Li et al. Virology Journal ~ (2024) 21:268 Vi ro|ogy Journal
https://doi.org/10.1186/512985-024-02535-3

Asiatic acid inhibits HBV cccDNA transcription 2
by promoting HBx degradation
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Abstract

Background Hepatitis B virus (HBV) infection is a persistent global public health problem, and curing for chronic
hepatitis B (CHB) through the application of existing antiviral drugs is beset by numerous challenges. The viral protein
HBx is a critical regulatory factor in the life cycle of HBV. Targeting HBx is a promising possibility for the development
of novel therapeutic strategies.

Methods The Nano-Glo® HiBIT Lysis Detection System was used to screen the herbal monomer compound library for
compounds that inhibit HBx expression. Western blotting was used to examine proteins expression. Southern blotting
or Northern blotting were used to detect HBV DNA or HBV RNA. ELISA was performed to detect the HBsAg level. The
effect of asiatic acid on HBV in vivo was investigated by using recombinant cccDNA mouse model.

Results Asiatic acid, an extract of Centella asiatica, significantly reduced the HBx level. Mechanistic studies
demonstrated that asiatic acid may promote the degradation of HBx in an autophagy pathway-dependent manner.
Subsequently, asiatic acid was found to reduce the amount of HBx bound to covalently closed circular DNA
(cccDNA) microchromosomes, and repressive chromatin modifications then occurred, ultimately inhibiting cccDNA
transcriptional activity. Moreover, in HBV-infected cells and a mouse model of persistent HBV infection, asiatic acid
exhibited potent anti-HBV activity, as evidenced by decreased levels of HBV RNAs, HBY DNA and HBsAg.

Conclusions Asiatic acid was identified as a compound that targets HBx, revealing its potential for application as an
anti-HBV agent.
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Introduction

Hepatitis B virus (HBV) infection can lead to numer-
ous serious health complications, including hepatitis,
cirrhosis, and hepatocellular carcinoma [1, 2]. It is esti-
mated that 257.5 million people worldwide were infected
with HBV in 2022, with a global prevalence of HBV of
3.2% [3]. Current clinical treatments including inter-
feron (IFN) and nucleoside analogs (NAs), can effectively
inhibit HBV replication, but cannot completely clear
HBV [4]. The key obstacle is that cccDNA is difficult to
eradicate. It is stable, with a long half-life, and can be
replenished through new cycles of infection and through
intracellular amplification pathways. As the template for
the transcription of all HBV RNAs, cccDNA persists in
the nucleus in liver cells as minichromosomes [5]. The
transcription of HBV cccDNA is regulated by multiple
factors, including transcription factors, viral proteins,
and epigenetic modifications. Therefore, targeting viral
proteins or host factors may reduce its transcriptional
activity [6].

The viral protein HBx is a multifunctional regulatory
factor that plays a crucial role in regulating cccDNA
transcriptional activity both in vivo and in vitro [7].
HBx, promotes the binding of histone acetyltransfer-
ases (HATs) to cccDNA while reducing the interaction
of histone deacetylases (HDACs) with cccDNA, result-
ing in increased acetylation of cccDNA-bound histones
and increased cccDNA transcriptional activity [8—10].
In the absence of HBx, transcriptional repressors such as
SETDBI, PRMT1, and Spindlinl bind to cccDNA, lead-
ing to increases in cccDNA-bound histone H3 lysine 9
di- and trimethylation (H3K9me2/3) and a decrease in
H3K4me3, therefore causing a decrease in cccDNA tran-
scriptional activity [11-13]. The deletion of HBx also
contributes to the recruitment of the heterochromatin
protein HP1 to cccDNA, which leads to the formation
of a more compact chromatin structure and impedes
transcription [13]. Considering the critical role of HBx
in cccDNA transcription, therapeutic strategies target-
ing HBx may contribute to controlling chronic HBV
infection.

