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Abstract

Chronic hepatitis B (CHB) remains a major global public
health challenge. Current therapies based on nucleos(t)ide
analogues and interferon mainly achieve long-term viral sup-
pression, whereas only a small proportion of patients attain
a functional cure, defined as sustained hepatitis B surface
antigen loss with hepatitis B virus (HBV) DNA below the limit
of quantification for at least 24 weeks after treatment discon-
tinuation, with or without anti-HBs seroconversion. Emerging
evidence from the gut-liver axis indicates that gut microbi-
ota—derived metabolites, particularly short-chain fatty acids
(SCFAs) and bile acids (BAs), modulate the HBV life cycle
and immune regulation in CHB, thereby offering therapeutic
targets to overcome immune tolerance. This review summa-
rizes the biological characteristics of SCFAs and BAs and their
mechanistic roles across different stages of HBV infection,
with emphasis on translational relevance. In vitro and animal
studies suggest that butyrate and related SCFAs suppress
HBV gene expression by inhibiting histone deacetylases and
remodeling covalently closed circular DNA minichromatin.
SCFAs may also enhance antiviral immunity, although they
may reinforce immune tolerance in certain contexts. For BAs,
the farnesoid X receptor, Takeda G protein—-coupled receptor
5, and the HBV entry receptor sodium taurocholate cotrans-
porting polypeptide form a key signaling hub with dual ef-
fects on viral replication and host responses. Early-phase
studies suggest that farnesoid X receptor agonists, pegylated
interferon-a, or nucleos(t)ide analogues are associated with
hepatitis B surface antigen reductions, though larger trials
are needed. This review proposes biomarker-guided strati-
fication and multi-target combination strategies to improve
functional cure rates in CHB.
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Introduction

Chronic hepatitis B (CHB) is a major global public health
challenge.! According to the 2022 World Health Organization
report, an estimated 254 million people worldwide are liv-
ing with hepatitis B virus (HBV) infection, with approximately
1.2 million new CHB cases each year. CHB-related cirrhosis
and hepatocellular carcinoma account for nearly 1.1 million
deaths annually.2 A functional cure is generally defined as
sustained hepatitis B surface antigen (HBsAg) loss with HBV
DNA below the limit of quantification for at least 24 weeks
after treatment discontinuation, with or without anti-HBs se-
roconversion. In contrast, reduction or silencing of covalently
closed circular DNA (cccDNA) is more appropriately regarded
as a mechanistic or virological research endpoint rather than
part of the clinical definition of functional cure.3->

Current first-line therapies, nucleos(t)ide analogues (NAs)
and pegylated interferon-a (PegIFN-a), can effectively sup-
press HBV replication and reduce the risks of cirrhosis and
hepatocellular carcinoma. However, they rarely achieve a
functional cure.®7? Clinical studies have shown that among
CHB patients receiving long-term NA therapy, the HBsAg
clearance rate over 2-7 years is only approximately 1.4%-
5.1%, whereas a single course of PegIFN-a results in HB-
sAg clearance in about 2.1%-20% of patients.8 As a result,
most patients require prolonged or even lifelong therapy
and continue to face challenges related to treatment adher-
ence, viral resistance, and progressive liver fibrosis. These
limitations underscore the need to identify novel therapeutic
targets, particularly those involving immune and metabolic
regulation.®

The “gut-liver axis” is a bidirectional communication net-
work linking the intestine and the liver through the portal
venous system, enabling continuous exchange of nutrients,
metabolites, and immune signals.1® As the largest immune
organ and microbial reservoir in the body, the gut plays a
central role in maintaining the balance between hepatic im-
mune tolerance and inflammation.1! Increasing evidence
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suggests that CHB progression is closely associated with
gut microbiota dysbiosis. Patients with CHB often exhibit re-
duced gut microbial diversity, compositional alterations, and
impaired intestinal barrier function, which facilitate the trans-
location of bacterial products (e.g., lipopolysaccharide) into
the portal circulation and continuously activate liver immune
cells. This process may lead to persistent activation of he-
patic immune cells, thereby promoting chronic inflammation
and fibrosis.12-14

Within this bidirectional network, gut microbiota-derived
metabolites function as critical signaling molecules that
regulate the HBV life cycle and shape the hepatic immune
microenvironment.!! Among these metabolites, short-chain
fatty acids (SCFAs) and bile acids (BAs) have received in-
creasing attention. SCFAs are primarily generated through
the fermentation of dietary fiber by commensal gut bacteria,
whereas BAs are synthesized in the liver and subsequently
modified by the gut microbiota into a diverse array of sec-
ondary BAs. Both groups of metabolites return to the liver
through the portal vein and exert broad effects on host im-
munity and metabolism.15-19 Observational studies have re-
ported altered SCFA levels and disrupted BA profiles in CHB
patients, suggesting that gut-liver metabolic dysregulation
may contribute directly to CHB pathophysiology.20-22

Against this background, targeting the SCFA- and BA-relat-
ed components of the gut-liver metabolic axis may provide a
promising therapeutic perspective beyond conventional sup-
pression of viral replication.23 In this review, we synthesize
current basic, preclinical, and early translational evidence to
systematically examine the mechanisms by which SCFAs and
BAs influence different stages of HBV infection. We further
evaluate their potential therapeutic relevance in CHB and
discuss the strength of the available evidence, current limita-
tions, and future research directions.

