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Abstract

Background: Chronic hepatitis B virus (HBV) infection continues to pose a significant global public health burden. Existing therapies
achieve functional cures at limited rates and are complicated by problems including drug resistance and cumulative toxicity. Betulonic
acid (Bet) is known for its anti-inflammatory, antibacterial, and antitumor activities. However, whether its antimicrobial effects extend to
HBV infection remains unclear. Consequently, this study investigates the antiviral effects of Bet both in vitro and in vivo. Methods: Bet
effect on HBV replication and transcription was first investigated using Enzyme-Linked Immunosorbent Assay (ELISA) and real-time
quantitative reverse transcription (RT-qPCR). Western blot and RNA-seq analyses were performed to elucidate the antiviral mechanism.
Finally, animal experiments were conducted to assess the in vivo anti-HBV effect of Bet. Results: In vitro experiments demonstrated
that Bet significantly inhibited secretion of HBsAg and HBeAg, reduced HBV total RNA and pregenomic RNA levels, and exerted
antiviral effects by modulating the extracellular signal-regulated MAP kinases (ERK1/2)-hepatocyte nuclear factor 4 alpha (HNF4α)
axis. Concurrently, the reduction in serum HBV DNA copy number in infected mice confirmed the therapeutic efficacy of Bet against
HBV infection in vivo. Conclusion: These results demonstrate that Bet exhibits anti-HBV activity, which could inform new drug
development strategies for HBV.
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1. Introduction

Globally, the World Health Organization reports ap-
proximately 1.1 million new hepatitis B virus (HBV) in-
fections and around 900,000 related deaths annually [1].
Despite extensive research, identifying specific and effec-
tive therapeutic targets and agents for HBV remains a ma-
jor challenge. Current evidence suggests that HBV initially
attaches to HSPGs (Heparan Sulfate Proteoglycans) at the
hepatocyte surface with low affinity, followed by specific
interaction with NTCP (Sodium Taurocholate Cotransport-
ing Polypeptide) to facilitate internalization [2], followed
by viral replication and transcription. Monitoring HBsAg
levels is a key indicator of treatment efficacy [3]. Currently,
available therapies include interferon-based and nucleoside
analogue treatments. However, nucleoside analogues are
associated with risks of viral relapse risks [4] and drug re-
sistance development [5]. Interferon therapy, known for its
immunomodulatory effects, can induce HBsAg clearance
[6], and seroconversion [7]. For instance, a fusion protein
combining anti-PD-L1 with an HBV vaccine has shown the
potential to eliminate HBsAg in mice [8]. Nevertheless, the

current options for achieving a functional cure for HBV are
limited [9].

Traditional Chinese medicine (TCM) offers a vast
and diverse pool of bioactive compounds, resembling a
natural drug library with significant potential for disease
treatment and drug development. Betulonic acid (Bet),
a pentacyclic triterpenoid compound derived from Liq-
uidambar formosana Hance fruit (Hamamelidaceae), was
first recorded in the Supplement to the Compendium ofMa-
teria Medica (Ben Cao Gang Mu Shi Yi). The Chinese Ma-
teria Medica (Zhong Hua Ben Cao) documents the hepato-
protective properties of Liquidambar formosana, and mod-
ern studies have exhibited that Bet exhibits significant anti-
hepatotoxic activity. Additionally, pharmacological studies
have demonstrated that Bet and related triterpenoids exert
anti-cancer, anti-inflammatory [10,11], and antiviral effects
[12,13]. For instance, in treating porcine reproductive and
respiratory syndrome (PRRS), Bet can inhibit PRRS virus
replication by downregulating cellular ATP [13]. Addition-
ally, Bet has also been discovered to have potential as a ther-
apeutic agent against coronaviruses, owing to its effect on
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nonstructural protein 15 (nsp15) [14]. Its acetylene deriva-
tives also exhibit potent anti-inflammatory and hepatopro-
tective properties [15]. However, the antiviral effect of Bet
against HBV has not yet been clearly defined.

Several hepatocyte-specific nuclear factors, including
hepatocyte nuclear factors (HNFs), retinoid X receptor, far-
nesoid X receptor, and peroxisome proliferator-activated
receptors, are involved in HBV transcription [16,17].
HNF4α plays a central role in binding to multiple enhancer
regions and the pre-core promoter of the HBV genome,
thereby regulating viral replication and gene expression.
Prior studies have demonstrated that ERK pathway activa-
tion effectively downregulates HNF4α and HNF1α expres-
sion, which in turn inhibits HBV replication and transcrip-
tion [18,19,20,21,22,23,24]. Additionally, peroxisome
proliferator-activated receptor-γ coactivator 1α (PGC-1α)
interacts with HNF4α, Peroxisome proliferator-activated
receptor alpha (PPARα), and Peroxisome proliferator-
activated receptor gamma (PPARγ), playing a crucial role in
supporting HBV replication [25,26,27,28,29]. Nuclear fac-
tor NF-kappa-B p65 subunit (NF-κB/p65) can strongly ac-
tivate the miR-130a promoter, elevating miR-130a expres-
sion and thereby suppressing PGC-1α and PPARγ to inhibit
HBV replication [30]. Furthermore, p65 may inhibit viral
replication bymodulating the activity of transcription factor
Nuclear receptor subfamily 2 group F member 1 (NR2F1)
activity or through direct binding to the HBV core pro-
moter [31,32,33]. The Phosphatidylinositol 4-phosphate 3-
kinase (PI3K)/RAC-alpha serine/threonine-protein kinase
(AKT)/Serine/threonine-protein kinase mTOR (mTOR)
pathway’s role in HBV replication is controversial. While
some studies report that inhibition of this pathway sup-
presses HBV replication, others suggest that its activation
can also reduce HBV replication, an outcome likely depen-
dent on the specific therapeutic context [18,34,35,36].

In this study, we demonstrate that Bet effectively sup-
presses HBV replication and transcription in vitro and in
vivo. Mechanistic investigations revealed that Bet activates
the Mitogen-activated protein kinase (MAPK) and NF-κB
pathways while downregulating the PI3K/AKT/mTOR cas-
cade. This activity reduces the expression levels of HNF1α
and HNF4α, two transcription factors essential for HBV
replication. However, only inhibition of ERK1/2 effec-
tively reversed the suppression of HBV replication induced
by Bet. These findings identify Bet as a novel candidate for
therapeutic intervention against HBV infection.

