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Abstract

Background Hepatitis B virus (HBV) infection is a severe global health problem, and there has been no effective method to
eliminate HBV. This study was designed to explore the pharmacological mechanism of Dihydromyricetin (DHM) treatment
on HBYV replication in vitro.

Methods and Results DHM is a flavonoid compound from Ampelopsis grossedentata. Using HepG2.2.15 cells, which can
stably express HBV in vitro, we demonstrated that DHM treatment dramatically reduced HBV replication and secretions
of HBsAg and HBeAg. Meanwhile, DHM inhibited mRNA expression of HBV RNAs in HepG2.2.15 cells, including Total
HBV RNA, HBV pregenomic RNA (pgRNA), and HBV precore mRNA (pcRNA). Also, DHM elevated the mRNA expres-
sions of inflammatory cytokines and antiviral effectors. In contrast, DHM decreased the mRNA level of HNF4a, which
positively correlated with HBV replication. Further studies show that the activation of nuclear factor-kappa B (NF-kB) and
mitogen-activated protein kinase (MAPK) signaling pathway played a critical role in DHM-initiated inhibition of HBV
replication in HepG2.2.15 cells. Besides, activated autophagy was another contributor that may accelerate the clearance of
HBYV components.

Conclusion In summary, DHM could suppress HBV replication by activating NF-kB, MAPKSs, and autophagy in HepG2.2.15
cells. Our studies shed light on the future application of DHM for the clinical treatment of HBV infection.

Keywords Hepatitis B Virus (HBV) - Nuclear factor-kappa B (NF-kB) - Mitogen-activated protein kinases (MAPKs) -
Autophagy - Dihydromyricetin (DHM)

Abbreviations IFN Interferon.

HBV Hepeatitis B virus. OAS 2’,5’-oligoadenylate synthetase.
DHM Dihydromyricetin. MxA Myxovirus resistance A protein.
rcDNA double-stranded relaxed circular DNA. PKR Protein kinase R.

cccDNA  covalently closed circular DNA.
pgRNA HBYV pregenomic RNA.

pcRNA HBYV precore mRNA. Introduction
NF-xB Nuclear factor-kappa B.
MAPK Mitogen-activated protein kinase. Hepatitis B virus (HBV) infection is a severe global health

problem. According to the World Health Organization
(WHO), approximately two billion people worldwide have
been infected with HBV, and more than 350 million are suf-

b4 Zhigang Zhang fering from chronic HBV infection [1]. Infections caused
zhigangzhang@hbtem.edu.cn by HBYV are responsible for a substantial proportion of liver
b4 Hongtao Liu diseases globally, including liver fibrosis, cirrhosis, liver
hongtaoliu@hbtem.edu.cn failure, and hepatocellular carcinoma. And this results in
' College of Basic Medical Sciences, Hubei University of nearly one million deaths annually [2].

Chinese Medicine, Huangjiahu West Road 16,
430065 Wuhan, PR China

@ Springer


http://orcid.org/0000-0003-0149-6389
http://crossmark.crossref.org/dialog/?doi=10.1007/s11033-022-07971-4&domain=pdf&date_stamp=2022-11-29

1404

Molecular Biology Reports (2023) 50:1403-1414

HBYV is a small double-stranded DNA virus belonging
to the Hepadnaviridae family. Upon infection, the double-
stranded relaxed circular DNA (rcDNA) bound with the
viral polymerase is released from the capsid, enters the
nucleoplasm, and then converts into a covalently closed cir-
cular DNA (cccDNA) in the nucleus [3]. The persistence of
cccDNA in the nuclei of infected hepatocytes leads to per-
sistent HBV infection. Currently, there has been no effective
method to eliminate HBV from patients [4].

Antiviral drugs and immunomodulatory agents are the
current major treatments for patients with chronic HBV
infection [1]. As the main antiviral drugs, nucleotide Ana-
logs (NAs) can inhibit viral replication by targeting the
DNA polymerase of HBV, such as adefovir, lamivudine, and
entecavir. However, long-term administration of these drugs
usually leads to serious side effects [5]. Although HBV
infection has no direct toxic effect on the target cells, the
suppression of immune responses in HBV infection is con-
sidered a significant cause of liver diseases[6]. The immu-
nomodulatory agents seem to be another HBV infection
treatment drug like interferon (IFN). IFN has been widely
applied to clinical immunotherapy to activate host immune
repressed by HBV. It was reported that IFN could reduce the
expressions of HBsAg and HBeAg in the liver[7]. And IFN
treatment displayed an inhibitory effect on the activation of
HBYV promoter [8]. However, the therapeutic effect of IFN
is limited and only effective for a few people. Long-term
use of IFN will also produce adverse reactions like a liver
failure[9]. So far, it has still been urgent to search for new
antiviral drugs for HBV treatment.