SCFAs in HBV infection: Roles and mechanisms

Generation and metabolism of SCFAs

SCFAs, predominantly acetate, propionate, and butyrate,
are generated in the colon through anaerobic fermentation
of dietary fiber. In this process, dietary fiber substrates are
metabolized by commensal gut bacteria (mainly from the
phyla Firmicutes and Bacteroidetes) into acetyl-CoA, which
is subsequently converted through distinct metabolic path-
ways into acetate, propionate, and butyrate. Most SCFAs are
rapidly absorbed by the intestinal epithelium. Among them,
butyrate serves as the principal energy source for colonic
epithelial cells and plays a key role in maintaining mucosal
barrier integrity, whereas acetate and propionate are trans-
ported to the liver via the portal vein to participate in gluco-
neogenesis and lipid metabolism. Fractions that escape he-
patic uptake may subsequently enter the systemic circulation
and influence peripheral tissues.19:24

Beyond their nutritional functions, SCFAs also act as im-
portant signaling molecules. They regulate electrolyte ab-
sorption, mucosal immunity, and inflammatory responses
primarily through two major mechanisms: activation of G-pro-
tein—-coupled receptors (e.g., GPR41, GPR43, and GPR109A)
and inhibition of histone deacetylases (HDACs).2425 Notably,
SCFAs exhibit a marked concentration gradient from the in-
testinal lumen to the portal circulation and liver. For example,
luminal butyrate concentrations in the colon can reach the
millimolar range, whereas portal and hepatic concentrations
are typically within the micromolar range.25:26 This difference
suggests that antiviral effects observed at high SCFA con-
centrations in vitro should be interpreted cautiously, particu-
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larly with respect to physiological exposure levels and in vivo
delivery constraints. Current evidence further indicates that
gut microbiota dysbiosis in CHB may alter SCFA production
and composition. Consistent with this notion, several studies
have reported reduced butyrate levels in the feces or blood of
HBV-infected individuals, further supporting a potential link
between SCFA imbalance and disease progression.20.27

Direct antiviral potential of SCFAs

Accumulating evidence from in vitro and animal studies sug-
gests that SCFAs, particularly butyrate, may exert direct
inhibitory effects on HBV replication. For example, in HBV-
producing cell lines (e.g., HepG2.2.15), sodium butyrate
treatment has been shown to significantly reduce HBV nucle-
ic acid and protein levels. These antiviral effects appear to be
closely linked to epigenetic regulation. As a broad-spectrum
HDAC inhibitor, butyrate can modulate the epigenetic struc-
ture and transcriptional activity of the HBV cccDNA minichro-
mosome. In addition, butyrate may inhibit deacetylases such
as sirtuin 1 (SIRT1), thereby enhancing the acetylation and
transcriptional activity of host restriction factors, including
p53, which in turn suppresses HBV RNA, DNA, and antigen
production.2829 Butyrate-induced histone acetylation and re-
lated epigenetic remodeling may also render host cells more
permissive to antiviral responses.30:31 Collectively, these
findings provide mechanistic support for strategies aimed at
increasing production or administering exogenous SCFAs to
suppress HBV replication.

Nevertheless, this evidence is derived almost exclusively
from in vitro and animal models, and robust prospective clini-
cal data in CHB patients remain lacking. Moreover, the bu-
tyrate concentrations required to achieve anti-HBV effects in
vitro are often in the millimolar range, whereas physiological
SCFA concentrations in the portal circulation and liver are
typically several orders of magnitude lower, generally within
the micromolar range.25-27:2% Therefore, clinical translation
will require optimization of delivery strategies to enhance lo-
cal hepatic SCFA exposure, together with well-designed clini-
cal studies to evaluate antiviral efficacy and safety. At pre-
sent, the therapeutic potential of SCFA-based interventions
remains supported primarily by preclinical evidence.

Immunomodulatory functions of SCFAs: A double-
edged sword

Promotion of antiviral immunity: SCFAs exert broad im-
munomodulatory effects and may thereby indirectly influ-
ence the course of HBV infection.32 At moderate concen-
trations, SCFAs generally favor the activation of antiviral
immune responses. On the one hand, SCFAs function as li-
gands for GPR41/43 and GPR109A, thereby modulating the
activity of T cells, dendritic cells, macrophages, and natural
killer (NK) cells. For example, activation of GPR43 by SCFAs
promotes the differentiation of naive T cells into regulatory T
cells (Tregs), accompanied by upregulation of forkhead box
P3 (FoxP3) expression. In mouse models, GPR43 signaling
has been shown to increase mucosal Treg abundance and
interleukin-10 (IL-10) production, thereby limiting excessive
inflammation.33 In macrophages and neutrophils, GPR43/41
also regulates the secretion of chemokines and inflammatory
cytokines.34 Meanwhile, activation of GPR109A mediates the
anti-inflammatory effects of butyrate on dendritic cells and
macrophages, enhancing their capacity to induce Tregs.3>
On the other hand, SCFAs also influence the hepatic im-
mune microenvironment. Acetate, butyrate, and related
SCFAs can activate the AMP-activated protein kinase/peroxi-
some proliferator-activated receptor-y (AMPK/PPARY) sign-
aling axis in hepatic stellate cells and inhibit transforming
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growth factor-B (TGF-B)-related and nuclear factor-kB (NF-
kB) inflammatory pathways, thereby attenuating fibrosis-
associated inflammation.3%37 In an HBV-susceptible mouse
model, butyrate supplementation was also reported to re-
duce the incidence of hepatocellular carcinoma, an effect
attributed to its suppression of chronic inflammation and
pro-oncogenic signaling pathways, including HBx-mediated
phosphatidylinositol 3-kinase/protein kinase B (PI3K/Akt)
signaling.3® Taken together, moderate enhancement of SCFA
signaling may help preserve gut-liver homeostasis while en-
hancing host immune control of HBV infection.

