, and meta-analyses to elucidate the biological
pathways and therapeutic applications of the gut-liver axis. Through comprehensive schematic illustrations, we delineate the
molecular mechanisms underlying bidirectional gut-liver communication, including microbial metabolite signaling, immune modula-
tion networks, and enterohepatic circulation dynamics. Although interventional studies have confirmed the beneficial physiological
effects of microbial modulation, current mechanistic insights are predominantly derived from animal models with limited clinical
translation. While large-scale cohort studies with long-term follow-up data remain imperative, the existing evidence strongly supports
the clinical value of microbiome-targeted strategies for treating hepatic diseases and related complications. These findings establish
a critical theoretical framework for the development of next-generation microbial therapeutics targeting the gut-liver axis. The novelty
of this review lies in its systematic classification of gut microbiota and their metabolites in the pathogenesis and treatment of various
liver diseases, its detailed elaboration on signaling pathways, and its dedicated focus on the role of Traditional Chinese Medicine
(TCM) in modulating the gut-liver axis.
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Introduction

Liver diseases represent a significant global health burden, with etiologies ranging from viral infections and alcohol
abuse to metabolic disorders. Among these, metabolic dysfunction-associated steatotic liver disease (MASLD, histori-
cally known as non-alcoholic fatty liver disease or NAFLD) has emerged as the most prevalent chronic liver condition
worldwide, affecting approximately 25% of the global population. Its more severe form, metabolic dysfunction-
associated steatohepatitis (MASH, historically known as non-alcoholic steatohepatitis or NASH), is characterized by
hepatic steatosis, lobular inflammation, and ballooning degeneration, which can progress to fibrosis, cirrhosis, and
ultimately hepatocellular carcinoma (HCC).'* The clinical spectrum of MASLD is often intertwined with obesity,
type 2 diabetes mellitus (T2DM), and dyslipidemia, making its management complex. Current pharmacological strategies
have evolved significantly. While older approaches such as pioglitazone (an insulin sensitizer) and vitamin E (an
antioxidant) show modest efficacy in improving liver histology, they are associated with side effects including weight
gain and potential increased risk of prostate cancer, respectively. Obeticholic acid, a farnesoid X receptor (FXR) agonist,
showed promise but is linked to pruritus and an unfavorable lipid profile.® Recently, breakthrough therapies have
emerged. Resmetirom, a thyroid hormone receptor-p agonist, became the first FDA-approved medication for non-
cirrhotic MASH with moderate-to-advanced fibrosis (F2-F3) in March 2024, demonstrating significant MASH resolution
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and fibrosis improvement in the Phase 3 trial.* Similarly, semaglutide, a GLP-1 receptor agonist, received FDA indication
for MASH with fibrosis in August 2025 based on the phase 3 ESSENCE trial, which showed high rates of MASH
resolution.” Despite these advances, challenges such as specific patient eligibility, the need for long-term adherence, and
the pursuit of even greater efficacy remain. The lack of a universally optimal therapeutic option continues to underscore
the need for novel drug targets and treatment strategies.

The therapeutic landscape for MASLD/MASH has evolved significantly, as evidenced by the latest Global Consensus
Recommendations for MASLD/MASH (2025) and the AASLD Practice Guidance on NAFLD/MASLD (updated
2023).%7 These guidelines establish lifestyle intervention as the fundamental management approach, while also recogniz-
ing important advances in pharmacotherapy. Notably, the thyroid hormone receptor-beta (THR-B) agonist resmetirom has
gained approval as the first drug specifically indicated for treating MASH with fibrosis, representing a milestone in
targeted therapy for this condition.® Beyond this specific indication, the guidelines also address the role of other
pharmacological agents: GLP-1 agonists are recognized as preferred treatments for patients with concomitant type 2
diabetes and/or obesity, while SGLT2 inhibitors are considered appropriate treatments for type 2 diabetes in individuals
with or without MASH, though both classes are currently used off-label for MASH-specific treatment.”'° In addition to
these established therapies, several investigational products are currently in clinical trials, reflecting the dynamic nature
of MASLD research. These include FXR agonists (eg, tropifexor and cilofexor), fibroblast growth factor-21 (FGF21)
analogues/mimetics (eg, efruxifermin, also known as AKR-001), ACC/DGAT/lipid metabolism inhibitors, and anti-
inflammatory/anti-fibrotic agents such as cenicriviroc (a CCR2/5 antagonist).''™'> These developments highlight the
progressive refinement of therapeutic strategies for MASLD/MASH, while simultaneously underscoring the ongoing
need for novel approaches that address the complex pathophysiology of this prevalent liver disease.

