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ARTICLE INFO ABSTRACT

Epigallocatechin-3-gallate (EGCG), a major polyphenolic compound in green tea, exhibits anti-
viral activity against multiple viruses, including hepatitis B virus (HBV). However, its role in
HBV replication and the underlying mechanisms remain incompletely understood. In this
study, we investigated the effects of EGCG on HBV replication and its modulation of auto-
phagy using two established HBV cell models. Our results show that EGCG significantly re-
duces secreted levels of hepatitis B surface antigen (HBsAg) and HBV deoxyribonucleic acid
(DNA), as well as intracellular HBV DNA replicative intermediates, encapsidated pregenomic
EGCG ribonucleic acid (pgRNA), and core protein (HBc), without affecting total HBV messenger
HBY RNAs (mRNAs) or pgRNA levels. EGCG enhances autophagic flux, evidenced by increased
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Autophagy autophagosome formation and accelerated turnover of the selective autophagy receptor p62
;\II;AEPBK and LC3-1II. This enhanced autophagy promotes HBc degradation. Pharmacological inhibition

of autophagy with 3-methyladenine (3-MA), chloroquine (CQ), or bafilomycin A1 (BafA1) ab-
olished the suppressive effect of EGCG on HBV. Notably, treatment with CQ or BafA1l together
with EGCG markedly increased HBV production by blocking autophagic degradation and indu-
cing accumulation of autophagosomes—effects similar to those induced by the autophagy ac-
tivator rapamycin, which facilitates HBV replication. Mechanistically, EGCG activates the ad-
enosine 5'-monophosphate-activated protein kinase (AMPK)/transcription factor EB (TFEB)
signaling axis, leading to enhanced lysosomal biogenesis and ATP production, thereby pro-
moting autophagic clearance. Pharmacological or genetic inhibition of AMPK attenuated TFEB
transcriptional activity, suppressed lysosomal biogenesis and ATP generation, impaired auto-
phagic degradation, increased HBc levels, and ultimately enhanced HBV replication. Con-
versely, pharmacological activation of AMPK produced opposing effects. These findings re-
veal a novel mechanism by which EGCG inhibits HBV: EGCG promotes autophagic degrada-
tion of the viral core protein via activation of the AMPK/TFEB signaling pathway.

Lysosome biogenesis

1. Introduction

Hepatitis B virus (HBV) infection poses a significant global
health threat, leading to chronic, acute, and severe hepatitis,
thereby increasing the risk of liver cirrhosis, liver failure, and
even hepatocellular carcinoma and other end-stage liver disea-
ses . According to World Health Organization (WHO) statistics,
approximately 250 million individuals worldwide live with
chronic HBV infection, with more than 64% of cases concen-
trated in the Asia Pacific region. An estimated 2 billion people
have been infected at some point, and nearly 1 million die annu-
ally from HBV-related complications *"°. Current anti-viral ther-

* Corresponding author.
E-mail addresses: tianzbsun@163.com (Z. Tian); ning-99@163.com (N. Li)
“ These authors contributed equally to this work.

https://doi.org/10.1016/S1875-5364(26)61105-3

apies for chronic hepatitis B primarily rely on nucleos(t)ide ana-
logs (NAs) and pegylated interferon (Peg-IFN) ". However, their
clinical utility is limited by low cure rates, side effects, and drug
resistance *°, underscoring the urgent need for novel, safe, and
effective anti-HBV agents.

In China and other regions, traditional Chinese medicines
(TCMs) are frequently explored as potential treatments for hepat-
itis B due to their distinct anti-viral properties and additional
therapeutic benefits > '". Among these, epigallocatechin-3-gal-
late (EGCG)—a catechin monomer derived from tea and a major
component of tea polyphenols—exhibits a broad spectrum of bio-
logical activities, including anti-viral, anti-oxidative, anti-arterio-
sclerotic, anti-thrombotic, anti-angiogenic, anti-inflammatory,
anti-tumor, anti-bacterial, and neuroprotective effects 2 Previ-
ous experimental studies have demonstrated that EGCG effect-
ively inhibits HBV replication """, Recent evidence suggests that

Copyright © 2026, China Pharmaceutical University. Published by Elsevier B.V. All rights are reserved.
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EGCG exerts many of these beneficial effects through regulation
of autophagic flux, although the underlying mechanisms vary
across cell types and disease contexts '“'. However, whether
modulation of autophagic signaling contributes to its anti-HBV
activity remains incompletely understood. Early studies indicate
a bidirectional relationship between autophagy and HBV replica-
tion: HBV induces autophagosome formation but blocks auto-
phagic completion, as the HBx protein impairs lysosomal degrad-
ative function by disrupting acidification *°. This implies that
functional, degradative autophagy is detrimental to HBV surviv-
al—a notion supported by findings that EGCG suppresses HBV
replication by enhancing lysosomal acidity and autophagy '*. Nev-
ertheless, the precise regulatory effects of EGCG on autophagy
and lysosomal acidification, and the mechanistic link to HBV in-
hibition, remain unclear.

In this study, we confirmed the inhibitory effect of EGCG on
HBV replication using two HBV-producing cellular models and
systematically investigated its impact on the HBV life cycle and
autophagic processes. We found that EGCG significantly sup-
pressed HBV replication by enhancing autophagic flux, leading to
degradation of the viral core protein. Mechanistically, EGCG activ-
ated the adenosine 5'-monophosphate-activated protein kinase
(AMPK)/transcription factor EB (TFEB) signaling pathway, pro-
moting lysosomal biogenesis and ATP production, thereby aug-
menting autophagic degradation. These findings reveal a novel
mechanism underlying EGCG-mediated suppression of HBV rep-
lication and provide a pharmacological foundation for the further
development and clinical application of EGCG as an anti-HBV
agent.

2. Materials and methods

2.1. Materials and agents

EGCG with a purity greater than 98% was purchased from
Nantong Feiyu Biotechnology Co., Ltd. (Nantong, China). Other
reagents and Kits, along with their suppliers, were as follows:
0.02% trypsin digestion solution (Beyotime Biotechnology,
Shanghai, China); methyl thiazolyl tetrazolium (MTT) kit (Beijing
Solarbio Science & Technology Co., Ltd., Beijing, China); penicil-
lin-streptomycin mixture (Beyotime Biotechnology, Shanghai,
China); HBV real-time quantitative polymerase chain reaction
(PCR) kit and HBV antigen detection enzyme-linked immun-
osorbent assay (ELISA) kit (Shanghai Kehua Biological Engineer-
ing Co., Ltd., Shanghai, China); supernatant HBV deoxyribonuc-
leic acid (DNA) extraction kit (Takara Bio Inc. Japan); cytoplas-
mic HBV DNA extraction kit (Bioteke Corporation (WuXi) Co.,
Ltd., Wuxi, China); MG132, Compound C (C.C), Acadesine
(AICAR), bafilomycin Al (BafAl), and rapamycin (MedChemEx-
press, USA); chloroquine (CQ), 3-methyladenine (3-MA), and rab-
bit anti-LC3 polyclonal antibodies (Sigma-Aldrich, USA); mouse
anti-B-actin and p62 polyclonal antibodies (Santa Cruz Biotech-
nology, USA); anti-p-AMPK and anti-ACCa (Cell Signaling Techno-
logy, USA); anti-mammalian target of rapamycin (mTOR), anti-p-
mTOR, anti-p-p70S6K, anti-p-ULK1(Ser556), anti-TFEB, and anti-
LAMP1 (Proteintech, Wuhan, China); anti-p-ACCa (ABclonal,
Wuhan, China); monoclonal anti-HBcAg (Millipore, Billerica, MA);
and polyclonal anti-core (Dako, Carpinteria, CA).

