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Abstract

The gut microbiota is an important modulator of host metabolism and immunity. In
hepatocellular carcinoma (HCC), the most common form of primary liver cancer, dysbiosis,
impaired intestinal barrier integrity, and dysregulated host-microbial immune signaling are
considered contributing factors to disease progression. These perturbations may
contribute to hepatocarcinogenesis across disease trajectories arising from metabolic
dysfunction-associated steatohepatitis, alcohol-associated liver disease, and chronic viral
hepatitis, many but not all of which involve progression through advanced fibrosis and
cirrhosis. This narrative review synthesizes evidence indicating that microbiota-derived
metabolites and microbial products, including short-chain fatty acids, bile acids,
lipopolysaccharide and the host-microbial co-metabolite trimethylamine N-oxide, interact
with host receptors and inflammatory pathways implicated in hepatocarcinogenesis.
Preclinical studies have provided strong mechanistic support for microbiota modulation;
however, clinical evidence in HCC remains preliminary, heterogeneous, and largely
exploratory. This disparity underscores the need to elucidate the contributions of bacterial,
fungal, viral, host genetic, sex-specific, and intratumoral microbial factors before their
efficacy, safety and clinical utility in HCC can be rigorously assessed. Accordingly,
microbiota-targeted strategies, such as probiotics, prebiotics, fecal microbiota
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transplantation, dietary modulation, and bacteriophage-based approaches, should be viewed as potential adjunctive
or preventive interventions rather than as established HCC therapies.

INTRODUCTION

Hepatocellular carcinoma (HCC) is the predominant histological subtype of primary liver cancer and
remains a leading cause of cancer-related death worldwide!™?. In this review, the broader term “liver cancer”
is used only for epidemiological or conceptual statements that include multiple primary liver malignancies,
whereas HCC is used when the evidence specifically concerns HCC. The etiology of HCC is undergoing a
notable shift, as metabolic dysfunction-associated steatotic liver disease (MASLD) has emerged as one of the
fastest-growing contributors to HCC in Europe and the United States”. Obesity and diabetes are established
metabolic risk factors for HCC, whereas gut microbiota dysbiosis is an associated feature under active
investigation'. This epidemiological shift points to the gut-liver axis as a biologically plausible target for
HCC risk stratification, prevention research, and treatment strategies.

In recent years, the gut microbiota is increasingly recognized as a functional microbial ecosystem with
immunometabolic effects on the host metabolism, immune homeostasis, and barrier function. The
microbiota communicates with host receptors [such as G protein-coupled receptor 41 (GPR41)/43,
peroxisome proliferator-activated receptor gamma (PPARy), aryl hydrocarbon receptor (AhR), and Toll-like
receptors (TLRs)] through a diverse array of microbial metabolites such as short-chain fatty acids (SCFAs),
host-microbial co-metabolites such as secondary bile acids and trimethylamine N-oxide (TMAO), and
related microbial products. Through these interactions, the microbiota participates in the development and
progression of obesity, type 2 diabetes, MASLD and cancer'®. Dysbiosis disrupts the intestinal epithelium
and vascular barriers, promotes bacterial translocation, and increases portal exposure to the pathogen-
associated molecular patterns (PAMPs), such as lipopolysaccharide (LPS). These signals activate Toll-like
receptor 4 (TLR4)/nuclear factor kappa B (NF-«kB) signaling and recruit myeloid-derived suppressor cells
(MDSCs), forming a pro-tumor fibrotic-inflammatory microenvironment that may accelerate progression
from steatohepatitis to fibrosis and HCC". The microbiota may also influence hepatic natural killer T (NKT)
cell activity and immune checkpoint-associated T-cell states, such as programmed cell death protein 1
(PD-1) and cytotoxic T-lymphocyte-associated protein 4 (CTLA-4)"!. Clinically, fecal microbiota
transplantation (FMT) and responder-derived microbial consortia have entered exploratory cancer-
immunotherapy trials, including studies relevant to HCC, but their efficacy, safety, donor selection, and
durability remain unresolved!®’. Therefore, targeting the gut-liver axis should currently be framed as an
investigational strategy to reshape the immune microenvironment and enhance anti-tumor immune
surveillance, rather than as an established therapy.

This review synthesizes evidence on plausible molecular mechanisms by which the gut microbiota may
promote the progression of MASLD, alcohol-associated liver disease (ALD), and viral hepatitis to HCC
through metabolic, immune, and microenvironmental pathways. It integrates preclinical and early clinical
evidence, highlights the translational potential and limitations of microbiota-targeted interventions, and
identifies key gaps that must be addressed before these strategies can be incorporated into precision
prevention or treatment of HCC.

GUT MICROBIOTA DYSBIOSIS AND RISK FACTORS FOR HCC

MASLD and HCC

With the global rise of obesity and diabetes, MASLD has become one of the fastest-growing etiological
contributors to HCC in the United States and Europe. In this context, gut microbiota dysbiosis and the
resulting immunosuppressive microenvironment may synergistically increase the risk of
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hepatocarcinogenesis. Following intestinal barrier dysfunction, pro-inflammatory microbial products such
as LPS and potentially deleterious metabolites such as TMAO can enter the liver through the portal
circulation; LPS activates TLR4/NF-«B signaling, whereas TMAO contributes to oxidative and inflammatory
stress'"”. The microbiota can also influence hepatic metabolic homeostasis by regulating bile acid metabolism
and intestinal hormones such as glucagon-like peptide 1 (GLP-1) and fibroblast growth factor 15/19
(FGF15/19)!",

SCFAs, especially acetate, propionate, and butyrate, which are the primary metabolites of dietary fiber
fermentation by the intestinal microbiota, have been implicated in regulating hepatic lipid metabolism and
inflammation. Experimental and translational studies suggest that SCFAs may reduce hepatic steatosis by
activating G protein-coupled receptors in the liver and intestine, inhibiting lipid synthesis, enhancing fatty
acid oxidation, and reducing oxidative stress and the release of inflammatory factors; depletion of SCFA-
producing bacteria is commonly associated with MASLD progression!?!. In preclinical studies, the
polysaccharide extracted from Ganoderma lucidum promoted the growth of beneficial intestinal bacteria,
repaired the intestinal barrier, and increased the production of SCFAs, changes that were associated with
improvements in metabolic and inflammatory phenotypes, and FMT experiments provided additional
support for a microbiota-dependent component'”..

The intestinal microbiota may also affect hepatic lipid metabolism in the host, inflammation, and fibrosis by
regulating bile acid metabolism. Experimental evidence indicates that reducing intestinal bacterial bile salt
hydrolase (BSH) activity can alter the conjugated bile-acid pool and may mitigate selected metabolic and
inflammatory abnormalities"*. Bile acids regulate hepatic lipid metabolism by activating the nuclear receptor
farnesoid X receptor (FXR); dysbiosis in MASLD models has been reported to increase secondary bile acids
such as deoxycholic acid (DCA), which may activate the TLR4-inflammasome pathway in hepatocytes
through the gut-liver axis, stimulate hepatic stellate cells (HSCs) to produce fibrogenic factors, and interact
with DNA damage and immune suppression to favor hepatocarcinogenesis even in non-cirrhotic settings'"?.
FXR agonists have reduced triglyceride levels in experimental settings by inhibiting key genes of hepatic lipid
synthesis, such as Scd1, Lpin1 and Dgat2, and by reducing intestinal lipid absorption"". These findings
provide a rationale for investigating the gut microbiota-liver axis and its metabolites as potential targets for
prevention research in MASLD-related HCC.