Recent advancements in biomedical science have increasingly highlighted the critical roles of the microbiome and gut
microbiota in the pathogenesis of various diseases.'®'® Notably, non-communicable diseases, particularly metabolic
disorders, are supported by a wealth of evidence-based research.'®*° Abnormal bile acid (BA) synthesis and metabolism
are multifactorial processes in the liver, with MASLD and MASH emerging as key contributors to liver dysfunction,
significantly increasing the risk of cirrhosis and HCC.?' The gut-liver axis, which underscores the indispensable
relationship between the intestine and liver, is pivotal in maintaining normal physiological metabolism. Focusing on
biliary and lipid metabolism can provide valuable insights into the pathogenesis and etiology of liver diseases.”” In
chronic liver diseases (CLD), the gut-liver axis has drawn particular attention to the role of gut microbiota in liver
cirrhosis.***

Beyond pharmacological interventions, recent research has increasingly focused on the role of gut microbiota in the
pathogenesis and treatment of liver diseases. Gut microbiota therapy has demonstrated efficacy in addressing insulin
resistance and fasting insulin levels through the use of prebiotics, probiotics, and synbiotics (combinations of the former
two).?> For patients with hepatic damage, this therapeutic approach holds promise, provided the right species combina-
tion, optimum dosage, and the absence of confounding factors are ensured.”® Additionally, the emerging field of reverse
bacteriophage therapy, which involves modulating bacterial composition to treat viral infections, has shown that fecal
microbiota transplantation (FMT) is both safe and effective in clearing viral infections. This treatment improved
inflammatory episodes and clinical outcomes in cases of hepatitis B, COVID-19, human immunodeficiency virus
(HIV), and cytomegalovirus colitis, with no reports of severe adverse events.?’ >°

Clinical trials have demonstrated that CLD are closely associated with microbiota-derived metabolites including
short-chain fatty acids (SCFAs), choline, and tryptophan.®' In the context of alcohol addiction, probiotics show
therapeutic potential by targeting neurotransmitter pathways involved in addiction, restoring the gut microbiota balance,
and reducing neuroinflammation.*® Furthermore, probiotics have been shown to mitigate alcoholic liver disease (ALD)
by modulating the gamma-aminobutyric acid (GABA), dopamine, and glutamate pathways, thereby reducing the desire
for alcohol consumption. Next-generation probiotics (NGPs), which combine the dual function of producing SCFAs and
inhibiting oxidative stress, hold promise for reversing both MASLD and its late stage, MASH.?? Silibinin capsules,
a component derived from milk thistle used in TCM practices, have been shown to significantly improve clinical
symptoms by lowering blood lipids and enhancing liver function through gut microbiota modulation.®*
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The increased prevalence of small intestinal bacterial overgrowth (SIBO) in patients with CLD, especially those with
portal hypertension, variceal bleeding, and spontaneous bacterial peritonitis, underscores its association with cirrhosis.®
Evidence primarily from preclinical and small human studies indicates that Saccharomyces boulardii can reduce
intestinal barrier permeability, suppress Escherichia (Proteobacteria) growth, and, with the increase in Bacteroidetes
being inconsistent across studies, modulate gut microbiota. These actions may help mitigate bacterial translocation,
endotoxemia, inflammation, and liver steatosis. It also inhibits the expression of a-smooth muscle actin (a-SMA) and
transforming growth factor-beta (TGF-B), decreases collagen deposition, and reduces liver fibrosis, thereby addressing
MASLD.*® However, despite these advancements, evidence for gut microbiota modification in liver diseases remains
inconsistent. For instance, studies on dietary glycation compounds have failed to demonstrate significant health benefits,
and exposure to various doses of dicarbonyl compounds did not reverse renal injury, glucose intolerance, or insulin
resistance.’’ This finding highlights the need for more robust and conclusive research in this field.

Given the recent advances in understanding how the gut microbiota modulates the pathogenesis of liver diseases, this
review aims to unravel the underlying biological pathways and mechanisms involved. The novelty of this work lies in its
comprehensive synthesis of the gut-liver axis’s role across the spectrum of liver diseases, its detailed mechanistic
exploration of pro-inflammatory pathways and microbial metabolites, its systematic classification of microbiota and
metabolites, its critical analysis of TCM’s multifaceted role, and its forward-looking perspective on future therapeutic
strategies.