Dihydromyricetin (DHM), also known as ampelopsis,
is a natural flavonol compound isolated from Ampelopsis
grossedentata (Hand-Mazz.) plants. In previous studies,
DHM had a variety of pharmacological activities, including
anti-inflammation [10], anti-oxidation [11], cardioprotec-
tive effect [12], neuroprotection [13], and anti-tumor [14].
Noticeably, DHM was revealed to possess liver-protective
properties against acute liver injury, fatty liver, liver regen-
eration, and hepatocyte deterioration [11, 13]. Further, a
recent study reported that DHM obliterated the proliferation
of Herpes simplex virus 1 (HSV-1) in a toll-like receptor 9
(TLR9)-dependent manner [14]. TLR agonists are known
for their promotive effects on immune system activation
in HBV-infected cells, indicative of the viral clearance in
HBV-specific immune responses [15]. For example, the oral
administration of Vesatolimod (GS-9620), a TLR7 agonist,
resulted in the suppression of HBV-DNA synthesis, loss of
HBsAg, and a reduced occurrence rate of hepatocellular car-
cinoma (HCC) [16]. Nevertheless, no evidence illustrated
whether DHM could block HBV replication of hepatocytes
in a viral-special immune response mediated by TLRs.
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In this study, we aim to investigate the repression of DHM
on HBV infection in hepatocytes. Using HepG2.2.15 cells,
a cellular model that can stably express HBV in vitro, we
explored the regulatory effect of DHM on HBV replication,
pro-inflammatory cytokine activation, and antiviral gene
expression. To reveal the potential molecular mechanism,
we detected the changes of TLRs and their downstream
signals, such as nuclear factor-kappa B (NF-kB), mitogen-
activated protein kinase (MAPK) pathway in HepG2.2.15
cells with DHM treatment. Further, we studied the role of
autophagy activation in DHM-initiated anti-HBV reaction
in hepatocytes.

Materials and methods
Reagents

DHM, with a purity of 98%, was purchased from Yuanye Bio-
Technology Co., Ltd (Shanghai, China). Dulbecco’s Modi-
fied Eagle’s Medium-F12 (DMEM/F12), G418, Penicillin,
Streptomycin, and fetal bovine serum (FBS) were obtained
from Gibco (Grand Island, NY, USA), and 3-(4,5-dimeth-
ylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
was purchased from Amresco (Solon, Ohio, USA). Nuclear
and Cytoplasmic Protein Extraction Kit was supplied by
Beyotime Biotechnology (Shanghai, China). Antibodies
against TLR4 (sc-293,072), p-ERK1/2 (sc-7383), ERK1/2
(sc-514,302), p-p38 (sc-166,182), p38 (sc-7972), and Actin
(sc-81,178) were bought from Santa Cruz Biotechnology
(Santa Cruz, CA, USA). Antibodies against p-JNK (#9251),
INK (#9252), p-PI3K (#4228), PI3K (#4228), p-Akt (Ser
473) (#5315), Akt (#9272), p-NF-xB/p65(#3033), NF-kB/
po5(#4764), p-IKKa/p (#2697), IKKo/B (#8943), IxBa
(#4812), SQSTM1/p62 (#5114), LC3B (#2775), Beclin-1
(#3738), and mTOR (#2983) were obtained from Cell Sig-
naling Technologies (Beverly, MA, USA). ECL (Enhanced
chemiluminescence) detection kit was purchased from
Summer Biotechnology Co., Ltd (Beijing, China). All the
other chemicals used were of analytical grade unless other-
wise stated.

Cell Culture

HepG2 and HepG2.2.15 cells were obtained from China
Center for Type Culture Collection in Wuhan. All used cell
lines were cultured in a humidified atmosphere contain-
ing 95% air and 5% CO, at 37 °C. The HBV-producing
HepG2.2.15 hepatoma cell line, containing the integrated
HBYV genomic dimers, was routinely cultured in the DMEM/
F12 media. The medium was supplemented with 10% FBS,
penicillin (100 U/mL), streptomycin (100 U/mL), and G418
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(400 pg/mL). HepG2 cells were cultured with the same
treatment as HepG2.2.15 cells apart from the addition of
G418 (400 pg/mL).