2. Methods and Materials
2.1 Cell Culture and Drugs

Human hepatoma cell lines HepG2.2.15 (CC-Y1583,
EK-Bioscience, Shanghai, China) and Huh-7 (Cat. TCH-
C217, Haixing Biosciences) cells were cultured in DMEM
medium (KGM12800-500, KEeyGEN Bio TECH) supple-
mented with 10% fetal bovine serum (FBS, A5256701,
Gibco) at 37 °C under 5% CO2. Cells were routinely moni-

tored, and passaging was performed approximately every
48 h upon reaching 70%–80% confluence. To maintain
HBV genome stability, periodic G418 (350 μg/mL) selec-
tion was performed. Cell lines were validated by STR pro-
filing and tested negative for mycoplasma. Cells were pas-
saged and maintained for no more than 10 passages.

For screening, a validated L6730-Anti-Virus TCM
monomer library (containing 270 purified compounds,
HPLC purity≥98%) was commercially sourced from TOP-
SCIENCE. Betulonic acid (B823662, 50 mg, MACKLIN)
was dissolved in dimethyl sulfoxide (DMSO) at a stock con-
centration of 10mM, stored at –80 °C, and diluted in culture
medium immediately before use. Vehicle controls (DMSO
≤0.1%) were included in all experiments to eliminate sol-
vent effects.

2.2 CCK-8 Assay
HepG2.2.15 cells were seeded in 96-well plates at a

density of 10,000 cells/well and cultured for 24 h to reach
approximately 70% confluency. The cells were then treated
with specified concentrations of test compounds (antiviral
TCM monomer or Bet). After 48 h of incubation at 37 °C
and 5%CO2, cell proliferation was quantified using a CCK-
8 assay kit (40203ES80, Yeasen, Shanghai) according to the
protocol of the manufacturer. Absorbance was measured
at 450 nm using a microplate reader (800TS-SN, Agilent
Technologies). Each sample was analyzed in triplicate.

2.3 Flow Cytometry Assay
HepG2.2.15 cells were seeded in a 6-well plate at

a density of 500,000 cells/well. Upon reaching approxi-
mately 70% confluence, the medium was aspirated and re-
placed with fresh medium containing 10 or 20 μM Bet for
the experimental groups, 0.1% (v/v) DMSO for the vehicle
control, or drug-free complete medium for the blank con-
trol. Following a 48-hour incubation, the cells were har-
vested by gentle trypsinization and centrifuged at 1500 rpm
for 5 min. The pellet was carefully resuspended in 200 μL
of ice-cold phosphate-buffered saline (PBS, KGL2206-500,
KeyGEN). For viability assessment, 2 μL of propidium io-
dide (PI) solution (40710ES03, Yeasen, 1 mg/mL stock)
was added to achieve a final concentration of 10 μg/mL,
and the suspension was mixed gently and incubated for 15
min at 4 °C in the dark. Cell viability was analyzed using
a NovoCyte Flow Cytometer (NovoCyte 2060R, Agilent
Technologies). Events were first gated on a forward scatter
area (FSC-A) versus side scatter area (SSC-A) plot to ex-
clude debris and retain the main cellular population. Dou-
blets were excluded by plotting FSC-A versus FSC-H (or
FSC-W), and only singlet events along the diagonal were
retained.

2.4 Enzyme-linked Immunosorbent Assay (ELISA)
HepG2.2.15 cells were seeded in a 6-well plate at

a density of 500,000 cells/well. Upon reaching approxi-
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mately 70% confluence, the cells were treated for 48 h with
Bet (10 or 20 μM), Entecavir monohydrate (ETV) (HY-
13623A, MCE, 20 μM), RG-7834 (HY-117650A, MCE,
20 μM) or 0.1% (v/v) DMSO as a control. This treat-
ment protocol was also applied to p1.3 × HBV-transfected
Huh-7 cells. After treatment, the cell culture supernatants
were collected and centrifuged at 3000 rpm for 5 min to
remove cellular debris. HBsAg and HBeAg expression in
the clarified supernatants were quantified using commercial
ELISA Kits (HBsAg ELISA kit, Lot: 2024040408; HBeAg
ELISA Kit, Lot: E202310023-2; Zhongshan Biotechnol-
ogy). For mouse serum samples, the levels of aspartate
aminotransferase (AST) and alanine transaminase (ALT)
were determined using commercial mouse AST ELISA kit
(ml058659, mlbio) and mouse ALT ELISA kit (ml058648,
mlbio) according to the manufacturer’s instructions. Fi-
nally, absorbance was measured at 450 nm using a cal-
ibrated microplate reader (800TS-SN, Agilent Technolo-
gies), with 630 nm used as a reference wavelength when
necessary.

2.5 RNA Extraction and cDNA Synthesis
After treatment with 0.1% (v/v) DMSO, Bet (10 or 20

μM), ETV (20 μM) or RG-7834 (20 μM), total RNA was
isolated from HepG2.2.15 cells or p1.3 × HBV-transfected
Huh-7 cells using TRIzol reagent (15596026CN, Invitro-
gen) according to the protocol of the manufacturer. RNA
purity and concentration were verified using NanoDrop
spectrophotometry (NanoDrop OneC, Thermo Fisher).
First-strand cDNA was synthesized immediately using the
Novoprotein Reverse Transcription System (E047-01A,
Novoprotein).

2.6 Real-time Quantitative reverse transcription PCR
(RT-qPCR)

RT-qPCR was performed using NovoStart® SYBR
qPCR SuperMix Plus (E096-01A, Novoprotein) to quantify
the expression levels of HBV total RNA and pregenomic
RNA (pgRNA). GAPDH was used as the endogenous ref-
erence gene for normalization, and relative RNA expression
changes were calculated using the 2−ΔΔCt method. All ex-
periments were performed in triplicate.

All primer sequences utilized in the current study are
presented in the following:

pgRNA-For TCTTGCCTTACTTTTGGAAG,
pgRNA-Rev AGTTCTTCTTCTAGGGGACC,
total RNA-For ACGTCCTTTGTTTACGTCCCGT,
total RNA-Rev CCCAACTCCTCCCAGTCCTTAA,
GAPDH-For GGTGAAGGTCGGTGTGAACG,
GAPDH-Rev CTCGCTCCTGGAAGATGGTG.

2.7 Western Blot Assay
After the drug treatment cycle, the mice were sacri-

ficed and their liver tissues were removed. Freshly iso-
lated mouse liver tissues were immediately homogenized

in RIPA lysis buffer containing 1 × protease inhibitor cock-
tail using a grinder. Lysates were centrifuged at 12,000 rpm
for 15 min at 4 °C, and supernatants were collected.

