C Current Oncology

Review

Important Role of Bacterial Metabolites in Development and
Adjuvant Therapy for Hepatocellular Carcinoma

Guixian Ye ">, Hui Zhang 3%, Qiang Feng 12, Jianbin Xiao 12, Jianmin Wang

check for

updates
Received: 24 September 2025
Revised: 7 November 2025
Accepted: 26 November 2025
Published: 29 November 2025

Citation: Ye, G.; Zhang, H.; Feng, Q.;
Xiao, J.;, Wang, J.; Liu, J. Important
Role of Bacterial Metabolites in
Development and Adjuvant Therapy
for Hepatocellular Carcinoma. Curr.
Oncol. 2025, 32, 673. https://doi.org/
10.3390/ curroncol32120673

Copyright: © 2025 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ /creativecommons.org/
licenses /by /4.0/).

1/2/* 1,2,3,*

and Jingfeng Liu

Innovation Center for Cancer Research, Clinical Oncology School of Fujian Medical University, Fujian Cancer
Hospital, Fuzhou 350014, China; ygx200002@163.com (G.Y.)

Fujian Key Laboratory of Advanced Technology for Cancer Screening and Early Diagnosis, Fujian Cancer
Hospital, Fuzhou 350014, China

Department of Hepatobiliary and Pancreatic Surgery, Clinical Oncology School of Fujian Medical University,
Fujian Cancer Hospital, Fuzhou 350014, China; zh2405@hotmail.com

*  Correspondence: wangjm8605@163.com (J.W.); drjingfeng@126.com (J.L.)

These authors contributed equally to this work.

Simple Summary

Hepatocellular carcinoma (HCC) remains a highly lethal cancer, with the gut-liver axis
playing a pivotal role in its pathogenesis and therapy. This review focuses on bacterial
metabolites as key mediators linking the gut microbiota to HCC development, highlighting
their dual pro- and anti-tumor effects. Critical metabolites such as bile acids, short-chain
fatty acids, lipopolysaccharide, polyamines, and trimethylamine N-oxide (TMAO) regulate
HCC progression by remodeling the tumor immune microenvironment, reprogramming
immunometabolism, and modulating core signaling pathways including NF-«B, STAT3,
and mTOR. We also summarize therapeutic strategies targeting these metabolites—such
as probiotic supplementation, fecal microbiota transplantation (FMT), and metabolite
modulation—and their synergy with immunotherapy to enhance treatment efficacy. Addi-
tionally, we propose a “metabolite-immunometabolism-hepatocarcinogenesis” framework
to integrate these mechanisms, offering novel insights to develop personalized HCC pre-
vention and treatment approaches.

Abstract

Bacterial metabolites play a dual role in hepatocellular carcinoma (HCC), exhibiting
both tumor-promoting and tumor-suppressing activities dictated by their structural di-
versity. This review synthesizes recent advances in understanding how key microbial
metabolites—such as bile acids, short-chain fatty acids, and polyamines—remodel the
tumor immune microenvironment through mechanisms including immunometabolic re-
programming, epigenetic modification, and regulation of signaling pathways (e.g., FXR,
TLR, and mTOR). We highlight their roles in modulating the function of T cells, NK
cells, and tumor-associated macrophages and discuss emerging strategies that target
these metabolites—including probiotic interventions, fecal microbiota transplantation,
and metabolite-based adjuvants—to enhance immunotherapy efficacy and overcome resis-
tance. By integrating mechanistic insight into translational potential, this work outlines
a metabolite-immunometabolism-hepatocarcinogenesis framework and proposes novel
combinatorial approaches for HCC treatment.
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1. Introduction

The mortality rate caused by hepatocellular carcinoma (HCC) is one of the highest
among major cancers, and its five-year survival rate is as low as 20% [1,2]. Patients with
chronic liver diseases, such as alcoholic fatty liver disease, non-alcoholic fatty liver disease
(NAFLD), type II diabetes mellitus, and viral hepatitis, mainly caused by Hepatitis B
virus and Hepatitis C virus, tend to ultimately progress to HCC [3,4]. Malignant drivers,
such as liver injury and inflammation, play a non-negligible role in this process [5,6]. The
critical role of the bacterial microbiota in promoting the development of liver diseases
and the progression of HCC cannot be ignored, and there exists an extremely close bi-
directional relationship between the gut microbiota and the liver [7], which is known as the
intestinal-microbiota-liver axis, or in short, the gut-liver axis. The profound influence of
the gut microbiome on liver cancer pathogenesis, spanning from inflammation to fibrosis
and carcinogenesis, has been extensively documented and reviewed [8].

It is critical to distinguish between the roles of the gut microbiota and their derived
metabolites within this axis. The gut microbiota exerts its influence primarily through
ecological interactions (e.g., competition and colonization resistance) and by modulating
the host’s systemic and hepatic immune responses. In contrast, bacterial metabolites—such
as bile acids (BAs), short-chain fatty acids (SCFAs), and lipopolysaccharide—act as direct
molecular messengers. These small molecules can translocate from the gut, enter the portal
circulation, and directly regulate host cell functions in the liver by binding to specific
receptors (e.g., FXR, GPCRs, and TLRs) and altering key signaling pathways and epigenetic
programs. This dynamic interplay, wherein the microbial community produces metabolites
that directly mediate physiological and pathological effects, forms the core mechanistic
foundation of the gut-liver axis in HCC pathogenesis [9-11].

The intestinal microbiota and its complex metabolites can significantly affect the
balance of the liver’s local environment. When the balance of intestinal flora is disrupted,
i.e., ecological dysregulation, the risk of various liver diseases increases [9,10]. A study
showed that plasma concentrations for certain gut microbiota-derived metabolites were
significantly different in HCC patients compared with healthy controls, indicating that these
metabolites could be used as potential non-invasive indicators for early detection [12]. An
imbalance of the intestinal flora leads to increased intestinal permeability and exacerbates
the translocation of bacteria and bacterial ligands, generating an inflammatory environment
and inducing liver damage [13,14]. In addition, bacterial metabolites regulate the energy
metabolism of host cells and alter signaling pathways to influence the pathological process
of HCC, e.g., certain metabolites may affect the processes of cell proliferation, apoptosis,
and invasion, which may promote or inhibit the progression of HCC [11].

