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Abstract. Bioactive natural or phytoproducts have emerged
as a potential source of antiviral agents. Of the Rhus spp.,
R. coriaria and R. succedanea have been reported for their
antiviral activities against hepatitis B virus (HBV), while the
anti-HBYV efficacy of R. tripartita has remained elusive. In the
present study, the anti-HBV activities of R. tripartita-derived
novel catechin [3,5,13,14-flavantetrol-catechin or rhuspartin
(RPT)] and epicatechin-3-O-rhamnoside (ECR), were
assessed using the HBV-reporter cell line HepG2.2.15. RPT
and ECR proved to efficiently inhibit HBV surface antigen
(HBsAg) synthesis by 68.8 and 71.3%, respectively, and HBV
pre-core antigen (HBeAg) production by 62.3 and 71.2%,
respectively, after 5 days of treatment. Of note, RPT had a
lower anti-HBV activity than ECR. In comparison, the refer-
ence drug lamivudine (LAM) inhibited HBsAg and HBeAg
expression by 83.6 and 85.4%, respectively. Further molecular
docking analysis revealed formations of strong complexes of
RPT, ECR and LAM with HBV polymerase through interac-
tions with binding pocket residues. Taken together, the present
results demonstrated promising therapeutic potential of the
novel R. tripartita-derived catechin and epicatechin for HBV,
warranting their further molecular and pharmacological
evaluation.

Introduction

The genus Rhus is widely distributed in tropical, subtropical
and temperate regions, and several Rhus spp. are used for
nutritional and medicinal purposes (1). Of these, R. glabra is
used for bacterial infection (2), whereas R. coriaria is used
for wound healing (3). In addition, R. verniciflua has been
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demonstrated to possess strong antioxidant properties, attrib-
uted to its bioactive flavonoids, including quercetin, butein,
fustin and sulfuretin (4,5). R. tripartita (Ucria) Grande,
mainly distributed in North Africa and the Arabian Peninsula,
is traditionally used for inflammatory, cardiovascular and
gastrointestinal conditions (6-8). Further phytochemical and
pharmacological studies of Rhus spp., including R. tripartita,
have identified a variety of bioactive flavonoids, bioflavonoids
and proanthocyanidins (1,9-11). Recently, a novel catechin
along with epicatechin-3-O-rhamnoside from R. tripartita
have been isolated (12).

Hepatitis B virus (HBV)-induced chronic liver diseases
such as fulminant hepatitis, cirrhosis and carcinoma account
for substantial morbidity and mortality (13). While several
efficacious HBV-polymerase inhibitors (e.g., lamivudine,
adefovir and acyclovir) are available, their long-term use
frequently produces drug-resistant viral strains (14). To
counter this issue, a range of natural bioactive flavonoids,
polyphenols, alkaloids, terpenes, lignans and anthraquinones
have been reported as potential anti-HBV agents with no sign
of resistance (15-21). In line with these studies, R. coriaria
has been demonstrated to have marked anti-HBV activity via
inhibition of HBV surface or 's' antigen (HBsAg) secretion in
cultured hepatoma cells (22). Recently, robustaflavone from
R. succedanea has been reported as a potential inhibitor of
HBYV replication in HepG2.2.15 cells (23). However, to the
best of our knowledge, the antiviral potential of Rhus tripar-
tita or its bioactive constituents has so far remained
elusive. Therefore, the present study assessed the anti-HBV
efficacies of the R. tripartita-derived new catechin and
epicatechin-3-O-rhamnoside, using in vitro as well as in silico
approaches.

Materials and methods

Plant collection, extraction and isolation. R. tripartita,
locally known as ‘Sumac’, was collected from Hail, Saudi
Arabia and authenticated (voucher specimen no. SY 202/2013)
by a plant taxonomist at College of Pharmacy, King Saud
University (Riyadh, Saudi Arabia). The air-dried extract (80%
ethanol) of the stem bark was further subjected to fraction-
ation with ethyl acetate and sub-fractionated using column
chromatography and thin-layer chromatography to yield
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two yellow-amorphous, powdery compounds as described
previously (12). Subsequently, high-resolution electrospray
ionization mass spectrometry (HRESIMS), ultraviolet (UV)
and infrared (IR) spectroscopy, 'H and *C DEPT-135 NMR
spectroscopy, as well as 2D 'H and "*C heteronuclear single
quantum correlation (HSQ)C analyses were performed to
determine their structures (12).