Cell viability

HepG2.2.15 cells were seeded in a 96-well plate at 37 °C
after the cell density reached 70%. Then, the culture
medium was removed and substituted with a fresh medium
containing different concentrations of DHM (30, 60, 90, and
120 uM) for 24 h. Next, the medium was removed, and 100
pL of MTT (1 mg/mL) was added to each well. After the
incubation for an additional 4 h, the medium was removed.
The formazan crystals formed in cells were dissolved with
100 pL of dimethylsulfoxide (DMSO) (Solarbio science &
technology co., Itd, Beijing, China). Subsequently, the cyto-
toxicity was determined by analyzing MTT absorbance at
490 nm.

For the cytotoxicity analysis of Lamivudine (3-TC) on
HepG2.2.15 cells, we prepared the 3-TC solution by dis-
solving it in water. After the filtration through a 0.45 pm
filter, different concentrations of 3-TC (12.5, 25, 50, and
100 pg/mL) were added to the culture medium, and the
cells were incubated for 24 h. Then, we performed the MTT
analysis as before.

Measurement of HBV antigens

The HBsAg and HBeAg kits (Shanghai Kehua Bio-Engi-
neering Co., Ltd.) were used to detect the levels of secreted
HBsAg and HBeAg viral proteins in the medium. Briefly,
HepG2.2.15 cells were seeded in a 24-well plate and incu-
bated overnight. Then, the culture medium was replaced
with different concentrations of DHM (30, 60, and 120
pM) or 3-TC (50 pg/mL). The medium was harvested at
6 h, 12 h, and 24 h, respectively. After the centrifugation
to remove cell debris, the supernatant was collected for the
detection of secreted HBsAg and HBeAg. The experiment
was performed using an enzyme-linked immunosorbent
assay (ELISA) according to the manufacturer’s instructions.

RNA extraction and quantitative RT-PCR (qRT-PCR)

Total RNA of HepG2 Cells or HepG2.2.15 Cells was
extracted using Trizol reagent (Summer Biotechnology
Co., Ltd, Beijing, China). And 1 pg of RNA was reversely
transcribed to cDNA with a first-strand cDNA synthesis kit
according to the manufacturer’s protocol (Summer Biotech-
nology Co., Ltd, Beijing, China). The mRNA levels of tar-
get genes were measured by qRT-PCR using a SYBR QPCR
mixture (Summer Biotechnology Co., Ltd, Beijing, China)
at the CFX Connect Real-time system (Bio-Rad, Hercules,

CA, USA). The primers for gqRT-PCR were detailed in Sup-
plementary Table 1. The thermal cycle condition was as fol-
lows: pre-denaturation at 94 °C for 10 min; 40 cycles of
denaturation at 95 °C for 15 s, annealing/extension at 60 °C
for 60 s. After that, we normalized the expression levels of
target genes against that of B-actin. The fold changes were
calculated using a 27T method.

Detection of HBV-DNA expression

After the DHM treatment, the medium was collected to
determine HBV-DNA level using a Hepatitis B Virus
Nucleic Acid Quantitative Detection Kit according to the
manufacturer’s instructions (KHB, Shanghai, China). In
brief, HepG2.2.15 Cells were seeded in a six-well plate.
After the cell density reached 80%, cells were treated with
different concentrations of DHM (30, 60, and 120 uM) or
3-TC (50 pg/mL) for 24 h. After the treatment, the medium
was collected and centrifuged at 13,000x g for 2 min. Next,
100 pL of the supernatant was mixed with 100 pL of sample
treatment solution A (mainly containing NaCl). The mixture
was centrifuged at 13,000x g for 10 min, and the supernatant
was discarded, followed by adding 25 pL of sample treat-
ment Solution B (mainly containing Tris, NP40). After the
shaking for seconds with subsequent incubation at 100 °C
for 10 min, the mixture was centrifuged as before. And 2
pL of the supernatant was used as a reaction template for
RT-PCR analysis.

Western blot analysis

The cell lysate was prepared using IP lysis buffer (Beyo-
time Biotechnology, Shanghai, China) supplemented with
a protease inhibitor cocktail (Merck, Darmstadt, Germany).
The concentration of sample lysate was determined using
a bicinchoninic acid (BCA) protein assay kit (Beyotime
Biotechnology, Shanghai, China). After the boiling with
loading buffer, samples were separated by 10-15% SDS-
PAGE. And the proteins were transferred onto polyvinyli-
dene difluoride membranes (PVDF) (Millipore, Billerica,
MA, USA). Then, the membranes were blocked with 5%
non-fat milk in Tris-buffered saline Tween-20 (TBST) for
1 h. After the washing with TBST, membranes were incu-
bated with primary antibodies at 4 °C overnight. Next, After
the washing, membranes were incubated with horseradish
peroxidase (HRP)-conjugated secondary antibodies (Cell
Signaling Technology, MA, USA) for 1 h at room tempera-
ture. Finally, we visualized the protein signals with ECL
(Sigma Aldrich, MO, USA), and the relative band intensity
was quantified using software Image J (NIH, Bethesda, MD,
USA).
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Immunofluorescence staining