Patients with chronic viral hepatitis, primarily caused by Hepatitis B virus (HBV) and
Hepatitis C virus (HCV), constitute a high-risk population for HCC. Beyond the direct
oncogenic effects of the viruses, growing evidence suggests that the gut-liver axis and
bacterial metabolites play a crucial role in this process. For instance, gut dysbiosis and
increased intestinal permeability are common in chronic hepatitis patients, leading to
elevated levels of bacterial products like lipopolysaccharide (LPS) in the portal circulation.
This can activate TLR4 signaling in hepatocytes and hepatic stellate cells, fostering a chronic
inflammatory and pro-fibrotic microenvironment that accelerates the progression from
chronic hepatitis to cirrhosis and ultimately to HCC. Furthermore, alterations in bile acid
metabolism by the gut microbiota have been implicated in modulating viral persistence and
liver inflammation in HBV /HCV infections, thereby influencing the oncogenic trajectory.

For liver diseases and liver cancer, bacterial metabolites produced by intestinal flora
can be classified as pro-cancer or anti-cancer metabolites according to their mode of action
and the final clinical results. This study examined the involvement of lipopolysaccharide
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(LPS), BAs, and other substances in the carcinogenesis of HCC; we also analyzed the in-
hibitory roles of indoles and polyamines. To achieve a more comprehensive understanding
of the influence of intestinal flora and its metabolites, we also discussed the utility and
broad application prospects of probiotic flora and their metabolites in supporting the
prevention and treatment of HCC.

This review builds upon and extends previous foundational work on the gut-liver
axis in HCC [9-11] by providing a timely and critical synthesis focused specifically on
bacterial metabolites as central mediators. While earlier publications have established
the epidemiological and ecological links between the gut microbiome and HCC, our ob-
jective is to delve deeper into the molecular mechanisms and therapeutic applications
of the metabolites themselves. We place particular emphasis on the burgeoning field of
immunometabolism, exploring how metabolites such as BAs, SCFAs, and polyamines di-
rectly reprogram the tumor immune microenvironment. Furthermore, this review uniquely
bridges these mechanistic insights with the latest translational and clinical advances, in-
cluding the use of metabolites as adjuvants and the modulation of the gut microbiome
to enhance immunotherapy. By framing bacterial metabolites as a dynamic, targetable
interface between the host and its microbiota, this review aims to offer a fresh perspective
on HCC pathogenesis and open new avenues for combinatorial therapeutic strategies.

2. Influence of Bacterial Metabolites on HCC Occurrence
and Development

2.1. Bacterial Metabolites Promoting Hepatocellular Carcinogenesis and Development
2.1.1. Bile Acids (BAs)

BAs are essential derivatives of cholesterol from hepatic origin. Primary BAs (PBAs)
are synthesized in the liver, and secondary BAs (SBAs), such as deoxycholic acid (DCA)
and lithocholic acid (LCA), are produced from PBAs by gut microorganisms through
dehydroxylation and deconjugation [15-17].

BAs promote HCC through multiple pathways (Figure 1). The farnesoid X receptor
(FXR) is a key cellular receptor for BAs. While normal FXR activity is known to maintain
metabolic homeostasis and suppress HCC progression [18,19], its function can be disrupted
in diseased livers. For instance, BA-induced inflammation can inhibit FXR signaling,
creating a vicious cycle that promotes further BA accumulation and liver damage [20,21].
Specific BAs like CDCA and LCA promote epithelial-mesenchymal transition (EMT) by
upregulating Snail and reducing E-cadherin expression [22]. DCA and LCA also induce
the expression of nuclear receptor Nur77, regulating cell cycle and apoptosis genes [23].
Furthermore, DCA can trigger a senescent phenotype in hepatic stellate cells, enhancing
the secretion of pro-fibrotic and pro-invasive factors [24,25].

BAs have a critical role in the regulation of the tumor immune microenvironment.
Recent studies found that the accumulation of certain BAs in HCC impedes tumor-specific
T cell responses. While PBAs can induce oxidative stress in T cells, SBAs like LCA inhibit T
cell and NK cell function by activating endoplasmic reticulum stress. Notably, ursodeoxy-
cholic acid (UDCA) can reverse this immunosuppressive effect, and the accumulation
of iso-LCA, promoted by aldo-keto reductase 1D1 (AKR1D1) deletion, impairs NK cell
cytotoxicity [26-28]. This dual capacity to modulate immunity underscores the complex
role of BAs in HCC.
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Figure 1. The promoting effects of BAs in HCC. This schematic illustrates the dual and context-
dependent functions of bile acids, highlighting their promoting effects through disrupted FXR
signaling, induction of EMT, and creation of an immunosuppressive microenvironment, as well as
the protective effects mediated by specific bile acids like UDCA. Abbreviations: Aldo-Keto Reductase
Family 1 Member D1, AKR1D1; Bile Acid, BA; Chenodeoxycholic Acid, CDCA; Cyclin-Dependent
Kinase 4, CDK4; Deoxycholic Acid, DCA; Epithelial-Mesenchymal Transition, EMT; Endoplasmic
Reticulum, ER; Farnesoid X Receptor, FXR; Hepatic Stellate Cell, HSC; Interleukin-8, IL-8; Lithocholic
Acid, LCA; Natural Killer Cell, NK cell; Primary Bile Acid, PBA; Protein Kinase C, PKC; Secondary
Bile Acid, SBA; Senescence-Associated Secretory Phenotype, SASP; Transforming Growth Factor Beta,
TGF-f3; Ursodeoxycholic Acid, UDCA [18-28].