Cell culture and drugs. The human hepatoblastoma
cell line HepG2 (ATCC HB-065) and its HBV-reporter
derivative HepG2.2.15 (SCC249, Merck) were kind gift of
Dr Shahid Jameel, Virology Group, International Center for
Genetic Engineering & Biotechnology. Cells were cultured
in RPMI-1640 medium (Gibco; Thermo Fisher Scientific
Inc.) containing 10% fetal calf serum (Gibco; Thermo
Fisher Scientific, Inc.) and 1X penicillin-streptomycin mix
(HyClone; Cytiva) at 37°C with 5% CO,. HepG2.2.15 cells are
HBV-infected HepG2 cells developed by stable transfection
of HBV genomic DNA, which expresses all viral genes and
proteins [e.g. HBsAgand HBV pre-coreor ‘e’ antigen (HBeAg)],
and are globally used to assess anti-HBV agents (24). The cells
were further seeded (0.5x10° cells/100 ul/well) in a 96-well
plate (Corning, Inc.) and incubated overnight prior to an assay.
The approved HBV polymerase-inhibitor, lamivudine triphos-
phate (LAM; MilliporeSigma) and the anti-HBV flavonoid
quercetin (QRC; MilliporeSigma) were used as a standard in
cell culture studies as described elsewhere (20).

Cytotoxicity assay. The effect of R. tripartita-derived
compounds (catechin and epicatechin) on HepG2 cells viability
or toxicity was assessed using a TACS MTT Cell Proliferation
Assay Kit (Bio-Techne) and the optimal safe doses were esti-
mated. In brief, each compound was first dissolved in DMSO
and then reconstituted in culture media to obtain four test
concentrations or doses (10, 20, 30, 60 and 120 uM). HepG2
cells grown in a 96-well plate were replenished with fresh
media containing the different drug doses or vehicle control
(0.1% DMSO) and then incubated at 37°C for 72 h. All samples
were tested in triplicate and the experiment was repeated twice.
The optical density of the samples at 570 nm was recorded
using a microplate reader (ELx800; BioTek Instruments, Inc.)
and non-linear regression analysis was performed (Excel soft-
ware 2010; Microsoft Corp.) to determine the 50% inhibitory
concentration.

HBsAg inhibition assay. First, dose-dependent inhibi-
tion of HBsAg expression by the two test compounds
(10, 20 and 30 uM each) was performed to determine the
optimal active concentration. HepG2.2.15 cells grown in a
96-well plate were replenished with fresh media containing
three selected doses of the compounds as well as controls,
and incubated for 3 days. Following the determination of the
optimal dose, a time-course inhibition of HBsAg expression
by the two compounds was performed. Likewise, HepG2.2.15
cells were replenished with fresh media containing the optimal
dose (30 M each) of the compounds as well as controls,
and incubated for up to 5 days. The culture supernatants
were collected on days 1, 3 and 5 for analysis. The secretion
of HBsAg into the culture supernatant was quantitatively
analyzed using the diagnostic ELISA kit (cat. no. 72348;

MonolisaHBsAg ULTRA; Bio-Rad Laboratories Inc.) as
per the manufacturer's protocol. The optical density of the
samples at 450 nm was recorded using a microplate reader
(ELx800; BioTek Instruments, Inc.), and analyzed in relation
to the untreated control in Excel. All samples were tested in
triplicate and the experiment was repeated twice.

HBeAg inhibition assay. The test compounds (30 M)
were evaluated for their time-course inhibitory effects on
HBeAg synthesis. The post-treatment HepG2.2.15 super-
natants collected on days 1, 3 and 5 were quantitatively
analyzed for HBeAg expression using the diagnostic ELISA
kit (cat. no. KAPG4BNE3; HBeAg/Anti-HBe Elisa Kit;
DIAsource ImmunoAssays® S.A.) according to the manufac-
turer's protocol. The optical density of the samples at 450 nm
was recorded using a microplate reader (ELx800; BioTek
Instruments, Inc.), and analyzed in relation to the untreated
control in Excel. All samples were tested in triplicate and the
experiment was repeated twice.