Inducing immune tolerance: Potential risks: Despite
their potential benefits, SCFAs may also promote immune-
tolerant effects. In immune contexts characterized by low-
grade inflammation or a pre-existing tolerogenic bias, SCFAs
such as butyrate may reinforce peripheral tolerance and at-
tenuate HBV-specific T-cell responses by promoting Treg dif-
ferentiation and upregulating anti-inflammatory mediators,
including FoxP3, IL-10, and TGF-B.3°-41 This possibility is of
particular concern during the immune-tolerant phase of CHB,
which is characterized by high viral loads and normal ala-
nine aminotransferase (ALT) levels, when antiviral immune
responses remain limited. In vitro studies indicate that SCFAs
can influence the differentiation of both effector T cells and
Tregs in a cytokine milieu-dependent manner. In the presence
of strong co-stimulatory and pro-inflammatory signals, SCFAs
tend to promote the expansion of effector subsets such as T
helper 1 and 17 cells.3342 By contrast, under conditions of
persistent antigen exposure and insufficient co-stimulation,
SCFAs may preferentially amplify Treg-mediated tolerance.*3

Accordingly, the effects of SCFA-based interventions are
likely to depend on disease stage and the host immune sta-
tus. During phases of active viral replication accompanied
by minimal inflammation (e.g., the immune-tolerant phase),
indiscriminate augmentation of SCFA levels may further skew
immune responses toward tolerance, thereby hindering viral
clearance. In contrast, in patients in whom viral replication
is at least partially controlled but inflammation and immune-
mediated liver injury are evident, the anti-inflammatory
properties of SCFAs may help limit hepatic damage and im-
prove clinical outcomes. Future studies should incorporate
stratified animal models and carefully designed clinical in-
vestigations to define the net effects of SCFAs across differ-
ent doses, delivery routes, and immune contexts, with the
goal of balancing enhancement of antiviral immunity against
maintenance of immune homeostasis and prevention of ex-
cessive inflammation.

BAs and derivatives in HBV infection: Roles and
mechanisms

Physiological and metabolic overview of BAs

BAs are steroid metabolites generated through the hepatic
conversion of cholesterol. Primary BAs are synthesized in
hepatocytes from cholesterol via the rate-limiting enzyme
cholesterol 7a-hydroxylase (CYP7A1), after which they are
conjugated with glycine or taurine and stored in the gall-
bladder. Following food intake, bile is released into the intes-
tine, where most primary BAs are actively reabsorbed in the
terminal ileum and returned to the liver through the portal
circulation, thereby completing the enterohepatic cycle.444>
A small proportion of primary BAs escapes and reaches the
colon, where microbiota enzymes (e.g., bile salt hydrolases
and 7a-dehydroxylases) deconjugate and convert them into a
variety of secondary BAs, such as deoxycholic acid and litho-
cholic acid (LCA). Accordingly, the composition of the gut mi-

crobiota has a major influence on the BA pool. For example,
7a-dehydroxylating bacteria, particularly members of the or-
der Clostridiales, can substantially affect LCA production.46-48

Beyond their classical role in dietary lipid digestion and
absorption, BAs also function as signaling molecules by
engaging specific host receptors that regulate metabol-
ic and immune processes. The two principal BA receptors
are the nuclear farnesoid X receptor (FXR) and the mem-
brane G-protein—-coupled BA receptor 1 (TGR5, also known
as GPBAR1).4° Different BA species display distinct receptor
affinities. Hydrophilic conjugated primary BAs (e.g., tauro-
chenodeoxycholic acid) are potent FXR agonists, whereas
some hydrophobic secondary BAs (e.g., LCA) preferentially
activate TGR5 signaling.®® FXR is highly expressed in both
the liver and intestine. Upon ligand binding, for example by
the endogenous BA chenodeoxycholic acid, FXR initiates a
transcriptional program that includes induction of small het-
erodimer partner (SHP, encoded by NROB2) and fibroblast
growth factor 19 (FGF19; FGF15 in mice). This feedback
pathway suppresses CYP7A1 expression, thereby limiting BA
synthesis, while also upregulating the bile salt export pump
and the basolateral transporters organic solute transporter
a/B to promote BA efflux from hepatocytes and transport
from portal blood, thus maintaining BA homeostasis.>! In
contrast, TGR5 is broadly expressed in hepatic non-paren-
chymal cells and immune cells. Its activation increases intra-
cellular cyclic adenosine monophosphate (cAMP), promotes
anti-inflammatory signaling such as IL-10 production, and
modulates energy expenditure and glucose homeostasis.>2:53