Traditional Chinese medicines (TCMs), as alternative
and complementary medicines, have been widely used in
clinical practice in China. They are easily accessible, eas-
ily absorbed and metabolized by the human body, and
have low cytotoxicity [14]. Epigallocatechin-3-gallate
(EGCQG) has been demonstrated to inhibit HBV replica-
tion by increasing lysosomal acidification and inhibiting
HBV-induced incomplete autophagy [15]. In addition,
Sophora flavescens polysaccharides were found to mark-
edly inhibit the secretion of HBsAg in HepG2.2.15 cells
[16]. Furthermore, saikosaponin C (SSc) can inhibit the
synthesis of HBV pregenomic RNA (pgRNA) by attenu-
ating the expression of HNFla and HNF4a, thereby
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exerting anti-HBV effects [17]. Studies have demon-
strated that TCMs and the related active ingredients have
considerable potential for the treatment of HBV. There-
fore, we screened hepatoprotective formulas and tradi-
tional Chinese herbs from the Chinese Pharmacopoeia
and Compendium of Materia Medica, and constructed a
compound library containing 715 types of Chinese herbal
monomers. Preliminary findings using the Nano-Glo®
HiBiT Lysis Detection System indicated that asiatic acid
(AA) could reduce the HBx protein level. Asiatic acid is
a pentacyclic triterpenoid isolated from the traditional
Chinese medicinal herb Centella asiatica. Evidence sug-
gests that asiatic acid can alleviate liver fibrosis, mitigate
liver damage, and exhibit significant hepatoprotective
effects [18]. However, the role of asiatic acid in HBV has
not been reported.

In this study, we found that asiatic acid may promote
the degradation of HBx through the autophagy-lyso-
somal pathway, which in turn reduces the binding of HBx
to cccDNA microchromosomes, leading to a decrease
in the level of an activating histone modification
(H3K4me3) and increases in the levels of inhibitory mod-
ifications (H3K9me3 and H3K27me3) on cccDNA-bound
histones, and ultimately affecting cccDNA transcriptional
activity. Our study provides new insight into the develop-
ment of novel antiviral strategies for inhibiting cccDNA
transcriptional activity.

Materials and methods

Cell culture and antibodies

HepG2-NTCP and HepAD38 cells were kindly donated
by Prof. Ningshao Xia (Xiamen University, China), Pri-
mary human hepatocytes (PHHs) were obtained from
Liver Biotechnology (China), and Huh-7 cells were
obtained from Health Science Research Resource Blank.
HepG2-NTCP and Huh-7 cells were cultured in Dulbec-
co’s Modified Eagle Medium (DMEM) containing 10%
fetal bovine serum, 100 U/mL penicillin, and 100 pg/mL
streptomycin. HepAD38 cells were cultured in DMEM
medium containing 10% foetal bovine serum, 100 U/mL
penicillin and 100 pg/mL streptomycin, with the addi-
tion of 400 pg/mL G418 (Merck) to the medium. PHHs
were cultured in Williams E medium supplemented with
5 pg/mL transferrin, 10 ng/mL epidermal growth fac-
tor (EGF), 3 pg/mL insulin, 2 mM L-glutamine, 18 pg/
mL hydrocortisone, 40 ng/mL dexamethasone, 5 ng/mL
sodium selenite, 2% dimethyl sulfoxide (DMSO), 100 U/
mL penicillin, and 100 pg/mL streptomycin. All cell lines
were cultured in a 37°C cell culture incubator with a 5%
CO, concentration.

Rabbit anti-HBsAg (NB100-62652) was purchased
from Novus (USA). Rabbit anti-LC3B (3868 S), Mouse
anti-SQSTM1/p62 (88588 S), Rabbit anti-Flag (#14793S)
and Rabbit anti-HA (#3724) were purchased from
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Cell Signaling Technology (USA). Rabbit anti-HBx
(RD981038100) was purchased from BioVendor (USA).
Rabbit anti-p-actin monoclonal antibody (sc-1616-R) was
obtained from Santa Cruz Biotechnology (USA). Rabbit
anti-H3K9me3 polyclonal antibody (17-625), rabbit anti-
H3K27me3 polyclonal antibody (17-622), mouse anti-
H3K4me3 monoclonal antibody (17-678) were obtained
from Merck Millpore (Germany).

Nano-Glo® HiBiT lysis assay

To screen for small molecules targeting HBx, we used the
Nano-Glo® HiBiT Lytic system (N3030, Promega, Wis-
consin, USA) as described in detail previously [19]. In
brief, after transfection of HiBiT-HBx plasmid into cells,
the cells were treated with different herbal monomer
compounds for 2 days. After washing the cells with PBS,
200 pL of Nano-Glo® HiBiT Lytic Buffer was added to
each well to lyse the cells. The lysate was transferred to a
new 1.5 mL Ep tube. After centrifugation, 10 uL of Nano-
Glo® HiBiT Lytic Substrate was added to 50 pL of clari-
fied lysate to measure luciferase activity. The measured
luminescence signal was proportional to the amount of
HiBiT-tagged HBx in the cell lysate.