In MASLD-HCC, the broadest consensus is that metabolic dysfunction, barrier impairment, reduced SCFA-
producing taxa, and altered bile acid signaling coexist and may reinforce hepatic inflammation. The central
controversy is whether dysbiosis is an upstream driver, a marker of metabolic liver injury, or both, because
most human data remain observational and many mechanistic claims are derived from diet- or toxin-based
animal models [Table 1].

ALD and HCC

Alcohol-associated liver disease and HCC (ALD-HCC) is a major contributor to HCC and has been
estimated to account for approximately 19-30% of HCC deaths globally"”. Thus, ALD has become a major
public health concern, increasingly contributing to the global burden of disease and premature mortality,
and requiring a combination of metabolic risk-factor intervention and screening of high-risk populations.

The pathogenesis of ALD-related HCC is a multifactorial, multistage process involving oxidative stress-
induced DNA damage, lipid metabolism disorders, gut microbiota dysbiosis, immune-inflammatory
responses, and programmed cell death pathways such as ferroptosis, pyroptosis, and necroptosis''®. Ethanol
is oxidized to acetaldehyde in the liver, which not only forms complexes with DNA and proteins but also
triggers inflammatory and fibrotic signaling; CYP2E1-mediated reactive oxygen species (ROS) release further



Page 4 of 21 Zhang et al. Hepatoma Res. 2026;12:59

Table 1. Relationships between gut microbiota, microbial products, and major HCC risk factors

Biomarker or intervention

Gut-liver axis relevance P
implication

Risk factor Microbiota and metabolite changes

Reduced Faecalibacterium/Eubacterium and other SCFA  Barrier leakage, DCA/TLR4-NF-xB, .
Fecal taxonomic panels plus

producers; enriched Proteobacteria,

FXR/FGF19 signaling and chronic

MASLD Streptococcus/ Clostridium in advanced disease; altered  steatohepatitis create a SSFAosr,tbrliljkasCtlriii?i::tE\:Ao may
bile acids, TMAO, acetate and butyrate balance!®* carcinogenic inflammatory niche PP
Lower diversity with loss of E’Fhanol and.acgtaldehyde |nJur}/ Entergcocc‘us/f‘unga'l signatures
; . . ) disrupt barrier integrity; bacterial may identify high-risk ALD
Ruminococcaceae/Faecalibacterium and enrichment of g .
ALD . A o and fungal products drive populations; phage-based or
Enterobacteriaceae, cytolysin-positive Enterococcus A . .
. ; . . TLR/NLRP3 activation, hepatocyte ~ mycobiome-targeted strategies
faecalis, and Candida-related mycobiome signals?®! . . . S
death and fibrosis remain preclinical
Microbial products reinforce T-cell o .
Increased Enterobacteriaceae, Veillonella, Klebsiella, and ~ exhaustion, Treg expansion and Longitudinal stool-metabolite
HBV/HCV ! ' ! ! panels could complement antiviral

Streptococcus with loss of butyrate producers and
altered secondary bile acids?3

checkpoint expression, facilitating
persistent inflammation and
immune escape

and cirrhosis response, fibrosis staging and AFP

surveillance

Low-fiber/high-fat patterns and antibiotics can deplete These exposures confound

Diet SCFA producers, enrich pathobionts and perturb bile mlcroblome HCC assoc'la'tlons and Mlcroblome studies should record
exposure ; e may modify ICl/TKI toxicity and diet
acid conversion
response

ALD: Alcohol-associated liver disease; AFP: alpha-fetoprotein; DCA: deoxycholic acid; FGF19: fibroblast growth factor 19; FXR: farnesoid X receptor;
HBV: hepatitis B virus; HCC: hepatocellular carcinoma; HCV: hepatitis C virus; ICl: immune checkpoint inhibitor; MASLD: metabolic dysfunction-
associated steatotic liver disease; NF-kB: nuclear factor kappa-light-chain-enhancer of activated B cells; SCFA: short-chain fatty acid; TLR4: Toll-like
receptor 4; TMAQO: trimethylamine N-oxide; TKI: tyrosine kinase inhibitor; NLRP3: NOD-like receptor protein 3.

induces lipid peroxidation and cell death"*. Patients with ALD, particularly severe alcohol-associated
hepatitis, have been reported to exhibit reduced microbial diversity and enrichment of potentially pathogenic
taxa, including cytolysin-positive Enterococcus faecalis; whether these features constitute an ALD-related
HCC-specific signature remains unclear®!. In addition, fungal dysbiosis (the gut mycobiome), especially
expansion of Candida species and exposure to fungal products such as p-glucan and candidalysin, can worsen
alcohol-associated liver injury by activating pattern-recognition receptors and inflammatory pathways,
providing a plausible link between ALD, barrier failure, and hepatocarcinogenesis***?\. Bacterial toxins,
fungal products, DCA, and other microbial molecules may enter the portal circulation, activate NOD-like
receptor protein 3 (NLRP3) inflammasome signaling and hepatocyte death via TLR/NF-xB/mitogen-
activated protein kinase (MAPK) signaling, and reinforce a pro-fibrotic niche®. Apoptotic hepatocytes
release exosomes rich in miR-155, miR-122, and miR-27a, which remodel the microbiota and strengthen M2
polarization and TGF-p/Smad-driven fibrosis, suggesting an ethanol-microbiota-exosome feedback loop that
may promote fibrosis and malignant transformation. In animal models, bacteriophage therapy targeting
cytolysin-positive Enterococcus faecalis reduced ethanol-induced liver injury®'.

For ALD-HCGC, there is broad agreement that alcohol, barrier disruption, bacterial and fungal products, and
inflammatory-fibrotic signaling interact along the gut-liver axis to promote disease progression. However,
pathogen-specific interventions such as phage therapy are supported mainly by ALD models rather than
HCC trials, so their clinical relevance for preventing ALD-HCC should be interpreted with caution [Table 1].

Viral hepatitis and HCC

Viral hepatitis, particularly hepatitis B virus (HBV) and hepatitis C virus (HCV) infection, is a major global
cause of HCCP. With broader HBV vaccination and increasingly effective antiviral therapy for HBV and
HCV, the aging of chronically infected individuals and metabolic-viral dual hits are emerging as new
epidemiological features of virus-associated HCC"”..

Chronic hepatitis virus infection not only triggers local immune disorders in the liver but also indirectly
affects viral replication and immune response by disrupting the intestinal microbial homeostasis. In the
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progression of virus-associated HCC, human studies frequently report a “pro-inflammatory, low-diversity”
microbial signature, characterized by a significant reduction in protective butyrate-producing bacteria, such
as Lachnospiraceae, Butyricimonas, and Faecalibacterium, and an increase in pro-inflammatory bacteria, such
as Enterobacteriaceae, Veillonella, Klebsiella, and Streptococcus, accompanied by a decrease in SCFA levels, an
increase in plasma LPS, and an imbalance of secondary bile acids”*!. These changes are associated with
altered peripheral T-cell composition and increased expression of inhibitory receptors, including PD-1, T-
cell immunoreceptor with Ig and ITIM domains (TIGIT), and T-cell immunoglobulin and mucin domain-
containing protein 3 (TIM-3); these findings are compatible with dysfunctional or exhaustion-associated T-
cell states'?*), In HBV -associated chronic liver disease, microbiota-associated features and bacterial products
have been linked to alterations in peripheral immune responses, including T helper 1 (Th1)/Th17-related
pathways”'\. The intestinal microbiota may participate in immune and metabolic processes associated with
viral persistence and liver injury, although its independent causal contribution to viral hepatocarcinogenesis
remains uncertain. Targeted probiotics, FMT, or metabolite regulators are therefore candidate interventions
for restoring barrier function and reshaping the immune microenvironment, providing possible avenues for
precision prevention and treatment research in virus-associated HCC. However, the unresolved issue is
directionality: antiviral treatment, cirrhosis severity, diet, and metabolic comorbidities may shape the
microbiota, making it difficult to prove that microbial changes independently accelerate viral
hepatocarcinogenesis [Table 1].