Interactions between BA receptor pathways and
HBYV infection

FXR: A hijacked “double-edged sword”: BA metabolism
and the HBV life cycle intersect at multiple levels, with FXR
emerging as a key regulator in HBV transcription. Studies
have identified FXR response elements within the HBV cc-
cDNA minichromosome. Under physiological conditions, ac-
tivation of FXR by endogenous BAs enables FXR to bind HBV
promoters and enhancer regions, thereby enhancing HBV
mRNA transcription and antigen production.>*55 In HBV-in-
fected cell models, exposure to exogenous BAs that activate
FXR has been shown to increase levels of HBV pregenomic
RNA (pgRNA) and core protein, further supporting the no-
tion that FXR can function as a proviral host factor in HBV
infection.>® Conversely, pharmacological inhibition or genetic
ablation of FXR reduces HBV gene expression and replication.
For example, in FXRa-knockout mouse hepatocyte models,
HBsAg secretion and cccDNA levels are markedly reduced,
suggesting that FXR inhibition may contribute to suppression
of HBV replication.>>

Interestingly, sustained and high-intensity pharmacologi-
cal activation of FXR may produce the opposite effect. In an
HBV-infected cell model, Radreau et al. (2016) reported that
prolonged high-dose FXR activation triggered a negative-
feedback response characterized by marked downregulation
of cellular FXR protein levels, accompanied by significant re-
ductions in HBV pgRNA, cccDNA copy number, and HBsAg/
hepatitis B e antigen (HBeAg) secretion. This phenomenon
may reflect excessive activation of FXR leading to overex-
pression of downstream repressors such as SHP, or alter-
natively, FXR conformational changes that alter its interac-
tion with the HBV genome.>” In addition, FXR activation can
downregulate the hepatocyte BA transporter sodium tauro-
cholate cotransporting polypeptide (NTCP), which also serves
as the HBV entry receptor, thereby potentially reducing sus-
ceptibility to de novo infection.>8 Taken together, these find-
ings indicate that, depending on the pattern and intensity of
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BA or pharmacological stimulation, FXR may either be “hi-
jacked” by HBV to support replication or be reprogrammed
toward an antiviral state, making it a prototypical double-
edged regulator in HBV infection.

This context-dependent duality provides the mechanis-
tic basis for considering FXR a potential therapeutic target,
whether through precisely designed agonists, antagonists,
or temporally controlled activation strategies. At the same
time, it highlights the need for caution in clinical manipula-
tion of FXR, as inappropriate timing, intensity, or duration of
activation could inadvertently enhance rather than suppress
HBV replication. Further studies in humanized HBV infection
models, together with well-designed clinical investigations,
are needed to clarify the dynamic interplay between FXR
signaling and HBV under different biological and therapeutic
conditions.

TGR5 and immunometabolism: In contrast to FXR,
TGRS functions primarily as a regulator of host inflamma-
tion and metabolism. TGR5 is predominantly expressed in
Kupffer cells, cholangiocytes, intestinal epithelial cells, and
brown adipose tissue.>® In the context of HBV infection, there
is currently no evidence that TGR5 activation directly modu-
lates viral replication. However, TGR5 signaling can influence
the hepatic immune microenvironment. Specifically, activa-
tion of TGR5 stimulates the cAMP-protein kinase A pathway,
which suppresses NF-kB activity and prompts Kupffer cells
to secrete higher levels of IL-10 and other anti-inflammatory
cytokines, thereby reducing the production of pro-inflamma-
tory mediators.®%.61 In models of cholestatic and metabolic
liver diseases, TGR5 activation has been shown to alleviate
inflammatory injury in the bile ducts and parenchyma.62

Although TGR5-specific agonists have not yet been eval-
uated in CHB, one representative compound is INT-767, a
dual FXR/TGR5 agonist that has demonstrated marked an-
ti-inflammatory and metabolic regulatory effects in animal
models of nonalcoholic steatohepatitis.®3:64 Notably, recent
research has shown that INT-767 can bind directly to the
HBV envelope protein preS1, thereby blocking its interaction
with NTCP and inhibiting HBV entry into hepatocytes.®> This
observation suggests that certain BA analogues may possess
both immunometabolic regulatory activity and direct antiviral
potential.

NTCP: An intersection between viral entry and BA
transport: NTCP is the major BA uptake transporter located
on the basolateral membrane of hepatocytes and also serves
as the essential receptor for HBV entry.66:67 The identifica-
tion of NTCP as an HBV receptor established a direct mecha-
nistic link between HBV infection and BA metabolism. HBV
uses its preS1 domain to bind NTCP, thereby competitively
interfering with its physiological role in BA uptake. This inter-
action may contribute to intrahepatic BA accumulation and
compensatory alterations in BA synthesis. For example, in
HBV-infected humanized mouse models, hepatic activity of
CYP7A1, the rate-limiting enzyme in BA synthesis, is signifi-
cantly increased, whereas the FXR-SHP feedback pathway is
suppressed, consistent with disruption of the normal feed-
back regulation of BA homeostasis by HBV. In parallel, HBV
infection and the associated liver injury may downregulate
NTCP expression, further impairing BA clearance. Together,
these effects help explain the elevated serum BA levels ob-
served in patients with CHB and HBV-related cirrhosis.58

Because NTCP functions both as the gateway for HBV
entry and as a key regulator of BA transport, it represents
an attractive therapeutic target. A phase III clinical trial of
an NTCP competitive inhibitor (Bulevirtide) has shown that
blockade of NTCP can effectively prevent viral entry in pa-
tients with HBV/hepatitis D virus coinfection.®® However,
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therapies targeting NTCP are also likely to perturb BA metab-
olism and may increase the risk of cholestasis injury. There-
fore, BA-related strategies for CHB should carefully balance
antiviral efficacy against preservation of BA homeostasis in
order to minimize the risk of treatment-related cholestatic
liver injury.