MTT assay

(3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium
bromide (MTT) assay was used to test cell viability. Cells
were seeded into 96-well plates, and drug concentrations
from 0 uM to 200 pM were added to the plates when the
cell density reached 80%. After 72 h of incubation, 5 mg/
mL MTT was added to each well, and the plates were
incubated for 4 h in the dark. Then, 100 uL of DMSO was
added to each well to dissolve the crystals, and a micro-
plate reader was used to measure the half-maximal cyto-
toxic concentration (CCy).

Alamar blue assay

Various cell lines were seeded in twelve-well culture
plates at appropriate densities. The cells were treated
with different concentrations of asiatic acid. After the
indicated time, 1x Alamar Blue was added to the cells,
which were then incubated at 37 °C for 4 h. Absorbance
values were detected using an enzyme labeling instru-
ment with the excitation and emission wavelengths set to
560 nm and 590 nm, respectively.

Viruses and infection

HBYV virus was collected from the culture supernatant
of HepAD38 cells and concentrated with 5% PEG8000.
Virus diluted with infection medium was mixed with 5%
PEG8000 and added to the well plates. The following day,
the medium was discarded and the cells were washed
twice with PBS for further experiments.
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RNA extraction and realtime PCR

TRNzol Reagent (Tiangen, China) was used to extract
RNA. After removing genomic DNA (gDNA), the RNA
was reverse transcribed to complementary DNA (cDNA)
by using the FastKing RT Kit (KR116-02, Tiangen,
China). Then, cDNA was amplified using Fast Start Uni-
versal SYBR Green Master (Roche, Switzerland). The flu-
orescence signals were analyzed by the 2722 method to
determine the relative mRNA expression levels. f-actin
mRNA was used as an internal reference. The specific
primers used are listed in Table S1.

Western blotting

Western blotting was used to analyze proteins expres-
sion. First, proteins were extracted from cells by using
RIPA with protease inhibitor. Then, the BCA protein
assay kit was employed to determine the protein con-
centration, and the protein content in the lysate was cal-
culated based on a standard curve. Subsequently, 30 ug
extracted proteins were separated on sodium dodecyl
sulfate (SDS)-polyacrylamide gels and transferred to the
polyvinylidene fluoride (PVDF) membranes. Next, the
membranes were blocked with 5% non-fat dry milk for
2 h and incubated overnight at 4 °C with diluted primary
antibodies. The membranes were then washed and incu-
bated with secondary antibodies at room temperature for
2 h. Finally, the proteins were visualized using enhanced
chemiluminescence (ECL) reagents, with -actin serving
as a reference control.

Cycloheximide (CHX) chase assay

HBV-infected HepG2-NTCP cells were treated with 20
UM asiatic acid and then incubated with 10 pg/mL CHX
for 1, 2, 3 h. Then, the cells were collected for protein
extraction. The level of HBx was measured by Western
blotting.

Immunofluorescence staining

Cells were seeded on slides and treated according to the
requirements of specific experiments. The cells were fixed
with 4% paraformaldehyde for 20 min, permeabilized at
room temperature with 0.3% Triton X-100, and blocked
with 5% BSA for 1 h. The cells were then incubated with
anti-LC3B antibodies for 1 h, followed by staining with
fluorochrome conjugated secondary antibodies. The
nuclei were counterstained using 4’,6-diamidino-2-phe-
nylindole (DAPI), and images were captured using a con-
focal laser scanning microscope (Leica DMi8, Germany).

Chromatin immunoprecipitation (ChIP)