For Bet-treated HepG2.2.15 cells and p1.3 × HBV-
transfected Huh-7 cells, cells were washed three times with
ice-cold PBS, then lysed in identical RIPA buffer with in-
hibitors on ice (40–60 min, vortexing every 10 min) fol-
lowed by centrifugation (12,000 rpm, 15 min, at 4 °C) to
harvest supernatants. Protein concentrationwas determined
by using the BCA assay (P0010, Beyotime). After denat-
uration of the protein by boiling it at 100 °C for 10 min,
10 μg of each sample was separated by SDS-PAGE (8–
12% gradient gels, PG112, Yatase) and then transferred to
Immun-Blot® PVDF membranes (ISEQ0010, Millipore)
via wet transfer (100 V for 60 min). Following transfer,
the membranes were blocked with 5% (w/v) skimmed milk
for 2 h, then incubated overnight at 4 °C with the corre-
sponding primary antibody. After three times 10-min TBST
washes, membranes were probed with horseradish perox-
idase (HRP)-conjugated secondary antibodies (1:8000 di-
lution, 2 h, room temperature (RT)). Protein signals were
detected using Clarity™ Western ECL substrate (Bio-Rad)
and Densitometric analysis of Western blot bands was per-
formed using ImageJ (Fiji 2, https://imagej.net/imagej-wik
i-static/Welcome) software. The relative expression levels
of target proteins were quantified by normalizing to the in-
ternal reference protein (Actin).

Western blot primary antibodies included anti-β-actin
(Sc-47778, Santa Cruz), Anti-PPARγ Mouse mAb (Sc-
7273, Santa Cruz), Anti- PGC1α Rabbit mAb (ET1702-
96, HUABIO), Anti-HNF1α Mouse mAb (Sc-393925,
Santa Cruz), Anti-HNF4α Mouse mAb (Sc-374229, Santa
Cruz), HBsAg Rabbit mAb (NB100-62652, NOVUS),
p38 (5A1) Mouse mAb (200782, Chengdu Zen-bioscience
Co., Ltd.), Phospho-p38 MAPK (Thr180/Tyr182) (9211S,
CST), ERK1/2 Rabbit mAb (R22685, Chengdu Zen-
bioscience Co., Ltd.), Phospho-p44/42 MAPK (Erk1/2)
Rabbit mAb (4370S, CST), MEK Rabbit mAb (ET-
1602-3, HUABIO), Phospho-MEK Rabbit mAb (ET-1609-
50, HUABIO), JNK Rabbit mAb (R24778, ZENBIO),
Phospho-JNK Rabbit mAb (4778S, CST), mTOR Rab-
bit mAb (2972S, CST), Phospho-mTOR Rabbit mAb
(2971S, CST), AKT Rabbit mAb (R23412, Chengdu Zen-
bioscience Co. Ltd.), Phospho-AKT (Thr308) Rabbit mAb
(341790, CST), PI3K Rabbit mAb (4257S, CST), Phospho-
PI3K Rabbit mAb (H65150018, HUABIO), NF-κB P65
Rabbit mAb (R25149, Chengdu Zen-bioscience Co., Ltd.),
Phospho-NF-κB P65 Rabbit mAb (3033S, CST), IκBα
Rabbit mAb (R380682, ZENBIO), Phospho- IκBα(Ser32)
(14D4) Rabbit mAb (2859S, CST). Secondary antibod-
ies included Goat anti-Rabbit IgG (H+L) secondary anti-
body, HRP (65-6120, Invitrogen) and Goat anti-Mouse IgG
(H+L) Secondary Antibody, HRP (31431, Invitrogen).
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2.8 Southern Blot
p1.3 × HBV-transfected Huh-7 cells were treated with

Bet for 48 h. After being washed with PBS, HBVDNAwas
extracted using a DNA extraction kit (B0813B, TIANGEN)
according to the manufacturer’s protocol. Following DNA
quantification, agarose gel electrophoresis was carried out
using a 1% agarose gel at 140 V until the loading buffer mi-
grated out of the gel, and the band positions were visualized
under ultraviolet light.

The gel was subjected to depurination in 0.25 M HCl
twice for 5min each, then equilibrated in 0.4MNaOH three
times for 15 min each, and further equilibrated in 20 × SSC
transfer buffer for 5 min. Downward capillary transfer was
then conducted. The transfer stack was assembled from
bottom to top in the order: absorbent paper, filter paper,
nylon membrane (FFN10, Beyotime), agarose gel, filter pa-
per, siphon filter paper, and weight. Membrane transfer was
performed at room temperature for more than 16 h. The ny-
lon membrane was removed, air-dried, and subjected to UV
cross-linking (120 mJ/cm2, 2 min).

In parallel, the probe was prepared in advance accord-
ing to the instructions of the Biotin Random Prime DNA
Labeling Kit (D3118, Beyotime). The hybridization oven
was preheated to 55 °C. The nylon membrane was placed
into a hybridization tube, and 10mL ofQuickHybridization
Solution (R0229, Beyotime) supplemented with 200 μL of
50 × Denhardt’s solution was added for prehybridization at
55 °C for 3 h. For overnight hybridization, the membrane
was incubated with 10 mL of Quick Hybridization Solu-
tion containing 200 μL of 50 × Denhardt’s solution and the
probe at a final concentration of 25 ng/mL.

On the next day, the nylon membrane was washed
three times with washing buffer at room temperature for
5 min each, followed by a 15 min wash at 42 °C. Chemi-
luminescent detection was performed following the man-
ufacturer’s instructions of the Chemiluminescent Biotin-
labeled Nucleic Acid Detection Kit (D3308, Beyotime).
Finally, the membrane was exposed and visualized using
a chemiluminescence imaging system (Touch Imager XLi
Lot: AGX2312Y02, e-BLOT Life Science (Shanghai) Co.,
Ltd.).

2.9 Inhibitors Rescue Experiment
HepG2.2.15 and p1.3 × HBV-transfected Huh-7 cells

were seeded in a 6-well plate. Upon reaching approx-
imately 60% confluence, the cells were treated with or
without the following inhibitors/agonists: ERK inhibitor
SCH772984 (942183-80-4, MACKLIN), 5 μM, AKT ag-
onist SC79 (T2274, TargetMol), 10 μM, NF-κB inhibitor
SC75741 (HY-10496, MCE), 5 μM, and p38 inhibitor
Adezmapimod hydrochloride (HY-10256A, MCE), 10 μM.
After a 12-h pretreatment, each group was subdivided into
drug-treated and control subgroup, receiving either 20 μM
Bet or 0.1% (v/v) DMSO. The cells were then co-treated
with the corresponding compounds for 48 h. Following this

incubation, we analyzed HBsAg levels in the culture super-
natant and in cellular RNA and protein.