PROPOSED MECHANISMS BY WHICH GUT MICROBIOTA MAY CONTRIBUTE TO HCC

DEVELOPMENT

Action of metabolites

Gut microbiota-derived metabolites are increasingly implicated in cancer pathogenesis. SCFAs are core
metabolites generated by bacterial fermentation of dietary fiber and mainly include acetate, propionate, and
butyrate. These metabolites sustain intestinal epithelial energy supply, strengthen barrier integrity, induce
regulatory T-cell (Treg) differentiation, and suppress excessive inflammation by activating G protein-
coupled receptors such as GPR41 (FFAR3), GPR43 (FFAR2) and GPR109A (HCAR?2), inhibiting histone
deacetylases (HDAC:s), or acting as ligands of transcription factors?. Accumulating evidence suggests that
SCFAs may indirectly regulate metabolism-related HCC through the gut-liver axis; in experimental settings,
butyrate has been shown to reshape tumor-cell chromatin, upregulate C-X-C motif chemokine ligand 11
(CXCL11), recruit natural killer (NK) cells and inhibit HCC progression"*”. Song et al. reported in MASLD-
HCC models that acetate produced by Bifidobacterium pseudolongum reached the liver via the portal vein,
activated GPR43 in hepatocytes, blocked IL-6/Janus kinase 1 (JAK1)/signal transducer and activator of
transcription 3 (STAT3) carcinogenic signaling, and inhibited both metabolic dysfunction-associated
steatohepatitis (MASH) and tumor formation; GPR43 knockout or acetate depletion abolished this
protective effect in that model”*. In MASLD, intestinal barrier damage and bile acid metabolic disorders
reduce SCFA-producing bacteria, including butyrate producers such as Faecalibacterium prausnitzii and
Eubacterium rectale, and propionate-associated taxa, including members of Bacteroidetes and genera such as
Prevotella and Phascolarctobacterium; acetate-producing Bifidobacterium may initially increase and later
decrease, but the direction and mechanisms of these changes remain uncertain”’. Mcbrearty et al. further
found in HBV X protein (HBx) transgenic mice that oral supplementation with a physiological mixture of
sodium acetate, propionate and butyrate upregulated the tumor suppressor DAB2, inhibited Ras-GTP
activity, and downregulated HBx-associated pathways including phosphoinositide 3-kinase (PI3K), NF-«B,
and vascular endothelial growth factor (VEGF), thereby delaying dysplastic changes and liver-tumor
development in HBx-transgenic mice™. Taken together, these findings suggest that SCFAs are key metabolic
messengers linking the gut microbiota to HCC-prevention biology, although therapeutic translation still
requires clinical validation.
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Figure 1. Mechanisms by which gut microbiota-derived metabolites may promote hepatocarcinogenesis. Underlying liver diseases such as
MASLD, ALD, and viral hepatitis are associated with gut microbiota dysbiosis, characterized by depletion of butyrate-producing bacteria
and enrichment of pro-inflammatory taxa. Reduced SCFA availability weakens epithelial barrier integrity and antitumor immune support;
conversely, acetate, propionate, and butyrate can activate GPR41/43-related pathways, restrain excessive inflammation, and support
NK/CD8* T-cell activity. In contrast, these factors act through partly distinct pathways, including DCA-YAP/FXR dysregulation, LPS-
TLR4/NF-kB signaling and TMAQO-associated inflammatory and metabolic pathways, thereby promoting HCC development. Created in
BioRender. Zhang, K. (2026) https://BioRender.com/rc7m51p. The upward arrow indicates an increase; The downward arrow indicates an
decrease. ALD: Alcohol-associated liver disease; CD8: cluster of differentiation 8; DCA: deoxycholic acid; FXR: farnesoid X receptor;
GPR41/43: G protein-coupled receptor 41/43; HCC: hepatocellular carcinoma; IL-6: interleukin-6; JAK/STAT3: Janus kinase/signal
transducer and activator of transcription 3; LPS: lipopolysaccharide; MASLD: metabolic dysfunction-associated steatotic liver disease; NF-
KB: nuclear factor kappa-light-chain-enhancer of activated B cells; NK: natural killer; NLRP3: NOD-like receptor protein 3; PERK: protein
kinase R-like endoplasmic reticulum kinase; SCFA: short-chain fatty acid; TLR4: Toll-like receptor 4; TMAO: trimethylamine N-oxide; TNF-
o tumor necrosis factor-a; YAP: Yes-associated protein.

Bile acid diversity results from host-microbial co-metabolism, and disruption of bile acid-microbiota
homeostasis may contribute to HCC development™. Shen ef al. found that gut BSH-producing bacteria,
such as Bifidobacteriales, were markedly depleted in HCC patients and DEN-induced hepatocarcinoma mice,
resulting in a sharp decline in secondary bile acids, especially the conjugated deoxycholic acids
glycodeoxycholic acid (GDCA) and taurodeoxycholic acid (TDCA); antibiotic-mediated removal of these
bacteria further reduced GDCA levels and promoted tumor growth”®. Moreover, abnormal bile acid
metabolism has been shown in experimental models to promote HCC development through Yes-associated
protein (YAP) activation and FXR inhibition, forming a positive feedback loop associated with cholestasis,
inflammation, and hepatocarcinogenesis; targeting the FXR-HDAC1-YAP axis can reverse this process in
experimental models”. TMAO, a host-microbial co-metabolite generated predominantly by hepatic flavin-
containing monooxygenase 3 (FMO3) oxidation of microbiota-derived trimethylamine (TMA), has been
reported to induce oxidative stress, inflammation, epithelial-mesenchymal transition (EMT), and insulin
resistance by activating pathways such as MAPK, PERK-FoxO1, and NLRP3, and may promote HCC cell
proliferation while inhibiting apoptosis'*’. In HCC models, TMAO has been linked to tumor-promoting
inflammatory signaling, including POSTN-associated pathways!*".

In summary, SCFAs often appear protective, whereas dysregulated bile acids, LPS-related signaling, TMAO,
and selected microbial oncometabolites may promote inflammation and tumor growth. Therefore, targeting
the intestinal microbiota and its metabolites represents a promising research direction for HCC prevention
and treatment. However, questions regarding dosage, timing, host conditions, and the ability of metabolite
manipulation to reproduce animal-model effects in heterogeneous HCC patients still need to be resolved
[Figure 1].
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Immune regulation and chronic inflammation

The role of the intestinal microbiota and its metabolites in HCC pathogenesis through the gut-liver axis has
been extensively investigated in recent years. A decrease in butyrate-producing and bile acid-transforming
bacteria, together with ethanol-acetaldehyde exposure in ALD and selected MASLD models, may contribute
to barrier breakdown, PAMP translocation, and viable bacterial translocation'*”. Subsequently, microbial
products and metabolites reach the liver via the portal vein and act on Kupffer cells, HSCs, and recruited
MDSCs. Endotoxin- or ethanol-related signals activate the TLR4-NF-xB/MAPK pathway, inducing Kupfter
cells to secrete TNF-a and IL-6 and promoting fibrotic activation of HSCs!*’. In experimental models, DCA
together with selected microbial products such as lipoteichoic acid (LTA) has been linked to HSC senescence
and SASP-associated immunosuppression. Activated HSCs can recruit MDSCs through the CXCL12
(SDF-1)/C-X-C chemokine receptor type 4 (CXCR4) axis in an orthotopic HCC model"*. Consequently,
gut-derived signals may reshape the hepatic immune network, contributing to an inflammatory-fibrotic-
immunosuppressive microenvironment and potentially promoting progression from cirrhosis to HCC.
Across different experimental systems, SCFAs, bile-acid receptor agonists and other gut-liver-axis
interventions have each been reported to affect selected barrier or immune endpoints, including Treg/Th17
balance, macrophage polarization and lymphocyte recruitment“>*! [Figure 2].