2.2. Cell culture

HepG2.2.15 and HuH-7 cells were obtained from the State
Key Laboratory for Diagnosis and Treatment of Infectious Dis-
eases, The First Affiliated Hospital, Zhejiang University School of
Medicine. Cells were cultured in DMEM (Gibco) supplemented
with 15% fetal bovine serum (Gibco) under standard conditions:
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5% CO,, 37 °C, and saturated humidity. The medium was further
supplemented with 1% penicillin-streptomycin. Cells were main-
tained in the logarithmic growth phase and routinely tested for
mycoplasma contamination.

2.3. Cell viability assay

The effect of EGCG on cell viability was assessed using an
MTT assay. Cells were adjusted to a concentration of 1 x 10°
cells/mL and seeded at 1 x 10" cells/well in 96-well plates. After
24 h, cells were treated with various concentrations of EGCG (0,
20, 40, 80, 160, or 320 umol-L’l) for 24 h, or with 20, 40, or 80
pmol-L™" EGCG for different durations (12, 24, 48, or 72 h). Fol-
lowing incubation, the culture medium was removed, and cells
were washed twice with phosphate-buffered saline (PBS). Then,
10 pL of MTT solution (dissolved in PBS) was added to each well,
followed by 4 h of incubation. After removal of the supernatant,
150 pL of DMSO was added to dissolve the formed purple form-
azan crystals. Absorbance was measured at 490 nm using a mi-
croplate reader (Bio-Rad, USA). Relative cell viability was nor-
malized to the vehicle control after background subtraction and
expressed as the ratio of experimental group A490 to control
group A490 *, Each concentration and time point was analyzed in
triplicate.

2.4. Plasmid transfection and ribonucleic acid (RNA) interference

Transient transfections in HepG2.2.15 cells were performed
using Lipofectamine 2000 (Invitrogen, Carlsbad, CA) according to
an optimized protocol described previously **. Briefly,
HepG2.2.15 cells were digested, suspended, and transfected with
double amounts of GFP-LC3, GFP-mCherry-LC3, or GFP-mCherry-
p62 plasmids (three gifts from Professor Wei Liu, School of Medi-
cine, Zhejiang University) using Lipofectamine 2000 following
the manufacturer’s instructions. Transfected cells were visual-
ized using a laser scanning confocal microscope (STELLARIS 5,
Leica) equipped with a 63 x Plan Apochromat 1.4 NA objective **.
HuH-7 cells were transfected with pcDNA3.0-1.3HBV plasmid (a
gift from Professor Liu Wei, School of Medicine, Zhejiang Uni-
versity) using Lipofectamine 2000 according to the manufactu-
rer’s protocol. AMPK small interfering RNA (siRNA) pools target-
ing AMPKal and AMPKa2 (sequences: 5'-CCCUCAAUAUUUAA-
AUCCUUCUGUG-3', 5'-GAAUAAUGAAUGAAGCCAA-3', 5'-GCAUAC-
CAUCUUCGUGUAAGA-3', 5'-GAUG AUGAGCAUGUACCUA-3") were
purchased from Shanghai GenePharma Co., Ltd. and delivered in-
to cells using Lipofectamine RNAIMAX (Thermo Fisher Scientific).
Briefly, 1.3 x 10° cells per well in six-well plates were transfected
with 20 pmol siRNA as per the manufacturer’s guidelines. A non-
specific siRNA with no homology to mammalian genes served as a
negative control. Cells were harvested after 48 h or following an
additional 24 h of drug treatment.

2.5. Detection of HBV antigen

Cells were seeded in 6-well plates. After EGCG treatment, cul-
ture supernatants were collected and diluted 10-fold with PBS.
Levels of hepatitis B e antigen (HBeAg) and hepatitis B surface
antigen (HBsAg) were quantified using ELISA kits according to
the manufacturer’s instructions. Optical density (OD) was meas-
ured at 450 nm using a microplate reader. Relative expression
levels of HBsAg and HBeAg were calculated using the formula
provided in the kit manual. Each concentration was analyzed in
triplicate.

2.6. HBV DNA analysis

Supernatants were collected for extracellular HBV DNA ex-
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traction using TaqTM kit (TaKaRa)’s MiniBEST Viral DNA Extrac-
tion Kit. Intracellular HBV DNA was isolated as previously de-
scribed **. Briefly, cells were lysed in lysis buffer (50 mmol-L™
Tris-HCl, pH 7.4, 1 mmol-L™" EDTA, 1% NP-40) at 4 °C for 15 min
and centrifuged at 14 000 x g for 1 min to remove nuclei. Cyto-
plasmic fractions were then processed using a Cell DNA Extrac-
tion Kit according to the manufacturer’s protocol to isolate intra-
cellular HBV DNA. Extracted DNA was quantified via real-time
PCR using an HBV diagnostic kit as per the manufacturer’s in-
structions.

2.7. HBV RNA analysis

Total cellular RNA was extracted using Trizol (Invitrogen).
Purified RNA was treated with RQ1 RNase-Free DNase (Promega,
Madison, WI) to eliminate genomic DNA contamination prior to
reverse transcription. Encapsidated HBV pregenomic RNA
(pgRNA) was purified following established protocols **: capsids
were precipitated with polyethylene glycol (PEG)-8000, and
pgRNA was extracted from the resulting pellets using Trizol, fol-
lowed by DNase treatment. For quantification, both total HBV
RNA and encapsidated pgRNA were reverse-transcribed using M-
MLV Reverse Transcriptase (Promega) and quantified by real-
time PCR with a SYBR® Premix Ex Taq™ kit (TaKaRa) as previ-
ously described. GAPDH was used as an internal control to nor-
malize HBV RNA levels. Primer sequences are listed in Table 1.

Table 1 Primers used for real-time PCR.

Gene name Type Sequence 5'-3'
HBV RNAs forward TCTCTGCAATGTCAACGACC
reverse CAGACCAATTTATGCCTACAGC
HBV pgRNA forward CCATACTGCACTCAGGCAA
reverse ACCTGCCTCGTCGTCTAAC
GAPDH forward GGAGCCAAAAGGGTCATCATCT

reverse AGGGGCCATCCACAGTCTTCT

2.8. Detection of cytoplasmic nucleocapsids

As previously described *°, HepG2.2.15 cells were lysed with
0.5 mL of TE buffer (10 mmol-L™ Tris-HCI, 1.0 mmol-L™" EDTA,
pH 8.0) containing 1% NP-40 at 37 °C for 10 min. Cell debris and
nuclei were removed by centrifugation, and the supernatant was
supplemented with 6 pmol-L™" MgCl, and 100 pg-mL™" DNase I
(NEB, USA) to digest cellular DNA. The resulting lysate was then
separated on a 1% agarose gel. After electrophoresis for 2 h,
capsids were directly transferred to a nitrocellulose membrane
and detected by immunoblotting using an anti-core antibody
(DAKO), with signals visualized via enhanced chemilumines-
cence.

2.9. Western blotting and immunofluorescence staining

Cells were harvested and lysed in RIPA lysis buffer supple-
mented with 1% (V/V) PMSF and phosphatase inhibitors. Protein
concentrations were determined using a BCA protein assay kit.
Equal amounts of protein from each sample were separated by
SDS-PAGE and transferred onto PVDF membranes (Millipore).
Membranes were blocked with 5% bovine serum albumin (BSA)
in TBST for 2 h, followed by incubation with primary antibodies
overnight at 4 °C. The following day, membranes were washed
and incubated with peroxidase-conjugated secondary antibodies
for 1 h at room temperature. Protein bands were detected using a
high-sensitivity enhanced chemiluminescence kit (Monad, China),
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and band intensities were quantified using Image] 1.54 software.
Immunofluorescence staining was performed according to our
laboratory’s established protocol *° and observed under a laser
scanning confocal microscope or a fluorescence microscope.