Articles Search Strategy

A systematic literature search was conducted in PubMed, Scopus, Web of Science, and Embase for studies published
between 2015 and 2025. The search strategy incorporated both current and historical terminology to ensure comprehen-
sive coverage. Search terms included: “gut microbiome”, “gut microbiota”, “gut-liver axis”, “MASLD”, “MAFLD”,
“NAFLD”, “MASH”, “NASH”, “probiotics”, “bile acids”, “SCFAs”, “FMT”, and “Traditional Chinese Medicine”. These
terms were combined using appropriate Boolean operators and adapted for each database. The initial search yielded 587
records. After removing 208 duplicates, 379 unique records were screened by title and abstract. Of these, 245 records
were excluded. The remaining 134 articles underwent full-text review and 55 were excluded due to irrelevance, being
review article, insufficient outcome data, or not meeting population criteria. Ultimately, 79 studies were deemed suitable
and included in the qualitative synthesis Figure 1.

The Role of Gut Microbiota in Specific Chronic Liver Diseases
The impact of the gut microbiota is not uniform across all liver diseases; its influence varies significantly depending on
the etiology and pathophysiology of the condition.

Metabolic Dysfunction-Associated Steatotic Liver Disease (MASLD)

Gut dysbiosis in MASLD is characterized by a decrease in beneficial bacteria like Lactobacillus and Bifidobacterium and
an increase in pro-inflammatory bacteria such as Escherichia coli and Bacteroides. This shift leads to increased gut
permeability, allowing pathogen-associated molecular patterns (PAMPs) like lipopolysaccharide (LPS) to enter the portal
circulation. LPS activates Toll-like receptor 4 (TLR4) on Kupffer cells, initiating a pro-inflammatory cascade via nuclear
factor kappa-light-chain-enhancer of activated B cells (NF-kB) that promotes hepatic insulin resistance, de novo
lipogenesis, and steatohepatitis.>®* *° Furthermore, microbial metabolites like trimethylamine N-oxide (TMAO) and
decreased SCFA production exacerbate metabolic dysfunction.*'**

Alcoholic Liver Disease (ALD)

Alcohol consumption directly damages the intestinal epithelium and alters microbiota composition, favoring Gram-
negative Proteobacteria (Enterobacteriaceae) and reducing Bacteroidetes.*'*** This dysbiosis increases gut permeability,
facilitating the translocation of live bacteria and LPS into the liver. The ensuing activation of hepatic innate immune
responses drives inflammation, oxidative stress, and ultimately hepatocyte injury, contributing to the spectrum of ALD
from steatosis to hepatitis and cirrhosis.
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Figure | Flowchart of the article screening process.

Viral Hepatitis (HBV/HCV)

Chronic viral hepatitis can alter gut microbiota composition, often reducing diversity. Conversely, gut dysbiosis may
influence viral persistence and the progression of liver fibrosis. Notably, FMT has shown potential to enhance viral
clearance in patients with hepatitis B virus (HBV).”*>° However, it is crucial to highlight that these promising findings
are based on small pilot studies, and evidence remains preliminary, not yet validated in large controlled trials. The gut-

viral-liver interaction represents a complex interplay where microbiota modulation could serve as an adjuvant therapy.

Liver Cirrhosis and HCC

Advanced cirrhosis is marked by severe dysbiosis and a profound increase in gut permeability, leading to continuous
bacterial translocation and endotoxemia. This state of chronic inflammation drives fibrogenesis and increases the risk of
complications like hepatic encephalopathy and spontaneous bacterial peritonitis.”>** In HCC, gut microbiota-derived
metabolites, such as deoxycholic acid (DCA), can cause DNA damage and create an immunosuppressive tumor

microenvironment (TME), promoting hepatocarcinogenesis.*>**¢
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Autoimmune Liver Disease

Emerging evidence suggests a link between gut dysbiosis and autoimmune liver diseases like autoimmune hepatitis
(AIH), primary biliary cholangitis (PBC), and primary sclerosing cholangitis (PSC). Molecular mimicry between
microbial and self-antigens or a dysregulated immune response due to altered microbiota may break tolerance and
trigger autoimmunity, though it remains unclear if dysbiosis is a cause or consequence®’ Table 1

Mechanistic Pathway of Gut-Liver Axis

The gut-liver axis constitutes a bidirectional communication system where the liver influences intestinal health via bile
secretion, and the gut impacts liver function via microbial metabolites and translocated products. In the context of alcohol
consumption, this axis involves interconnected levels, including the gut microbiota, epithelial barrier, mucus layer, and
production of antimicrobial peptides. This pathway connects the gut, gut microbiota, and liver through signaling
pathways influenced by dietary, genetic, and environmental factors, which collectively induce pro-inflammatory condi-
tions and increase microbial exposure in the liver.*®