2.1.2. Short-Chain Fatty Acids (SCFAs)

Besides BAs, SCFAs also influence the progression of HCC. SCFAs are a class of
carboxylic acids containing one to six carbon atoms and are produced by intestinal flora
through fermentation after degradation of complex carbohydrates to oligosaccharides. As
the predominant free anionic form (SCFA) in the colon, SCFAs are almost directly absorbed
by intestinal epithelial cells. Acetate, propionate, and butyrate are common, collectively
accounting for over 95% of the total intestinal SCFAs, with concentrations ranging from
50 to 200 mmol/L. SCFAs not only provide energy to the intestinal epithelium but also act
as regulators of gene expression and participate in signaling through specific receptors,
thereby broadly affecting the physiological functions of the host [29-32].

Patients with non-alcoholic fatty liver disease-associated HCC (NAFLD-HCC) fre-
quently exhibit significant structural abnormalities in their intestinal flora. Metabolomics
analysis demonstrated that specific SCFAs produced by the intestinal flora promoted the
generation of immunosuppressive regulatory T cells while diminishing the anti-tumor ac-
tivity of CD8* cytotoxic T cells. This interaction ultimately suppressed the host’s anti-tumor
immune response [33-35]. Another study found that 3-hydroxybutyrate dehydrogenase 1
enhanced the proliferative capacity of HCC stem cells by catalyzing the modification of
histone -hydroxybutyrylation [36]. Together, these studies provided a novel theoretical
framework for understanding the mechanisms underlying HCC development through the
lenses of intestinal microecology and epigenetic modification.
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2.1.3. Microbial Components and Metabolites Promoting HCC

The promoting effect of gut microbiota on HCC progression is mediated by two ma-
jor types of bacterial-derived substances: microbial structural components (e.g., cell wall
fragments and secretory proteins) that directly activate host signaling pathways and micro-
bial metabolites (e.g., polyamines and trimethylamine-N-oxide) that regulate the hepatic
microenvironment. Their distinct mechanisms of action in driving HCC are as follows:

Lipopolysaccharide (LPS), an endotoxin located in the outer membrane of Gram-
negative bacteria, is a structural component of bacterial cells and has been documented
to increase cancer risk. Seminal work by Dapito et al. [37] established a direct causal link
between gut-derived LPS, its receptor TLR4, and HCC promotion in mouse models, provid-
ing a foundational mechanism for how bacterial components drive hepatocarcinogenesis.
Mechanistically, LPS activates the signal transducer and activator of transcription 3 (STAT3),
inducing cells to produce vascular endothelial growth factor and promoting both tumor
cell proliferation and angiogenesis in HCC tissues, thereby accelerating malignant pro-
gression [38]. Galactose lectin-3 is a cellular target recognized and bound by LPS, leading
to activation of the downstream mammalian target of rapamycin complex 1 (mTORC1)-
associated signaling pathway; this activates downstream target genes, including glucose
transporter protein 1, hexokinase 2, and pyruvate kinase isozyme type M2, promoting
glucose uptake and the activation of glycolytic pathways in tumor cells [39]. Additionally,
LPS can accelerate the establishment of an inflammatory environment and enhance the
proliferation, invasion, and migration of HCC cells. In contrast, ginsenoside Rh4 signif-
icantly reduces the effects of LPS and shows promising applications in the treatment of
HCC [40]. LPS also increases PD-L1 expression through m6A methylation modification
of long non-coding RNA MIR155HG, which ultimately promotes immune escape [41].
Neutrophil Extracellular Traps (NETs) play a crucial role in the immune system’s normal
defense mechanisms, as they are rich in histones and antimicrobial proteins that capture
and eliminate extracellular pathogens [42]. However, recent findings indicate that NETs
formed by neutrophils during LPS-induced activation can be internalized by HCC cells.
This internalization further activates the Toll-Like Receptor 4 (TLR4)/Toll-Like Receptor
9 (TLR9)-Cyclooxygenase-2 (COX2) signaling axis, which ultimately contributes to the
malignant characteristics of HCC [43].

The pro-tumorigenic effects of bacterial metabolites are particularly significant in the
context of chronic viral hepatitis. The compromised intestinal barrier function often ob-
served in HBV/HCV patients facilitates the translocation of microbial products, amplifying
their impact on the liver. For example, in models of HCV-related liver disease, LPS not only
promotes inflammation through TLR4 but can also synergize with viral proteins to enhance
STATS3 activation and oxidative stress, creating a feed-forward loop that drives hepato-
carcinogenesis. Similarly, alterations in gut microbiota-derived BAs in chronic hepatitis
B patients have been linked to suppressed FXR signaling and impaired hepatoprotection,
creating a permissive environment for HCC development. These findings underscore
bacterial metabolites as key co-factors in virus-driven HCC, bridging the gap between
chronic infection and cancer manifestation.

Recent studies demonstrated that disturbances of polyamine metabolism fostered
an immunosuppressive microenvironment and inhibited anti-tumor immune responses,
thereby accelerating the progression of HCC [44,45]. Upregulation of spermine synthase in
HCC cells was associated with an immunosuppressive microenvironment and predicted
poor prognosis. Spermine was shown to induce tumor-associated macrophages to polarize
toward the M2 phenotype primarily through the activation of the PI3K-Akt-mTOR-56K
signaling pathway, which subsequently diminished the anti-tumor activity of CD8* T cells.
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Correspondingly, inhibition of spermine synthesis in combination with immune checkpoint
inhibitors offered novel insights for the immunometabolic treatment of HCC [46].

Trimethylamine-n-oxide (TMAO), a metabolite produced by the intestinal flora from
phosphatidylcholine-rich foods, is a significant risk factor in the development of malignant
tumors, including HCC. TMAOQ notably enhanced the expression of proteins associated with
proliferation, migration, and EMT by activating the MAPK signaling pathway [47,48]. TMAO
also activated the ILK/AKT/mTOR signaling pathway, which promoted malignant progres-
sion for HCC [49], and the TGF-f3/SMAD signaling pathway, inducing the development of
EMT synergistically with the presence of the heavy metal cadmium (Cd) [50].