HepG2.2.15 cells seeded on sterile coverslips were treated
with different concentrations of DHM (30, 60, and 120 uM)
for 12 h. Then, cells were fixed with 4% paraformaldehyde
in PBS for 20 min, washed three times with PBS, and per-
meabilized with PBS containing 0.5% Triton X-100 for
20 min. Next, cells were washed and blocked with PBS con-
taining 1% BSA for 30 min, followed by the incubation with
anti-Flag overnight at 4 °C. After the washing with PBS,
cells were incubated with secondary Fluor488-conjugated
Goat anti-IgG (H+R) (Summer Biotechnology Co., Ltd,
Beijing, China) for 1 h. And DAPI was used for the nucleus
staining. Finally, the immunofluorescence images were pho-
tographed and analyzed using a Nikon Intensilight C-HGFI
microscope (Nikon, Melville, NY, USA). The accumulation
of nuclear p65 was measured by calculating three random
fields of view per slide, and the data were indicated as a
percentage of nuclear p65 positive cells.

Nuclear and cytoplasmic extraction assay

After the treatment with DHM for 24h, HepG2.2.15 cells in
35 mm dishes were collected and washed twice with cold
PBS. Then, 200 pL of Cytoplasmic Extraction Reagent I was
added to each dish, which was left on ice for 15 min. Next,
10 pL of Cytoplasmic Extraction Reagent II was added,
followed by incubation on ice for 1 min. The cell lysates
were collected into tubes for centrifugation at 12,000x g
for 5 min. After the collection of supernatants (Cytoplasmic
extract), 50 pL of Nuclear Extraction Reagent was added to
each tube. The samples were mixed and placed on ice for
30 min. After the centrifugation at 12,000x g for 15 min, the
supernatants were collected as a nuclear extract.

Statistical analysis

All quantitative data were shown as mean + standard devia-
tion (SD) and compared by the student’s t-test and one-way
Analysis of Variance (ANOVA) followed by Turkey’s post-
hoc analysis. A value of P<0.05 was considered significant.

Results

DHM inhibited HBV replication in HepG2.2.15 cells
Using HPLC-MS/MS, we first analyzed the structure of
DHM with a high purity (Supplementary Fig. 1), which
was qualified for the following experiments. Firstly, we

assessed the viability of HepG2.2.15 cells treated with dif-
ferent concentrations of DHM (30-120 pM) or 3-TC (an
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antiviral drug) (12.5-100 pg/mL) by MTT assay. As shown
in Fig. 1a, compared with the Ctrl group, there had no sig-
nificant differences in cell viability between DHM treatment
groups after 24 h co-culturing, suggesting that DHM was
non-toxic to HepG2.2.15 cells at the experimental doses.
However, 100 pg/mL of 3-TC had a significant toxic effect
on HepG2.2.15 cells (Supplementary Fig. 2a).

Since HBV DNA reflects the level of HBV replication
in hepatocytes, it is regarded as an indicator of the efficacy
of antiviral drugs. Thus, we measured the concentration
of HBV-DNA in the culture medium among experimental
groups using a Hepatitis B Virus Nucleic Acid Quantitative
Detection Kit. The result showed that both DHM (30-120
uM) and 3-TC (12.5-50 pg/mL) remarkably reduced
HBV-DNA levels in HepG2.2.15 cells (P<0.01, vs. Ctrl
group) (Fig. 1b and Supplementary Fig. 2b). Also, HBsAg
and HBeAg were used to indicate HBV replication. The
ELISA assay suggested that DHM treatment (30— 120 pM)
for 6-24 h statistically reduced the secretion of HBeAg
and HBsAg in the culture medium of HepG2.2.15 cells in
a dose- and time-dependent manner (P<0.05 or 0.01, vs.
Ctrl group) (Fig. 1c and 1d). However, 3-TC (12.5-50 pg/
mL) failed to suppress the production of both HBV antigens
(Supplementary Fig. 2c¢ and 2d). Further, DHM treatment
(30-120 pM) significantly inhibited the mRNA levels of
HBV RNAs dose-dependently, including total HBV RNA,
HBYV pregenomic RNA (pgRNA), and HBV precore mRNA
(pcRNA) (P<0.05 or 0.01, vs. Ctrl group) (Fig. le -1g).
The co-administration of DHM and 3-TC did not display
a synergistic effect on the suppressions of three HBVs in
HepG2.2.15 cells.