2.10 RNA Sequencing and Analysis.

HepG2.2.15 cells were seeded in six-well plates at a
density of 5 × 105 cells/well. After 24 h, the culture medium
was replaced with fresh medium containing either 20 μM
Bet or 0.1% (v/v) DMSO, control and experimental group
cells were collected 48 h after drug treatment and washed
with PBS. Total RNA was isolated using TRIzol, and li-
braries were prepared and quantified on an Illumina No-
vaSeq 6000 (paired-end 150 bp; Illumina, Inc.) by Azenta
Life Science. Differentially expressed transcripts were de-
fined as |log2(fold change) | >1 with p < 0.05 and ana-
lyzed using iDEP 2.0 (https://bioinformatics.sdstate.edu/i
dep/) [37]. KEGG pathway enrichment analysis of DEGs
using clusterProfiler (v4.0.5).

2.11 AAV HBV Mouse Model

Animal experiments were approved by theAnimal Ex-
periment Ethics Committee of of Bengbu Medical Univer-
sity (Approval No.: 291 [2024]) and conducted in compli-
ancewith theGuide for the Care andUse of LaboratoryAni-
mals (8th ed., NRC, 2011), the PRCRegulations for the Ad-
ministration of Affairs Concerning Experimental Animals,
the Ministry of Science and Technology’s Guiding Opin-
ions on the Treatment of Laboratory Animals (2006), and
GB/T 35892-2018. Mice were kept in animal rooms main-
tained on 12-h light-dark cycle, temperature and humidity-
controlled, between 20–23 °C and 30–70%, respectively.
All animals were allowed to acclimatise to the facility for
at least 7 days before the start of any experimental proce-
dure, to allow recovery from transportation stress. Health
status was monitored daily during the acclimatisation pe-
riod, and animals showing signs of illness, injury or fail-
ure to regain body weight were excluded and not used in
the study. The HBV mouse model was established us-
ing 6−8-week-old male C57BL/6 mice (GemPharmatech
(Nanjing, China)) through tail vein injection of AAV8-
HBV1.3 vector (5 × 1010 viral vector genome equivalents/-
mouse, genotype D/ayw, PackGen Biotech). Model valida-
tion was confirmed by quantitative ELISA for serum HB-
sAg levels (HBsAg ELISA Kit, Lot: 2024040408, Zhong-
shan Biotechnology) at 14 days post-injection. Success-
fully infected mice were randomly assigned to receive ei-
ther Bet (5 mg/kg, 100 μL administered intraperitoneally
twice a week) or vehicle control (0.1% DMSO in PBS, ad-
ministered intraperitoneally twice weekly). Serum samples
were collected every 10 days to measure HBsAg levels.
Forty days after treatment initiation, the mice were euth-
anized following institutional animal care guidelines. Mice
were anesthetized via intraperitoneal injection of Avertin
(1.25% m/v, Cat: MA1612-1, Meilunbio) at a dose of 18
μL/g. Mice were euthanized by CO2 inhalation. The cham-
ber displacement rate was maintained at 30–70% of its vol-
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ume per minute using a CO2 flow rate of 10–15 L/min at
a pressure of 0.1–0.3 MPa. Death was confirmed approxi-
mately five minutes later by the absence of a heartbeat and
pupillary dilation. Cervical dislocation was performed as
a secondary method when death was not assured. Serum
samples were collected for HBsAg quantification (ELISA)
and HBV DNA copy quantification, which was performed
by real-time PCR using the HBV Real-time PCR Test kit
(Cat: DA0031, DaAn Gene Co., Ltd.) according to man-
ufacturer’s instructions. Liver tissue specimens were ob-
tained for subsequent analyses, including Western blot and
immunohistochemical staining. For each experiment, the
experimental unit was defined as an individual animal. An-
imals were allocated to experimental groups using random-
ized cage assignment, and group assignments were pre-
pared by an investigator who was not involved in outcome
assessment. To minimize potential confounding, animals
were distributed across treatment groups according to cage
location, and experimental procedures were performed in a
balanced order whenever feasible. Investigators perform-
ing HBsAg ELISA were blinded to group allocation where
applicable. Sample labels were coded, and group identi-
ties were revealed only after data processing and statisti-
cal analysis were completed. For experiments in which full
blinding was not possible, the rationale and the steps taken
to reduce detection bias were described. Qianqian Xu and
Sien Ma were aware of the group allocation at the different
stages of the experiment. The sample size for each animal
experiment was determined based on a priori power analy-
sis. The primary outcome was HBV inhibition, defined as
the change in serum HBV DNA from baseline to the end of
treatment, expressed as log10 IU/mL. No a priori power cal-
culation was performed, as reliable variance estimates were
unavailable. No statistical method was used to predeter-
mine sample size for exploratory analyses unless otherwise
stated. No specific inclusion or exclusion criteria were pre-
defined, and no animals or data points were excluded from
the analysis.

2.12 Immunohistochemistry

Fresh liver tissues from control and experimental mice
were fixed in 4% paraformaldehyde (PFA) (#P0099; Bey-
otime) and embedded in paraffin. Paraffin-embedded tis-
sues were sectioned into 3–4 μm slices, followed by de-
paraffinization in xylene and rehydration through a graded
ethanol series (100%, 95% and 70%). Antigen retrieval
was performed using a citrate-based retrieval solution. En-
dogenous peroxidase activity was blocked by incubating
sections with 3% hydrogen peroxide for 10 min at room
temperature. Non-specific binding sites were blocked with
5% bovine serum albumin (BSA) for 30 min at room tem-
perature. Tissue sections were then incubated with primary
antibodies against HBsAg and HBcAg for 60 min at room
temperature (or overnight at 4 °C for enhanced sensitiv-
ity). After washing, sections were incubated with HRP-

conjugated secondary antibodies for 30–60 min at room
temperature. Immunoreactivity was visualized using 3,3’-
diaminobenzidine as the chromogenic substrate, followed
by counterstaining with hematoxylin, dehydration in an as-
cending alcohol series, and mounting with a permanent
medium.

2.13 Luciferase Reporter Gene Assay
1.3 × HBV Luciferase plasmid [38], which contains

the HBV Enhancer I, Enhancer II, and core promoter re-
gions (kindly provided by Dr. Hongxia Fan from Tianjin
Medical University), was transfected into Huh-7 cells using
the KeygenMAX 3000 Transfection Reagent (KGA9705-
1.5, KeyGen BioTECH). After 24 h of incubation, cells
were treated with 20 μM Bet for 48 h. Promoter activity
was quantified by luminescence intensity using a Firefly
Luciferase Reporter Assay Kit (#RG005, Beyotime).