Overall, HBV infection not only disrupts BA synthesis,
transport, and signaling pathways, but BAs and their recep-
tors may also exert antiviral effects under specific conditions.
A central challenge for future therapeutic development will
be to determine how FXR, TGR5, and NTCP pathways act ac-
cording disease stage and biological context.

SCFA-BA pathway synergies and therapeutic strate-
gies

Synergy at the level of gut microbial metabolism

A close bidirectional relationship exists among the gut mi-
crobiota, SCFAs, and BAs, and this interplay may collectively
influence the course of CHB. On one hand, alterations in BA
composition can reshape the ecological niche of SCFA-pro-
ducing bacteria. BAs, particularly conjugated primary BAs,
possess antimicrobial activity and can inhibit certain Gram-
positive anaerobes. In patients with CHB, especially those
with liver dysfunction associated with increased intraintes-
tinal BA accumulation, excessive BA exposure may sup-
press butyrate-producing bacteria and further reduce SCFA
levels.”0-72 As disease progresses, key butyrate-producing
genera such as Faecalibacterium and Butyrivibrio decline
markedly during advanced fibrosis and cirrhosis, and these
changes correlate with the severity of inflammation and fi-
brosis.1473 Meanwhile, some anaerobic taxa (e.g., Megas-
phaera) have been reported to increase in abundance in
patients with CHB and elevated ALT levels, with their abun-
dance showing a positive correlation with serum ALT.7#

On the other hand, SCFAs may, in turn, regulate BA me-
tabolism. Propionate, butyrate, and related SCFAs can indi-
rectly contribute to the suppression of CYP7A1 and to nega-
tive-feedback regulation of BA synthesis by modulating the
gut microbiota and the intestinal FXR-FGF19 axis.”’>76 In
addition, SCFAs strengthen the intestinal barrier and reduce
endotoxin translocation, which may mitigate inflammation-
driven disturbances in BA metabolism.”” In the setting of
CHB, these interactions may form a self-reinforcing cycle,
characterized by BA dysregulation, gut microbiota imbal-
ance, and reduced SCFA availability, each of which may fur-
ther exacerbate the others. Interrupting this cycle provides
an important theoretical basis for combined metabolic and
microbiota-targeted strategies.

Cross-talk between SCFA and BA receptor signaling

Within the hepatic microenvironment, SCFA- and BA-asso-
ciated signaling pathways are closely interconnected and
jointly influence HBV entry, viral transcription, immune regu-
lation, and liver injury (Fig. 1). As illustrated, gut microbiota-
derived SCFAs and BA metabolites are delivered to the liver
through the portal circulation, where they engage distinct
but functionally overlapping receptor and signaling networks.

SCFA pathway: Through HDAC inhibition and modulation
of the SIRT1-p53 axis, SCFAs can directly influence the epi-
genetic structure of cccDNA and viral gene transcription. In
parallel, via receptors GPR41/43 and GPR109A, SCFAs act on
T cells, NK cells, and macrophages to enhance antiviral im-
munity (though in specific contexts this immune stimulation
may be attenuated, as discussed earlier).

BA pathway: Through FXR binding to HBV enhancer/
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Fig. 1. SCFAs and bile acid derivatives in CHB therapy: A gut-liver axis map of mechanisms and translational targets. BAs, bile acids; SCFAs, short
chain fatty acids; FMT, fecal microbiota transplantation; HBV, hepatitis B virus; CHB, chronic hepatitis B; NTCP, sodium taurocholate cotransporting polypeptide; FXR,
farnesoid X receptor; FGF19, fibroblast growth factor 19; FGFR4, fibroblast growth factor receptor 4; HDAC, histone deacetylase; H3K9ac, histone H3 lysine 9 acetyla-
tion; GPCR, G protein-coupled receptor; GPR41/43, G protein-coupled receptor 41/43; GPR109A, G protein-coupled receptor 109A; TGR5, Takeda G protein-coupled
receptor 5; Treg, regulatory T cell; NK cell, natural killer cell; NF-kB, nuclear factor kappa B; cAMP, cyclic adenosine monophosphate; PKA, protein kinase A; TGF-8,
transforming growth factor beta; AMPK, AMP-activated protein kinase; PPARy, peroxisome proliferator-activated receptor gamma; HSC, hepatic stellate cell; SHP, small
heterodimer partner; CYP7A1, cholesterol 7 alpha-hydroxylase; T, increased; |, decreased. Created with BioRender.com.

promoter regions, BAs can modulate viral transcription.
Through regulation of NTCP, they can influence HBV hepato-
cyte entry. Via TGR5-cAMP-PKA signaling in macrophages,
BAs affect macrophage polarization and inflammatory re-
sponses—potentially reducing immune-mediated liver dam-
age, but if inflammation is overly suppressed, it may hinder
viral clearance.