Immune-regulation studies converge on barrier failure, PAMP translocation, Kupffer-cell/ HSC activation,
myeloid-cell recruitment, and T-cell suppression as plausible links between dysbiosis and HCC. Yet most
pathway-level evidence remains experimental, and clinical studies have not yet established which immune
nodes represent actionable biomarkers or therapeutic targets in routine HCC care.

HCC stem-like cells and tumor microenvironment

In recent years, the mechanisms by which intestinal microbiota and its metabolites regulate the self-renewal
of liver cancer stem cells (LCSCs) through the “gut-liver axis” have attracted increasing attention.
Experimental studies indicate that bile-acid and microbial-product signaling can activate HSCs and alter
secretion of cytokines and mitogens, including IL-6, prostaglandin E2 (PGE2) and epiregulin, and enhance
sphere formation and serial-transplantation tumorigenicity of LCSCs*”. Microbiota-derived genotoxins have
been shown to induce DNA damage and accelerate the accumulation of mutations in tumor-initiating
cells". In contrast, SCFAs such as butyrate may enhance CD8" T-cell IFN-y secretion and weaken the
maintenance of stemness*’!. In addition, urolithin A has been reported to activate silent mating type
information regulation 2 homolog 1 (SIRT1)/3, block Wnt/-catenin signaling and decrease the proportion
of CD133* EpCAM" stem cells"™! [Figure 2].

The microbiota-LCSC concept offers a testable hypothesis for how microbial metabolites and immune
signaling might contribute to recurrence and treatment resistance, especially through bile-acid, genotoxin,
and immune-mediated pathways. The current controversy is that LCSC assays and tumor-
microenvironment models remain mostly preclinical, so evidence for direct microbiota control of stem-like
cells in human HCC remains preliminary.

INTERACTIONS BETWEEN GUT MICROBIOTA AND HCC TREATMENT

Immunotherapy

A growing body of evidence has revealed an association between the gut microbiota, HCC development, and
immunotherapy response. Preclinical studies and early clinical datasets from HCC or other solid tumors
suggest that probiotics, defined microbial consortia, or fecal microbiota products may influence
PD-1/programmed death-ligand 1 (PD-L1) efficacy, but these interventions remain investigational® . In
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Figure 2. Intestinal microbiota dysbiosis and the immune microenvironment of HCC. Gut-derived LPS, DCA, TMAO, ethanol-related
products, bacterial toxins, and fungal products can enter the liver through the gut-liver axis, activate Kupffer cells and HSCs, and shape an
inflammatory and immunosuppressive microenvironment. Activated HSCs may promote the self-renewal of LCSCs through the
FXR/TLR4-mTOR axis. HSC-derived CXCL12 can recruit CXCR4-expressing MDSCs. PGE2 is displayed separately in the NKT-cell/HSC
interaction. Together with M2 macrophage polarization, these signals contribute to CD4*/CD8* T-cell exhaustion and Treg expansion,
forming an immunosuppressive microenvironment that promotes HCC development. Created in BioRender. Zhang, K. (2026) https://BioR
ender.com/bflwt7r. BA: Bile acid; CD4/CD8: cluster of differentiation 4/8; CXCL12: C-X-C motif chemokine ligand 12; CXCR4: C-X-
C chemokine receptor type 4; DCA: deoxycholic acid; FXR: farnesoid X receptor; HCC: hepatocellular carcinoma; HSC: hepatic
stellate cell; IL-6: interleukin-6; LCSC: liver cancer stem cell; LPS: lipopolysaccharide; LTA: lipoteichoic acid; MDSC: myeloid-derived
suppressor cell; mTOR: mechanistic target of rapamycin; NF-kB: nuclear factor kappa-light-chain-enhancer of activated B cells; NKT:
natural killer T; PD-1: programmed cell death protein 1; PGE2: prostaglandin E2; SCFA: short-chain fatty acid; TMAO: trimethylamine
N-oxide; TNF-a: tumor necrosis factor-a; TLR4: Toll-like receptor 4; Treg: regulatory T cell; TIM-3: T-cell immunoglobulin and mucin

domain-containing protein 3; M2¢: macrophage.

HCC models and in studies of other solid tumors, taxa including Akkermansia, Bifidobacterium and
Faecalibacterium have been associated with immune features such as enhanced antigen presentation and
CDs* T-cell activity. Conversely, enrichment of Proteobacteria and Veillonellaceae and accumulation of
harmful secondary bile acids may sustain TLR4 signaling, IL-6 and TNF-a production, M2 tumor-associated
macrophage (TAM) and Treg expansion, and suppression of the CXCL16-CXCRé axis, thereby promoting
immune escape. Probiotics, prebiotics, and FMT should currently be regarded as investigational adjuncts
rather than validated HCC treatments [Figure 3].

Recent HCC therapy has shifted from tyrosine kinase inhibitor (TKI) monotherapy to immune-based
combinations. Atezolizumab plus bevacizumab and the STRIDE regimen of tremelimumab plus durvalumab
are widely used first-line options for eligible patients with advanced HCC"*”**/. This shift makes
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Figure 3. Potential roles of the gut microbiota in modulating HCC treatment response. Microbiota and metabolite signatures may have
potential value in predicting treatment response; response-associated commensal bacteria may influence ICl efficacy by regulating antigen
presentation and antitumor immunity. Sorafenib-specific preclinical evidence suggests that butyrate may reduce drug resistance by
miRNAs, whereas Enterococcus faecium-derived exopolysaccharides may enhance sorafenib-associated ferroptosis through IFN-y*CD8* T-
cell activation and JAK-STAT1-mediated suppression of SLC7A11. Microbiota remodeling following TACE therapy may contribute to
intestinal barrier restoration and attenuation of TLR4/NF-kB-related inflammatory signaling. These applications remain exploratory and
require prospective clinical validation. Created in BioRender. Zhang, K. (2026) https://BioRender.com/08qwnjw. The upward arrow
indicates activation of JAK-STAT1; The downward arrow indicates inhibition of SLC7A11. AUC: Area under the curve; CD8: cluster of
differentiation 8; CTLA-4: cytotoxic T-lymphocyte-associated protein 4; HCC: hepatocellular carcinoma; ICl: immune checkpoint
inhibitor; [FN-y: interferon-y; JAK-STATT1: Janus kinase-signal transducer and activator of transcription 1; miRNA: microRNA; NF-«kB:
nuclear factor kappa-light-chain-enhancer of activated B cells; PD-1: programmed cell death protein 1, PD-L1: programmed
death-ligand 1; SLC7A11: solute carrier family 7 member 11; TACE: transarterial chemoembolization; TLR4: Toll-like receptor 4.

microbiome-response research clinically more relevant: a prospective multi-kingdom study of 80 immune
checkpoint inhibitor (ICI)-treated patients with HCC identified response-associated differences in bacterial,
fungal and metabolite profiles, developed an 18-bacterial-species model for durable clinical benefit, and
identified bacterial-metabolite signatures associated with survival®. These data support fecal metagenomics,
mycobiome profiling, and metabolomics as candidate companion biomarkers, while underscoring that
antibiotics, diet, and liver function reserve must be controlled in future trials.