In addition to metabolites, some bacterial proteins were also involved in HCC progres-
sion. Recently, it was revealed that Klebsiella pneumoniae promoted tumor growth through
penicillin-binding protein 1b (PBP1b). After entering the liver through the intestinal barrier,
bacterial PBP1b directly bound to the TLR4 receptor on the surface of HCC cells, activating
the downstream signaling pathway and tumor growth [51].

2.2. Bacterial Metabolites That Inhibit the Development of HCC
2.2.1. BAs with Therapeutic Potential

As introduced in the previous section, the bile acid spectrum exhibits considerable
functional diversity, with certain BAs demonstrating potent anti-tumor properties. Ur-
sodeoxycholic acid (UDCA) and its conjugate tauroursodeoxycholic acid (TUDCA) are the
most prominent examples.

The anti-HCC mechanisms of UDCA are multifaceted. It inhibits tumor cell prolifera-
tion and induces apoptosis by blocking the cell cycle at the GO/G1 phase and modulating
the balance of Bcl-2 family proteins, leading to caspase-3 activation [52-54]. A recent study
developed UDCA-based platinum (IV) conjugates, which triggered severe DNA damage
and mitochondria-dependent apoptosis [54]. UDCA also promotes autophagy and can
downregulate the immune checkpoint molecule PD-L1, thereby reversing the immuno-
suppressive milieu and enhancing the infiltration of cytotoxic T cells [55]. Furthermore,
UDCA can synergize with conventional therapeutics. The combination of UDCA with so-
rafenib activated ROS-dependent ERK and promoted STAT3 dephosphorylation [56], while
its combination with oxaliplatin diminished the inflammatory response and improved
therapeutic efficacy [57].

It is worth noting that BAs can have concentration-dependent effects. For instance,
high concentrations of CDCA have been shown to attenuate inflammatory injury in hepa-
tocytes by reducing transaminase activity and inhibiting the expression of IL-6 and TNF-
o [58-60].

2.2.2. SCFAs

Recently, it was showed that the proportion of Lactobacillus reuteri and the content of
SCFAs in the gut microbiota were significantly reduced in an HCC-bearing mouse model,
especially the most pronounced acetic acid. The gut microbiota was improved, and acetic
acid levels were restored after feces from healthy mice were transplanted. Principally,
elevated levels of acetic acid decreased the activity of histone deacetylases, which enhanced
the acetylation of sex-determining region Y (SRY)-box transcription factor 13 (Sox13) at
lysine residue 13, leading to decreased Sox13 expression and reduced production and
secretion of interleukin-17A (IL-17) [61,62]. Furthermore, SCFAs significantly inhibited
inflammation through the epidermal growth factor pathway but promoted the expression
of tumor suppressor disabled-2 homolog, which slowed down HCC progression [63].

In previous research, the results of a liver cancer intervention strategy showed that
echinacea polysaccharide improved gut microbial ratios and promoted a significant in-
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crease in the proportion of propionic acid- and butyric-acid-producing intestinal flora (e.g.,
E. faecalis and Clostridium difficile). Propionic acid and butyric acid attenuated LPS-mediated
inflammatory signaling pathways, i.e., they inhibited the activation of the TLR4/NF-«B axis
and decreased the expression of several inflammatory factors, such as IL-6 and migration-
associated proteins, including matrix metalloproteinase 2 [64,65].

2.2.3. Other Tumor-Suppressive Metabolites

B-hydroxybutyrate (BHB) is a ketone body endogenously synthesized by the liver
under energy stress, such as a low-carbohydrate diet or fasting. Unlike SCFAs, BAs, or
other substances directly produced by gut microbiota metabolism, BHB is derived entirely
from host hepatic metabolism. However, its role in inhibiting HCC progression by targeting
tumor cell metabolism aligns with the core theme of this review—exploring metabolic
regulatory mechanisms in the gut-liver axis and identifying potential metabolic targets for
HCC therapy—thus providing a valuable complementary perspective on host metabolic
interventions for HCC. BHB can inhibit the initiation and progression of HCC through a
variety of mechanisms (Figure 2). A previous study found that BHB significantly inhibited
aldolase B activity and reduced its ability to bind to the substrate fructose-1,6-bisphosphate,
thereby inhibiting the proliferation of cancer cells [66]. Studies [67,68] also revealed that
ketogenic diet simulation, i.e., treatment using low-glucose medium combined with BHB,
significantly reduced the expression of glycolysis-related proteins in Huh-7 HCC cells. BHB
also decreased the extracellular acidification rate by decreasing the secretion of insulin
from pancreatic (3-cells and increased the rate of cellular oxygen consumption. In contrast,
supplementation with exogenous insulin promoted the malignant progression of HCC
cells. These results suggested that 3-hydroxybutyrate played a key role in inhibiting the
proliferation and migration of HCC cells by decreasing insulin production, which provided
a new theoretical basis for applying the ketogenic diet in HCC treatment. 3-hydroxymethyl-
3-methylglutaryl coenzyme A cleavage enzyme (HMGCL) was shown to play a key catalytic
role in the production of 3-hydroxybutyrate, increasing the expression level of dipeptidyl
peptidase-4 and the Ferroptosis susceptibility of HCC cells [69].

Tryptophan, metabolized by intestinal flora, produces indoles that can influence the
progression of HCC. Based on the structure of indoles, derivatives can be designed to
inhibit the activity of HCC cells [70]. Indole-2-carboxamide derivatives specifically targeted
transient receptor potential canonical-6 and inhibited the growth of HCC cells in a dose-
dependent manner, suggesting potential clinical applications [71]. Furthermore, indole-3-
carbinol (I3C) exerted anti-cancer effects by inducing apoptosis of HCC cells [72,73]. I3C
significantly downregulated miR-21 expression in tumor cells and enhanced the expression
of phosphatase and tensin homolog, which inhibited AKT expression [74]. Additionally, I3C
could enhance the sensitivity of HCC cells to sorafenib, resulting in improved therapeutic
outcomes [75].