ChIP assay was performed following the manufacturer’s
protocol (17-10086, Merck Millipore, Darmstadt, Ger-
many). Cells cultured in 10-cm dishes were harvested
by scraping in cold PBS and centrifuged at 800 x g and
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4 °C for 5 min. Cell lysis buffer was used to resuspend
the cells. After centrifugation, the nuclei were fixed
with 1% formaldehyde at room temperature for 10 min
to cross-link DNA with proteins. Then, the pellets were
resuspended in nuclear lysis buffer and DNA was frag-
mented by sonication. The supernatants were diluted
with dilution buffer at a 1:10 ratio and 1% of the dilution
was used as the input. The remaining diluted chromatin
was added with the antibody targeting the protein and
20 uL of protein A/G magnetic beads (17-10086, Merck
Millipore, Germany) at 4 °C overnight. On the follow-
ing day, the supernatant was removed and the beads
were washed sequentially with 500 pL each of Low Salt
Immune Complex Wash Buffer, High Salt Immune Com-
plex Wash Buffer, LiCl Immune Complex Wash Buffer,
and TE Buffer for 5 min each time. The beads were resus-
pended using 100 uL of ChIP Elution Buffer containing
Proteinase K and incubated at 62 °C for 2 h, followed by
further incubation at 95 °C for 10 min. Immunoprecipi-
tated chromatin was extracted and purified by using phe-
nolchloroform, isopropanol and ethanol, and analyzed by
Tag-man probe PCR. The specific HBV cccDNA primer
and probe used are listed in Table S1.

HBV core DNA extraction and quantitation

Cells were treated with the lysate (10 mM Tris-HCI, 1
mM EDTA, 0.5% NP-40, 2% sucrose, pH 8.0) and incu-
bated for 15 min at 37 °C. After centrifugation, 10 mM
MgCl, and 40 U/mL DNase were added to the superna-
tant of the collected lysate, followed by incubating for 4 h
at 37 °C. The HBV core capsids were precipitated with 5%
PEG8000. Then, the precipitate was incubated with pro-
teinase K at 45 °C overnight. Finally, HBV core DNA was
extracted with phenol-chloroform. Fast Start Universal
SYBR Green Master Mix was used for quantitative analy-
sis with the pCH9/3091 plasmid as standard. The specific
HBYV core DNA primers used are listed in Table S1.

Hirt cccDNA extraction and detection

Cells were lysed in 500 uL cell lysis buffer (50 mM Tris-
HCI, pH 8.0, 10 mM EDTA, 150 mM NacCl, 1% SDS) at
37 °C for 20 min. Then the lysate solution was transferred
to a new tube, 125 pL KCl (2.5 M) was added to the cell
lysate, and the solution was incubated overnight at 4 °C.
The next day, after centrifugation at 4°C and 12,000 X g
for 30 min, the supernatant was collected. Then 500 pL
of phenolchloroform was added with repeated mixing by
oscillation. After centrifugation at 16,000 x g for 3 min,
the supernatant was collected. An equal volume of iso-
propanol (approximately 500 pL) and 1 pL of glycogen
were added to the supernatant. After centrifugation at
16,000 x g for 30 min at 4 °C, the supernatant was dis-
carded and added 1 mL of 75% ethanol to wash the pre-
cipitate. Then, the DNA precipitation was dried at 37 °C
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in a metal bath, and 20 uL. ddH20 was added to dissolve
the precipitate overnight. HBV cccDNA expression lev-
els were detected by Tag-man probe PCR. The specific
HBVcccDNA primers used are listed in Table S1.

Southern blotting/northern blotting

The DIG-High Prime DNA Labeling and Detection
Starter Kit or DIG Northern Starter Kit was used to ana-
lyze HBV DNA or total HBV RNA, respectively. DNA
and RNA samples were separated on a 1% agarose gel.
DNA or RNA in the gel was transferred to a nylon mem-
brane by siphoning. Then DNA or RNA was immobilized
on the membrane by using UV cross-linking, and hybrid-
ized with labeled HBV DNA or RNA probes overnight at
42 °C (DNA) or 68 °C (RNA). The membrane was washed
with washing buffer to remove unbound probes and was
then incubated with anti-digoxin antibody. Finally, X-ray
film was used to visualize the results.

Enzyme-linked immunosorbent assay (ELISA)

Commercial enzyme linked immunosorbent assay kit
(KHB, China) was used to measure the HBsAg in super-
natant. Alanine aminotransferase (ALT) and aspartate
aminotransferase (AST) concentrations in mouse serum
were measured using a commercially enzyme assay
(Wanleibio, China) according to the manufacturer’s
protocol.

Mouse model

A precursor cccDNA (prcccDNA)-based model of per-
sistent HBV infection was used to validate the inhibitory
effect of asiatic acid on HBV. The 4 pg prcccDNA plas-
mid and 4 pg Cre recombinase plasmid were injected
into mice by hydrodynamic injection. After one week,
all the mice were divided into the following four groups:
vehicle group, ETV group (0.02 mg/kg), AA (30 mg/kg)
and AA+ETYV, with six mice per group. The mice were
treated with asiatic acid or saline every two days, and
serum was collected every four days. After 24 days, the
mice were sacrificed to harvest liver tissue. All animal
experiments were approved by the Animal Ethics Com-
mittee of Chongqing Medical University.