Taken together, these findings indicate that SCFA and BA
signaling pathways converge on a shared immune-metabolic
framework that shapes the balance among antiviral activity,
inflammatory injury, and tissue repair in CHB. Accordingly, an
effective therapeutic strategy may need to integrate the ben-
eficial components of both pathways. SCFA-based interven-
tions may help restore gut-liver metabolic homeostasis and
improve HBV-specific immune function, FXR/TGR5-targeted
modulators may help rebalance BA signaling and inflamma-
tory responses, and NTCP inhibitors may block de novo viral
entry. By combining direct antiviral approaches with correc-
tion of immune-metabolic dysregulation, such multi-target
strategies may offer greater potential to improve disease
control and promote functional cure in CHB.

Therapeutic strategies centered on SCFA and BA
pathways

SCFA supplementation and microbiota interventions:
Given the frequent depletion of SCFA-producing bacteria in
CHB, therapeutic strategies aimed at increasing SCFA avail-
ability, either directly or indirectly, represent a biologically
plausible therapeutic approach. Direct supplementation in-
cludes oral or targeted delivery of SCFA formulations, such
as butyrate salts. Current experience with these approaches
is derived largely from other disease settings, particularly
inflammatory bowel disease.”® In HBV transgenic mouse
models, SCFA-enriched diets have been reported to reduce
hepatic inflammation and tumor incidence, although the
translatability of dosing regimens and the long-term safety
of this strategy remain uncertain.38

Indirect approaches seek to restore endogenous SCFA
production through modulation of the gut microbiota. These
strategies include prebiotics, such as fermentable fibers;
probiotics containing SCFA- or butyrate-producing bacterial
strains; and fecal microbiota transplantation (FMT), all of
which are intended to replenish beneficial microbial popu-
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lations, strengthen intestinal barrier integrity, and reduce
endotoxemia.”®-81 In the context of CHB, such interventions
may have the potential to enhance antiviral immune respons-
es while simultaneously mitigating inflammatory liver injury.
However, caution is warranted because these approaches
may, under certain immunological conditions, also skew host
responses toward immune tolerance, and live microbial in-
terventions may carry a risk of infection or other safety con-
cerns.82:83 To date, randomized controlled trials (RCTs) eval-
uating SCFA supplementation or broad microbiota-directed
interventions in patients with CHB remain extremely limited,
and these strategies are still largely at a conceptual or early
translational stage.2’

FXR agonists and BA modulators: Given the dual in-
volvement of FXR in HBV replication and BA homeostasis,
several selective FXR agonists (e.g., vonafexor, ASC42) have
entered clinical evaluation for CHB.8* Early studies suggest
that, in patients with HBeAg-negative CHB, combination ther-
apy with an FXR agonist and PegIFN-a may induce a greater
decline in HBsAg levels than PegIFN-a alone, thereby provid-
ing preliminary clinical support for FXR-targeted therapy as a
potential enhancer of antiviral and immunomodulatory treat-
ment.>6 Novel agents such as ASC42 are also being investi-
gated in combination with NAs and PegIFN-a, with proposed
mechanisms including suppression of cccDNA transcription
and restoration of BA homeostasis.8°86 Nevertheless, recent
developments suggest that progress in this field remains lim-
ited and somewhat heterogeneous. Although vonafexor con-
tinues to support the mechanistic and translational rationale
for FXR-targeted strategies, robust new late-stage clinical
evidence in CHB is still lacking, and recent studies have pro-
vided mainly additional experimental and mechanistic sup-
port rather than definitive clinical advances.87.88

By contrast, traditional BA-based agents such as urso-
deoxycholic acid appear to have little direct effect on HBV
replication. Current international guidelines do not recom-
mend ursodeoxycholic acid as an antiviral therapy for CHB
and instead restrict its use to the adjunctive management of
cholestasis or other specific indications.*

Looking ahead, several therapeutic directions warrant fur-
ther investigation.

One promising approach is the development of intestine-
targeted FXR agonists designed to preferentially modulate
the intestinal FXR-FGF19 axis, thereby reducing systemic
exposure and potential adverse effects. A second strategy is
the selective short-term use of FXR antagonists in carefully
defined patient subgroups or disease phases to counterbal-
ance the proviral effects of FXR. A third direction involves
dual FXR/TGR5 modulators, including BA-derived compounds
capable of activating TGR5 while fine-tuning FXR signaling,
with the aim of harnessing metabolic and anti-inflammatory
benefits while also influencing HBV infection-related path-
ways, 89,90