DHM altered mRNA expressions of inflammatory
cytokines and antiviral genes in HepG2.2.15 cells

To determine whether the inhibitory effect of DHM on HBV
replication is associated with the activated innate immune
responses, we evaluated the expressions of inflammatory
cytokines and their downstream antiviral regulators. It
was suggested that DHM treatment (30-120 uM) for 6 h
remarkably increased the mRNA levels of inflammatory
cytokines in HepG2.2.15 cells in a dose-dependent man-
ner, including IL-6, IL-8, TNF-a (P<0.05 or 0.01, vs. Ctrl
group) (Fig. 2a—2c¢). DHM (120 uM) also significantly
elevated the mRNA expression of [FN-a, an important anti-
virus cytokine (P <0.05, vs. Ctrl group) (Fig. 2d).

HNF4a is a member of the hepatocyte nuclear factor
(HNF) family and plays a crucial role in the transcrip-
tional regulation of HBV. Therefore, we investigated
whether DHM treatment affected the expression of HNF in
HepG2.2.15 cells. As shown in Fig. 2e, DHM (30 - 120 uM)
markedly downregulated the mRNA level of HNF4a than
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Fig.1 Effect of DHM on HBV replication in HepG2.2.15 cells. (a) Cell
viability was measured by MTT to assess the cytotoxic effect of DHM
on HepG2.2.15 cells. (b) Cells were treated with DHM (30— 120 uM)
or 3-TC (50 pg/mL) for 24 h. Then, the secretion of HBV DNA par-
ticles in the culture medium was examined by qRT-PCR. (c-d) HBsAg
(c) and HBeAg (d) levels in the culture medium were evaluated by

that of the Ctrl group (P<0.05 or 0.01). Next, we detected
the transcriptional changes of three interferon-inducible
antiviral proteins in HepG2.2.15 cells after DHM treatment,
ie., 2°,5’-oligoadenylate synthetase (OAS), myxovirus
resistance A protein (MxA), and protein kinase R(PKR). As
expected, the mRNA levels of all three proteins were ele-
vated in DHM-treated HepG2.2.15 cells to certain extents

ELISA. (e-f) HepG2.2.15 cells were treated with DHM (30 -120 uM)
or 3-TC (50 pg/mL) for 6 h. Then, cells were harvested for detections
of total HBV RNA (e), HBV pgRNA (f), and HBV pcRNA (g) at RNA
levels by qRT-PCR. Data were presented as mean+SD. "P<0.05,
*P<0.01, vs. Ctrl group

(P<0.05 or 0.01, vs. Ctrl group) (Fig. 2f-2 h), providing a
basis for the antiviral effect of DHM. Overall, the anti-HBV
activity of DHM was comparable to that of 3-TC, and the
combination of both compounds led to more robust biologi-
cal activities in promoting the expressions of IL-8, TNF-
o, MxA, and PKR compared with DHM or 3-TC treatment
alone (Fig. 2b, 2c 2f, and 2 g). Next, we performed the
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Fig. 2 Effect of DHM treatment on mRNA expressions of inflamma-
tory cytokines and antiviral genes in HepG2.2.15 cells. Cells were
treated with DHM (30, 60, 120 pM), 3-TC (50 pg/mL), or DHM (60
uM) plus 3-TC (50 pg/mL) for 6 h. After that, the RNA was extracted

same treatment on the HepG2 cell line, the parental cells
of HepG2.2.15. On the contrary, DHM treatment decreased
the mRNA levels of inflammatory cytokines and antiviral
genes in HepG2 cells (P <0.05 or 0.01, vs. Ctrl group) (Sup-
plementary Fig. 3), suggesting a specific effect of DHM on
HBYV replication.
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and amplified by qRT-PCR to detect the levels of IL-6 (a), IL-8 (b),
TNF-a (c), IFN-a (d), HNF4a (e), MxA (f), PKR (g), and OAS (h).
Data were presented as mean +SD. “P<0.01, “P<0.05, vs. Ctrl group

DHM promoted activation of NF-kB and MAPKs
signaling pathways in HepG2.2.15 cells

NF-kB is an essential transcriptional regulator responsible
for pro-inflammatory gene expression in immune responses.
We examined the promotive effect of DHM on activating
the NF-kB signaling pathway in HepG2.2.15 cells by West-
ern Blot. As suggested in Fig. 3a, DHM treatment (30 -120
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Fig.3 Promotive effect of DHM treatment on activation of NF-kB and
MAPK signaling pathways in HepG2.2.15 cells. After the treatment
with DHM (30, 60, 120 uM) for 24 h, cells were collected for Western
blot analysis. (a—c) Protein levels of the NF-kB pathway, including

puM) for 24 h slightly increased the protein level of TLR4
(no significance), a membrane receptor mediated by inflam-
matory inducers. Meanwhile, DHM treatment (120 pM)
elevated the phosphorylation of p65 (a key subunit of
NF-xB) but down-regulated the protein expression of [kBa
(a negative controller of NF-kB) (P<0.05 or 0.01, vs. Ctrl
group) (Fig. 3b and 3c).