The strongest clinical signal for microbiota-treatment interactions currently comes from immunotherapy
cohorts, where baseline microbial diversity and specific taxa correlate with response. Consensus is limited to
association and biomarker potential; controversy remains over causality, confounding by antibiotics, diet,
and liver function, and whether microbiota modulation improves ICI outcomes in HCC.

Microbiota modulation of sorafenib response

Although immune-based combinations have become the preferred first-line systemic therapies for advanced
HCC, sorafenib and lenvatinib remain alternative options for selected patients who are ineligible for these
regimens. Notably, most available evidence concerning interactions between the gut microbiota and targeted
therapy in HCC is sorafenib-specific and predominantly preclinical; these findings should therefore not be


https://BioRender.com/o8qwnjw
https://BioRender.com/o8qwnjw
https://BioRender.com/o8qwnjw
https://BioRender.com/o8qwnjw
https://BioRender.com/o8qwnjw
https://BioRender.com/o8qwnjw
https://BioRender.com/o8qwnjw
https://BioRender.com/o8qwnjw
https://BioRender.com/o8qwnjw
https://BioRender.com/o8qwnjw
https://BioRender.com/o8qwnjw
https://BioRender.com/o8qwnjw
https://BioRender.com/o8qwnjw
https://BioRender.com/o8qwnjw
https://BioRender.com/o8qwnjw
https://BioRender.com/o8qwnjw
https://BioRender.com/o8qwnjw
https://BioRender.com/o8qwnjw
https://BioRender.com/o8qwnjw
https://BioRender.com/o8qwnjw
https://BioRender.com/o8qwnjw
https://BioRender.com/o8qwnjw
https://BioRender.com/o8qwnjw
https://BioRender.com/o8qwnjw
https://BioRender.com/o8qwnjw
https://BioRender.com/o8qwnjw
https://BioRender.com/o8qwnjw
https://BioRender.com/o8qwnjw
https://BioRender.com/o8qwnjw
https://BioRender.com/o8qwnjw
https://BioRender.com/o8qwnjw
https://BioRender.com/o8qwnjw
https://BioRender.com/o8qwnjw
https://BioRender.com/o8qwnjw
https://BioRender.com/o8qwnjw
https://BioRender.com/o8qwnjw
https://BioRender.com/o8qwnjw
https://BioRender.com/o8qwnjw
https://BioRender.com/o8qwnjw
https://BioRender.com/o8qwnjw
https://BioRender.com/o8qwnjw
https://BioRender.com/o8qwnjw
https://BioRender.com/o8qwnjw
https://BioRender.com/o8qwnjw
https://BioRender.com/o8qwnjw
https://BioRender.com/o8qwnjw
https://BioRender.com/o8qwnjw
https://BioRender.com/o8qwnjw
https://BioRender.com/o8qwnjw
https://BioRender.com/o8qwnjw
https://BioRender.com/o8qwnjw
https://BioRender.com/o8qwnjw
https://BioRender.com/o8qwnjw
https://BioRender.com/o8qwnjw
https://BioRender.com/o8qwnjw
https://BioRender.com/o8qwnjw
https://BioRender.com/o8qwnjw
https://BioRender.com/o8qwnjw

Page 10 of 21 Zhang et al. Hepatoma Res. 2026;12:59

extrapolated directly to lenvatinib or other TKIs. Prohep, a probiotic mixture, has been reported to enhance
the antitumor activity of low-dose sorafenib in experimental models by increasing SCFA production,
activating AMPK signaling, and suppressing PI3K/mechanistic target of rapamycin (mTOR) signaling!®’. In
vitro, sodium butyrate reduced the viability of sorafenib-resistant HCC cells, increased apoptosis, and
modulated sorafenib-resistance-associated miRNAs, including miR-7641 and miR-199°". However, this
study did not directly demonstrate that microbiota-derived butyrate induces ferroptosis. A separate
nanomedicine study used butyrate as a surface-modifying ligand to improve the intestinal absorption and
tumor targeting of nanoparticles co-loaded with sorafenib and salinomycin'®?!. In this system, ferroptosis was
primarily induced by the released sorafenib and salinomycin rather than by butyrate itself. More direct
microbiota-related evidence came from a study showing that Enterococcus faecium-derived
exopolysaccharides promoted IFN-y-producing CD8" T cells, activated JAK-STAT1 signaling, suppressed
solute carrier family 7 member 11 (SLC7A11) expression, and thereby enhanced sorafenib-associated
ferroptosis in experimental HCC models'*” [Figure 3].

Targeted-therapy research should also extend beyond sorafenib. Lenvatinib, regorafenib, cabozantinib, and
ramucirumab act through partly distinct VEGF, fibroblast growth factor receptor (FGFR), MET, AXL
receptor tyrosine kinase (AXL) or VEGFR2-related axes, so microbiome findings from sorafenib should
therefore not be generalized across targeted agents. For future studies, baseline fecal microbiota, bile acid
profiles, SCFA levels, and antibiotic exposure should be prospectively collected in patients receiving TKIs
alone or in TKI-ICI combinations, because diarrhea, anorexia, bile acid disruption, and systemic
inflammation may both reflect and reshape the intestinal ecosystem.

Transarterial chemoembolization (TACE)

TACE is a standard treatment for intermediate-stage HCC and is also used in selected advanced or
combination settings. Its efficacy depends on local ischemia and chemotherapy-induced tumor killing, and
may also relate to microecological remodeling along the gut-liver axis. Clinical studies suggest that TACE
treatment is associated with dynamic microbiota changes in HCC patients: in the early post-procedural
period (1-5 days), dysbiosis may be temporarily aggravated by ischemia-reperfusion injury and
chemotherapy toxicity; however, by approximately 10 days after TACE, some studies have reported decreases
in intestinal-permeability markers and circulating LPS together with increases in butyrate-producing
bacteria®’. These observations have led to the hypothesis that post-TACE microbiota changes may be
associated with attenuation of TLR4/NF-«xB-related inflammatory signaling'**. Clinical studies have shown
that baseline Limosilactobacillus reuteri and indole-3-lactic acid (ILA) levels were associated with post-TACE
liver injury and clinical outcomes'*”’. TACE-TKI-ICI has shown clinical activity in unresectable HCC'**.
However, no prospective longitudinal microbiome study has demonstrated that this combination
reproducibly remodels the gut microbiota or that microbiota changes mediate treatment efficacy; these
questions remain to be established. Future prospective studies could evaluate microbiota-targeted
interventions alongside TACE, with prespecified safety, biological and efficacy endpoints [Figure 3].

Chemotherapy-related microbiome effects in HCC are most relevant in locoregional regimens such as
TACE, hepatic arterial infusion chemotherapy, because conventional systemic cytotoxic chemotherapy has
limited use in cirrhosis-associated HCC. Locoregional regimens may themselves alter intestinal and systemic
physiology, making it difficult to distinguish treatment-induced microbiome changes from changes
secondary to tumor response or liver injury. A 2026 prospective TACE microbiome study reported that
lower Prevotella and higher Bacteroides/Faecalibacterium were associated with better progression-free
survival, while higher Phascolarctobacterium or Veillonella correlated with worse overall survival'*”.
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For TACE and other locoregional therapies, available studies suggest that microbiota features may track
treatment response, liver injury, and prognosis. The controversy is whether observed remodeling is a cause
of response, a consequence of embolization-induced tumor and liver changes, or a composite marker of host
reserve.