2.14 Immunofluorescence
The six-well plate was covered with cover slips, and

approximately 500,000 HepG2.2.15 cells were plated per
well. After 24 h, the cells were treated with 20 μM Bet.
Cells were washed twice with PBS after 48 h, then 500 μL
of 4% PFA was added, the cells were fixed at room tem-
perature for 15 min, and washed thrice with PBS. Next, 1
mL of 0.2% Triton X-100 (diluted in PBS: 10 mL of PBS
+ 20 μL of Triton X-100) was added, incubated at room
temperature for 15 min, and washed thrice with PBS. Next,
500 μL of 5% BSA was added to each well and blocked at
room temperature for 1 h. After PBS washing, the antibody
(Phospho-NF-κB P65 Rabbit mAb (3033S, CST)) was di-
luted in 1% BSA at 1:200 and incubated overnight. The
next day, the samples were washed four times with PBS
for 5 min each. The secondary antibody, Goat anti-Rabbit
IgG (H+L) Cross-Adsorbed ReadyProbes™ Secondary An-
tibody, Alexa Fluor™ 594(R37117, Invitrogen) (diluted
1:500), was incubated at room temperature for 1 h and then
washed four times with PBS. After staining the nuclei with
DAPI diluted 1:1000 in the dark for 15 min, washing them
3 times with PBS, and removing the cover slips, the cover
slips were sealed with a fluorescence quencher. The sam-
ples were observed with a confocal microscope (Stellaris 5
Leica).

2.15 Statistical Analysis
Experimental data were analyzed using GraphPad

Prism 10 (GraphPad Software, Inc.) and ImageJ (Fiji 2, ht
tps://imagej.net/imagej-wiki-static/Welcome). Error bars
in all graphs denote standard deviation derived from three
or more independent biological replicates. Imaging data
and immunoblots are representative of at least three inde-
pendent experiments unless otherwise noted. Each in vivo
data point corresponds to a mouse from an independent ex-
perimental group. The statistical significance of compar-
isons between the two groups was determined using Stu-
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dent’s t-test. The assumptions of the statistical tests were
checked before analysis. Normality was evaluated using the
Shapiro-Wilk test and normal Q-Q plots, and homogeneity
of variance using Levene’s test. Data meeting both assump-
tions were analysed with the t-test or one-way ANOVA
with Tukey’s post-hoc test. Heterogeneous variances were
handled using the Welch test with Games-Howell post-hoc
comparisons, and non-normal data were transformed (log or
square root) or analysed with non-parametric tests (Mann-
Whitney U or Kruskal-Wallis with Dunn’s test and Bon-
ferroni correction), with results reported as median (IQR).
Cohen’s d with 95% confidence intervals based on the non-
central t distribution was used for two-group comparisons,
eta-squared with non-central F-based confidence intervals
was used for one-way ANOVA, and partial eta-squared
was reported for factorial designs. For longitudinal tumour
growth data analysed with linear mixed-effects models, we
report the fixed-effect estimates and their 95% confidence
intervals. The significance of multiple groups was deter-
mined using one-way or two-way ANOVA where appro-
priate, with significance levels set at *p < 0.05, **p < 0.01,
***p < 0.001, and ****p < 0.0001.

3. Results
3.1 Discovery of Bet as a Potent Anti-HBV Reagent From
a TCM Monomer Library

TCM serves as a vast reservoir of bioactive com-
pounds with substantial potential for drug development.
Leveraging the recognized multi-target activity and favor-
able safety profile of TCM, we used the HepG2.2.15 cell
line, a well-established in vitro HBV replication model,
to screen natural compounds with anti-HBV activity from
an antiviral TCM monomer library containing 270 natu-
ral compounds (L6730, HPLC purity ≥98%). HepG2.2.15
cells were treated with 20 μM of the library compounds
for 48 h (Fig. 1A). Cell viability and HBsAg secretion
were assessed after a 48-h treatment period using the CCK-
8 assay and ELISA, respectively (Fig. 1B,C). Among the
tested compounds, Bet, a lupane-type triterpenoid, was pri-
oritized for further investigation because of its potent anti-
HBV activity and underexplored therapeutic potential. A
dose–response assay (0–40 μM) was performed to deter-
mine the optimal working concentration. Bet exhibited low
cytotoxicity in the 10–20 μM range (Supplementary Fig.
1A), as further confirmed by flow cytometry analysis of
cell death and microscopy observation of cell morphology
(Supplementary Fig. 1B–D). Cells were treated with the
same drug concentration for 48 h, Bet was compared with
entecavir and RG7834. The effects of the drugs were de-
tected using ELISA and RT-qPCR. The experimental re-
sults demonstrated that Bet exhibited superior anti-HBV
effect compared to entecavir and RG7834 in suppressing
HBsAg and HBeAg secretion (Supplementary Fig. 1E–
H). ELISA results exhibited that Bet treatment (10 and 20
μM) for 24, 48, and 72 h, reduced the secretion of HB-

sAg and HBeAg into the culture medium of HepG2.2.15
cells in a dose-dependent manner (Fig. 1D,E) and time-
dependent manner (Fig. 1F,G). Furthermore, Bet treatment
(10 and 20 μM) for 24, 48, and 72 h remarkably inhibited
the HBV RNA levels, including total RNA and pgRNA, in
a dose- and time-dependent manner (Fig. 1H–K). Collec-
tively, these findings suggest that Bet inhibits HBV repli-
cation.

3.2 RNA-seq Analysis Identifies the Mechanism of Bet
-Mediated Inhibition of HBV Replication

To elucidate the molecular mechanisms underlying
Bet-mediated anti-HBV activity, we conducted Bulk RNA
sequencing of HepG2.2.15 cells treated with Bet or without.
In summary, HepG2.2.15 cells were seeded into six-well
platesat a density of 5 × 105 cells per well and treated with
Bet at 0 and 20 μM for 48 h. Cells were collected, and TRI-
zol was used to extract RNA for RNA-seq analysis. Under
stringent criteria (|log2FC|≥1, Q-value≤0.05), 4222 differ-
entially expressed genes (DEGs) were identified, including
1534 upregulated and 2688 downregulated genes (Fig. 2A).
Hierarchical clustering revealed distinct transcriptional pro-
files between Bet-treated and control groups (Fig. 2B). RT-
qPCR validation of 20 DEGs (10 upregulated and 10 down-
regulated) exhibited strong consistency with RNA-seq data
(Supplementary Fig. 2A,B).

KEGG pathway analysis revealed multiple enriched
signaling pathways among DEGs (Fig. 2C). Although
PPAR and AMPK pathways were not among the most
statistically significant, their biological relevance to HBV
regulation has been well-supported by previous studies.
For instance, microRNA-130a suppresses viral replica-
tion by co-targeting PGC1α and PPARγ [30]. HALL-
MARK pathway analysis further highlighted NF-κB sig-
naling as the most significantly enriched (FDR <0.05; Fig.
2D). TF.Target.RegNetwork analysis exhibited that HBV-
relevant transcription factors, such as HNF4α, HNF1α,
and PPARγ, target genes were significantly downregulated
(Fig. 2E). Protein-protein interaction (PPI) analysis using
the STRING database identified functional links between
HNF4α and PGC1α (Supplementary Fig. 2C,D), suggest-
ing that Bet maymodulate a coordinated transcriptional net-
work.