Polyamines and their downstream metabolites can serve as potential biomarkers
for HCC [76]. Spermidine was shown to prevent liver fibrosis and HCC by activat-
ing microtubule-associated protein 1S (MAP1S)-mediated autophagy [77]. N(1), N(11)-
diethylnorspermine, an analog of the polyamine spermine, induced polyamine deple-
tion, thereby inhibiting tumor cell growth and the progression of HCC [78]. Clinical
data indicated that diacetyl polyamine N1, N12-diacetylspermine could serve as a tumor
marker in HCC patients, providing a criterion for assessing disease progression and clinical
therapeutic efficacy [79,80]. The novel acylspermine derivative N-(4-aminobutyl)-N-(3-
aminopropyl)-8-hydroxy-dodecanamide exhibited a significant inhibitory effect on the
malignant behaviors of liver cancer cells [81]. Table 1 presents a summary of these key
bacterial metabolites, including their roles and mechanisms.



Curr. Oncol. 2025, 32, 673

8 of 19

S it
& Q“b\\\\’/ S
/ G
/ " (el
&
y & 4 BHB|
y @ y
/&
y &
/@ DPP-4 |1 .
[ </

/

f

f

\ \
i
o)
L &\
\

Ferroptosis
susceptibility

\
<,
L\

) 7
NEON
Q 9/\ ECARlOCRT

| \mHB \
Pancreatic \
l ~._Hcc

B cells

\ Insulin l
\

N\

\\

’%5% S

Glycolysis

HK2) (LDHA) l y

4

PKM2) p o

O
V4
> //o G\Q 50 /
_— “)5\\ P

/_A’/‘
/ &t/

/
y

4

Figure 2. Metabolic pathways for 3-hydroxybutyrate (BHB)-mediated suppression of hepatocellular

carcinoma. The ketone body BHB, endogenously synthesized by hepatic HMGCL during energy

stress, inhibits HCC progression through multiple integrated mechanisms: direct inhibition of the

glycolytic enzyme aldolase B (ALDOB); systemic reduction in insulin secretion to shift cellular

metabolism from glycolysis (decreased ECAR) to oxidative phosphorylation (increased OCR); and

enhancement of DPP4 expression to promote ferroptosis susceptibility. Abbreviations: Aldolase
B, ALDOB; B-Hydroxybutyrate, BHB; Dipeptidyl Peptidase-4, DPP4; Extracellular Acidification
Rate, ECAR; Fructose-1,6-Bisphosphate, F-1,6-BP; 3-Hydroxymethyl-3-Methylglutaryl-CoA Lyase,
HMGCL; Oxygen Consumption Rate, OCR [66-69].

Table 1. Summary of Key Metabolites in HCC Pathogenesis and Therapy.

Metabolite Class Examples Origin Role in HCC Key Mechanisms References
- Activate FXR, p38 MAPK, PKC
- Induce oxidative/ER stress in
Bile Acids DCA, LCA, CDCA, Host synthesis + gut Dual role immune cells [15-28,52-57]

UDCA

microbial modification

(Pro/ Anti-tumor)

- Promote EMT via Snail
- UDCA: induces apoptosis,
inhibits HDAC

Short-Chain Fatty
Acids

Acetate, Butyrate,
Propionate

Gut microbial
fermentation of fiber

Dual role
(Context-dependent)

- HDAC inhibition

- GPCR signaling

- Promote Treg differentiation
(pro-tumor)

- Inhibit IL-17 production
(anti-tumor)

[29-35,61-65]

Lipopolysaccharide

LPS

Gram-negative bacterial
membrane

Pro-tumor

- TLR4 activation

- STAT3/NF-«B signaling

- Promotes angiogenesis, EMT,
immune escape

[3843]

Polyamines

Spermine, Spermidine

Gut microbial synthesis
+ host

Dual role
(Pro/ Anti-tumor)

- Promote M2 macrophage
polarization

- Inhibit CD8* T cell function

- Spermidine: induces autophagy
(protective)

[44-46,76-81]

Other Metabolites

Indole-3-carbinol,
Urolithins

Gut microbial
metabolism

Anti-tumor

- Induce apoptosis

- Inhibit Wnt/ 3-catenin
signaling

- Enhance sorafenib sensitivity

[70-75,82-86]

TMAO,
-hydroxybutyrate

Dietary precursor
metabolism, host liver

Pro-tumor (TMAO)
Anti-tumor (BHB)

- TMAUOQ: activates MAPK,
ILK/AKT/mTOR

- BHB: inhibits glycolysis,
induces ferroptosis

[47-50,66-69]

Bile Acid, BA; Chenodeoxycholic Acid, CDCA; Deoxycholic Acid, DCA; Epithelial-Mesenchymal Transition,
EMT; Endoplasmic Reticulum, ER; Farnesoid X Receptor, FXR; G Protein-Coupled Receptor, GPCR; Histone
Deacetylase, HDAC; Hepatocellular Carcinoma, HCC; Interleukin, IL; Lithocholic Acid, LCA; Mitogen-Activated
Protein Kinase, MAPK; Nuclear Factor Kappa-Light-Chain-Enhancer of Activated B Cells, NF-«B; Protein Kinase
C, PKC; Signal Transducer and Activator of Transcription 3, STAT3; Toll-Like Receptor 4, TLR4; Trimethylamine
N-Oxide, TMAO; Regulatory T Cell, Treg; Ursodeoxycholic Acid, UDCA.
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Urolithin A (UA), an intestinal metabolite of ellagic acid, has been shown to signifi-
cantly reduce the expression of 3-catenin and Cyclin D1 in HCC cells. Additionally, UA
promoted the expression of the critical tumor suppressor genes p53 and p38 MAPK and the
apoptotic markers Cysteine and Aspartate Protein Kinase, which inhibited the proliferation
of HCC cells [82,83]. Furthermore, UA could alleviate the symptoms of alcoholic liver
disease by modulating the gut-microbe-hepatic axis [84,85]. Urolithin B (UB) also exhibited
a strong inhibitory effect in HCC progression; it increased the phosphorylation of 3-catenin,
thereby inhibiting its nuclear—cytoplasmic transport and further suppressing the activity of
the Wnt/ 3-catenin signaling pathway. Additionally, it inhibited the proliferation ability
and cell cycle progression of cancer cells while promoting apoptosis [86].