THE POTENTIAL OF GUT MICROBIOTA AS A BIOMARKER FOR HCC

Recent multi-omics evidence indicates that the intestinal microbiota and its metabolites may serve as
candidate non-invasive biomarkers for early HCC diagnosis. Cross-sectional studies comparing HBV- or
MASLD-associated disease stages have reported lower abundance of selected butyrate-producing taxa in
cirrhosis and HCC, whereas taxa and microbial functions associated with secondary bile-acid transformation
and increased endotoxin exposure are enriched; corresponding dysbiosis indices and LPS/DCA levels
correlate with clinical stage, suggesting potential value as multi-omics biomarkers for early HCC risk
detection'*!. Intestinal epithelial hypoxia, increased mobile genetic elements, and elevated serum LPS and
zonula occludens-1 (ZO-1), together with fecal calprotectin, indicate that dysbiosis may worsen alongside
intestinal barrier leakage!*. In a prospective multicenter fecal microbiome study, a 30-microbial-marker
random-forest classifier distinguished early HCC from non-HCC controls with an area under the curve
(AUC) of 0.806 in the discovery cohort and showed diagnostic potential in independent geographic
validation cohorts; however, its performance was not sufficient for stand-alone clinical diagnosis and
requires broader prospective validation””. Integrated microbiome-metabolome studies have also reported
altered intestinal microbiota and serum metabolite profiles in HCC patients, supporting combined
microbial-metabolic biomarker exploration, but the specific claim that DCA/butyrate changes predict HCC
several years before diagnosis should be treated cautiously unless supported by longitudinal pre-diagnostic
cohorts!”").

Likewise, gut microbiota biomarkers have shown promising but preliminary potential for predicting
postoperative recurrence and metastasis of HCC. A 2023 original study of HBV-related HCC integrated stool
16S rRNA sequencing with tumor-tissue metabolomics and found that several taxa, including Dialister,
Veillonella, the Eubacterium coprostanoligenes group, Lactobacillus, Streptococcus pneumoniae and
Bifidobacterium faecale, were associated with early recurrence; a nomogram combining microbial species
and clinical indicators achieved an AUC of 0.780 for early-recurrence prediction””. Moreover, a recent study
constructed a prognostic model based on eight butyrate-metabolism genes [butyrate-metabolism genes
(BMGs): LCAT, G6PD, SPP1, etc.], which may help stratify prognosis and therapy response in public HCC
datasets, although it is not a validated preoperative blood test and requires clinical validation'”. Review-level
evidence further suggests that serum TMAQO, LPS-related markers and fecal SCFAs are biologically plausible
adjunctive biomarkers'. Therefore, longitudinal microbiome and metabolite profiling may be explored as a
complementary research tool for HCC risk assessment, treatment-response stratification and prognosis, with
each intended use requiring separate prospective validation [Figure 3].

An updated biomarker framework should progress from genus-level descriptions to integrated microbial
functions. Candidate diagnostic and prognostic signals include loss of butyrate-producing bacteria,
enrichment of pathobionts, fecal or serum SCFAs, secondary bile acids, TMAO, and indole derivatives;
quinolinic acid (QA) is better described at present as a mechanistically supported HCC-promoting microbial
metabolite rather than an established clinical biomarker®”>””. In unresectable HCC treated with anti-PD-1-
based combination therapy, specific baseline microbiota signatures have been associated with clinical efficacy
and survival, suggesting a possible non-invasive route for immunotherapy stratification””. However, these
signatures should be treated as complementary to alpha-fetoprotein (AFP), protein induced by vitamin K
absence-II (PIVKA-II), imaging, liver function, and tumor burden, rather than as stand-alone diagnostic
tests. At present, the consensus is that microbiota-based biomarkers are complementary research tools; the
controversy is reproducibility across geography, sequencing pipelines, etiologies, and prospective screening
settings.
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Figure 4. Candidate intervention strategies targeting the gut microbiota in HCC-related settings: FMT can broadly reshape the microbial
ecosystem by introducing donor microbiota; probiotic or prebiotic supplementation may selectively promote beneficial bacteria and
enhance the intestinal barrier; dietary intervention (high-fiber, low-fat, and low-refined-sugar diets) may improve microbiota composition;
metabolite-targeted therapies, such as FXR agonists or TMA lyase inhibitors, may regulate microbiota-derived signaling molecules;
bacteriophage therapy may specifically remove toxin-producing pathogens. These strategies are hypothesized to act through the gut-liver
axis and modify microbial or metabolic function; most remain preclinical or at an early clinical stage in HCC. Created in BioRender. Zhang,
K. (2026) https://BioRender.com/3p4nage. FMT: Fecal microbiota transplantation; FXR: farnesoid X receptor; HCC: hepatocellular
carcinoma; TIE2: TEK tyrosine kinase; TMA: trimethylamine.

CANDIDATE STRATEGIES FOR HCC PREVENTION AND TREATMENT TARGETING THE

INTESTINAL MICROBIOTA

FMT

FMT is being explored as a microbiota-modulating strategy for solid tumors and chronic liver diseases, but
its role in HCC remains investigational”". Compared with single-strain probiotic supplementation, FMT
may alter gut-derived inflammatory signaling, including exposure to microbial products such as LPS, and
may offer therapeutic potential in selected chronic liver diseases””®!. In HCC-related models or early
translational settings, FMT may improve dysbiosis and the immune microenvironment by restoring
butyrate-producing bacteria, inhibiting pro-inflammatory metabolites, enhancing CD8* T-cell function,
regulating Treg balance, and potentially synergizing with PD-1/PD-L1 blockade”*". In animal models and
preliminary clinical trials of MASLD or liver fibrosis, FMT has been reported to improve steatosis,
inflammation, and fibrosis by restoring intestinal barrier function, modulating the bile acid-FXR axis, and
reducing systemic inflammation, with possible heterogeneity between lean and obese MASLD
populations™*. Therefore, FMT is conceptually attractive because it can restore ecological function rather
than targeting one organism at a time. Nonetheless, donor variability, engraftment unpredictability, infection
risk, and the lack of HCC-specific randomized data mean that FMT should remain a trial-based intervention
rather than routine prevention or treatment [Figure 4].