Metabolic-immune combination therapy: Synergy
with existing antiviral and immunotherapeutic ap-
proaches: Ultimately, interventions targeting SCFAs or FXR/
TGRS are intended to reshape the host immune-metabolic
milieu in a manner that favors immune-mediated control
and clearance of HBV. Accordingly, combining metabolic in-
terventions with existing antiviral and immunotherapeutic ap-
proaches represents one of the most promising translational
directions. For example, several studies have explored the
addition of probiotics or microbial metabolites to interferon-
based therapy. In one report, probiotics enhanced HBV-spe-
cific interferon-y* CD4+ T-cell responses in patients with CHB,
suggesting that microbiota-directed interventions may exert
synergistic effects when combined with immunostimulatory
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treatment.9! Similarly, the previously mentioned phase I study
showed that an FXR agonist combined with PegIFN-a pro-
duced greater reductions in HBsAg than either agent alone.>®
Looking ahead, future therapeutic regimens may involve tri-
ple-combination strategies (e.g., an “SCFA prodrug + NA +
immunotherapy”), with the goal of targeting multiple patho-
genic mechanisms simultaneously.?2 In such a framework,
NAs would maintain suppression of viral replication, SCFA- or
BA-directed agents would help optimize the immune-meta-
bolic microenvironment, and immunotherapy would directly
enhance antiviral T- and B-cell responses, potentially over-
coming the current plateau in functional cure rates.

At the same time, successful multi-target combinations
will require careful attention to mechanistic compatibility
among the individual components. SCFA- or BA-based inter-
ventions should not compromise the efficacy of immunother-
apy, whereas excessive immune activation should not negate
the metabolic or hepatoprotective benefits of these agents.
Accordingly, treatment sequencing, timing, and dosing are
likely to be critical determinants of efficacy. One potential
strategy would be to achieve stable viral suppression first
with NAs, then introduce a metabolic modulator for a defined
period to reduce antigen burden and hepatic inflammation,
followed by immunotherapy aimed at eliminating residual in-
fected cells. Such combination regimens remain conceptually
attractive but will require further optimization and rigorous
validation in clinical trials.

Patient stratification and personalized treatment:
Therapeutic strategies targeting SCFA and BA pathways
are unlikely to be uniformly effective across all patients
with CHB. Gut microbiota composition, metabolic profiles,
and immune status vary substantially among individu-
als, and different disease phases, including the immune-
tolerant, immune-active, inactive carrier, and reactivation
phases, are characterized by distinct pathophysiological
features.*>:93 Accordingly, biomarker-guided patient strat-
ification will be essential to identify those most likely to
benefit from these interventions. For example, in the im-
mune-tolerant phase, which is characterized by high HBV
DNA levels and normal ALT, interventions with predomi-
nantly anti-inflammatory or tolerogenic effects should be
applied cautiously, as the primary therapeutic goal in this
setting is to overcome immune tolerance and restore anti-
viral immune responsiveness. In the immune-active phase,
where elevated ALT levels and active inflammation or fibro-
sis are evident, SCFA- or TGR5-directed interventions may
be considered on a background of antiviral therapy to re-
duce immune-mediated liver injury without compromising
immune clearance. In addition, in patients with severe gut
dysbiosis, such as marked depletion of butyrate-producing
bacteria or profoundly disturbed BA profiles, priority may
be given to microbiota-directed approaches, including pro-
biotics or FMT, or to FXR/TGR5-targeted strategies aimed
at correcting these specific metabolic disturbances.

Emerging multi-omics approaches, including metagenom-
ics, metabolomics, and immunomics, are likely to facilitate
the development of integrated biomarker panels encompass-
ing the gut microbiota-SCFA-BA-immune axis.9%%5 Such
biomarker frameworks may not only individualize therapeu-
tic strategies but also provide tools for monitoring treatment
responses, thereby representing an important direction for
future research and clinical translation in this field.

Limitations and risks

Despite the strong theoretical rationale for targeting SCFA
and BA pathways in CHB, several important limitations and
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potential risks must be carefully considered before these
strategies can be translated into clinical implementation.

Low overall level of evidence

At present, the evidence supporting the anti-HBV effects of
SCFAs and BAs remains derived predominantly from preclini-
cal studies, including in vitro experiments and animal mod-
els. Clinical studies are limited in number and are generally
characterized by small sample sizes and short follow-up dura-
tions. Another important limitation is the lack of standardized
methodologies for measuring SCFAs and BAs across studies.
Variability in specimen type, sampling conditions, analytical
platforms, and normalization strategies substantially ham-
pers cross-study comparability and poses a major challenge
for biomarker development. In addition, clinical trials of FXR
agonists have thus far been largely confined to early-phase
studies, with limited standardization of endpoints and insuf-
ficient long-term outcome data. RCTs evaluating SCFA sup-
plementation, probiotics, or FMT in CHB remain extremely
scarce. Therefore, before these approaches can be incorpo-
rated into clinical practice guidelines, more rigorous RCTs and
well-designed longitudinal cohort studies will be required to
strengthen the overall level of evidence.

Gaps in dosing and exposure

The effective concentrations of SCFAs, BAs, or related an-
alogues observed in vitro often substantially exceed their
physiological levels in humans. In addition, experimental ex-
posure durations and routes of administration may not ade-
quately reflect clinical conditions. Species-specific differences
in BA composition and gut microbiota further limit the direct
extrapolation of findings from rodent models to human dis-
ease.25-27.29 Fyture research should therefore integrate phar-
macokinetic and pharmacodynamic investigations to support
the development of liver-targeted or gut-targeted delivery
systems (e.g., microencapsulation, prodrugs, nanoparticles)
that can achieve sufficient local concentrations while mini-
mizing systemic adverse effects.