3. HCC Therapeutic Strategies Targeting Intestinal Flora and
Bacterial Metabolites

The profound connection between the intestinal flora and its metabolites opens up
avenues for the development of diagnostic, therapeutic, and interventional measures for
chronic liver disease and HCC. Numerous studies have established that novel strategies
targeting the gut microbiota and bacterial metabolites, in conjunction with current HCC
therapies, can inhibit the malignant progression of HCC and improve patient prognosis

and quality of life (Figure 3).
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Figure 3. Bacterial metabolites drive hepatocellular carcinoma through core signaling pathway
networks. Gut-derived metabolites (LPS, BAs, SCFAs, and TMAO) translocate to the liver via in-
creased intestinal permeability, where they activate or inhibit key pathways (NF-«B, STAT3, mTORC1,
MAPK/PKC, and FXR), collectively promoting hallmark HCC features including chronic inflam-
mation, proliferation, EMT, metabolic reprogramming, and immune microenvironment remodeling.
Color coding: red (pro-tumor effects: LPS, DCA, LCA, and TMAO); green (anti-tumor effects: UDCA
and butyrate); blue (dual roles: SCFAs and FXR). Solid arrows: direct activation; dashed arrows: indi-
rect regulation. Abbreviations: BAs, bile acids; DCA, deoxycholic acid; EMT, epithelial-mesenchymal
transition; FXR, farnesoid X receptor; HCC, hepatocellular carcinoma; LCA, lithocholic acid; LPS,
lipopolysaccharide; SCFAs, short-chain fatty acids; TMAO, trimethylamine N-oxide; UDCA, ur-

sodeoxycholic acid.

3.1. Therapeutic Strategies Targeting Gut Microbiota

NAFLD-HCC represents a significant category of liver cancers that poses a serious
threat to patient health. Supplementation with bifidobacterium pseudolongum suppressed
the malignant progression of NAFLD-HCC through the production and secretion of acetate
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via the gut-hepatic axis [87,88]. Valeric acid produced by Lactobacillus acidophilus rebuilt
the intestinal barrier and exerted a preventive effect against NAFLD-HCC by inhibiting
the Rho-GTPase signaling pathway [89]. Good liver function is crucial for the recovery
of patients with HCC. Oral administration of Bifidobacterium longum has been shown to
significantly reduce the severity of liver inflammation and fibrosis while promoting the
proliferation and regeneration of normal liver cells, ultimately improving the prognosis
for HCC patients [90,91]. Lactobacillus brevis regulated Matrix Metalloproteinase 9 and
NOTCH1-related signaling pathways, which ultimately prevented the malignant progres-
sion of HCC through production of BAs [92]. Evidence supporting microbiome-targeting
interventions demonstrates a clear translational pathway from preclinical models to human
trials. While most mechanistic insights (e.g., acetate-mediated suppression of NAFLD-HCC
and valeric acid’s barrier protection) originate from animal studies, their clinical relevance
is increasingly supported by human trials. The postoperative recovery of liver function
with Bifidobacterium longum in HCC patients provides direct clinical validation, while
ongoing trials with defined probiotic strains (NCT05378230) represent a critical next step in
translating preclinical findings into standardized clinical applications.

Fecal microbiota transplantation (FMT) by transferring fecal material from a healthy
donor to a recipient is able to restore a relatively balanced intestinal flora—its core value in
HCC therapy lies in optimizing immunotherapy efficacy and reversing immune checkpoint
inhibitor (ICI) resistance [93]. In animal models bearing tumors, FMT using microbiota
from donors who responded positively to ICI treatment was shown to boost the anti-
tumor activity of anti-PD-(L)1 agents and strengthen T cell-driven anti-tumor responses.
In contrast, FMT with microbiota from donors unresponsive to ICIs did not yield such
favorable outcomes [94-96].

3.2. Therapeutic Strategies Targeting Bacterial Metabolites

The translational potential of targeting bacterial metabolites is increasingly supported
by clinical evidence, underscoring their promise as novel therapeutic agents or adjuvants.
Several clinical trials are exploring the modulation of the gut microbiome and its metabolic
output to improve outcomes in HCC patients. For instance, fecal microbiota transplan-
tation (FMT) from responsive donors is being investigated in combination with immune
checkpoint inhibitors (e.g., anti-PD-1 therapy) to reverse immunotherapy resistance in ad-
vanced HCC (NCT05750030). Similarly, probiotic interventions, such as the administration
of specific Lactobacillus plantarum strains (NCT05378230), aim to reconstitute a healthy
gut ecosystem and promote the production of beneficial metabolites like SCFAs. These
clinical efforts directly link the manipulation of bacterial metabolites to tangible therapeutic
benefits, paving the way for their integration into standard HCC treatment paradigms.

Bacterial metabolites are key mediators of the gut-liver axis, with dual pro- and anti-
cancer roles in HCC. Targeting the synthesis, metabolism, or signaling pathways of these
metabolites enables direct regulation of HCC progression.