The MAPKs are an important type of phosphorylation
kinases involved in inflammatory reaction-associated signal
transduction [15]. Using Western blot assay, we obtained
a similar result as the above (Fig. 3d-3f). Briefly, DHM
treatment for 24 h significantly activated the phosphorylated
levels of P38, ERK, and JNK in HepG2.2.15 cells (P<0.05
or 0.01, vs. Ctrl group). However, DHM did not affected the
activation of NF-xB and MPAK pathways in HepG2 cells
(Supplementary Fig. 4a and 4b).

TLR4 (a), p-P65 (b), and IkBa (c). (d - f) Protein levels of the MAPK
signaling pathway, including p-P38 (d), p-ERK (e), and p-JNK (f).
Data were presented as mean +SD. “P<0.01, “P<0.05, vs. Ctrl group

DHM facilitated p65 nuclear translocation in
HepG2.2.15 cells

To confirm the effect of DHM on NF-«B pathway activation,
we performed immunofluorescence staining to check the
distribution of p65 subunit in HepG2.2.15 cells. The result
indicates that DHM treatment (30 — 120 uM) for 12 h led to
the translocation of p65 from the cytoplasm into the nucleus.
And the fluorescence intensity of P65 in the nucleus was
enhanced with the increased DHM concentration, indicating
the NF-kB activation induced by DHM treatment (Fig. 4a).
This was further validated by the nuclear and cytoplasmic
extraction assay of p65, in which DHM treatment for 24 h
elevated the P65 protein accumulation in the nucleus but
reduced its distribution in the cytoplasm (Fig. 4b).

@ Springer
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Fig. 4 Boosted translocation of NF-kB/p65 from cytoplasm into
nucleus of HepG2.2.15 cells by DHM treatment. (a) Immunofluores-
cence assay of HepG2.2.15 cells treated with DHM (30, 60, 120 pM).
Green fluorescence, p65 staining; Blue fluorescence, nuclear staining.
Red arrow, p65 location in the nucleus. (b) Protein levels of p65 in the

DHM induced autophagy via regulation of PI3K-Akt-
mTOR pathway in HepG2.2.15 cells

To assess whether autophagy was involved in DHM-initi-
ated inhibition of HBV replication, we detected the expres-
sions of autophagy-related proteins like Beclin-1, p62, and
LC3B in HepG2.2.15 cells treated with DHM (30-120
uM) for 24 h. It was revealed that the expression of adopter
protein p62 was increased in a dose-dependent manner after
DHM treatment, so did the protein levels of Beclin-1 and
LC3 I (P<0.05 or 0.01, vs. Ctrl group) (Fig. 5a). Addition-
ally, DHM treatment had no effect on the protein levels of
mTOR, Beclin-1, p62, and LC3B in HepG2 cells (Supple-
mentary Fig. 4c).

@ Springer

cytoplasm and nucleus of HepG2.2.15 cells treated with DHM (30, 60,
120 uM) for 24 h using a nuclear and cytoplasmic extraction kit. His-
tone H3 and B-actin were separately used as the internal standards of
cytoplasm and nucleus. Data were presented as mean+ SD. “P<0.05,
*P<0.01, vs. Ctrl group

Extensive molecular interactions occur in the early stages
of autophagosome formation, and the PI3K-Akt-mTOR
pathway is one of the most studied ones[17]. We first studied
the change of mTOR, a suppressor of autophagy [18]. The
result showed that high doses of DHM significantly reduced
the protein level of mTOR in HepG2.2.15 cells (P<0.05,
vs. Ctrl group) (Fig. 5a). Next, we analyzed the effect of
DHM on the phosphorylation of PI3K and Akt, which initi-
ated the upstream signaling cascade to regulate the activity
of mTOR. However, DHM treatment did not affect the acti-
vation of both phosphorylated kinases, suggesting that PI3K
and Akt were not the direct targets of DHM (Fig. 5b).
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Fig. 5 Activation of DHM on autophagy via regulation of PI3K-Akt-
mTOR signaling pathway in HepG2.2.15 cells. Cells were treated
with DHM (30, 60, 120 uM) for 24 h, and the protein was extracted
for further experiments. (a) Protein expression analysis of mTOR,