Drug-drug interactions and combination therapy
safety

FXR agonists, BA modulators, and live biotherapeutic prod-
ucts, including probiotics, may interact with existing antiviral
agents or with other medications commonly used by patients
with CHB. For example, certain FXR agonists may influ-
ence hepatic transport activity and thereby alter exposure
to statins or other concomitant medications.%¢:%7 Probiotics,
through modification of the intestinal microenvironment,
may also affect the absorption of orally administered drugs.®8
Accordingly, when designing combination regimens, potential
drug-drug interactions should be systematically evaluated,
particularly in older patients receiving multiple medications
and in those with impaired liver function.

Adverse effects and long-term safety

A range of adverse effects and safety concerns should be
considered for these emerging therapeutic approaches. For
FXR agonists, reported adverse effects include pruritus and
dyslipidemia, and excessive modulation of BA signaling may
lead to cholestatic liver injury or worsening hepatic dysfunc-
tion if not carefully monitored.®® SCFA supplementation,
whether administered orally or rectally, may cause gastro-
intestinal adverse effects such as bloating and diarrhea. In
addition, excessive dosing or inappropriate use of SCFAs may
skew host immune responses toward tolerance and poten-
tially attenuate antiviral immunity.1%0 Microbiota-directed

interventions, including probiotics and FMT, may also carry
infectious risks, particularly in immunocompromised patients
or those with advanced liver disease, in whom bacteremia
and other serious infections are potential concerns.83 With
respect to TGR5, although its activation has anti-inflammato-
ry properties, chronic or excessive stimulation could theoreti-
cally affect cholangiocyte function or influence carcinogenic
processes, although these long-term effects remain insuffi-
ciently defined.®?

Accordingly, comprehensive safety assessments and long-
term surveillance will be essential as these herapeutic strate-
gies advance through clinical development.

Uncertain long-term outcomes and viral adaptation

Metabolic-immune combination therapies may impose novel
selective pressures on HBV. At present, it remains unclear
whether such interventions could contribute to viral adapta-
tion, altered viral fitness, or resistance-related phenomena.
Moreover, even if HBsAg clearance is achieved, it is unclear
whether therapy-induced changes in the gut microbiota and
host metabolic state will be durable or reversible after treat-
ment withdrawal, and whether any residual virus may subse-
quently reactivate. These uncertainties underscore the need
for prolonged follow-up and real-world studies to evaluate
the durability of treatment responses and to monitor for de-
layed or late-emerging adverse outcomes.

Conclusion and outlook

As our understanding of the mechanisms underlying per-
sistent HBV infection continues to evolve, the gut-liver axis
has emerged as an important regulatory framework in CHB.
SCFAs and BAs, as products of the dynamic metabolic in-
terplay between the gut microbiota and the liver, appear to
influence multiple stages of the HBV life cycle as well as host
immune and metabolic responses. The evidence reviewed in
this article suggests that targeting SCFA and BA pathways
may provide novel perspectives and potential therapeutic
opportunities to overcome the current limitations of CHB
treatment. On the one hand, SCFAs may exert dual effects
on HBV through epigenetic suppression of viral transcription
and modulation of antiviral immunity. On the other hand,
rational targeting of FXR-, TGR5-, and NTCP-mediated BA
pathways may help balance viral suppression, inflamma-
tory control, and blockade of viral entry. Moreover, these
two metabolic axes appear to be complementary at both
the immunological and metabolic levels, thereby providing
a conceptual basis for multi-target combination strategies
aimed at functional cure.

Nevertheless, this field remains at an early stage, and
most conclusions are derived from preclinical studies with
limited clinical validation. Future research should focus on
several key priorities.

First, multi-omics profiling approaches, including
metagenomics, metabolomics, and immunomics, should
be used to better characterize the gut microbiota-SCFA-
BA-immune axis in patients with CHB and to identify bio-
marker combinations that may guide treatment selection
and response monitoring. Second, more humanized and
physiologically relevant experimental models are needed
to evaluate the antiviral and immunomodulatory effects of
SCFA- and BA-targeted interventions across different doses
and exposure patterns, with the aim of defining safe and
effective therapeutic windows. Third, rigorous RCTs should
be designed, initially on a background of stable NA thera-
pies, to assess the incremental value of SCFA supplemen-
tation, microbiota-directed interventions, and FXR/TGR5

Journal of Clinical and Translational Hepatology 2026 7



modulation. Relevant endpoints may include HBsAg loss,
changes in cccDNA activity or burden, and improvement
in liver histology. Fourth, next-generation therapeutics and
delivery platforms, such as liver- or gut-targeted SCFA
prodrugs, selective FXR modulators, and bifunctional FXR/
TGR5-active compounds, warrant further development to
maximize efficacy while minimizing adverse effects. Finally,
long-term follow-up and real-world studies will be essential
to determine how metabolic-immune combination strate-
gies influence fibrosis regression, hepatocellular carcinoma
risk, and patient quality of life over time.

In summary, targeting SCFA and BA pathways represents
a promising frontier in CHB therapy. However, translation of
these mechanistic insights into effective clinical strategies will
require substantial further investigation. Through rigorous,
evidence-based research and careful clinical development,
metabolic-immune combination strategies may ultimately
improve functional cure rates in CHB and provide meaningful
long-term benefits for patients.
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