2.10. Determination of ATP Levels

In accordance with the manufacturer’s instructions, intracel-
lular ATP levels were measured using a commercial ATP detec-
tion kit (Abbkine, KTB1016). Absorbance values were recorded
on a SpectraMax microplate reader, normalized to total cellular
protein content, and expressed as a percentage of the control

group.
2.11. Statistical analysis

Data were analyzed using GraphPad Prism 6.0 and are
presented as mean * standard deviation (SD) from three inde-
pendent experiments. Pairwise comparisons were performed us-
ing the two-sample t-test, while differences among multiple treat-
ment groups were assessed by one-way analysis of variance (AN-
OVA), with statistical significance set at P < 0.05.

3. Results

3.1. EGCG promotes the autophagic degradation of HBV core pro-
teins to inhibit viral replication

To validate the anti-HBV activity of epigallocatechin gallate
(EGCG) in vitro, HepG2.2.15 cells—a cell line with stable HBV
DNA replication—and a transient HBV replication system in hu-
man hepatoma HuH-7 cells transfected with a 1.3-fold-over-
length HBV replicon plasmid were employed. The cytotoxicity of
EGCG toward HepG2.2.15 and HuH-7 cells was assessed using the
MTT assay. EGCG reduced cell viability in a dose- and time-de-
pendent manner (Figs. 1A and 1B, Figs. S1A and S1B). Treatment
with EGCG at concentrations up to 40 pmol-L™" for durations up to
24 h did not significantly affect HepG2.2.15 cell survival, whereas
80 umol-L™" EGCG for < 24 h had negligible effects on HuH-7 cell
viability. The impact of EGCG on HBV replication was initially
evaluated by measuring secreted HBsAg in culture supernatants,
extracellular HBV DNA, and intracellular nucleocapsid-associ-
ated HBV DNA replication intermediates (RIs). All three markers
decreased in a dose- and time-dependent manner in HepG2.2.15
cells following EGCG treatment (Figs. 1C and 1D). Consistent with
these findings, EGCG exhibited anti-viral activity in the transi-
ently transfected HuH-7 model (Fig. S2A).

To further delineate the role of EGCG in the HBV life cycle, its
effects on viral transcription and nucleocapsid assembly were ex-
amined. Levels of total HBV RNAs—including 3.5 kb mRNA/
pgRNA (pre-genomic RNA), 2.4, 2.1, and 0.7 kb mRNAs—along
with HBV pgRNA and encapsidated pgRNA, were quantified via
quantitative reverse transcription PCR (qRT-PCR). Cytoplasmic
nucleocapsids were isolated using native agarose gel electro-
phoresis and analyzed by immunoblotting. EGCG treatment for 24
h did not alter total HBV RNA or pgRNA levels (Figs. 1E and 1F,
top panels), but significantly reduced encapsidated pgRNA in a
dose- and time-dependent manner (Figs.1E and 1F, bottom pan-
els). Consistently, EGCG markedly diminished nucleocapsid
abundance in HepG2.2.15 cells (Fig. 1G). These observations sug-
gest that either nucleocapsid assembly was impaired, their de-
gradation was enhanced, or the stability of the core protein (HB-
cAg) was reduced. To investigate this, intracellular HBcAg levels
were assessed and found to be significantly decreased upon EGCG
treatment (Fig. 1H and Fig. S2B). Notably, pretreatment with
BafA1, a late-stage autophagy inhibitor, prevented the decline in
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Fig. 1 The impact of EGCG on the HBV life cycle. (A) HepG2.2.15 cells were treated with the gradient doses of EGCG (0, 20, 40, 80, 160, 320 umol-L™, respectively) for 24 h,
and the cell viability was detected by MTT assay. (B) HepG2.2.15 cells were treated with 20 or 40 umol-L ™" EGCG for 12 h, 24 h, 48 h, and 72 h, respectively, and the cell viab-
ility was detected. The values obtained from control samples were set at 1.0. Values are means + SD (n = 5). (C-F) HepG2.2.15 cells were treated with different concentra-
tions of EGCG for 24 h (C, E) or treated with 40 umol-L™" EGCG for varying durations (D, F), the levels of secreted HBsAg in the culture supernatants were measured by
ELISA, the levels of secreted HBV DNA in the culture supernatants and intracellular HBV DNA RIs in the cytoplasm were measured by quantitative real-time PCR (qRT-PCR)
(C, D), and the levels of total HBV RNAs, HBV pgRNA, and encapsidated pgRNA in the capsids were detected by qRT-PCR (E, F). The values obtained from the control group
were set at 1.0. Data were presented as the means * SD (n = 3). (G) HepG2.2.15 cells were treated with the different concentrations of EGCG for 24 h or 48 h. The cytoplas-
mic nucleocapsids were separated by agarose gel electrophoresis and detected by immunoblotting with the anti-core antibody. $-actin in the equal samples was assayed by
Western blotting as an internal control. (H) HepG2.2.15 cells were left untreated (DMSO) or treated with EGCG (40 pmol-L™", 24 h) in the absence or presence of MG132 (10
umol-L™") or bafilomycin A1 (BafA1, 100 nmol-L™). Intracellular HBcAg levels were determined by Western blotting with a specific anti-HBcAg antibody. ns means no signi-
ficance. Data were analyzed using one-way ANOVA.'P < 0.05, "P < 0.01, P < 0.001 vs the 0 umol-L™" group or 0 h group.

HBcAg levels, whereas the proteasome inhibitor MG132 did not
(Fig. 1H). This indicates that EGCG induces autophagic rather
than proteasomal degradation of HBcAg. Collectively, these res-
ults demonstrate that EGCG suppresses HBV DNA replication
through autophagic degradation of the viral core protein.

3.2. EGCG promotes autophagic flux in HBV-replicating cell models

The observation that EGCG induces autophagic degradation
of HBV core protein prompted further investigation into its mod-
ulation of autophagy. HepG2.2.15 cells were transfected with a
GFP-LC3 plasmid to monitor autophagosome formation via fluor-
escent puncta. EGCG treatment increased the number of GFP-LC3
puncta in a dose- and time-dependent manner, with Torin 1
serving as a positive control (Figs. 2A and 2B), indicating en-
hanced autophagosome formation. Endogenous LC3-1I and
p62—autophagy marker and cargo receptor, respectively—were
analyzed by Western blotting. LC3-II levels increased while p62
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levels decreased significantly in a dose- and time-dependent fash-
ion upon EGCG exposure (Figs. 2C and 2D), suggesting enhanced
autophagic flux. These effects were recapitulated in the 1.3-fold-
HBV-transfected HuH-7 cells (Fig. S3). To assess dynamic auto-
phagy, a GFP-mCherry-LC3 reporter was used. EGCG induced ac-
cumulation of LC3 puncta exhibiting strong mCherry but weak
GFP fluorescence (Figs. 2E and 2F), indicative of autophagosome
maturation and acidification, consistent with increased auto-
phagic flux and cargo degradation in autolysosomes. Further-
more, co-treatment with BafA1 and EGCG led to greater accumu-
lation of LC3-1I and p62 compared to BafAl alone (Fig. 2G), con-
firming that EGCG stimulates both autophagosome formation and
downstream autophagic degradation in HBV-producing cells.