Discussion

In the past decade, viral hepatitis has been the seventh
leading cause of death globally, and the mortality is higher
than those of AIDS, diabetes, and tuberculosis [19]. Due to
the limited clinical efficacy of present chemical drugs and
immunosuppressors, researchers made efforts to discover
new natural compounds for HBV treatment. So far, various
medical plants have been demonstrated to display antiviral
activities. For example, Catechins and epigallocatechin gal-
late (EGCQG) in green tea were shown to block the cellular
entry of HBV, reduce HBV DNA proliferation, and decrease

Beclin-1, p62, and LC3 I/II by western blot assay. (b) Protein expres-
sion analysis of p-PI3K, PI3K, p-Akt*’3, and Akt. Data were presented
as mean+ SD. P <0.01, "P<0.05, vs. Ctrl group

HBsAg level in HBV-infected mice [20]. Curcumin sup-
pressed internalization, attachment, and final viral load of
HBYV [21]. The anti-HBV activity of luteolin in vitro and in
vivo was dependent on the repressed HNF4a and its binding
to HBV promoters[22]. This study found that DHM could
hamper HBV replication by activating NF-xB, MAPKs, and
autophagy in HepG2.2.15 cells.

During the process of HBV invasion into hepatocytes,
the cccDNA that forms in the nucleus serves as a tran-
scription template for all viral transcripts, including the
3.5 kb pcRNA and pgRNA, the 2.4 kb and 2.1 kb surface
mRNAs, and a 0.7 kb X mRNA. Then the viral mRNA
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was translated into viral protein in the cytoplasm. Among
the viral transcripts, pcRNA encodes HBeAg protein, and
pgRNA translates viral HBc and Pol proteins. Also, pgRNA
acts as a template for the replication of HBV genome. The
surface mRNAs encode LS, MS, and S proteins. In addi-
tion, the X mRNA translates HBx protein [19]. After that,
the progeny viral capsids will assemble, incorporating viral
genome and DNA polymerase to form viral core particles
[4]. HepG2.2.15 cells are derived from the human hepatoma
cell line HepG2 and are characterized by having stable HBV
expression and replication in the culture system. Though
researchers have reported that HBV components such as
HBx can affect the cell cycle and apoptosis in HepG2 cells
via regulating intracellular signaling[23], it is reasonable
that specific differences exist between the two cell lines due
to the additional part of the HBV genome. To determine the
relationship between DHM and HBV replication, we chose
HepG2.2.15 cells as our in vitro experimental model, which
was derived from hepatocellular carcinoma cells HepG2 and
was characterized by stable HBV expression and replication
in the culture system[24]. Chronic HBV-infected patients
with high levels of HBV DNA and HBsAg will more fre-
quently develop into HCC [25]. Therefore, the simultane-
ous inhibition of viral DNA and antigens should be an ideal
approach for anti-HBV therapy. In our study, DHM potently
reduced a load of HBV DNA (Fig. 1b). Meanwhile, DHM-
treated HepG2.2.15 cells for 6 — 24 h resulted in a significant
reduction of HBsAg and HBeAg secretion (Fig. 1c). These
results revealed that DHM might be a promising candidate
for inhibiting HBV replication and viral antigen expression.

Since cccDNA functions as the template for viral RNAs,
the durable existence of cccDNA in infected hepatocytes
was the primary reason for the failed HBV eradication.
Due to the inaccessibility of cccDNA and the lack of reli-
able detection methods, viral RNA has recently been used
as a biomarker for the transcriptional activity of cccDNA
to monitor the treatment effect of patients with chronic
HBYV infection [26]. In this study, DHM treatment promi-
nently reduced the levels of HBV RNA in HepG2.2.15 cells,
including Total HBV RNA, HBV pcRNA, and HBV pgRNA
(Fig. 1d). Based on the above, DHM displayed potential in
dampening down the replication of HBV at mRNA and pro-
tein levels.

During HBV infection, the virus recruits several cellular
regulators to regulate multiple steps of the HBV replication
cycle[19]. Moreover, HBV could selectively and specifi-
cally alter the expression of intracellular cytokines involved
in the host immune response, ultimately interfering persis-
tent viral infection[27]. In our study, DHM and 3TC can
differentially upregulate the expressions of intracellular
cytokines (such as IL-6, IL-8, TNF-0, and IFN-a), which
play important roles in viral clearance (Fig. 2a - 2d) [28].