These results indicate that Bet inhibits HBV by tar-
geting key signaling pathways (PPAR, AMPK, and NF-
κB) and transcriptional regulators (HNF4α, PGC1α, and
PPARγ), disrupting viral transcription and replication.

3.3 Bet Regulates PI3K/AKT/mTOR, NF-κB, and MAPK
Pathways and Inhibits Key HBV-related Transcription
Factors

Based on transcriptome analysis, we hypothesized that
Bet exerts its antiviral effects by modulating transcription-
factor networks and key signaling pathways. HepG2.2.15
cells were treated with Bet (10 and 20 μM) for 48 h, and
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Fig. 1. Discovery of Bet as a potent anti-HBV agent from a TCM monomer library. (A) Schematic of the screening workflow
for HBV-inhibiting monomeric compounds using HepG2.2.15 cells through CCK-8 and ELISA assays. Created by FigDraw2.0, ID:
WWIIOae222 (https://www.figdraw.com/static/index.html#/). (B) The CCK-8 assay was used to determine the cytotoxicity of 270 TCM
compounds in HepG2.2.15 cells after 48 h of treatment. (C) Detecting HBsAg in HepG2.2.15 cells treated with 270 TCM compounds
for 48 h using ELISA. (D,E) Secretion levels of HBsAg and HBeAg in the supernatant of HepG2.2.15 cells following a 48 h culture in
medium containing Bet (0, 10, and 20 μM). (F,G) Secretion levels of HBsAg and HBeAg after Bet (20 μM) treatment of HepG2.2.15 for
24, 48 h, and 72 h were evaluated using ELISA. (H,I) HepG2.2.15 cells were cultured in medium containing Bet (0, 10, and 20 μM) for
48 h, after which RT-qPCR quantified intracellular HBV RNA expression. (J,K) HBV RNA expression after Bet (20 μM) treatment of
HepG2.2.15 for 24, 48, and 72 h was evaluated using RT-qPCR. Data analysis was performed using two-way ANOVA. *p < 0.05, **p <
0.01, ***p < 0.001, and ****p < 0.0001. HBV, hepatitis B virus; TCM, traditional Chinese medicine; RT-qPCR, Real-time Quantitative
reverse transcription PCR.

the cells were then collected for Western blot. The re-
sults suggested that Bet significantly downregulated HBV-
related transcription factors (PGC1α, HNF4α, HNF1α, and
PPARγ) in a dose-dependent manner and reduced HBsAg
levels (Fig. 3A). Studies have demonstrated that HNF4α

is a key transcription factor for the HBV core promoter
and enhancer. It can directly bind to these critical regions
and strongly drive pgRNA synthesis, a prerequisite for viral
replication. Furthermore, several agents have been reported
to block viral replication by downregulating or degrading
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Fig. 2. RNA-seq analysis identifies the mechanism of Bet -mediated inhibition of HBV replication. (A) Volcano plot identifies
4222 DEGs from a comparison between HepG2.2.15 cells treated with Bet for 48 h and DMSO group, filtered by |log2FC| ≥1 and Q
≤0.05 (DESeq2). Among them, 1534 were upregulated (red) and 2688 were downregulated (blue). (B) Hierarchical clustering heatmap
(Z-score normalized, Euclidean distance) exhibiting complete segregation of Bet-treated (n = 3) from the control (n = 3) groups. (C)
KEGG pathway enrichment analysis of DEGs using clusterProfiler (v4.0.5). The top 30 significantly enriched pathways (hypergeometric
test, FDR ≤0.05) were ranked by enrichment score. (D) The HALLMARK gene set enrichment analysis (GSEA) was performed using
the MSigDB database (v7.5.1). (E) Transcription factor network analysis using RegNetwork (v2.0).

HNF4α [16,39,40]. Consequently, targeting HNF4α is an
effective strategy for inhibiting covalently closed circular
DNA (cccDNA) transcription in HBV infection. Previous
research also indicated that the MAPK/ERK pathway plays
an important role in inhibiting HBV replication. Activation
of ERK1/2 inhibits HBV replication through downregula-
tion of HNF4α [19,20,41,42,43]. We found that Bet treat-
ment increased the phosphorylation of MEK, ERK1/2, and
p38 (Fig. 3B).

Furthermore, previous studies have suggested that in-
hibition of the PI3K/AKT/mTOR pathway contributes to
suppression of HBV replication and related liver cancer
progression [44]. We found that Bet treatment slightly re-
duced the phosphorylation of PI3K, AKT, and mTOR in
a dose-dependent manner (Fig. 3C). Moreover, previous
studies suggested that the NF-κB pathway is involved in
the regulation of HBV replication.

We found that Bet treatment resulted in a significant
reduction in total IκBα and a more pronounced decrease in

8

https://www.imrpress.com


Fig. 3. Bet regulates PI3K/AKT/mTOR, NF-κB, and MAPK pathways and inhibits key HBV-related transcription factors. (A)
Western blot detectedthe expression of HBV-related transcription factors PGC1α, HNF4α, HNF1α, PPARγ, and HBsAg. (B)Western blot
analysis shows dose-dependent upregulation of the expression of MAPK pathway components including p38, JNK, MEK, and ERK1/2.
(C) Western blot analysis shows dose-dependent downregulation of PI3K/AKT/mTOR pathway. (D) Western blot analysis shows that
Bet activates p65 and inhibits I𝜅Bα phosphorylation in HepG2.2.15 cells. (E) Immunofluorescence analysis of p-p65 localization in
HepG2.2.15 cells (scale bar: 2.5 μm).

phosphorylated IκBα (p-IκBα) (Fig. 3D). This observation
can be explained by the marked promotion of IκBα phos-
phorylation and subsequent degradation. The robust de-
crease in total IκBα and near disappearance of p-IκBα do
not indicate the absence of pathway activation; instead, they
likely reflect highly efficient and rapid negative feedback
following NF-κB activation. Concurrently, IκBα degrada-
tion leads to the release and phosphorylation of p65. Con-
sistently, an increase in phosphorylated p65 (p-p65) was
observed, which was further confirmed by immunofluores-
cence exhibiting nuclear translocation of p-p65 (Fig. 3E),
a hallmark of NF-κB activation. Elevated p-p65 levels fur-
ther verified that the downstream effects of NF-κB signal-
ing were initiated.