3.2.1. Modulation of BA Metabolism

Based on the important roles of BAs in the occurrence and development of HCC,
regulation of BA metabolism may present new strategies for the treatment of HCC. Recent
findings have shown that by activating BA-related receptors such as FXR, the synthesis
and secretion of BAs can be effectively reduced, and accumulation of BAs in the liver
can be reduced, thus minimizing hepatocellular injury and inflammatory response and
inhibiting the progression of HCC [97,98]. The transition from mechanistic understanding
to therapeutic application is particularly advanced for BA-targeting approaches. Preclinical
models have elucidated how FXR activation inhibits HCC progression and how BA de-
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pletion enhances anti-tumor immunity. These findings are now being translated clinically,
with BA levels emerging as potential biomarkers for predicting response to combination
therapies (e.g., TKIs with anti-PD-1), demonstrating how mechanistic insights from animal
studies can directly inform clinical decision-making. As previously described, BAs can
influence the immune microenvironment of HCC by regulating immune cells to inhibit
the progression of HCC. Inhibition of BA synthesis enhanced the activity of NK cells and
Cytotoxic T Lymphocytes (CTLs), thereby inhibiting the growth of HCC [26]. In addition,
BAs can be a biomarker for HCC response to targeted therapies. One study found that
peripheral blood BA levels correlated with HCC patients’” response to tyrosine kinase
inhibitors in combination with PD-1 therapy, and changes in BA levels could serve as
a potential biomarker for predicting the effectiveness of treatment [99]. Regulating the
expression of genes related to BA metabolism using gene editing technology also provided
new ideas for the treatment of HCC [100].

3.2.2. Regulation of SCFAs

SCFAs are major anti-cancer metabolites produced by intestinal flora fermentation,
and their therapeutic potential in HCC is mainly reflected in “exogenous metabolite sup-
plementation” and “therapeutic prebiotic-mediated SCFA enhancement”.

Based on the mechanism that acetic acid inhibits HDAC and reduces IL-17 (Section 2.2.2),
exogenous acetic acid administration synergizes with immune checkpoint inhibitors. Pre-
clinical studies confirm that this combination not only reduces the pro-inflammatory TME
but also enhances the infiltration of CD8* T cells, achieving more significant tumor sup-
pression than monotherapy [61]. Echinacea polysaccharide, as a therapeutic prebiotic,
promotes the proliferation of propionic acid- and butyric-acid-producing flora to increase
intestinal SCFA levels (Section 2.2.2). In HCC mouse models, this intervention reduces liver
tumor burden by inhibiting the TLR4/NF-kB axis, consistent with its ability to dampen
inflammatory signaling and restrict tumor cell migration [64,65].

Notably, BAs and SCFAs exhibit dose-dependent effects. Thus, personalized ther-
apeutic dosage adjustment tailored to patients” gut microbial profiles is crucial for both
BA-based and SCFA-based therapies [15,101].

3.3. Combined Therapeutic Strategies

The concept of adjuvant therapy in HCC, aimed at preventing recurrence after radical
interventions like resection or ablation, is a critical area of investigation. The landmark
STORM trial, a phase III study, evaluated the tyrosine kinase inhibitor sorafenib as adjuvant
therapy for patients with a high risk of recurrence following resection or local ablation.
Although the trial did not meet its primary endpoint of improving recurrence-free survival,
it established a benchmark for future adjuvant studies and highlighted the challenges in
this setting, including patient selection and the need for more effective strategies [102]. In
the evolving landscape, the exploration of novel adjuvants has expanded to include im-
munomodulatory approaches. Building on this foundation, contemporary research is now
focused on how interventions targeting the gut microbiota and bacterial metabolites—by
reshaping the tumor immune microenvironment—could potentially fulfill this unmet need
as adjuvants to prevent post-operative recurrence or synergize with established therapies.

The synergy between gut microbiota/metabolite interventions and conventional ther-
apies (e.g., immunotherapy) has become a key direction for optimizing HCC treatment.
Immunotherapy has opened new horizons and established new therapeutic benchmarks
in the treatment of HCC. Notably, atilizumab and bevacizumab represent landmark ad-
vancements in HCC immunotherapy [103,104]. Several studies have demonstrated that the
complexity of the tumor microenvironment (TME) of HCC is significantly influenced by gut
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microbes, which in turn affects patient responses to immunotherapy [105-107]. Importantly,
a significant difference in gut microbiota composition was characterized between HCC
patients who responded to immunotherapy and those who did not [108]. This underscored
the potential role of gut microbiota as a clinical prognostic marker or therapeutic target for
HCC regarding immunotherapy [109,110]. A clinical phase II trial (NCT05750030) is cur-
rently underway to evaluate the efficacy and safety of FMT in combination with atilizumab
and bevacizumab in patients with advanced HCC.

A typical example of such synergy is the combination of Akkermansia muciniphila
(Akk) with anti-PD-1 therapy. Studies have demonstrated that supplementation with Akk
reduced the accumulation of immunosuppressive cells, such as monocytic myeloid-derived
suppressor cells and M2-type macrophages. In a MAFLD-HCC mouse model, the combina-
tion treatment using Akk and PD-1 enhanced T-cell infiltration and activation, resulting in
more pronounced anti-tumor effects. The integration of gut microbiome modulation with
conventional therapies highlights both the promise and challenges of translational research.
Preclinical models have convincingly demonstrated that Akk supplementation enhances
anti-PD-1 efficacy, while clinical observations confirm that low Akkermansia abundance
correlates with poor immunotherapy response in patients. This parallel evidence from
bench to bedside strongly supports the potential of microbiota-based biomarkers and
adjuvants, though larger prospective trials are needed to establish causal relationships
in human populations. Clinical studies indicated that low levels of Akk were associated
with resistance to PD-1 treatment and poor progression-free survival. Akk was not only
implicated in the immune escape of MAFLD-HCC but was also anticipated to serve as a
potential biomarker for predicting responses to PD-1 immunotherapy [111-113].