The induction of pro-inflammatory conditions primarily occurs through the translocation of microbial products.
Dysfunction of the intestinal barrier, mediated by alcohol, high-fat diets, or pathogens, allows bacteria and their products
to translocate through compromised tight junctions. Key bacterial toxins such as cytolysin (from Enterococcus faecalis)
and candidalysin (from Candida albicans) directly damage epithelial cells.** Once in the portal circulation, PAMPs like
LPS bind to pattern recognition receptors (PRRs), notably TLR4, on hepatic immune cells (Kupffer cells) and hepatic
stellate cells (HSCs). This binding triggers two main signaling pathways: the myeloid differentiation primary response 88
(MyD88)-dependent pathway, which rapidly activates NF-kB and activator protein 1 (AP-1), leading to the production of
pro-inflammatory cytokines (tumor necrosis factor-alpha [TNF-a], interleukin-6 [IL-6], IL-1B); and the TIR-domain-
containing adapter-inducing interferon-p (TRIF)-dependent pathway, which induces type I interferons.** These cytokines
perpetuate liver inflammation, recruit neutrophils, and activate HSCs, driving fibrogenesis.

Dietary factors, genetic predispositions, and environmental toxins significantly influence microbial metabolic activ-
ities. For example, certain gut microbes like Desulfovibrionaceae and Enterobacteriaceae metabolize dietary choline into
trimethylamine (TMA), which is subsequently oxidized in the liver to TMAOQO. Elevated TMAO levels are associated with
impaired BA metabolism and increased inflammation, contributing to the progression of MASLD.*' In BA metabolism,
bacteria such as Clostridium scindens, which possess the bai operon, perform 7a-dehydroxylation to convert primary
BAs into secondary BAs. High concentrations of DCA, a secondary BA, can induce hepatotoxicity and DNA damage,
thereby promoting HCC.*>*> Additionally, some bacteria, including Klebsiella pneumoniae and Escherichia coli, are
capable of producing endogenous ethanol through fermentation. This occurs even in non-alcoholic individuals and
contributes to oxidative stress and the pathogenesis of MASLD.

Classification of Gut Microbiota and Metabolites in Liver Disease
The gut microbiota can be systematically classified into protective and pathogenic groups based on their roles in liver
disease. Protective bacterial taxa are often depleted in liver disease and are associated with anti-inflammatory and barrier-
strengthening effects. These include Lactobacillus spp.,°*®" Bifidobacterium spp.,**°® Akkermansia muciniphila,*’ and
Faecalibacterium prausnitzii.®® In contrast, pathogenic bacteria are often enriched in liver disease and contribute to
inflammation, barrier disruption, and harmful metabolite production. These include Escherichia coli (and other
Proteobacteria),’®* Enterococcus faecalis,” Staphylococcus aureus, and certain strains of Bacteroides spp.**

Microbial metabolites are crucial for gut-liver axis communication and have both beneficial and harmful effects.
Beneficial metabolites include SCFAs like acetate, propionate, and butyrate. These SCFAs are produced by
Lactobacillus, Bifidobacterium, Faecalibacterium, and Roseburia through dietary fiber fermentation.**® Indoles and
derivatives, such as indole-3-propionic acid, are tryptophan metabolites produced by Lactobacillus spp. and Clostridium
spp.”>*% Certain secondary BAs like urso-DCA (UDCA) are also beneficial and are produced by gut bacteria.

In contrast, deleterious metabolites include endotoxins such as LPS from Gram-negative bacteria like E. coli and
Enterobacteriaceae.** Ethanol is produced by Klebsiella pneumoniae and E. coli. TMAO is derived from dietary choline/
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Table | Overview of Studies Examining the Relationship Between Gut Microbiota and Liver Health

Aim of Study

Methods

Main Findings

Conclusion

Reference

= Sulforaphane on insulin resistance in MASLD

Mice model and randomized con-
trolled trial (RCT)

Increased level of

o Insulin sensitivity

o GLPI

Reduced levels of

o GSK-3

o PEPCK activity

o Phosphorylation of serine residues of IRS-2
o Blood glucose

o HOMA-IR

Elevated abundance of
o Bacteroidaceae

o Lactobacillaceae

o Bifidobacteriaceae

Sulforaphane alleviates insulin resistance in MASLD via the Bacteroides and
Lactobacillus SCFAs-GPR41/43-GLP| axis

[48]

* Repurposing disulfiram for MASH via gut-liver axis

modulation

Mouse model, self-controlled clinical

trial

Modulated: Gut microbiota
Inhibited: Clostridium

Reduced: 7a-dehydroxylation activity
Activated: Hepatic FXR signaling

Disulfiram ameliorates MASH by modulating the gut microbiota and BA

metabolism.