All Western blot results were subjected to densitomet-
ric analysis to verify the protein expression changes induced
by Bet treatment (Supplementary Fig. 3). These data col-
lectively indicate that Bet inhibits HBV replication by sup-
pressing PGC1α and HNF4α, which may regulate MAP-
K/ERK, PI3K/AKT/mTOR, and NF-κB pathways.

3.4 Bet Inhibits HBV Replication in 1.3 × HBV
Transfected Huh-7 Cells

To validate the anti-HBV effects of Bet in another cel-
lular context, Huh-7 cells were transfected with a 1.3 ×
HBV plasmid. Following treatment with Bet (20 μM), se-
cretion of HBsAg and HBeAg was reduced (Fig. 4A,B),
along with HBV RNA levels (Fig. 4C,D). A luciferase as-
say using the 1.3 × HBV-Luc plasmid further confirmed re-
duced viral transcription (Fig. 4E).

Western blot analysis of Huh-7 cells confirmed the
downregulation of HBsAg and key transcription factors
(PGC1α, PPARγ, HNF4α, and HNF1α) (Fig. 4F). Further-
more, Bet (20 μM) inhibited the phosphorylation of PI3K,

AKT, and mTOR (Fig. 4G) and activated the ERK/MEK,
JNK, and p38 pathways (Fig. 4H). The increase in p-p65
expression observed in HepG2.2.15 cells was also seen in
Huh-7 cells (Fig. 4I). Furthermore, Southern blot analysis
revealed that Bet treatment decreased the level of HBV re-
laxed circular DNA (rcDNA), indicating the inhibition of
HBV replication (Fig. 4J).

Additionally, densitometric and statistical analyses of
Western blot confirmed the significant differences in pro-
tein expression (Supplementary Fig. 4). These find-
ings confirm that Bet exerts potent antiviral activity in
HepG2.2.15 and Huh-7 cell models, indicating its anti-
HBV efficacy in vitro.

3.5 ERK1/2 was Required for Bet–Mediated Inhibition of
HBV Replication via HNF4α

We investigated which signaling pathway was es-
sential for Bet-induced inhibition of HBV replication.
HepG2.2.15 cells were treated with Bet in combinationwith
ERK1/2 inhibitor (SCH772984), AKT agonist (SC79), p38
inhibitor (Adezmapimod hydrochloride) or NF-κB inhibitor
(SC75741). After treatment for 48 h, HBsAg secretion was
detected using ELISA, and HBV RNA levels were eval-
uated by RT-qPCR. The results indicated that the ERK1/2
inhibitor partially reversed Bet-mediated inhibition of HBV
replication (Fig. 5A–C), whereas the AKT agonist, p38 in-
hibitor, and NF-κB inhibitor did not (Supplementary Fig.
5). HepG2.2.15 cells were treated with Bet, with or with-
out an ERK1/2 inhibitor, for 48 h, then collected and sub-
jected to Western blot analysis. The results exhibited that
the ERK1/2 inhibitor effectively reduced ERK1/2 phospho-
rylation and significantly attenuated Bet-mediated inhibi-
tion of HNF4α and HBsAg levels (Fig. 5G).
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Fig. 4. Bet inhibits HBV replication in 1.3 × HBV-transfected Huh-7 cells. (A,B) HBsAg and HBeAg expression were inhibited
in the medium after treatment with Bet in HBV-transfected Huh-7 cells. (C,D) The expression levels of total RNA and pgRNA were
reduced in Huh-7 cells transfected with HBV under Bet. (E) Luciferase levels increased after Luc plasmid transfection in Huh-7 cells
and decreased after drug treatment. (F) Bet inhibits the expression of HBV-related transcription factors. (G) Western blot indicated
that Bet inhibited phosphorylation of PI3K/AKT/mTOR. (H) Western blot analysis revealed that Bet upregulated the expression of
MAPK pathway components, including p38 pathway, and JNK, MEK, and ERK1/2, in Huh-7 cells. (I) Bet activates p65 and inhibits
phosphorylation of I𝜅Bα when it acts on HBV-transfected Huh-7 cells. (J) Southern blot analysis displayed that Bet treatment decreased
the level of relaxed circular DNA (rcDNA) in Huh-7 cells transiently transfected with 1.3 × HBV plasmid. Data were analyzed using
Student’s t-tests for specific comparisons.

To further validate that ERK1/2 activation is required
for Bet-mediated inhibition of HBV replication, Huh-7 cells
were transiently transfected with HBV 1.3 copy plasmid
and treated with Bet in combination with the ERK1/2 in-
hibitor for 48 h. ELISA (Fig. 5D) and RT-qPCR (Fig.
5E,F) results displayed that while Bet retained partial an-
tiviral activity in inhibitor-treated cells, its inhibitory effect
on HBV replication was significantly weakened compared
to treatment without the inhibitor. Western blot indicated
that an ERK1/2 inhibitor remarkably reversed Bet-mediated
inhibition of HNF4α and HBsAg levels in HBV 1.3 copy
plasmid-transfected Huh-7 cells (Fig. 5H), densitometric
and statistical analyses of Western blot confirmed the sig-
nificant differences in protein expression (Supplementary
Fig. 6).

Overall, Bet-mediated inhibition of HBV replication
is dependent on the ERK1/2-HNF4α axis.

3.6 Bet Demonstrates Antiviral Efficacy in an HBV Mouse
Model

To assess the in vivo efficacy of Bet, a HBV mouse
model was established using C57BL/6 mice by intra-
venously injected with AAV8-1.3HBV (Fig. 6A). Bet treat-
ment reduced serum HBsAg and HBV DNA levels (Fig.
6B,C) and also reduced serum ALT and AST levels (Fig.
6D,E). Immunohistochemistry revealed a marked decrease
in HBV-positive hepatocytes following Bet treatment (Fig.
6F), and Western blot analysis confirmed reduced hepatic
HBsAg and HNF4α expression (Fig. 6G).

These results demonstrate that Bet exerts strong anti-
HBV activity in vivo and highlight its potential as a promis-
ing candidate for the novel anti-HBV therapeutics.