Importantly, the application of strategies targeting bacterial metabolites holds signifi-
cant promise in the specific clinical scenario of post-radical therapy (e.g., following curative
resection or ablation). The primary goal in this setting is to prevent disease recurrence by
eradicating minimal residual disease and modulating the pro-tumorigenic microenviron-
ment. Here, interventions such as probiotic supplementation, FMT, or direct metabolite
administration could be deployed as novel adjuvant therapies. By rapidly restoring a
healthy gut-liver axis and promoting the production of anti-cancer metabolites (e.g., SCFAs
and UDCA), these approaches aim to re-establish systemic immune homeostasis, eliminate
lingering immunosuppressive signals, and create a hostile soil for residual cancer cells,
thereby potentially improving recurrence-free survival. This represents a paradigm shift
from directly killing tumor cells to proactively shaping the host’s internal environment to
resist cancer recurrence, addressing a critical unmet need in the current HCC treatment
landscape. These diverse adjuvant strategies targeting the gut microbiota and bacterial
metabolites are summarized in Table 2.

Despite the promising synergy, the translational application of these combined strate-
gies faces challenges, including substantial inter-individual variability in gut microbiota
composition, the influence of host genetics, and the modulating effects of dietary habits, all
of which can impact treatment efficacy and reproducibility.
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Table 2. Summary of adjuvant interventions targeting gut microbiota and bacterial metabolites in

HCC management.

Intervention Category

Specific Strategy/Agent

Mechanism of Action

Stage of Evidence

Probiotics

Bifidobacterium
pseudolongum

Produces acetate via the
gut-liver axis to suppress
NAFLD-HCC [87,88].

Preclinical / Animal studies

Lactobacillus acidophilus

Produces valeric acid,
rebuilds intestinal barrier,
inhibits Rho-GTPase
signaling [89].

Preclinical / Animal studies

Bifidobacterium longum

Reduces liver
inflammation and fibrosis,
promotes hepatocyte
regeneration [90,91].

Clinical study in
postoperative patients

Lactobacillus brevis

Modulates BAs and
regulates
MMP-9/NOTCH1
pathways [92].

Preclinical / Animal studies

Mixed Lactobacillus
plantarum strains

Aims to improve gut
microecology and
metabolic output
(NCT05378230).

Clinical trial

Fecal Microbiota

FMT from ICI-responsive

Reshapes gut microbiota to
reverse ICI resistance and

Preclinical /Clinical trial

Transplantation (FMT) donors enhance anti-tumor (NCT05750030)
immunity [93-96].
Reduces BA synthesis and

Bacterial Modulation of Bile Acids accumulation, alleviates

Metabolite-Targeting

(e.g., FXR agonists)

inflammation, and
enhances NK/CD8* T cell
activity [26,97,98].

Preclinical / Translational

Supplementation/Induction
of SCFAs (e.g., Acetate,
Butyrate)

Prebiotics (e.g., Echinacea
polysaccharide)

Inhibits HDAC, reduces
IL-17 production, and
synergizes with ICIs
[61,64].

Promotes SCFA-producing
flora, inhibits TLR4/NF-«xB
axis [64,65].

Preclinical

Preclinical / Animal studies

Combination Therapy

Akkermansia muciniphila
(Akk) + anti-PD-1

Reduces
immunosuppressive cells,
enhances T-cell infiltration
and activation [111-113].

Preclinical / Translational

Bile Acids, BAs; Farnesoid X Receptor, FXR; Histone Deacetylase, HDAC; Hepatocellular Carcinoma, HCC;
Immune Checkpoint Inhibitor, ICI; Interleukin-17, IL-17; Non-Alcoholic Fatty Liver Disease-Associated Hepato-
cellular Carcinoma, NAFLD-HCC; Nuclear Factor Kappa-Light-Chain-Enhancer Of Activated B Cells, NF-«kB;
Natural Killer Cell, NK cell; Short-Chain Fatty Acids, SCFAs; Toll-Like Receptor 4, TLR4.

4. Summary and Outlook

Drawing upon the evidence discussed in this review, we propose a “metabolite—

immunometabolism-hepatocarcinogenesis (MIH) framework” to conceptually integrate

the core mechanisms. This framework posits that gut bacterial metabolites are not merely

byproducts but central regulators that orchestrate hepatocarcinogenesis by directly re-

programming host immunometabolism. Specifically, metabolites (e.g., BAs, SCFAs, and
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polyamines) can dictate the fate and function of immune cells within the liver by alter-
ing their metabolic pathways (e.g., glycolysis and oxidative phosphorylation), thereby
shaping an immunosuppressive or anti-tumor microenvironment. This metabolite-driven
immunometabolic reprogramming forms a critical bridge connecting gut microbial ecol-
ogy to hepatic oncogenesis, providing a unified perspective for understanding how the
gut-liver axis influences HCC development and developing targeted interventions.

The “gut-liver axis”, an important physiological regulatory system, connects the
intestinal microbiota and its metabolites with the liver through a complex, dynamic, and
closely interacting network. This axis is crucial for maintaining normal liver physiological
functions, regulating the progression of chronic liver diseases, and facilitating the treatment
of HCC. Relevant interventions include targeted regulation of intestinal flora, modulation
of specific microbial metabolites, development of inhibitors or agonists for key regulatory
molecules in the signaling pathway, and the application of probiotics, prebiotics, and dietary
optimization to regulate intestinal microecology and enhance liver function. Additionally,
FMT, which aims to reshape intestinal flora, enhance liver homeostasis, and regulate the
immune microenvironment, has demonstrated clinical potential. However, its long-term
safety and stable efficacy require more systematic and in-depth study.

In summary, the enterohepatic axis system, as a multilevel and multidimensional
regulatory network, plays a vital role in maintaining liver health and intervening with
liver diseases. Future studies should aim to develop novel and feasible diagnostic and
therapeutic strategies to improve the prognosis of patients with liver disease and HCC.
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