3.3. Autophagic degradation rather than autophagosome forma-
tion plays a key role in EGCG's inhibition of HBV replication

It has been reported that distinct stages of autophagy exert
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Fig. 2 EGCG enhances autophagic flux in HepG2.2.15 cells. (A, B) HepG2.2.15 cells transfected with GFP-LC3 were left untreated (DMSO) or treated with 20 or 40 pmol-L™
EGCG for 24 h, or treated with 300 nmol-L™ Torin1 for 4 h. The distribution of GFP-LC3 puncta was observed by confocal microscopy. Scale bars, 5 ym (A). The average
count of GFP-LC3 puncta in cells was quantified with ImageJ (B). Values were means * SD. n = 30 cells from three independent experiments. P < 0.001 vs the 0 pmol-L™
group. (C, D) Western blotting analysis of endogenous LC3 and p62 levels in HepG2.2.15 cells treated with different concentrations of EGCG for 24 h (C) or treated with 40
umol-L™ EGCG for varying durations (D) and quantitative analysis of the blot bands of each protein with Image]. -Actin was used as a loading control. The statistical results
were presented as the means + SD of three independent experiments. P < 0.05, "P < 0.01, P < 0.001 vs the 0 umol-L™" group or 0 h group. (E, F) HepG2.2.15 cells transfec-
ted with GFP-mCherry-LC3 plasmid were treated with DMSO or 40 umol-L™" EGCG for 24 h. The distribution of mCherry and GFP puncta was examined by confocal micro-
scopy and quantified with Image]. Scale bars, 5 um. Values were means + SD (n = 30). " P < 0.001. (G, H) Western blotting analysis of endogenous LC3 and p62 levels in
HepG2.2.15 cells untreated (DMSO) or treated with EGCG (40 pmol-L™") or BafA1 (100 nmol-L™") alone, or in a combination of both for 24 h. The blot bands were quantified
by normalization to f-actin by Image]. Values were means + SD (n = 3). Data in F were analyzed using two-sample t-test, and other data were analyzed using one-way AN-

OVA. ***P < 0.001.

opposing effects on HBV production: early autophagy supports
viral DNA replication *’~*, whereas autophagic degradation neg-
atively regulates it ***". We therefore sought to determine wheth-
er the anti-HBV effect of EGCG depends on autophagic degrada-
tion. HepG2.2.15 cells were treated with EGCG in combination
with either 3-MA—an inhibitor of autophagy initiation—or CQ,
which blocks autophagosome-lysosome fusion. 3-MA signific-
antly suppressed EGCG-induced GFP-LC3 puncta formation and
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LC3-I conversion (Figs. 3A-3C). Concomitantly, levels of
secreted HBsAg, extracellular HBV DNA, and intracellular HBV
DNA were higher in cells treated with EGCG plus 3-MA than with
EGCG alone, although still below baseline levels in untreated con-
trols (Fig. 3D), indicating partial reversal of EGCG’s anti-viral ef-
fect and dependence on autophagy initiation. In contrast, CQ
combined with EGCG dramatically increased GFP-LC3 puncta,
LC3-II levels, and p62 accumulation (Fig. 3A-3C). Moreover, all



Y. Yang et al. Chinese Journal of Natural Medicines 24 (2026) 300-312

A C +3-MA +CQ
0 20 40 0 20 40 0 20 40  pmol-L"
0 LI LC3-1 | . s s 18 kDa
Hme Loa1 | e 16 kDa
p62 |.-M 62kDa
p- Aclml 42 kDa
20 pmol-L™! |
3 : CIDMSO
£ . =+ 3-MA
EER ,—| . =+ CQ
40 pmol-L™! ; .
: ﬂ IJ-I ’l‘ I
-
B 40 = IDMSO 0 T T T
- 35 =+ 3-MA 2.0
Q=30 “ mE+CQ - . =
Z8 g 159 .
2025 £
[~} z m T
0220 g 104
o= £ 1.0
EX-BH 3
4 210 2.5
<7y |""|
0 0 . . .
0 umo] Lt 20 umol L 40 umo] L' (EGCG) Opmol'L™" 20 pmol'L™" 40 pmol'L™' (EGCG)
,. [CIDMSO Em+3-MA mm+CQ E 5. F g -
i A‘ Pred
2 . 2201 = 154
ER g 15 A g
o ” = S 1.0 4
3 £ 1.0 4 2
2 g 1L
81 5 ] i
3 % 0.5 2 05 |l| |_.,._|
il : & :
0 T r | T T T T T T T T
3. 3.0 1 25 1
b Z 25 1 1 2204
a . 250 T B T
> 24 z . CRER
a T 15 A = 0
s = 1.0 4
ERp ,_l |—| 2 10 1 z
3 M 3 0.5 g 054
¢ il i i §
0 III r 0 T T T T 0 T T T T
5 4.5 1 2.5 1
. . 40 1 . 0
<Zt T aes <zt 3.5 4 T z 7 T
8 e 530 4 2 s
i E 2.5 4 % :
T24 T %(5) 1 T 1.0 A
< . . = 1.5 4 s s
£ ] |_| |_| £ 10 ’l‘ £ 05 4 &
0.5 4
0- 0 . == L 0 T 'J.-_' T
0 pmol-L™" 20 umol-L™" 40 pmol-L™' (EGCG) EGCG - + + EGCG - - + +
BafAl - + - + RAPA - + - +
DMSO EGCG EGCG + RAPA H EGCG - + - +
- - + +

LC3-1 | s s s o | 18 kDa
LC3-1[ | - — —— 16 kDa

!—_~ 62 kDa

ﬂActm|- D o— -l 42kDa

pm um pm

Fig. 3 Autophagic degradation, rather than the autophagosome formation induced by EGCG, suppresses HBV replication. (A-D) HepG2.2.15 cells transfected with GFP-LC3
were treated with DMSO or EGCG (20 or 40 umol-L™") for 24 h after pretreatment for 1 h with autophagy inhibitor 3-MA (5 mmol-L™") or CQ (5 umol-L™). The distribution of
GFP-LC3 puncta was observed by confocal microscopy. Scale bars, 5 pm (A). The average count of GFP-LC3 puncta per cell was quantified from 30 cells from three independ-
ent experiments (B). The protein expressions of LC3 and p62 were detected by Western blotting and, the blot bands were quantified with Image] (C). The secreted HBsAg
levels were detected by ELISA, and the secreted HBV DNA levels and the intracellular HBV DNA levels were determined by qRT-PCR (D). The values were normalized to
those of the DMSO group and were presented as the means * SD (n = 3). (E, F) HepG2.2.15 cells were either left untreated (DMSO) or treated with EGCG (40 pmol-L™, 24 h)
alone, BafA1(100 nmol-L™", 24 h) alone, or in a combination of both (E). HepG2.2.15 cells were either left untreated (DMSO) or treated with EGCG (40 umol-L™") alone, rapa-
mycin (RAPA, 100 nmol-L™) alone, or in a combination of both for 24 h. Three indicators of HBV replication were detected as (D) described (F). (G, H) HepG2.2.15 cells were
treated as (F) described. Cells were fixed, stained with the LC3 antibody, and observed by confocal microscopy. Scale bars, 5 pm (G). In parallel, the protein levels of LC3 and
p62 in the cell lysates were analyzed via Western blotting (H). All experiments were repeated independently at least three times. ns means no significance. Data were ana-
lyzed using one-way ANOVA. P < 0.05, "P< 0.01, P < 0.001.

three HBV replication markers were markedly elevated—exceed- tion (Fig. 3D).