Molecular docking analysis. For molecular docking analysis,
an in-house constructed 3D structure of HBV polymerase
(HBVpol) enzyme was used, as described in a previous
study by our group (20). The 3D structures of LAM and
co-crystalized entecavir triphosphate (ETV) were retrieved
from the PubChem database (https://pubchem.ncbi.nlm.nih.
gov/) and used as ligand controls. The 2D structures of the
test compounds (ligands) were drawn in ChemDraw Pro 8.0
(chemistrydocs.com/chemdraw-pro-8-0/), following assign-
ments of bond orders and bond angles. The structures of target
protein (NCBI GenBank: AGA95798.1) was prepared and
optimized using Maestro v12.3 LigPrep module (25), whereas
the 2D and 3D visualizations of the ligand-target interactions
were generated using University of California San Francisco
ChimeraX (26). Prior to the docking of test compounds, any
water molecules or bound hetero atoms were removed from
the target. Further, the Gasteiger partial charges were defined
and energies were minimized for all ligands in the Universal
Force Field program (27). The docking analysis was performed
on the target's binding sites in AutoDock Vina 1.2 operated
in Linux OS (28). The docking protocol was validated by
re-docking the co-crystallized ligands into the binding site
and visual inspection and the Root Mean Square Deviation
(RMSD) was calculated.

Statistical analysis. Data analysis was performed using the
SPSS statistical package, version 17.0 (SPSS, Inc.). Data of
all triplicate samples, expressed as the mean + standard error
of the mean were analyzed by one-way ANOVA, followed by
Dunnett's-test. P<0.05 was considered to indicate a statistically
significant difference.

Results and Discussion

Identification of isolated compounds. Of the several known
anti-HBV natural flavonoids, including R. succedanea-derived
robustaflavone, the flavonol catechin and derivatives have
been also reported for antiviral activities against HBV (23,29).
In line with this, the HRESIMS, UV/IR and 'H-3C NMR
spectroscopy, as well as 2D 'H-3C HSQC analyses of
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Figure 1. Chemical formulas of R. tripartita-derived catechins RPT and epicatechin ECR (upper panel) and their hepatocyte growth stimulatory activities on
cultured HepG2 cells, where vehicle control (0.1% DMSO) and UT served as negative controls. Values are expressed as the mean + standard error of the mean
(n=3). "P<0.05, "P<0.01 vs. UT (lower panel). UT, untreated control; ECR, epicatechin-3-O-rhamnoside; RPT, rhuspartin, 3,5,13,14-flavantetrol-catechin.

R. tripartita-derived compounds led to their identification as
3,5,13,14-flavantetrol-(43—8)-catechin (rhuspartin; RPT) and
epicatechin-3-O-rhamnoside (ECR) (Fig. 1, upper panel), as
described elsewhere (12).

Hepatocyte proliferative activities of the catechin and
epicatechin. Prior to their anti-HBV assessments, RPT and
ECR when tested on HepG2 cells and did not exhibit any cyto-
toxicity even at the maximal dose (120 uM). Of note, while
they had marginal growth stimulatory activities at 30 yM,
they exhibited significant but comparable growth enhance-
ment at 60 and 120 yM doses as compared to the untreated
cells (P<0.01; Fig. 1, lower panel) on day 3. Therefore,
further anti-HBV assays of RPT and ECR were conducted
at 20 and 30 M doses, and not continued for longer than
5 days due to cell overgrowth and death.