[49]

= Synbiotics on MASLD

RCT, double-blinded,

intervention

seven-week

Reduced: ALT
No change: Microbial composition

Synbiotics can delay the progression of MASLD.

[50]

= Evaluate oral nutrition supplement combined with pro-

biotics on liver function

Comparative study

Improved

o Liver function
o Gut microbiota
No change:

o Nutrition

o Immune status
o Blood lipids

Probiotics may regulate the gut-liver axis, improving liver function and gut
microbiota.

[>11

= Rifaximin-a for liver fibrosis in patients with alcohol-
related liver disease

Randomized, double-blind, placebo-
controlled Phase 2 trial

No difference: Fibrosis reduction

Reduced: Fibrosis progression in per-protocol
analysis

Similar: Safety profiles

Rifaximin-a. may reduce fibrosis progression.

[52]

= Effect of inulin supplementation on fecal and blood

metabolome

Randomized, double-blind, placebo-

controlled study

Increased: N8-acetylspermidine
Reduced:

o Indole-3-butyric acid

o 5-AVAB

o BAs

o 3-methylhistidine

Higher levels

o Long-chain fatty acids

o Medium-chain acylcarnitines

o Sphingomyelins

Inulin supplementation alters metabolome and may influence liver function

[53]
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= Effect of a specific Escherichia coli Nissle 1917 strain on = Prospective, single-center, open-label, * Reduced = Escherichia coli Nissle is safe, effective, and superior to lactulose for HE [54]
hepatic encephalopathy randomized study o Serum ammonia treatment
o Pathogenic Enterobacteria
o IL-6, IL-8, and IFN-y
* Increased
o Bifidobacteria
o Lactobacilli
= Improved: Reaction time
= Oral exposure to titanium dioxide nanoparticles (TiO2 = Meta-analysis = Elevated: AST and ALT = Gut-liver axis affects gut microbiota, suggesting gut-hepatotoxicity of TiO2 NPs [55]
NPs) on liver enzymes = Dysbiosis: Gut microbiota leading to hepatotoxicity
= Evaluating probiotic supplementation on hepatic = Double-blind, placebo-controlled clin- = Decreased: APRI = Probiotics alone are not sufficient to improve inflammatory parameters and gut [56]
fibrosis ical trial = No change: Gut microbiota composition microbiota in MASH
= Effects of probiotics in the treatment of MASLD = RCT * Influenced by: Age, baseline BMI, intervention = Probiotic supplementation can reduce liver enzyme levels and regulate glyco- [57]
duration metabolism in MASLD
= Alcohol use and FMT = Animal model = Reduced: Ethanol acceptance, intake, preference = A gut-liver-brain axis through FMT can reduce alcohol consumption [58]
= Associated: Microbial taxa with lower alcohol
intake and preference
= Different lifestyle interventions on gut microbiota = RCT = Synergistic  effect:  Physical  activity and = Diet and physical activity programs synergistically affect gut microbiota in [59]
composition in MASLD patients Mediterranean diet on liver protection MASLD patients
= Efficacy of probiotics in the treatment of MASLD = Meta-analysis = Reduced: Serum indices = Gut microbiota modulation may improve liver function and reduce blood lipid [60]
= No change: BMI levels
* Effect of probiotics on hepatic steatosis in MASLD * Randomized, double-blind, placebo- = No change: Hepatic steatosis, fibrosis levels = Probiotics have no significant clinical improvement in MASLD patients [61]
patients controlled trial = Reduced: CD8+ T lymphocytes
= Lachnospiraceae and Ruminococcaceae on hepatic = RCT = Reduced: IL-6, LBP = Gut microbiota function in cirrhosis is beneficially affected by capsular FMT [62]
encephalopathy = Improved: EncephalApp
= Higher: Deconjugation and secondary BA
formation
= Therapeutic potential of a prebiotic on MASH = TCT pilot trial = Improved: Liver steatosis = Prebiotic supplementation reduced histologically-confirmed steatosis in patients [63]
» Enhanced: Bifidobacterium with MASH
= Reduced: Clostridium cluster XI
= Lactobacillus reuteri with guar gum and inulin on MASH = RCT = Reduced:  Steatosis, weight, BMI,  waist = Synbiotic supplementation with nutritional counseling is superior to counseling [64]

circumference

No improvement: Intestinal permeability, LPS levels

alone for MASH

e 39 Bl



Ma et al

carnitine by Desulfovibrionaceae and Enterobacteriaceae.*' Harmful secondary BAs include DCA and lithocholic acid
(LCA), produced by Clostridium scindens and other bacteria.*>% Phenylacetic acid is produced by various pathobionts.”®

Biological Pathways
The gut-liver axis influences hepatic pathophysiology through a complex network of signaling pathways. Probiotics and
other interventions target these pathways to exert therapeutic effects.