ing even control levels—in an EGCG dose-dependent manner (Fig. These data confirm that HBV replication relies on early auto-
3D). Similar outcomes were observed when CQ was replaced with phagy and is abolished when autophagosome formation is inhib-
BafA1l in both HBV-producing cell lines (Fig. 3E and Fig. S2A). ited. Conversely, late-stage autophagy—including autophagic de-
These findings indicate that blocking autophagic degradation or gradation and autophagosome-lysosome fusion—negatively reg-
lysosomal fusion not only abrogates EGCG’s inhibitory effect on ulates HBV replication, likely through degradation of viral com-
HBV replication but also potentiates viral production. Notably, 3- ponents. Thus, autophagic degradation, rather than autophago-
MA alone suppressed autophagosome formation and HBV replic- some formation, is critical for EGCG-mediated suppression of
ation (Fig. 3D), whereas CQ or BafA1 alone promoted autophago- HBV replication. To further validate this, we tested the auto-
some accumulation (Figs. 3A and 3B) and enhanced HBV replica- phagy inducer rapamycin (Figs. 3F and 3G). Rapamycin effect-
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ively stimulated autophagosome formation and increased secre-
tion of HBsAg, HBV DNA, and intracellular HBV DNA, yet failed to
counteract EGCG’s anti-viral effect (Fig. 3F and Fig. S2A). West-
ern blotting analysis revealed that rapamycin alone did not re-
duce p62 levels, indicating incomplete autophagy, whereas co-
treatment with EGCG enhanced LC3-II conversion and signific-
antly decreased p62 (Fig. 3H). Together, these results indicate
that incomplete or impaired autophagy promotes HBV replica-
tion, and that EGCG exerts its anti-HBV activity specifically by en-
hancing functional autophagic degradation.

3.4. EGCG activates the AMPK/TFEB signaling pathway and pro-
motes lysosomal biogenesis and autophagic degradation

The above results underscore the importance of enhanced
autophagic degradation in EGCG’s anti-HBV activity. To further
substantiate this, two complementary approaches were used.
First, HepG2.2.15 cells were transfected with a GFP-mCherry-p62
plasmid to monitor autophagic flux. EGCG treatment significantly
reduced the number of GFP-mCherry double-positive puncta
(Figs. 4A and 4B), indicating efficient cargo delivery to acidic
lysosomes. Second, a pulse-chase assay was performed to assess
the turnover of preformed autophagosomes. While basal auto-
phagosome degradation was slow in HepG2.2.15 cells, EGCG-
treated cells exhibited accelerated degradation (Fig. 4C). To elu-
cidate the underlying mechanism, the AMPK/mTOR signaling ax-
is was examined by Western blotting. EGCG treatment increased
phosphorylation of AMPK and its downstream targets—ACCa,
ULK1, and TFEB (Fig. 4D and Fig. S3)—while decreasing phos-
phorylation of mTOR and its substrate p70S6K (Fig. 4D). Since
mTOR-mediated ULK1 phosphorylation inhibits autophagy initi-
ation, whereas AMPK-mediated ULK1 phosphorylation activates
it, and since mTOR phosphorylates TFEB to retain it in the cyto-
plasm while AMPK activates TFEB’s transcriptional function *,
our findings suggest that EGCG simultaneously inhibits mTOR
and activates AMPK. Consequently, the AMPK/ULK1 axis may
mediate autophagy initiation, while the AMPK/TFEB axis may
drive autophagic degradation. Together, these pathways contrib-
ute to enhanced autophagic flux under EGCG treatment.

Consistent with the Western blotting data, immunofluores-
cence analysis revealed that EGCG induced nuclear translocation
of TFEB (Fig. 4E), followed by upregulation of its target genes, in-
cluding TFEB itself, LAMP1 (encoding lysosome-associated mem-
brane protein 1), and ATP6V1A (encoding a subunit of V-ATPase,
essential for lysosomal acidification), as confirmed by qRT-PCR
and immunostaining (Figs. 4E-41). These results indicate that
EGCG enhances TFEB transcriptional activity, thereby promoting
lysosomal biogenesis and subsequent autophagic degradation.
Additionally, ATP has been shown to activate lysosomal pro-
teases and enhance degradative capacity *°. Cellular ATP levels
were significantly elevated in HepG2.2.15 cells after EGCG treat-
ment (Fig. 41), further supporting AMPK activation, as AMPK pro-
motes catabolic processes and conserves cellular energy.

3.5. The enhancement of autophagic degradation and lysosomal
biogenesis by EGCG depends on the activation of the AMPK/TFEB
pathway

To determine whether AMPK mediates EGCG-induced auto-
phagic flux and lysosomal biogenesis, pharmacological inhibition
(C.C) and genetic knockdown (siRNA) of AMPK were employed.
C.C treatment markedly reduced EGCG-induced AMPK phos-
phorylation (Fig. 5A). However, both C.C alone and in combina-
tion with EGCG, as well as AMPK knockdown, resulted in in-
creased LC3-II and p62 accumulation (Figs. 5A, 5E, and S4) in
both HBV-producing cell lines, accompanied by increased GFP-
LC3 puncta (Fig. S5A), indicating impaired autophagic degrada-
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tion. Using the GFP-mCherry-p62 reporter and pulse-chase assay,
C.C treatment significantly increased double-positive puncta in
EGCG-treated cells (Figs. 5B-5D), while AMPK knockdown nearly
abolished degradation of EGCG-induced autophagosomes (Fig.
5D). Furthermore, AMPK knockdown attenuated EGCG-induced
expression of TFEB and its targets LAMP1 and ATP6V1A, as con-
firmed by Western blotting (Fig. 5E and Fig. S4), immunofluores-
cence staining (Figs. 5G-5]), and qRT-PCR (Fig. S6). Similar re-
ductions in TFEB and LAMP1 signals were observed with C.C co-
treatment (Figs. 5G-5]). Additionally, both C.C and AMPK knock-
down significantly suppressed EGCG-induced ATP production
(Fig. 5F and Fig. S7), providing another mechanism for impaired
autophagic degradation.

Notably, although C.C or siAMPK treatment reduced EGCG-in-
duced TFEB expression, nuclear localization of TFEB remained
largely unaffected (Fig. 5G). This aligns with the observation that
C.C had minimal effect on EGCG-induced mTOR inactivation (Fig.
$8). Given that mTOR inactivation promotes TFEB nuclear trans-
location, while AMPK phosphorylation enhances its transcrip-
tional activity, these findings suggest that EGCG modulates AMPK
and mTOR independently, with mTOR inhibition occurring inde-
pendently of AMPK. Collectively, these results demonstrate that
the AMPK/TFEB signaling pathway mediates EGCG-induced auto-
phagic degradation and lysosomal biogenesis.

3.6. EGCG inhibits HBV production by activating AMPK to promote
the autophagic degradation of the HBV core protein

To determine whether AMPK-dependent autophagic degrad-
ation underlies the anti-HBV effects of EGCG, pharmacological
and genetic interference with AMPK activity was applied. C.C
treatment alone or in combination with EGCG significantly in-
creased secreted HBsAg, extracellular HBV DNA, and intracellu-
lar HBV DNA in HepG2.2.15 cells, exceeding baseline replication
levels (Fig. 6A). This indicates that EGCG’s anti-viral effect is sub-
stantially attenuated and that AMPK inactivation promotes HBV
replication. Similarly, AMPK knockdown alone or with EGCG
markedly elevated all three HBV replication markers in both cell
models (Fig. 6B and Fig. S9A) and restored HBcAg levels (Fig. 6D
and Fig. S9B). In contrast, treatment with the AMPK activator
AICAR strongly suppressed HBV replication (Fig. 6C)and en-
hanced autophagic degradation of HBcAg (Fig. 6E and Fig. S10).
Notably, combining AICAR and EGCG showed no synergistic ef-
fect (Figs. 6C and 6E). These findings collectively indicate that
AMPK-dependent autophagic degradation is essential for EGCG’s
anti-HBV activity.