Immunohistochemistry

Liver tissues from the mouse model were used to prepare
paraffin sections. After dewaxing, tissue antigens were
retrieved by microwaving in sodium citrate buffer (10
mmol/L, pH 6.0). Then, the sections were permeated with
0.5% Triton X-100 (Sigma, USA) and the endogenous
peroxidase was sequestered. And goat serum was added
for blocking. Next, the specimens were incubated with
primary antibody (anti-HBs working solution, ZM-0122,
Zhongshan Jinqiao Biological Technology) overnight at
4 °C and were then incubated with a secondary antibody.
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Finally, the sections were stained with DAB and counter-
stained with hematoxylin.

Statistical analysis

The data analyses and related statistical graphs in this
study were performed using GraphPad Prism 8.0 soft-
ware. The significance of the results was analyzed
using the Mann-Whitney U test. Each experiment was
conducted at least three times, and the results were
expressed as the meantstandard deviation. Differences
were considered statistically significant when P<0.05.

Results

Asiatic acid reduced HBx expression

To identify herbal monomers that target the HBx pro-
tein, a library of Chinese medicinal monomers was con-
structed and screened by the process shown in the flow
chart (Fig. 1A). HiBiT-HBx was previously constructed
and applied to screen for candidate molecules target-
ing HBx via the HiBiT lytic detection system [19]. In the
first round of screening, the HiBiT system was used to
identify compounds that depressed the level of HiBiT-
HBx. Eight compounds, namely, isoscoparin, 6-O-p-
D-glucosylgentiopicroside, caffeic acid, pregnenolone,
b-D-Glucopyranoside, forsythoside A, asiatic acid and
forsythoside E, decreased HiBiT-HBx level by at least
50% of the baseline value (Fig. 1B). To determine whether
these eight compounds also inhibit HBV transcription,
HBV-infected HepG2-NTCP cells were incubated with
each compound. The intracellular levels of cccDNA tran-
scription products, including total HBV RNAs and HBV
3.5-kb RNA, were measured. Three of the compounds
de-creased the intracellular level of HBV RNAs. Interest-
ingly, asiatic acid (AA) treatment diminished the intracel-
lular levels of HBV RNAs in a dose-dependent manner
(Fig. 1C-D). Therefore, asiatic acid was selected for fur-
ther study.

To validate the effect of asiatic acid on the HBx level,
the cytotoxicity of asiatic acid in several cell lines was
tested by using MTT assay and Alamar blue assay. The
CC,, of asiatic acid in all cell lines was greater than 50
uM (Figure S1A). The Alamar blue experiment showed
that asiatic acid had no effect on HepG2-NTCP cell
activity at concentrations of less than 30 uM (Figure
S1B). Therefore, 10, 20 and 30 pM asiatic acid were used
to treat HepG2-NTCP cells transfected with 3xFlag- and
2xHA-tagged HBx plasmids. Western blot assay demon-
strated that asiatic acid dose-dependently repressed the
HBx protein level (Fig. 1E). The validation on Huh-7 cells
got similar result (Figure S1C). Meanwhile, the realtime
PCR results proved that asiatic acid treatment did not
cause a significant change in the 3xFlag- or 2xHA-tagged
HBx mRNA level (Fig. 1F). Thus, asiatic acid did not
affect HBx mRNA level to bring down its protein level.
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In addition, asiatic acid did not affect the levels of other
viral proteins, including HBs, HBc and HBp (Figure S1D).
The above results suggested that asiatic acid specifically
promoted the degradation of the HBx protein.