@ Springer

Among them, IFNs triggers antiviral effects by inducing the
production of related regulators, such as OAS, MxA, and
PKR [29]. Our results indicate that DHM promoted inter-
feron production and activated the release of above antivi-
ral proteins (Fig. 2f h). HNF4a, a member of the nuclear
receptor superfamily, controls up to 60% of hepatic gene
expression. The expression level of HNF4a was positively
correlated with HBV replication and HBV DNA produc-
tion [30]. In parallel, our studies found that DHM treatment
significantly suppressed the expression of HNF4a RNA in
HepG2.2.15 cells (Fig. 2e). Next, we explored whether the
combination of DHM and 3-TC had a synergistic effect. The
3-TC is a nucleotide analog and inhibits viral replication by
targeting the DNA polymerase of HBV. Indeed, the com-
bination of both drugs further promoted the expressions of
some cytokines and antiviral proteins, such as IL-8, TNF-a,
MxA, and PKR (Fig. 2). Collectively, the anti-HBV effect
of DHM might be related to the increments of inflammatory
cytokines or regulators produced form HepG2.2.15 cells.

Host immune response to HBV infection has long been
recognized as a clinical reaction to acute infection [31].
It is proposed that the innate immune cells identify viral
particles through several families of pattern-recognition
receptors (PRRs) expressed on the cell membrane. Among
these PRRs, TLRs are the most prominent ones [32]. Upon
activation, TLRs will recruit adaptor proteins, which initi-
ate the transduction of downstream pathways (like NF-xB
and MAPKSs) and the final expression of inflammatory cyto-
kines to resist pathogen infection [33]. In the present study,
DHM increased TLR4 protein expression in HepG2.2.15
cells, suggesting that the TLR4-mediated signaling path-
way may be a critical mechanism of DHM against HBV.
Besides, DHM enhanced the activity of NF-kB signaling
by facilitating the IkBa degradation, p65 phosphorylation,
and its subsequent translocation from the cytoplasm to the
nucleus (Figs. 3b and 3¢, Fig.4). Meanwhile, DHM dra-
matically upregulated the MAPK phosphorylation, includ-
ing p38, ERK, and JNK (Fig. 3d-3f). MAPKs are classical
kinases involved in multiple cellular events such as immune
defense and inflammatory response [34]. Therefore, we pre-
sume that DHM can elevate the expressions of inflamma-
tory cytokines by activating NF-kB and MAPK signaling
pathways.

Autophagy is a highly conserved catabolic process. It
is vital to maintain the internal environment stability by
removing damaged organelles, long-lived proteins, and
misfolded peptides from the cellular microenvironment
[35]. Besides the target materials of “self” origin, autoph-
agy also eliminates intracellular pathogens and acts as a
defense mechanism to repress infections [36]. Autophagy
was activated upon viral or bacterial infection, subsequently
exerting a protective function by restricting the replication
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of intracellular pathogens [1]. For instance, autophagy
was critical for regulating the immune response to viral
infections like HCV [37]. Hence, activating intracellular
autophagy was an important therapeutic strategy to resist
pathogen invasion [38]. Consistent with these studies, we
observed that DHM activated autophagy in HepG2.2.15
cells indicated by the increases of autophagy biomarkers,
including p62, Beclin-1, and LC3 II (Fig. 5a). To explore the
molecular mechanism of DHM in activating autophagy, we
detected the activation of PI3K-Akt-mTOR pathway that
occurred in the early stage of autophagy [39]. The mTOR is
a member of the PI3K-associated kinase family and induces
the occurrence of autophagy [40]. In this study, we observed
that DHM had no effect on the phosphorylation of PI3K and
AKT. Still, DHM significantly decreased the mTOR pro-
tein level, suggesting the significance of mTOR in DHM-
induced autophagy (Fig. 5). Noticeably, studies have
demonstrated the contribution of NF-kB to autophagic acti-
vation by upregulating Beclin-1 expression [41]. Moreover,
NF-kB can induce autophagy by transactivating the inflam-
matory genes, such as IL-1B, TNF-a, and TGF-p[42—44].
Hence, we presume that DHM might activate autophagy
through the NF-kB-medicated signal transduction.

Conclusion

In summary, we demonstrated that DHM effectively inhib-
ited HBV replication in HepG2.2.15 cells. Further studies
show that DHM promoted the expressions of inflammatory
cytokines, IFN-0, and IFN-o-mediated antiviral effectors.
Meanwhile, DHM reduced the mRNA level of the nuclear
receptor HNF4a. The molecular mechanism of DHM was
related to the activation of NF-kB and MAPK signaling
pathways in HepG2.2.15 cells. Also, activated autophagy
was another contributor that may accelerate the clearance of
HBV components in DHM-treated HepG2.2.15 cells (Sup-
plementary Fig. 5). Taken together, this study shed light on
the application of DHM for the clinical treatment of HBV
infection in the future.

Supplementary Information The online  version  contains
supplementary material available at https://doi.org/10.1007/s11033-
022-07971-4.
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