Dose- and time-dependent inhibition of HBV antigen
synthesis by RPT and ECR. RPT and ECR exhibited a
dose-dependent anti-HBV activity, where the 20 and 30 xM
doses led to maximal activities as compared to the untreated
cells (P<0.01; Fig. 2). As no significant differential activity was
observed between the two doses, 30 uM was selected as the
optimal dose for the further analyses. In the time-dependent
analysis of HBsAg, ECR and RPT suppressed its expres-
sion by 71.3% (P<0.01) and 68.8% (P<0.01), respectively
whereas QRC inhibited it by 76.4% (P<0.001) as compared
to the reference drug LAM on day 5 (Fig. 3). Furthermore,
in the time-dependent analysis of HBeAg, ECR and RPT
maximally downregulated its synthesis by 71.2% (P<0.01)
and 62.3% (P<0.01), respectively, whereas QRC suppressed it
by 75.4% (P<0.001) as compared to LAM on day 5 (Fig. 4).
Thus, ECR had a marginally higher anti-HBV activity than
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Figure 2. Anti-HBV assay indicating dose-dependent (10, 20 and 30 M)
inhibition of HBsAg by R. tripartita-derived catechin RPT and epicatechin
ECR in HepG2.2.15 cells. LAM (2 uM) served as a positive control, while
DMSO (0.1%) was used as a negative control. Values are expressed as
the mean =+ standard error of the mean (n=3). “P<0.01 vs. LAM. HBsAg,
HBYV surface antigen; ECR, epicatechin-3-O-rhamnoside; RPT, rhuspartin,
3,5,13,14-flavantetrol-catechin; LAM, lamivudine triphosphate.

RPT. As RPT and ECR exerted growth stimulatory effects on
HepG2 cells at 60 uM or above on day 3 (Fig. 1, lower panel),
a single optimal dose of 30 M was used in the antiviral assays
performed for up to 5 days. As compared to LAM, incubating
HepG2.2.15 cells with RPT and ECR at 30 M for longer than
5 days also enhanced cell growth (data not shown). In view
of this, it was not possible to compare the anti-HBV effects
of RPT and ECR with those of LAM due to differences in
cell population and the amount of secreted HBV antigens,
and incubation was therefore terminated a day 5. In previous
studies, the antiviral activities of catechin derivatives such
as epicatechin-3-gallate and epigallocatechin-3-gallate have
been reported against herpes simplex virus, human immuno-
deficiency virus, human T-cell leukemia virus, Epstein-Barr
virus, influenza virus, rotavirus and adenovirus as well as
HBYV and hepatitis C virus (16,29). In addition, a previous
study by our group indicated moderate anti-HBV activities of
Oncocalyx glabratus-derived catechin, catechin-7-O-gallate,
catechin-7,4'-O-digallate and catechin-7,3'-O-digallate in
HepG2.2.15 cells (30).

Structure-based virtual interaction of RPT and EPR with
HBVpol.Molecular docking is a widely used in silico technique
in drug discovery projects to predict the best conformation for
a molecule and its potential affinity to a specific molecular
target. As HBVpol enzyme is essential for HBV DNA replica-
tion, this enzyme remains an important drug target. Therefore,
a molecular docking technique was employed to support the
in vitro data towards delineating the possible mechanisms
of anti-HBV activity of the isolated catechin and epicat-
echin. The good re-alignment of the co-crystallized ligand
ETYV prior to and after docking inside the binding cavity of
HBVpol along with the low RMSD values between the two
structures indicated a valid docking protocol (Fig. 5, upper
panel). Furthermore, the docked complex of LAM-HBVpol
was observed to adopt a conformation quite similar to that of
the ETV-HBVpol complex (Fig. 5, lower panel), confirming

Table I. Estimated docking energies of R. tripartita-derived
compounds and standard drugs against HBV polymerase.

Compound Docking energy, kcal/mol
Rhuspartin® -7.949
Epicatechin-3-O-rhamnoside® -8.483
Lamivudine triphosphate® -9.245
Entecavir triphosphate® -8.212

“R. tripartita-derived compound; "standard.

robustness and reliability of the protocol. The estimated
binding free energies for the ETV-HBVpol and LAM-HBVpol
complex were -8.21 and -9.24 kcal/mol, respectively (Table I).
Furthermore, RPT and ECR exhibited affinity for the HBVpol
in proximity of its “Tyr-Met-Asp-Asp (YMDD)’ motif, similar
to LAM (Fig. 6). In addition to the “YMDD’ motif, Lys14, Ser67
and Ala68 also surrounded the ligand compounds, which may
potentially contribute to ligand-target complex stabilities. In
addition, both compounds adopted relatively similar orienta-
tions and aligned inside the active site of HBVpol as compared
to the control ligands. ECR engaged in interactions with the
key residues of HBVpol, including a hydrogen bonding with
a charged Arg23 residue, a face-to-face m-stacking with the
nucleotides of the DNA and a metal coordination with an
Mg* ion embedded inside the pocket (Fig. 6). It is thought that
coordination with Mg* ions has an integral part in stabilizing
a ligand-target complex (31). By contrast, the only key inter-
action of RPT was its metal coordination by Mg*?. However,
ECR exhibited a better binding affinity as compared to RPT,
which may be attributed to the hydrophobic contact between
the ligand and the target (Fig. 5). Though slightly lower than
that for LAM, the calculated binding free energies for ECR and
RPT were -8.483 and -7.949 kcal/mol, respectively (Table I).