AMPK/Nrf2 Pathway

AMP-activated protein kinase (AMPK) is a central regulator of cellular energy homeostasis. Its activation inhibits lipid
synthesis and promotes fatty acid oxidation. Nuclear factor erythroid 2-related factor 2 (Nrf2) is a master regulator of
antioxidant response. Probiotics like Lactobacillus plantarum and Bifidobacterium bifidum can activate AMPK/Nrf2
signaling, reducing hepatic oxidative stress and improving lipid metabolism in MASLD.%®

AMPKa/PGC-|a Pathway

AMPK activation also stimulates peroxisome proliferator-activated receptor-gamma coactivator 1-alpha (PGC-1a), a key
regulator of mitochondrial biogenesis and function. This pathway enhances mitochondrial fatty acid [B-oxidation,
reducing lipid accumulation in hepatocytes.”'

SREBP-1/FAS and SREBP-1/ACC Pathways

Sterol regulatory element-binding protein 1 (SREBP-1) is a transcription factor that controls the expression of lipogenic
genes like fatty acid synthase (FAS) and acetyl-CoA carboxylase (ACC). Activation of SREBP-1 leads to increased de
novo lipogenesis, a key process in MASLD development. Microbial metabolites and probiotics can inhibit SREBP-1

activation, thereby downregulating FAS and ACC expression and reducing hepatic lipid synthesis and accumulation.””

LPS/TLR4/NF-xB Pathway

This is a primary pro-inflammatory pathway in liver disease. Gut-derived LPS binds to TLR4 on Kupffer cells and HSCs,
triggering downstream signaling via MyD88/NF-kB. This results in the massive production of pro-inflammatory
cytokines (TNF-a, IL-6, IL-1pB), which drive hepatic inflammation, insulin resistance, and HSC activation, leading to
fibrosis. Modulating the gut microbiota to reduce LPS producers and increase barrier-protective species is a key strategy
to inhibit this pathway.”?

Immune Responses
The gut microbiota profoundly regulates liver immune homeostasis. SCFAs, particularly butyrate, propionate, and
acetate, are crucial mediators of these effects. Their anti-inflammatory mechanisms are multi-faceted:

HDAC Inhibition

Butyrate acts as a histone deacetylase (HDAC) inhibitor. This leads to hyperacetylation of histones in the promoter
regions of genes, facilitating a more open chromatin structure and promoting the transcription of genes involved in anti-
inflammatory responses and gut barrier integrity.*®

GPR Activation

SCFAs bind to G-protein-coupled receptors (GPR41, GPR43, GPR109a) on immune and epithelial cells. This binding
inhibits NF-kB signaling, reduces the production of pro-inflammatory cytokines (TNF-a, IL-6), and promotes the
differentiation of regulatory T cells (Tregs), which are essential for maintaining immune tolerance and suppressing
excessive inflammation.*®¢’

Enhancing Barrier Function

Butyrate is the primary energy source for colonocytes. Adequate butyrate levels strengthen the intestinal epithelial barrier
by promoting the assembly of tight junction proteins (occludin, ZO-1), thereby reducing the translocation of pro-
inflammatory microbial products into the portal circulation.®® This is supported by recent studies on natural compounds.
For instance, Artemisia argyi polysaccharide was shown to alleviate inflammation by increasing SCFA-producing
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bacteria and enhancing intestinal barrier function.”* Similarly, Dendrobium officinale oligosaccharides modulated gut
microbiota and increased SCFA levels, which correlated with reduced colitis severity.”

Beyond SCFAs, the gut microbiota regulates other immune aspects. Lactobacillus plantarum and Bifidobacterium
bifidum have been shown to modulate the balance between CD4+ T helper cells and Tregs, shifting the immune response
away from a pro-inflammatory state.®’” Furthermore, reduced microbial diversity can lead to the release of toxic
metabolites that inhibit apoptosis and promote cancer growth, mediated through mechanisms involving DCA, LPS,
and HSC activation via TLR4* Figure 2.