Asiatic acid may promote HBx degradation through the
autophagy-lysosomal pathway

To elucidate the molecular mechanism by which asiatic
acid reduces the HBx protein level, CHX Chase Assay
was used to detect changes in the half-life of the HBx
protein. The degradation of the HBx protein in both
HepG2-NTCP and Huh-7 cells treated with asiatic acid
was notably accelerated (Fig. 2A). There are two main
pathways for protein degradation: the ubiquitin-prote-
asome pathway and the autophagy-lysosomal pathway.
HepG2-NTCP cells were incubated with the proteasome
inhibitor MG132 or the autophagy pathway inhibitor
chloroquine (CQ). Western blot assay demonstrated that
when HepG2-NTCP were exposed to MG132, the HBx
protein level still sharply decreased in response to asi-
atic acid treatment. In contrast, in the presence of CQ,
the HBx protein level was less affected by asiatic acid
(Fig. 2B). To minimize the undesired consequences of
chloroquine’s off-target effects, HepG2-NTCP cells were
first transfected with either HBx or siATG5, a key regula-
tory gene instrumental in autophagosome assembly. Fol-
lowing this, the cells were treated with 20 uM of asiatic
acid. Consistent with our expectations, the silencing of
ATGS5 significantly attenuated the suppressive effect of
asiatic acid on HBx protein levels (Figure S2). In addition,
asiatic acid treatment increased the expression of LC3-II
(a marker of autophagosome formation and maturation)
and markably decreased the expression of SQSTM1 (a
cargo for autophagic degradation) (Fig. 2C). Immuno-
fluorescence assay further confirmed that asiatic acid
increased the number of LC3 puncta and inhibited HBx
expression (Fig. 2D). These results showed that asiatic
acid may promote HBx degradation through the autoph-
agy pathway.

Asiatic acid reduced HBx level and then regulated HBV
cccDNA minichromosome through epigenetic modifications
HBx can epigenetically modify cccDNA and thereby acti-
vate cccDNA transcription. Given the regulatory effect of
HBx on cccDNA transcription, we investigated the effect
of asiatic acid on cccDNA transcriptional activity. Asi-
atic acid reduced the level of the endogenous HBx pro-
tein in HBV-infected HepG2-NTCP cells (Figure S3A).
Moreover, the level of HBV cccDNA did not significantly
change, but the levels of total HBV RNAs and HBV 3.5 kb
RNA were markedly decreased. (Fig. 3A-B, Figure S3B).
More importantly, we calculated the total HBV RNAs/
cccDNA and HBV 3.5-kb RNA/cccDNA ratios and found
that asiatic acid inhibited the transcriptional activity of
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cccDNA (Fig. 3C). HBx can bind to cccDNA and regulate
the levels of various histone modifications on cccDNA
microchromosomes. Therefore, the ChIP assay was
performed in HBV-infected HepG2-NTCP cells. The
results indicated that asiatic acid treatment decreased
the amount of HBx bound to cccDNA microchromo-
somes (Fig. 3D). Furthermore, asiatic acid treatment
attenuated the enrichment of a transcriptional activation
marker, H3K4me3, but notably increased the enrichment
of two transcriptional repressive markers, H3K9me3 and

H3K27me3, on cccDNA microchromosomes (Fig. 3E-G).
Moreover, it was observed that chloroquine treatment
could attenuate the effect of asiatic acid on HBV tran-
scription and HBx binding to cccDNA as well as cccDNA
minichromosome epigenetic modification. These results
reveal that the degradation of HBx mediated by the
autophagy pathway leads to suppressive epigenetic regu-
lation of cccDNA minichromosome.
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Evaluation of the antiviral effect of asiatic acid in HBV-
infected cellular model

To further evaluate the antiviral effect of asiatic acid in
vitro, HBV-infected HepG2-NTCP cells were incubated
with 10 pM, 20 pM and 30 uM asiatic acid for 3, 6, or 9
days, after which the cells and culture supernatants were
collected. Realtime PCR and Northern blot assay veri-
fied that asiatic acid treatment decreased the intracellular
HBV RNAs level (Fig. 4A-C). Asiatic acid treatment also
decreased the amount of HBV core DNA detected by
real-time PCR and Southern blotting (Fig. 4D-E). In addi-
tion, asiatic acid treatment led to a significant decrease
in the HBsAg level (Fig. 4F). Notably, asiatic acid exerted
continuous antiviral activity in a concentration-depen-
dent manner (Fig. 4A-F). Moreover, in primary hepa-
tocytes (PHHs), asiatic acid treatment did not affect
the level of HBV cccDNA, but suppressed the levels of
HBV RNAs, HBV core DNA and HBsAg, also suggest-
ing the effect of asiatic acid on inhibiting HBV cccDNA
transcriptional activity (Fig. 4G-L). Together, these data
suggest that asiatic acid exerts antiviral effects on HBV-
infected HepG2-NTCP cells and PHHs.