Flavonoids are plant phenols, which, according to their
variations in their heterocyclic carbon (C4-C;5-Cy) ring, have
been classified as flavones, flavonols, flavanones, isoflavones,
anthocyanidins and catechins (32). Of note, the compounds
examined in the present study belong to the subclass of
‘catechins’, where ECR is a monomeric (epi)catechin conju-
gated with a sugar moiety i.e., glycone, and RPT is a dimeric
catechin, i.e., aglycon (Fig. 1, upper panel). In view of the
structure-activity relationship of the compounds, the observed
marginal difference in the bioactivity of ECR and RPT may
therefore be attributed to the differences in their chemical
structures. Furthermore, in the metabolic process, a glycone
is generally poorly absorbed as compared to its aglycone
counterpart (32). However, hydrolysis of the glycone furnishes
a free aglycone, which easily gets absorbed and performs its
activity. By contrast, the breakdown of a dimeric aglycone is
relatively difficult and therefore, it has poor absorption and low
activity. Taken together, this information strongly supports
the differential structure-activity of the studied catechin and
epicatechin.

In conclusion, the present data, for the first time, demon-
strated the promising anti-HBV therapeutic potential of
the R. tripartita-derived compounds ECR and RPT in an
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Figure 3. Anti-HBV assay indicating time-dependent inhibition of HBsAg by R. tripartita-derived catechin RPT (30 M) and epicatechin ECR (30 yM) in
HepG2.2.15 cells. LAM (2 uM) and QRC (27 uM) served as positive controls, while DMSO (0.1%) was used as an NC. Values are expressed as the mean + stan-
dard error of the mean (n=3). **P<0.01, ***P<0.001 vs. NC; "P<0.05, “P<0.01, “"P<0.001 vs. LAM. QRC, quercetin; NC, negative control; HBsAg, HBV surface
antigen; ECR, epicatechin-3-O-rhamnoside; RPT, rhuspartin, 3,5,13,14-flavantetrol-catechin; LAM, lamivudine triphosphate.

Inhibition of HBeAg expression (%)

DMSO
0 * T “; T - "
0 1 2 3 4 5 6

Days post-treatment

Figure 4. Anti-HBV assay demonstrating time-dependent inhibition of HBeAg by R. tripartita-derived catechin RPT (30 M) and epicatechin ECR (30 uM) in
HepG2.2.15 cells. LAM (2 uM) and QRC (27 uM) served as positive controls, while DMSO (0.1%) acted as NC. Values are expressed as the mean + standard
error of the mean (n=3). **P<0.01, ***P<0.001 vs. BC. "P<0.05, “P<0.01, ““P<0.001 vs. LAM. HBeAg, HBV pre-core or ‘¢’ antigen; QRC, quercetin; NC, nega-
tive control; ECR, epicatechin-3-O-rhamnoside; RPT, rhuspartin, 3,5,13,14-flavantetrol-catechin; LAM, lamivudine triphosphate.
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ETV-HBVpol complex

Figure 5. 2D and 3D representations of co-crystallized ligand ETV and LAM after docking with HBVpol. HBVpol, HBV polymerase; LAM, lamivudine
triphosphate; ETV, entecavir triphosphate.

RPT-HBVpol complex

Figure 6. 2D and 3D representations of RPT and ECR after docking with HBVpol. ECR, epicatechin-3-O-rhamnoside; RPT, rhuspartin, 3,5,13,14-flavan-
tetrol-catechin; HBVpol, HBV polymerase.
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HBV-reporter cell culture model, supported by molecular
docking analysis. This warrants their further molecular and
pharmacological study towards developing novel and effica-
cious natural therapeutics against HBV infection.
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