4. Discussion

The present study comprehensively analyzed the regulation
of EGCG on autophagy signaling and its effects on the HBV life
cycle. In two cell models of HBV production, we found for the first
time that EGCG did not affect HBV mRNA and pgRNA transcrip-
tion but induced the autophagic degradation of the HBV core pro-
tein. This was accompanied by a reduction in nucleocapsids and
encapsidated pgRNA, leading to decreased HBV-DNA synthesis
and antigen secretion. Furthermore, we demonstrated that the
anti-HBV effect of EGCG was mediated specifically by autophagic
degradation rather than autophagosome formation. When auto-
phagic degradation was blocked, EGCG-induced accumulation of
autophagosomes significantly enhanced HBV production. Addi-
tionally, we showed that EGCG activated the AMPK/TFEB signal-
ing pathway to promote lysosomal biogenesis and ATP produc-
tion, thereby enhancing autophagic degradation of the HBV core
protein (Fig. 7). These findings further support a previous study
showing that EGCG inhibits HBV replication by enhancing lyso-
somal acidification .



Y. Yang et al. Chinese Journal of Natural Medicines 24 (2026) 300-312

A GFP-mCherry-p62 B c DMSO GG
GFP mCherry Merged
LC3 1 : -t e 18 kDa
- 16 kDa
LC3 1T
2 120 .
% 100 /)‘-Actinl— — C— — - —— -|42 kDa
N
E 3MA 0 20 40 60 0 20 40 60 min
£ 80
o
S 60 200
E
a 40 150
5 g
g 2 2100
6] 0 g
= 5
& 50

NS
L 0 ﬂ ﬁ

T
0 20 40 60 0 20 40 60 min

N Ry $ 3-MA
R & DMSO EGCG
- Q& & Q&
D EGCG o ) ©
AMPK |Wamme WS i | 04 kDa .
. 30 pmol-L™' E320 pmol-L™! EA40 pmol-L™! e
p-ACCa . s | 265 kDa
=]
ACCa S e | 265kDa 5 2+
av\,,\'\ P N
P-ULK] | s s S | 112 kDa E e
5
g 14
Y (o) Q] [ — 288 kDa [
- 59 kDa
. —
p-p70s6k i e  wss | 70 (Da 0

B (S N | 57 kD R*Q&
P-Actin E 42 kDa s

E TFEB DAPI Merged G

.

DMSO
DMSO

20 pm

EGCG

EGCG

20 um

F 250 H 400 - 1_25 J
£ 1 DMSO Em EGCG 3
200 220
° - 300 g
£3 £ g = 22
52150 =3 g1s g
g3 2 5 200 Z g
2 8100 = 3 % 1.0 -
= =
Fé % 5 100 8 < !
50 4= 205
3
0 0 &0 . . . 0
vé) 000 $0 oco TFEB LAMPI ATP6VIA &0 e(“e
AR AR o X

Fig. 4 EGCG activates the AMPK/TFEB signaling pathway and promotes autophagic degradation and lysosome biogenesis. (A, B) HepG2.2.15 cells transfected with the GFP-
mCherry-p62 plasmid were treated with DMSO or 40 pmol-L™ EGCG for 24 h. The distributions of mCherry and GFP puncta were examined by confocal microscopy, and the
colocalization was analyzed with Image]. The quantitative results were presented as means + SD (n = 30). Scale bars, 5 um. P < 0.01. (C) Analysis of the effect of EGCG on the
degradation of the formed autophagosome. HepG2.2.15 cells were treated with DMSO or 40 pmol-L™* EGCG for 24 h, then the pI3KC3 inhibitor 3-MA (10 mmol-L™") was ad-
ded to stop the formation of new autophagosomes. At the indicated time points (0, 20, 40, 60 min) after 3-MA addition, Western blotting was performed to determine the
levels of LC3-II. Lower panel: the immunoblots were scanned and analyzed with Image]. The density value from cells without 3-MA and EGCG treatment was set to 100%;
bars represent means + SD (n = 3). (D) Western blotting analysis of the expression of key molecules in the AMPK/mTOR/TFEB signaling pathway in HepG2.2.15 cells follow-
ing 24 h treatment with different concentrations of EGCG. Quantitative analysis of each protein expression level. The values were presented as means + SD (n = 3). "P < 0.01,
"'P < 0.001 vs the 0 pmol-L™* group. (E-]) HepG2.2.15 cells were treated with DMSO or 40 pmol-L™* EGCG for 24 h. Cells were fixed, stained with TFEB antibody, and ob-
served by confocal microscopy. The nucleus was stained with DAPI. Scale bars, 10 pm (E). Cells were stained with LAMP1 antibody and observed by fluorescence micro-
scopy. Scale bars, 20 pm (G). The fluorescence signal intensity of TFEB (F) or LAMP1 (H) was analyzed with Image]. Values were means + SD (n = 50). The mRNA levels of
TFEB and its targeted genes, LAMP1 and ATP6V1A, were determined by qRT-PCR (I). The ATP levels were determined using an ATP content detection kit (J). The values were
normalized to the DMSO group and were presented as means + SD (n = 3). Comparisons in B, F, H, I, and ] were performed using t-test, and comparison in D was performed
using one-way ANOVA."P < 0.01, "'P < 0.001.

Autophagy serves as a powerful host defense mechanism vival. For example, the HBV core protein interacts with ATG12 to
against viral infections **. However, recent studies indicate that access the Atg5-12/16L1 elongation complex, which may serve as
autophagy plays a dual role in HBV replication and infection. The a platform for nucleocapsid assembly and stability *’. Hyperphos-
early stages of autophagy are activated by HBV and can facilitate phorylated core proteins localize to phagophores to participate in
its replication, thereby exacerbating liver disease progres- pgRNA packaging, and both core and precore proteins associate
sion “** ¥ whereas viral components can be degraded with autophagic membranes that fuse with multivesicular bodies
through autophagy *“***. Thus, different stages of autophagy to form amphisomes *". These amphisomes can subsequently fuse
have distinct implications for the HBV life cycle (Fig. 7). HBV hi- with plasma membranes, facilitating the release of mature HBV
jacks components of the autophagic pathway to support its sur- particles. Moreover, SHBs have been shown to colocalize with the
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Fig. 5 Inhibition of AMPK suppresses EGCG-induced autophagic degradation and lysosomal biogenesis. (A) HepG2.2.15 cells were treated with DMSO or EGCG (40 pmol-L™)
for 24 h in the absence or presence of AMPK inhibitor C.C (10 umol-L™", pretreated for 2 h). The protein levels of p-AMPK, p62, LC3, and p62 in the cell lysates were analyzed
via Western blotting. The blot bands were quantified by normalization to -actin by Image]. Values were means + SD (n = 3). (B, C) HepG2.2.15 cells transfected with the GFP-
mCherry-p62 plasmid were treated with 40 umol-L™" EGCG for 24 h alone or in combination with C.C (10 umol-L™, pretreated for 2 h). Confocal microscopy analysis of the
colocalization of mCherry and GFP puncta. Scale bars, 5 pm (B). The mCherry and GFP puncta in cells were quantified with Image]. Values were means * SD (n = 30) (C). (D)
HepG2.2.15 cells were transfected with siScramble or siAMPKa pools for 48 h, and then treated with 40 pmol-L™" EGCG. After 24 h, 3-MA (10 mmol-L™") was added, and the
LC3-II levels were analyzed as Fig. 4C described. (E) HepG2.2.15 cells were transfected with siScramble, siAMPKa, or double amounts of siAMPKa for 48 h, and then treated
with DMSO or EGCG (40 umol-L™") for 24 h. The total protein extracts were subjected to Western blotting. The blot bands were quantified by normalization to GAPDH by Im-
age]. Values were means = SD (n = 3). (F) HepG2.2.15 cells were treated as (A) described. The ATP contents in the cell lysates were determined. The quantitative results were
presented as means + SD (n = 3). (G-]) HepG2.2.15 cells were treated with EGCG (40 pmol-L™, 24 h) alone, or cotreated with C.C (10 umol-L™", pretreated for 2 h), or trans-
fected with siAMPKa for 48 h and then treated with EGCG (40 pmol-L™, 24 h). Cells were stained with TFEB antibody and observed by confocal microscopy (G). Scale bars,
10 pm (G). Cells were stained with LAMP1 antibody and observed by fluorescence microscopy. Scale bars, 20 um (I). The fluorescence signal intensity of TFEB (H) or LAMP1
(J) per cell was quantified by normalization to that of the EGCG group with Image]. Values were means * SD (n = 50). Data in C were analyzed using t-test, and other data
were analyzed using one-way ANOVA. P < 0.05, "P < 0.001, ""P < 0.001. ns means no significance.