https://BioRender.com/3p4nage
https://BioRender.com/3p4nage
https://BioRender.com/3p4nage
https://BioRender.com/3p4nage
https://BioRender.com/3p4nage
https://BioRender.com/3p4nage
https://BioRender.com/3p4nage
https://BioRender.com/3p4nage
https://BioRender.com/3p4nage
https://BioRender.com/3p4nage
https://BioRender.com/3p4nage
https://BioRender.com/3p4nage
https://BioRender.com/3p4nage
https://BioRender.com/3p4nage
https://BioRender.com/3p4nage
https://BioRender.com/3p4nage
https://BioRender.com/3p4nage
https://BioRender.com/3p4nage
https://BioRender.com/3p4nage
https://BioRender.com/3p4nage
https://BioRender.com/3p4nage
https://BioRender.com/3p4nage
https://BioRender.com/3p4nage
https://BioRender.com/3p4nage
https://BioRender.com/3p4nage
https://BioRender.com/3p4nage
https://BioRender.com/3p4nage
https://BioRender.com/3p4nage
https://BioRender.com/3p4nage
https://BioRender.com/3p4nage
https://BioRender.com/3p4nage
https://BioRender.com/3p4nage
https://BioRender.com/3p4nage
https://BioRender.com/3p4nage
https://BioRender.com/3p4nage
https://BioRender.com/3p4nage
https://BioRender.com/3p4nage
https://BioRender.com/3p4nage
https://BioRender.com/3p4nage
https://BioRender.com/3p4nage
https://BioRender.com/3p4nage
https://BioRender.com/3p4nage
https://BioRender.com/3p4nage
https://BioRender.com/3p4nage
https://BioRender.com/3p4nage
https://BioRender.com/3p4nage
https://BioRender.com/3p4nage
https://BioRender.com/3p4nage
https://BioRender.com/3p4nage
https://BioRender.com/3p4nage
https://BioRender.com/3p4nage
https://BioRender.com/3p4nage
https://BioRender.com/3p4nage
https://BioRender.com/3p4nage
https://BioRender.com/3p4nage
https://BioRender.com/3p4nage
https://BioRender.com/3p4nage
https://BioRender.com/3p4nage

Zhang et al. Hepatoma Res. 2026;12:59 Page 13 of 21

Probiotics and prebiotics

Probiotics may remodel the intestinal microbiota and attenuate inflammatory-carcinogenic signaling,
offering multi-targeted and relatively low-toxicity prospects for HCC prevention research and adjuvant-
therapy development"**. Probiotics may enhance anticancer immune responses by strengthening the
intestinal barrier, promoting SCFA production, and activating CD8" T-cells, whereas prebiotics may
indirectly improve host immune status by selectively promoting beneficial bacteria; this statement is
supported mainly by review-level evidence and should not be attributed to a single HCC-specific clinical
trial”. Lau et al. reported that Lactobacillus acidophilus supplementation suppressed tumorigenesis in a
MASLD-HCC model; produced pentanoic acid, which engaged GPR41/43 on hepatocytes, inhibited
carcinogenic Rho-GTPase signaling, and induced cell-cycle arrest and apoptosis”®. Song et al. found that
Bifidobacterium was significantly depleted in MASLD-HCC mouse models and patients, and Bifidobacterium
pseudolongum supplementation suppressed tumorigenesis in this MASLD-HCC model through acetate-
dependent signaling®. Moreover, prebiotics, as non-digestible dietary components that selectively promote
beneficial bacteria, have been shown in animal models to restore intestinal microecological balance,
strengthen the intestinal barrier, reduce systemic inflammation, and inhibit the development of HCC*\.
Probiotics and prebiotics have the practical advantage of scalability and established safety, and animal
models support immune and barrier effects. The key controversies concern strain specificity, dose, durability,
and whether benefits observed in MASLD-HCC models translate to patients with established cirrhosis or
advanced HCC [Figure 4].

Dietary interventions

Diet is closely linked to HCC risk. Several systematic reviews and prospective studies have shown that
Western dietary patterns are associated with higher HCC risk, chronic inflammation, insulin resistance and
microbiota dysbiosis are plausible mediators of this association, whereas mediterranean, plant-based, high-
fiber, and low-glycemic-load diets may reduce risk by improving metabolic status, enhancing intestinal
barrier function, and regulating immune responses'®”’. Mechanistically, monounsaturated fatty acids
(MUFASs), vitamin E, folic acid, and B-carotene may interfere with the chronic hepatitis-fibrosis-
carcinogenesis axis through antioxidant activity, suppression of HSC activation, and effects on DNA
methylation; conversely, dietary patterns rich in saturated fat, sugar and processed meats may increase
exposure to N-nitroso compounds (NOCs) and may influence host insulin-like growth factor 1 (IGF-1)
signaling, thus may increase carcinogenesis risk™®!. Experimentally, mice fed a high-fat, high-cholesterol diet
show increased abundance of mucin-producing genera, Desulfovibrio, and Anaerostipes, reduced
Deltaproteobacteria or Bacteroides, and increased hepatic lipid accumulation, inflammation, and cell
proliferation™. In experimental settings, phytic acid, a component of high-fiber foods such as soybeans and
nuts, ameliorated these changes by reducing hepatic lipid synthesis via SREBP-1¢/FAS inhibition,
suppressing NF-«xB inflammatory signaling, and limiting harmful bacteria®’. Similarly, dietary carbohydrate
restriction (DCR) improved the hepatic metabolic-inflammatory environment and restored the microbiota-
bile acid-immune axis, and was associated with inhibition of HCC progression in experimental settings'*"
[Figure 4].

Clinical intervention evidence is also beginning to extend beyond animal models. A 2026 single-center
randomized trial evaluated a multicomponent nutritional and microbiota-directed intervention comprising
high-fiber dietary advice, probiotics, prebiotics and increased unsaturated-fat intake; the bundled design
precludes attribution of clinical effects to any single component*”..

Dietary intervention has the strongest population-level plausibility because diet simultaneously influences
obesity, diabetes, inflammation, and microbial metabolism. However, clinical evidence in HCC remains
difficult to interpret because bundled lifestyle interventions, treatment adherence, cancer stage, and
concurrent therapy can confound microbiota-mediated effects.
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Microbial metabolite-targeted therapy

Changes in metabolites during liver disease progression suggest potential targets for small-molecule drug
development. For example, interventions that inhibit microbial TMA formation or pharmacologically
activate FXR have shown metabolic improvement or antitumorigenic effects in animal models of MASLD
and liver fibrosis, although HCC-specific clinical evidence remains limited”>*. Butyrate has been reported to
reduce the expression of lipid-synthesis enzymes such as fatty acid synthase (FASN), acetyl-CoA carboxylase
(ACC), ATP-citrate lyase (ACLY), and stearoyl-CoA desaturase (SCD) by inhibiting the PI3K/Akt/mTOR-
SREBP-1 axis, thereby reducing hepatic lipid deposition and inflammatory responses; small-molecule drugs
targeting the lipid-metabolism axis, such as the FASN inhibitor TVB-2640 and ACC inhibitor ND-654, have
shown anti-HCC potential in animal models or in early clinical development™. In addition, Zhang et al.
found that the tumor and fecal samples from HCC patients were enriched with Catenibacterium mitsuokai,
which was reported to translocate to the liver and adhere to HCC cells through an interaction between its
surface protein Gtr1/RagA and host-cell y-catenin, while secreted QA bound TEK receptor tyrosine kinase
(TIE2) and activated oncogenic PI3K/AKT signaling. TIE2 inhibitors blocked the QA-mediated tumor-
promoting effect in vivo, suggesting that the microbiota-QA-TIE2 axis is a candidate actionable metabolic-
signaling pathway”. Metabolite-targeted therapy offers a more druggable route to microbiota translation by
focusing on defined enzymes or receptors. However, many metabolites exert dual, context-dependent effects,
and most candidate pathways still require pharmacodynamic biomarkers and HCC-specific clinical testing
[Figure 4].