4. Discussion
HBV, a small enveloped DNA virus belonging to the

Hepadnaviridae family, possesses a 3.2 kb partially double-
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Fig. 5. ERK1/2was required for Bet-mediated inhibition ofHBV replication viaHNF4α. (A) The ERK1/2 inhibitor partially reverses
Bet-mediated inhibition of HBsAg. (B,C) Following ERK1/2 inhibitor treatment, the suppressive effect of Bet on total RNA and pgRNA
levels in HepG2.2.15 cells was partially attenuated. (D) Bet-mediated suppression of HBsAg expression in the culture medium of HBV-
transfected Huh-7 cells was attenuated upon treatment with an ERK1/2 inhibitor. (E,F) Under ERK1/2 inhibitor treatment, the suppressive
effect of Bet on total RNA and pgRNA levels in Huh-7 cells transfected with HBV was reversed. (G,H) The ERK1/2 inhibitor elevated
the protein levels of HBs and HNF4α in HepG2.2.15 and HBV-transfected Huh-7 cells, partially counteracting the inhibitory effects of
Bet. Data analysis was performed using two-way ANOVA.

stranded DNA genome. Upon infection, this genome is
converted into covalently closed cccDNA minichromo-
somes within hepatocyte nuclei [45,46]. HBV cccDNA
serves as the transcriptional template for the 3.5 kb pgRNA,
precore RNA, 2.4 kb preS1 RNA, 2.1 kb preS2/S RNA, and
the 0.7 kb HBx RNA. These transcripts function as tem-
plates for the translation of polymerase (P), surface pro-
teins (S; preS1, preS2, and S), precore/core (C), and HBx
proteins [47,48]. By screening a TCM compound library,
we identified Bet as a potential anti-HBV agent. In vitro,

Bet effectively reduced HBsAg and HBeAg secretion, de-
creased HBV pgRNA and total RNA levels, and inhibited
HBV promoter activity. Using a novel AAV/HBV mouse
model, we further confirmed that Bet treatment signifi-
cantly lowered serum HBsAg and HBV DNA levels and
suppressed hepatic expression of HBsAg and HBcAg. This
study reveals the previously unreported anti-HBV activity
of Bet.

RNA-seq and pathway enrichment analyses of Bet-
treated HepG2.2.15 cells revealed significant upregula-
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Fig. 6. Bet demonstrates antiviral efficacy in an HBVmouse model. (A) HBV replication was established in male C57BL/6 mice (n =
5/group) by tail vein injection of AAV8-HBV1.3. Bet (5 mg/kg) or vehicle control was administered intraperitoneally twice a week from
day10 to day40. Serial bleedings were performed every 10 days to monitor HBsAg. (B) Serum HBsAg levels in mice were measured
every 10 days during intraperitoneal Bet injection. (C) RT-qPCR (copies/mL) was used to detect the HBV DNA load in the serum of
mice after 40 days of Bet treatment. (D) Relative serum ALT levels in mice were measured every 10 days during intraperitoneal Bet
injection. (E) Relative serum AST levels in mice were measured every 10 days during intraperitoneal Bet injection. (F) Hepatocellular
HBcAg and HBsAg expression were analyzed by using immunohistochemistry (scale bar: 50 μm). (G) Liver HBsAg, HNF4α, ERK1/2
and p-ERK1/2 protein levels were assessed by Western blot (β-actin as loading control). All data are presented as mean ± SEM. Data
were analyzed using a two-way ANOVA or Student’s t-tests for specific comparisons.

tion of NF-κB pathway-related genes and downregula-
tion of HNF4α, HNF1α, and PPARγ compared to control
cells. Western blot analysis corroborated these findings, ex-
hibiting increased p-p65 levels and decreased expression
of HNF4α, HNF1α, and PPARγ. Previous studies have
demonstrated that HNF4α and HNF1α bind to the HBV En-
hancer I and II regions to promote HBV transcription [22]
and that HNF4α also activates HNF1α by binding to its pro-
moter [17]. It is well established that ERK1/2 activation
suppresses HBV replication by downregulating HNF4α ex-
pression [18,19,20,21,22,49]. In our study, Bet treatment
significantly activated MAPK signaling, as evidenced by
the phosphorylation of MEK, ERK1/2, p38, and JNK. Con-
sequently, Bet may inhibit HBV transcription through the p-
ERK/HNF4α axis. The roles of JNK and p38 activation in

HBV replication have been contradictory in previous stud-
ies [41,50,51,52,53,54]. In this study, we found that the
ERK1/2 inhibitor (SCH772984) significantly reversed Bet-
mediated inhibition of HBV replication, whereas the p38
inhibitor (Adezmapimod hydrochloride) did not, suggest-
ing that Bet may suppress HBV replication by modulating
ERK1/2-HNF4α axis.

The NF-κB signaling pathway also plays a critical
role in HBV infection. p-p65 directly binds to the HBV
core promoter, thereby inhibiting transcription and replica-
tion. Additionally, p-p65 indirectly restricts HBV replica-
tion by modulating interferon pathways and other transcrip-
tion factors [32,33,55,56,57]. In this study, we found that
Bet enhanced p65 phosphorylation and promoted its nu-
clear translocation. However, NF-κB inhibitor (SC75741)
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could not reverse Bet-mediated inhibition of HBV repli-
cation, which should be further investigated in the future.
The PI3K/AKT/mTOR pathway and autophagy are also
known to regulate HBV replication, although previous find-
ings have been inconsistent [34]. Our data exhibited that
Bet slightly inhibited phosphorylation of PI3K, AKT, and
mTOR. However, AKT agonist (SC79) could not reverse
Bet-induced inhibition of HBV replication. Additionally,
we did not evaluate whether Bet affects autophagy, which
is tightly regulated by the AKT/mTOR pathway and plays
a critical role in HBV restriction. This warrants further in-
vestigation.

5. Limitations
In the mechanistic study of the anti-HBV effect of be-

tulonic acid, we identified ERK as the primary signaling
pathway involved. Meanwhile, changes in other signal-
ing pathways were also observed. Although the crosstalk
and regulatory relationships among these pathways were
not further investigated in the present study, the potential
interactions between different signaling pathways deserve
consideration in future research. In addition, as is well
known, long-term inhibition of the HBV-related transcrip-
tion factor HNF4αmay lead to adverse effects [58,59]. As a
master switch of hepatic metabolism, sustained suppression
of HNF4α disrupts the differentiation status and metabolic
functions of hepatocytes [60]. The therapeutic intervention
in mice was maintained only for a relatively short period;
we have not yet determined whether long-term Bet admin-
istration would eventually result in liver injury or other ad-
verse effects on the host. Further studies are warranted to
clarify whether sustained HNF4α inhibition is required for
Bet to exert long-term anti-HBV activity. Given the crit-
ical role of cccDNA in HBV replication, even though our
findings have verified the anti-HBV activity of Bet, we ac-
knowledge that the absence of direct quantification or as-
sessment of cccDNA constitutes one of the limitations of
this study.

6. Conclusion
We identified Bet as a novel anti-HBV compound

that inhibits HBV transcription and replication in vitro and
in vivo. Mechanistically, Bet suppresses HBV replication
mainly through activation of the ERK signaling pathway,
and may simultaneously exert effects on other signaling
pathways, thereby reducing HNF4α expression. Collec-
tively, our study provides new evidence supporting the po-
tential application of Bet in the clinical treatment of chronic
HBV infection.
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