autophagosome marker LC3 during HBV replication, suggesting core and precore proteins, virion envelopment, and viral release.
that the autophagy machinery contributes to HBV envelopm- The proviral role of autophagy is supported by our results and
ent *°. Collectively, these findings indicate that autophagic mem- previous studies: inhibition of autophagy initiation with 3-MA in
branes are involved in HBV nucleocapsid assembly, trafficking of our experiments (Fig. 3D), along with silencing of ULK1 or other
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Fig. 6 EGCG inhibits HBV production by activating AMPK to promote the autophagic degradation of the HBV core protein. (A) HepG2.2.15 cells were treated with DMSO or
EGCG (40 pmol-L™) for 24 h in the absence or presence of AMPK inhibitor C.C (10 pmol-L™, pretreated for 2 h). The three indicators of HBV replication were detected as Fig.
3D described. (B, D) HepG2.2.15 cells were transfected with siScramble or siAMPKa for 48 h, then treated with DMSO or EGCG (40 pumol-L™) for 24 h, respectively. The three
indicators of HBV replication were detected as Fig. 3D described (B). The HBcAg levels in the cell lysates were analyzed via Western blotting (D). The quantitative values
were normalized to the siScramble + DMSO group and presented as means + SD (n = 3). (C, E) HepG2.2.15 cells were treated with DMSO or EGCG (40 pmol-L™) for 24 h in
the absence or presence of AMPK activator AICAR (1 mmol-L™). The three indicators of HBV replication were detected as Fig. 3D described (C). Western blotting analysis of
the HBcAg in the cell lysates (E). All values were normalized to the DMSO group and were presented as the means + SD (n = 3). Data were analyzed using one-way ANOVA.

'P<0.05,"'P<0.001, "P<0.001.

autophagy-initiating components in prior work, consistently sup-
pressed HBV replication, HBsAg expression, and virion produc-
tion *. Similarly, silencing Beclin1 or ATGS5 inhibited HBV replica-
tion, while treatment with the autophagy inducer rapamycin (Fig.
3F) or starvation enhanced HBV production *”*’. Notably, com-
bining rapamycin with EGCG did not alter the anti-HBV effect of
EGCG, despite increased autophagosome formation and LC3-II
conversion (Figs. 3G and 3H). Analysis of p62 levels revealed that
EGCG markedly reduced p62 compared to rapamycin (Fig. 3H),
indicating that EGCG promotes not only autophagosome forma-
tion but also autophagic degradation. Therefore, we conclude
that autophagic degradation—not autophagosome formation—
mediates the inhibitory effect of EGCG on HBV replication. These
findings underscore the close association between the HBV life
cycle and autophagy: autophagosome membrane elongation sup-
ports HBV envelopment and maturation, whereas autophagic de-
gradation limits viral production by degrading viral components
(Fig. 7).

Although HBV activates the early autophagic pathway and in-
creases cellular autophagosome levels, it does not stimulate auto-
phagic degradation **”**. This is attributed to the HBx protein
impairing lysosomal degradative function ** and HBV infection re-
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ducing Rab7 expression, which hinders autophagosome-lyso-
some fusion *’. Conversely, activation of Rab7 and related factors
enhances autophagosome-lysosome fusion, promoting the auto-
phagic degradation of HBsAg and HBcAg and thereby suppress-
ing HBV replication and maturation *. Consistently, in this study,
EGCG treatment enhanced autophagic flux and lysosomal degrad-
ative activity, ultimately inhibiting HBV replication and secretion
via autophagic degradation of the HBV core protein. In contrast,
treatment with CQ or bafilomycin A1—two inhibitors that block
autophagic degradation by preventing autophagosome-lysosome
fusion and lysosomal acidification, respectively—significantly re-
versed the anti-HBV effect of EGCG and strongly promoted HBV
replication and particle release, likely due to enhanced secretory
autophagy and expansion of the HBV cccDNA pool. Similarly,
studies have shown that 5-FU blocks autophagosome degrada-
tion and promotes HBV replication *“, and that inhibition of O-
GlcNAcylation prevents autophagosome-lysosome fusion, ther-
eby blocking autophagic degradation of HBV virions and proteins
and enhancing viral replication *. Clearly, degradative auto-
phagy is detrimental to HBV survival. Recent research provides
direct evidence supporting this view: NDP52, an autophagy re-
ceptor, restricts HBV replication and secretion by mediating Rab9-
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Fig. 7 Diagram showing the proposed mechanism by which EGCG inhibits HBV
production through activating the AMPK/TFEB pathway to promote autophagic
degradation of viral components. HBV can activate nondegradative autophagy and
utilize the pre-autophagosome to promote HBV nucleocapsid assembly, invoke
autophagosomes to transport HBV nucleocapsids, and further promote its matur-
ation and secretion. The late autophagy, including autophagolysosome fusion and
autophagosome degradation, negatively regulates HBV replication. EGCG can ac-
tivate AMPK, then promote ATP production and enhance lysosome biogenesis by
activating TFEB transcription activity. This process increases autophagy degrada-
tion and inhibits HBV replication through the degradation of the HBV core pro-
tein.

dependent lysosomal degradation of envelope proteins; likewise,
Galectin-9, an interferon-stimulated gene, inhibits HBV replica-
tion via p62/SQSTM1-mediated selective autophagic degradation
of core proteins *"*’. Together with our findings, these data
strongly suggest that autophagic degradation following autopha-
gosome-lysosome fusion represents a major cellular pathway for
reducing intracellular HBV loads. Thus, late-stage autophagy—in-
cluding autophagosome-lysosome fusion and subsequent degrad-
ation—negatively regulates HBV production (Fig. 7), potentially
by disrupting nucleocapsid stability or the envelopment process
through degradation of core or envelope proteins.

Previous studies have demonstrated that EGCG effectively
suppresses HBV replication in multiple cell-based models and in
human liver chimeric mice *™. Specifically, EGCG inhibits HBV at
various stages, including viral entry '°, transcription *°, DNA syn-
thesis '/, and gene expression . Notably, EGCG induces complete
autophagy by enhancing lysosomal acidification, revealing a nov-
el anti-HBV mechanism '*. However, these studies primarily ex-
amined long-term effects of EGCG over 3-9 days, and the precise
impact of EGCG on the HBV life cycle and its regulation of auto-
phagy and lysosomal acidification remained unclear. To address
this, we used HepG2.2.15 cells and 1.3-fold-HBV transiently
transfected HuH-7 cells to define the specific steps affected by
EGCG. We observed that EGCG treatment rapidly reduced HBV
core protein levels within one replication cycle (about 24 h in
HepG2.2.15 cells), without altering its transcription, alongside re-
ductions in nucleocapsids and encapsidated pgRNA. We further
confirmed that the HBV core protein was degraded via EGCG-in-
duced autophagy, consistent with a recent report demonstrating
p62/SQSTM1-mediated selective autophagic degradation of
HBc *'. Given that autophagic membranes may mediate traffick-
ing of core proteins or nucleocapsids *', we propose that auto-
phagy degrades either free core proteins or assembled nucleo-
capsids—both outcomes would reduce HBV DNA replication. Re-
cently, the role of EGCG-induced autophagy in HBV-related patho-
logies has gained attention: EGCG alleviates HBV-induced liver in-
jury and fibrosis by promoting autophagic degradation of cyto-
plasmic high mobility group box 1 (HMGB1) *.