Prospects on Gut-Liver Axis

The gut-liver axis plays a pivotal role in systemic health, extending beyond lipid metabolism to influence insulin
sensitivity, systemic inflammation, and energy homeostasis. Alterations in the gut microbiota significantly affect these
processes. For instance, lignans, essential plant components, exert lipid-lowering effects and modulate metabolic path-
ways through their interactions with the gut-liver axis.”®’® SCFAs derived from gut microbiota mitigate hepatic injury
by conferring anti-inflammatory properties, reducing oxidative stress, and mediating apoptosis. Additionally, gut

(_ Mechanistic pathway of gut-liver axis )

Lamina propria
*
I e <# immune cells \‘bs
=
@5
pC )
Compromised | .. . . o /1@
barrier / i
 Microbial .+
. metabolites
@ 3
Gut lumen
Interventions and Cellular Mediators
Probiotics Bile acid SCFA Kupffer cells Dendritic cells Tregs
’ - X ) ’
=1y *:
; ; Regulate metabolism Strengthen barrier & Liver macrophages, Antigen presentation & /mmune tolerance &
Restore microbial ? - . . S : ! A ;
balance & signaling reduce inflammation drive inflammation  immune crosstalk anti-inflammation

Figure 2 Mechanistic pathway of the gut-liver axis and its regulation by interventions and cellular mediators. Disruption of the intestinal barrier allows microbial metabolites
and endotoxins such as lipopolysaccharides (LPS) to translocate via the portal vein to the liver, triggering inflammatory signaling cascades (eg, NF-kB, TLR4) and promoting
fibrosis through collagen deposition and cytokine release (IL-6, TNF-a). Short-chain fatty acids (SCFAs) and other microbial metabolites can exert protective effects by
strengthening barrier integrity and modulating immune responses. Interventions including probiotics, bile acids, and SCFAs restore microbial balance, regulate metabolism,
and reduce inflammation. Cellular mediators such as Kupffer cells, dendritic cells, and regulatory T cells (Tregs) further shape immune crosstalk, antigen presentation, and
tolerance, collectively influencing liver inflammation and gut-liver homeostasis.
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microbiota-synthesized cytokines exhibit hepatoprotective effects, offering therapeutic strategies for hepatic ischemia-
reperfusion injury (HIRI) and other liver dysfunctions.68 Neuropsychiatric sequelae after liver transplantation may also
be ameliorated through interventions targeting immune inflammation, gastrointestinal flora, and vagus nerve activity,
thereby improving a patient’s quality of life.”” Therefore, interventions that modulate these pathways show potential to
improve cognitive and psychological outcomes, although robust clinical evidence is still lacking.

Probiotics have emerged as promising therapeutic tools for modulating immune checkpoint inhibitors to regulate
inflammation, immune response, and metabolic processes. This not only provides a safe therapeutic strategy for HCC but
also offers effective interventions for other conditions.*® For example, probiotics improve MASLD following bariatric
surgery by releasing metabolites or neurotransmitters.®’ Hepatotoxicity induced by alcoholism, carbon tetrachloride,
acetaminophen, and thioacetamide is often mediated by increased intestinal permeability and can be mitigated by
probiotics. These non-invasive, economical, and safe agents suppress inflammatory mediators, reverse toxin effects,
and modulate mucosal immunity.

Intestinal failure-associated liver disease (IFALD) is closely linked to SIBO and intraluminal BA signaling.®
Polysaccharide-based strategies are promising for the treatment of liver diseases.** The abundance of Ruminococcus
gnavus is correlated with liver fat accumulation, suggesting a potential role for the gut microbiota in the pathogenesis of
MASLD and its comorbidities.®> Consequently, interventions such as FMT, probiotics, and dietary modifications can
modulate MASLD and potentially improve cognitive decline.*® Reduced alpha diversity in the gut microbiota is a marker
of MASLD severity, and gut microbiota modulation can enhance gut permeability, alter BA metabolism, and reduce
endotoxin-producing bacteria.*’

The bidirectional gut-liver relationship underscores the potential of pan-omics approaches for understanding hepatic
disease progression and developing targeted therapies.®® TCM provides diverse mechanisms, both direct and indirect, for
drug development against liver diseases.®” The anatomical proximity between the gut and liver facilitates their intimate
connection, which is crucial for liver regeneration and transplantation success.’® Targeting gut microbiota holds promise
for treating T2DM related to MASLD, potentially reversing cardiovascular outcomes through molecular interactions
along the gut-liver axis, though confirmatory large-scale clinical evidence is still needed.”!