Validate the antiviral effect of asiatic acid in the HBV
recombinant-cccDNA mouse model

We further explored the antiviral effects of asiatic acid in
vivo. First, the appropriate concentration of asiatic acid
was selected based on existing reports to test for hepa-
totoxicity in normal C57BL/6 mice [20]. C57BL/6 mice
were treated with 15 mg/kg, 30 mg/kg, or 50 mg/kg asi-
atic acid by intragastric administration. Serum ALT and
AST concentrations were measured by ELISA every 4
days. This preliminary evaluation demonstrated that asi-
atic acid did not exhibit hepatotoxicity at doses of 15 mg/
kg and 30 mg/kg (Figure S4A-B). Moreover, as shown by
H&E staining of mouse liver tissues, asiatic acid did not
cause significant liver damage (Figure S4C).

Then, the recombinant-cccDNA mouse model was
chosen for subsequent experiments [21]. First, we
injected the prcccDNA and Cre recombinase plasmids
through hydrodynamic tail vein injection. The mice
were administered 30 mg/kg asiatic acid, and 0.02 mg/
kg ETV as a control every 2 days (Fig. 5A). Serum was
collected every 4 days, and the body weight was moni-
tored. Compared with mice in the vehicle group, mice in
the asiatic acid group exhibited markedly lower serum
levels of HBsAg, HBeAg and HBV DNA without signifi-
cant changes in body weight (Fig. 5B-E). In addition, after
24 days of asiatic acid treatment, all the mice were sacri-
ficed, and the livers were harvested. It was observed that
asiatic acid prominently reduced the levels of HBV RNA
and HBV DNA in liver tissues, without affecting the level
of cccDNA (Fig. 5F-H, Figure S4D-E). Besides, HBsAg
was decreased under asiatic acid treatment, as evidenced
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by immunohistochemistry (Fig. 5I). In conclusion, these
results confirmed that asiatic acid can also exert antiviral
effects in vivo.

Discussion

During HBV transcription and replication, the viral pro-
tein HBx, a transcriptional coactivator of cccDNA, can
initiate and maintain cccDNA transcription [6]. Thus,
HBx is an important target for the development of new
antiviral drugs. Currently, drugs targeting HBx include
mainly FXR agonists and HBx-DDB1 complex inhibitors.
Vonafexor (EYP0O1), a second-generation nonbile acid
farnesol X receptor (FXR) agonist, inhibits HBV pgRNA
transcription and HBV DNA replication in a HBx-depen-
dent manner by modulating FXR receptor activity [22].
MLN4924, a NEDDS activating enzyme inhibitor, and
nitazoxanide (N'TZ), a thiazolide anti-infective drug, have
been shown to interfere with the interaction between
HBx and DDBI, thereby inhibiting HBV transcription
[23, 24]. In addition, the NQO1 inhibitor dicoumarol has
been shown to significantly promote the degradation of
HBx via a ubiquitin-independent pathway, which in turn
inhibits the transcription of HBV cccDNA [19]. Although
these compounds are effective at inhibiting the expres-
sion or function of HBx, they have some shortcomings,
which may limit their application. To develop novel
anti-HBV strategies, we utilized the Nano-Glo® HiBiT
Lysis Detection System to screen our constructed com-
pound library for herbal monomer compounds capable
of inhibiting the expression of HBx. We found that asi-
atic acid effectively reduced the level of HBx. Moreover,
we employed various models to further validate the
inhibitory effect of asiatic acid on the HBx protein level
in a concentration gradient-dependent manner, and the
results suggested that it has an anti-HBV effect.

Asiatic acid, a known constituent of the herb Cen-
tella asiatica, has anti-oxidant, anti-apoptotic and
anti-inflammatory properties [25]. In addition to its
hepatoprotective properties, asiatic acid also has consid-
erable potential for assisting in the treatment of malig-
nant tumors, cardiovascular diseases, and neurological
disorders. It can reverse liver fibrosis by inactivating the
TGE-B/Smad pathway and rebalance Smad3/Smad7 sig-
naling to suppress the progression of melanoma and lung
carcinoma [26, 27]. Moreover, asiatic acid can decrease
cardiac hypertrophy induced by pressure overload or
angiotensin II through the activation of the AMPKa sig-
naling pathway [28]. Furthermore, asiatic acid has poten-
tial anti-enterovirus 71 (EV71) and anti-HIV effects [29,
30]. In this study, we found that asiatic acid reduced the
level of HBx protein, and then decreased the level of
HBx bound on cccDNA, leading to a marked decrease
in H3K4me3 and increases in H3K9me3 and H3K27me3
on cccDNA, thereby inhibiting cccDNA transcriptional
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activity. Additionally, asiatic acid can significantly
decrease the levels of virological markers of HBV, includ-
ing HBV DNA, HBV RNAs and HBsAg in vitro and in
vivo without obvious cytotoxicity, demonstrating the
value of asiatic acid in anti-HBV. Unfortunately, we did
not find HBV cccDNA can be eradicated by the asiatic