Our data show that EGCG activates the AMPK/mTOR/ULK1
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pathway, initiating autophagy (Fig. 4D). More importantly, AMPK
also activates TFEB, as evidenced by its nuclear translocation, in-
creased lysosomal biogenesis, and enhanced autophagic degrada-
tion (Figs. 4D-4H). To confirm the essential role of AMPK in EGCG-
induced autophagy and its anti-HBV effects, we used the AMPK
inhibitor C.C. or AMPK siRNA, both of which significantly re-
duced TFEB transcriptional activity and the subsequent lyso-
somal biogenesis and autophagic degradation induced by EGCG
(Fig. 5), while increasing HBV production and core protein levels
(Figs. 6A, 6B, and 6D). Conversely, co-treatment with the AMPK
activator AICAR and EGCG inhibited HBV replication by degrad-
ing the core protein, exhibiting greater suppression than EGCG
alone (Figs. 6C and 6E). These results demonstrate that AMPK ac-
tivation promotes autophagic degradation and restricts HBV pro-
duction, consistent with earlier findings . We also measured
ATP production, a known regulator of lysosomal protease activ-
ity , and found that EGCG significantly increased cellular ATP
levels (Fig. 4]). However, AMPK inhibition reversed this effect
(Fig. 5F and Fig. S7), indicating that AMPK mediates EGCG-in-
duced ATP production. In this study, we establish that EGCG pro-
motes lysosomal biogenesis and autophagic degradation via the
AMPK/TFEB pathway. Nevertheless, we do not exclude a poten-
tial role for EGCG in autophagosome-lysosome fusion, as TFEB
upregulates UVRAG and RAB7 transcription *’, and AMPK con-
tributes to autophagosome maturation and lysosomal fusion .
This possibility warrants further investigation.

Moreover, numerous studies indicate that EGCG promotes
autophagy in diverse physiological and pathological contexts,
including human Tenon’s fibroblast transformation, HBV-in-
duced liver injury and fibrosis, and nonalcoholic fatty liver dis-
ease “*°'”* However, in hepatoma Hep3B cells, melanoma,
cerebral ischemia/reperfusion injury, and models of tumor drug
resistance, EGCG inhibits autophagy '**'. Additionally, EGCG pro-
tects pancreatic B cells from excessive autophagy induced by
NR3C1 activation by degrading FTO alpha-ketoglutarate-depend-
ent dioxygenase (FTO) *. The reasons for this discrepancy re-
main unclear and may relate to differences in cell types and EGCG
concentrations. For instance, low-dose EGCG (10 pmol-L™") pro-
motes autophagy and facilitates the degradation of endotoxin-in-
duced HMGB1 aggregates in macrophages, contributing to anti-
inflammatory effects *°. Another study showed that EGCG (10
umol-L™") enhances autophagy in vascular endothelial cells by de-
grading lipid droplets via a Ca*'/CaMKKB/AMPK-dependent
mechanism *’. In contrast, high-dose EGCG (100 pmol-L™") sup-
presses autophagy and induces apoptosis in cancer cells and Raw
264.7 macrophages ***’. By adjusting EGCG concentration, a bal-
ance between pro- and anti-autophagic effects may be achieved.
Given autophagy’s critical role in combating HBV and the delicate
interplay between its protective and disruptive functions, future
studies should investigate whether varying EGCG concentrations
exert dual regulatory effects on autophagy during HBV infection.

In vivo, the hepatic microenvironment is highly complex.
Stromal cells, such as hepatic stellate cells and endothelial cells,
interact with immune cells, including T cells, natural killer (NK)
cells, and dendritic cells. For example, activated hepatic stellate
cells impair NK cell anti-fibrotic function via TGF-f-dependent
emperipolesis in HBV cirrhotic patients ®’. These interactions
may influence HBV replication, persistence, and immune re-
sponses through autophagy. Autophagy regulates the differenti-
ation, development, and homeostasis of immune cells such as
monocytes, T cells, and B cells, playing a key role in innate im-
munity °'. Suppression of autophagy in neutrophils by HBc or
HBe proteins, and induction of autophagy in hepatocytes by HBx,
critically regulate HBV replication and persistence **. Most invest-
igations into EGCG’s effects on HBV-infected cells have been con-
ducted in vitro. However, the relevance of these findings to in vivo
conditions—particularly in infected tissues containing multiple
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immune and stromal cell types—remains an active area of re-
search. For instance, EGCG inhibits HBV infection in human liver
chimeric mice °, suggesting that in vitro anti-viral effects may
translate to in vivo settings. EGCG also mitigates lysosomal en-
zyme release in aged rat livers under a high-cholesterol diet, in-
dicating its role in preserving lysosomal membrane integrity and
function in vivo “*—a crucial factor for autophagic degradation.
Moreover, EGCG inhibits inflammasome activation in macro-
phages by promoting autophagic degradation of HMGB1, a pro-
inflammatory mediator *, highlighting its role in modulating im-
mune responses via autophagy. Although current mechanistic
studies on EGCG and HBV lack comprehensive in vivo validation
and have limitations, the in vitro data provide a solid foundation
for future work. Future studies should explore how EGCG regu-
lates HBV replication and autophagic degradation via the AMPK/
TFEB pathway within the complex hepatic microenvironment.

The complete eradication of HBV remains challenging with
current anti-viral therapies (NAs and Peg-IFN) due to the persist-
ence of viral cccDNA in hepatocyte nuclei **~*°, By limiting cccDNA
establishment, EGCG holds promise as part of a combination ther-
apy for HBV-related diseases, complementing conventional treat-
ments that primarily target viral replication. Shifting focus from
EGCG'’s anti-viral properties to its therapeutic effects on HBV-as-
sociated pathologies could advance more effective treatment
strategies—a key direction for future research. Despite its clinic-
al potential, several challenges must be addressed. A major limit-
ation is EGCG’s poor bioavailability and short half-life, which may
limit efficacy *~*. Therefore, strategies to improve absorption
and delivery—such as structural modifications to enhance phar-
macokinetics—are essential. Adverse effects of EGCG also war-
rant attention: cytotoxicity, hepatotoxicity, and nephrotoxicity
have been reported with green tea extracts or EGCG suppleme-
nts "”?. Researchers must elucidate the mechanisms underlying
these toxicities and establish safe consumption guidelines. Fur-
thermore, translating findings from in vitro and animal models to
human clinical trials presents significant challenges, necessitat-
ing well-designed clinical studies to evaluate EGCG as an adjunct
therapy for chronic HBV infection. Exploring combination regi-
mens involving EGCG may yield more effective treatments for
HBV-related diseases.

5. Conclusion

Overall, this study demonstrates that EGCG enhances auto-
phagic degradation and lysosomal biogenesis by activating the
AMPK/TFEB signaling pathway. This activation mediates the anti-
HBV effects of EGCG through promoting autophagic clearance of
HBV core proteins and suppressing viral replication. These find-
ings highlight the potential of EGCG as a promising therapeutic
agent for HBV infection and provide new insights into the com-
plex interplay between autophagy and the HBV life cycle.
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