Bacteriophages

Bacteriophages, an important component of the intestinal virome, have shown experimental value as precise
microbiome-editing tools in liver disease models. The proposed strategy is to eliminate cancer-promoting or
liver-injury-promoting pathogens and thereby potentially interrupt gut-liver axis-driven malignant
transformation*”.. Duan et al. found that Enterococcus faecalis is significantly enriched in the intestinal tract
of patients with alcoholic hepatitis and that its secreted cytolysin worsens ethanol-induced liver injury; oral
phage cocktail therapy targeting this bacterium reduced its abundance and attenuated liver disease
progression in mice'”. Gan et al. showed that phages targeting high-alcohol-producing Klebsiella
pneumoniae inhibited MASLD progression in mice by blocking endogenous ethanol production and
reversing hepatic steatosis, inflammation, and fibrotic cascades”. Additional translational rationale comes
from studies of other inflammatory diseases showing that designed phage consortia can selectively suppress
target commensals, but comparable HCC-specific clinical evidence remains unavailable!”. Bacteriophage
therapy may offer greater taxonomic specificity than broad-spectrum antibiotics for selected microbial
targets, although resistance, delivery and host immune clearance remain major limitations"*>**"), Phage
therapy illustrates the potential for precision microbiome editing, especially when a defined harmful
bacterium or toxin is present. The major uncertainty is whether HCC has sufficiently stable pathogen targets
for phage design, and whether resistance, delivery, and immune clearance can be managed safely in cirrhosis
or cancer therapy settings [Figure 4].

CURRENT CHALLENGES AND FUTURE DIRECTIONS

The clinical translation of microbiota-targeted therapies for HCC faces multiple interconnected hurdles,
including mechanistic uncertainty, a lack of validated personalized biomarkers, and practical barriers to
implementation in cancer populations!*?l. FMT is constrained by heterogeneity in donor selection and
screening protocols, uncertain donor-recipient matching, variable engraftment and the risk of transmitting
pathogens or antimicrobial-resistance determinants. Conventional FMT often yields unpredictable
colonization, with risks of introducing drug-resistance genes or opportunistic pathogens**. Phage therapy
offers precision in eliminating pathogenic bacteria, but phage resistance, host immune clearance, delivery
optimization and the lack of defined HCC-specific bacterial targets remain substantial obstacles!"**.
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Emerging strategies such as engineered probiotics and postbiotics have yet to undergo systematic validation
of manufacturing standards, dose-response relationships, and long-term safety"*. Second, at the biomarker
level, although microbial signatures have achieved AUCs > 0.8 for early HCC diagnosis in selected
retrospective datasets, prospective cohort validation remains insufficient, and dynamic monitoring with
longitudinal follow-up is lacking”>*?. Third, inter-individual heterogeneity severely limits universal efficacy:
genetic background, sex, age, geography, diet, medication exposure, and disease etiology all contribute to
highly variable microbiota compositions, rendering a one-size-fits-all approach unlikely"*!. Finally, at the
technical level, considerable heterogeneity arises from differences in DNA extraction methods, sequencing
platforms (16S rRNA vs. metagenomics), and bioinformatics pipelines, which can bias results across
studies"””.

Addressing these layered obstacles will require a coordinated research agenda. Future efforts should
prioritize the functional dissection of key bacterial strains, their genes, and metabolic pathways, with the aim
of developing highly specific interventions such as in vivo biopharmaceuticals, engineered bacteria, and
metabolic-enzyme inhibitors"*®. Concurrently, well-designed randomized controlled, multi-center, cross-
ethnic clinical trials should be conducted to test FMT or probiotics in combination with immunotherapy or
targeted therapy, establishing efficacy-predictive markers and optimal dosing regimens!"*”’. Integrative
approaches leveraging artificial intelligence and multi-omics data could further construct individualized
flora-metabolite-receptor panoramic maps and derive non-invasive early diagnostic and prognostic models
based on metabolite ratios and pathway-activation signatures””. Such integrative strategies may support
more precise prevention and treatment research tailored to high-risk populations and HCC patients.

However, even these forward-looking plans must contend with several broader conceptual gaps that are
often overlooked. Most HCC microbiome studies implicitly equate the gut microbiota with bacteria,
neglecting the fungal and viral components as distinct ecological layers. In ALD, fungal dysbiosis, including
expansion of Candida species and production of p-glucan and candidalysin, can aggravate barrier injury and
hepatic inflammation, yet direct evidence linking the gut mycobiome to human HCC remains sparse?'*°/.
The intestinal virome, particularly bacteriophages, may reshape bacterial ecology and offer therapeutic
potential (as discussed above), but its diagnostic and mechanistic relevance in HCC still requires systematic
metagenomic and longitudinal investigation*'*!. Sex differences and host genetic variants also deserve
explicit consideration: HCC incidence is higher in men, sex hormones may modulate bile acid metabolism,
immune tone and microbial composition, and variants such as PNPLA3, TM6SF2, and HSD17B13 influence
lipid handling, inflammation, and HCC susceptibility>"'*""?.. These host factors should therefore be assessed
in studies of MASLD- or ALD-related HCC.

Finally, a critical distinction must be drawn between gut microbiota and intratumoral microbiota. The
former refers to microbial communities and products within the intestinal ecosystem that affect the liver via
the gut-liver axis; the latter refers to microbial cells, nucleic acids or other microbial signatures detected
within tumor tissue. Because HCC tissue is a low-biomass specimen, such signals require aseptic sampling,
extensive negative controls, contamination-aware sequencing and orthogonal validation before biological
function is inferred"'>""*l. Given the methodological and biological differences, this review focuses primarily
on gut microbiota; intratumoral microbiota is mentioned only as an emerging, methodologically distinct
field that lies beyond the current scope of this review.

The field shares a clear consensus that microbiome-based HCC translation will require standardized
sampling, multi-omics integration, longitudinal cohorts, and randomized controlled trials. The leading
disputes concern how to handle ecological complexity, low-biomass contamination, host heterogeneity,
sex/genetic effects, and the boundary between gut-derived and intratumoral microbial signals.
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CONCLUSION

Gut microbiota imbalance may contribute to hepatocarcinogenesis across MASLD, ALD and chronic viral
hepatitis, including pathways that involve advanced fibrosis or cirrhosis as well as selected non-cirrhotic
settings. Microbial-derived molecules have context-dependent and sometimes opposing effects. SCFAs such
as acetate, propionate, and butyrate generally support intestinal barrier integrity, restrain excessive
inflammation, and enhance NK/CD8" T-cell antitumor activity, although their effects may vary with
concentration, tissue context, and disease stage. By contrast, dysregulated secondary bile acids, LPS, ethanol-
related products, TMAO and selected bacterial or fungal products have been linked to distinct inflammatory,
immunosuppressive, genotoxic or stemness-associated pathways. Microbiota-related features may influence,
or serve as biomarkers of, responses to ICIs and targeted therapies and of treatment-related changes
following TACE; direct therapeutic enhancement remains to be demonstrated clinically. Probiotics,
prebiotics, FMT, dietary remodeling, metabolite-targeted therapy, and phage therapy have shown biological
activity or preliminary clinical signals, predominantly in preclinical or early-stage studies. Multi-omics
microbiota-metabolite models show promise for HCC risk prediction, diagnosis, treatment-response
assessment, and recurrence monitoring, but they require prospective validation, standardization, and careful
separation of HCC-specific evidence from broader liver-disease or pan-cancer evidence.

Microbiota-targeted interventions face unresolved standardization problems (donor selection, strain identity,
dose, route, timing, and manufacturing quality), reproducibility problems (geography, diet, antibiotics,
sequencing pipelines, and low-biomass contamination), safety concerns (pathogen transmission,
antimicrobial-resistance genes, bacteremia, sepsis risk in cirrhosis or immunosuppression, and uncertain
long-term engraftment), and regulatory challenges. Therefore, HCC applications should proceed through
regulated clinical trials with GMP-grade products, transparent donor or strain screening, pharmacovigilance,
predefined microbiome/metabolite endpoints, and external validation before routine clinical adoption.
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