acid. Since asiatic acid can reduce the intracellular HBV
core DNA level, the long-term effect of asiatic acid may
potentially reduce the replenishment of the cccDNA
pool. However, this inference remains to be further inves-
tigated. In addition, to increase the application prospects
of asiatic acid as an antiviral drug, the antiviral effect of
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asiatic acid should also be verified in more HBV infection
models such as human liver chimeric uPA/SCID mice.
The pharmacokinetics of asiatic acid also needs to be
evaluated. Moreover, as a candidate antiviral compound,
structural optimization of asiatic acid to reduce cytotox-
icity is also a further step.

The major pathways for protein degradation in eukary-
otic cells are the ubiquitin-proteasome pathway and the
autophagy pathway. In this study, we found that asiatic
acid can activate the autophagy pathway and that inhibit-
ing autophagy can weaken the inhibitory effect of asiatic
acid on the HBx protein level, revealing that the autoph-
agy pathway may be involved in HBx protein degradation
mediated by asiatic acid. Consistent with our findings, the
activation of the autophagy system by asiatic acid amelio-
rates diabetic nephropathy fibrosis, ischemic myocardial
injury, and acute hepatic injury [31, 32]. According to the
choice of substrates for degradation, autophagy can be
categorized into non-selective and selective autophagy.
Selective autophagy recognizes specific cytoplasmic “car-
goes” by autophagy receptors, which then interact with
LC3 in the autophagic membrane to transfer the “car-
goes” to autophagosomes and send them to lysosomes
for degradation [33, 34]. This research reveals that asi-
atic acid specifically enhances the degradation of HBx
protein, without significantly altering the levels of other
viral proteins. This finding implies that asiatic acid might
regulate the expression of specific autophagy receptors
or interfere with their binding to HBx protein, ultimately
facilitating the targeted degradation of HBx protein via
the selective autophagy pathway. However, the molecular
mechanism by which asiatic acid regulates the autophagy
pathway to degrade HBx needs to be further elucidated.

Conclusion

Based on our constructed library of herbal monomer
compounds and our screen of this library with the Nano-
Glo® HiBiT Lysis Detection System, we revealed that
asiatic acid reduced the HBx level. Asiatic acid may desta-
bilize HBx via the autophagy pathway. In HBV-infected
cells and mouse models, asiatic acid showed significant
antiviral activity, especially through epigenetic modifica-
tion mediated suppression of cccDNA transcription.

Abbreviations

AA Asiatic acid

ALT Alanine aminotransferase

AST Aspartate aminotransferase
CCyy 50% cytotoxicity concentrations
cccDNA Covalently closed circular DNA
cDNA Complementary DNA

CHB Chronic hepatitis B

CHX Cycloheximide

cQ Chloroquine

DEPC Diethyl pyrocarbonate

DMEM
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Dulbecco’s modified eagle medium
Dimethyl sulfoxide
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EGCG Epigallocatechin-3-gallate

EDTA Ethylene diamine tetraacetic acid
ELISA Enzyme linked immunosorbent assay
ETV Entecavir

FBS Fetal bovine serum

FXR Farnesol X receptor

HDACs Histone deacetylases

HATs Histone acetyltransferases

HBV Hepatitis B virus

HBeAg Hepatitis B e antigen

HBx HBV X protein

IFN Interferon

MOPS 4-Popanesulfonyl morpholine

MTT 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
NAs Nucleos(t)ide analogs

NTCP Sodium taurocholate cotransporting polypeptide
NTZ Nitazoxanide

PBS Phosphate buffer solution

PCR Polymerase chain reaction

PEG8000  Polyethylene glycol 8000

pgRNA Pregenomic RNA

PHH Primary human hepatocytes

PVDF Poly(1,1-difluoroethylene)

SDS Sodium dodecyl sulfate
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TBS Tris buffered saline

™ Traditional Chinese medicine
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