Emerging research highlights the gut-liver-brain axis as a key mechanism influencing gut-liver, gut-brain, and brain-
liver communication.”? The microbiota-BA axis in cholestatic liver diseases (CLD) represents another innovative
therapeutic target.”> The liver-brain axis, mediated by hepatocyte secretion, transmits signals throughout the body,
with the gut playing a central role. The neural and humoral pathways, involving the autonomic nervous system and
hypothalamic nuclei, are integral to the gut-liver-brain axis.”* Additionally, Porphyromonas gingivalis involvement in the
oral gut-liver pathway offers strategies for managing periodontitis-associated MASLD.”> Natural products facilitate gut-
liver communication through the bile ducts and portal veins, playing a critical role in the dysregulation observed in portal
hypertension.”®*’

Crosstalk between the gut-liver axis and microplastics is also an emerging area of study because microplastic-induced
dysbiosis can disrupt the gut barrier.”® Gut microbiota can damage the gut vascular barrier and non-tolerogenic
immunologic environments and cause detrimental metabolic changes, including impairment of unconjugated BA
metabolism mediated by the FXR-gut-liver axis.”’ In addition, the role of gut microbiota in nicotinamide adenine
dinucleotide (NAD) metabolic therapy offers prospects for treating MASLD, drug-induced liver damage, hepatobiliary
diseases, and AIH, though evidence in autoimmune hepatitis remains preliminary.'°®'% Although gut microbiota
alterations are correlated with autoimmune liver diseases, it remains unclear whether these changes drive disease
progression or are a consequence of the disease.*’

Future Perspectives and Discussion

The therapeutic landscape for the gut-liver axis is rapidly evolving beyond conventional probiotics. NGPs and live
biotherapeutic products (LBPs) are being developed, including defined bacterial consortia containing Akkermansia
muciniphila or Faecalibacterium prausnitzii for conditions like MASH.>***® Postbiotics and metabolite-based therapies
involve direct administration of beneficial metabolites, such as SCFA supplements or engineered mimetic
molecules.®*'” Phage therapy offers a highly specific strategy to target pathogens like cytolysin-producing
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Figure 3 Emerging therapeutic prospects targeting the gut-liver axis. Alterations in the gut microbiota influence systemic health by modulating lipid metabolism, insulin
sensitivity, inflammation, and energy homeostasis. Prospective therapeutic strategies include probiotics, prebiotics, fecal microbiota transplantation (FMT), next-generation
probiotics (eg, Akkermansia muciniphila, Faecalibacterium prausnitzii), postbiotics and SCFA supplementation, polyphenols, NAD metabolic therapy, phage therapy, and
phytochemical or TCM formulations. These interventions restore microbial balance, regulate bile acid recycling, improve gut barrier function, and reduce endotoxin load.
The gut-liver-brain axis further mediates crosstalk through vagus nerve activity and serotonin production, while multi-omics approaches provide opportunities for
personalized microbiome-based diagnostics and therapies. Collectively, these prospects highlight an evolving therapeutic landscape for liver diseases and metabolic
dysfunctions.

Enterococcus faecalis in ALD.*® Synergistic approaches with Traditional Chinese Medicine (TCM) focus on identifying
active components, standardizing extracts, and conducting high-quality RCTs, supported by preclinical studies that
elucidate their mechanisms and therapeutic potential.'®*'% Advanced FMT protocols emphasize standardization,
encapsulated formulations, and optimal donor identification.?’ > Integration of multi-omics data enables personalized

microbiome-based diagnostics and  therapeutics.®®

Prospective interventions include prebiotics, probiotics
(Faecalibacterium prausnitzii), or direct butyrate supplementation to ameliorate hepatic HIRI and inflammation.®®
These are complemented by phytochemical formulations like Xiao-Chai-Hu decoction (XCHD) for hepatitis, fibrosis,
and HCC.'% Graveoline inhibits JAK1/STAT3 signaling in acute injury.'®® Saikosaponin D, Oroxin B, myricetin, and
Polygala tenuifolia seed oil alleviate MASLD by modulating gut microbiota and strengthening the intestinal barrier.'®”"
19 Novel cell-based therapies also show promise for treating liver failure.''" These approaches collectively highlight

a multi-faceted therapeutic strategy Figure 3.

Conclusion

This review highlights the immense potential for significant advancements in the treatment of liver diseases by using gut
microbiota-targeted therapies. This field has garnered substantial interest among biomedical scientists, particularly
because of its promise as a non-invasive therapeutic approach. The beneficial effects of gut microbiota modifications
achieved through probiotics, prebiotics, dietary supplements, and TCM demonstrate considerable promise as adjuncts to
standard care strategies. However, robust, multi-country, and multi-regional studies involving diverse populations are
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essential to address potential confounding factors and validate these findings. The future of gut-liver axis therapeutics lies
in precision medicine, using multi-omics to guide the selection of specific bacterial strains, metabolites, or herbal
compounds tailored to an individual’s unique microbial signature and disease phenotype. Currently, the gut-liver axis
is a well-established therapeutic target with proven efficacy. This review underscores the need for large-scale cohort
studies to evaluate both the short- and long-term outcomes of gut microbiota-based interventions to ensure their safety
and effectiveness in the management of liver diseases.
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