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ABSTRACT: Natural or plant products, because of their structural
diversity, are a potential source for identifying new anti-hepatitis B
virus (HBV) agents. Here, we report the anti-HBV activity of
Euphorbia schimperi and its quercetin (QRC) and kaempferol
derivatives. The anti-HBV-active methanol fraction of E. schimperi
was subjected to chromatographic techniques, leading to isolation
of three flavonols, following their structure determination by 1H and
13C NMR spectroscopies. Their cytotoxicity and anti-HBV potential
were assessed using HBV reporter HepG2.2.15 cells, and their
modes of action were delineated by molecular docking. The isolated
compounds identified as quercetin-3-O-glucuronide (Q3G),
quercetin-3-O-rhamnoside (Q3R), and kaempferol-3-O-glucuronide
(K3G) were non-cytotoxic to HepG2.2.15 cells. The viral HBsAg/
HBeAg production on day 5 was significantly inhibited by K3G (∼70.2/∼73.4%), Q3G (∼67.8/∼72.1%), and Q3R (∼63.2%/
∼68.2%) as compared to QRC (∼70.3/∼74.8%) and lamivudine (∼76.5/∼84.5%) used as standards. The observed in vitro anti-
HBV potential was strongly supported by in silico analysis, which suggested their structure-based activity via interfering with viral
Pol/RT and core proteins. In conclusion, this is the first report on the anti-HBV activity of E. schimperi-derived quercitrin-3-O-
glucuronide, quercitrin-3-O-rhamnoside, and kaempferol-3-O-glucuronide, most likely through interfering with HBV proteins.

1. INTRODUCTION

The hepatitis B virus (HBV) causes acute and chronic liver
diseases in about one-third of world’s population, of which
∼360 million remain at risk of developing chronic hepatitis B,
liver cirrhosis, or hepatocellular carcinoma.1,2 Though several
effective, safe, and well-tolerated anti-HBV drugs, notably,
nucleoside analogues, are available, they have their own
limitations.3 Of these, long-term treatment with lamivudine,
adefovir, or famciclovir often leads to drug resistance.4 In
recent decades, several herbal or natural products, mainly the
Traditional Chines Medicine (TCM), have become very
popular in treating chronic hepatitis B worldwide.5 However,
some of these formulations have been reported to cause liver
and other organ toxicity, including serious side effects.6

Recently, we have reported several medicinal plant extracts
and fractions as well as isolation of anti-viral compounds for
their novel anti-HBV potential.7−13

The genus Euphorbia (family: Euphorbiaceae) is recognized
with over 2000 species, of which several are known for their
use in traditional medicine.14 Their different extracts and
isolated compounds have shown to possess anti-cancer, anti-
cell proliferative, anti-malarial, anti-bacterial, anti-venom, anti-
inflammatory, anti-oxidant, and anti-hepatitis properties.15,16

To date, more than 80 types of flavonoids have been isolated

from the aerial parts, roots, seeds, and whole body of
Euphorbia, where most are flavonols with O-substitutions, C-
methylation, prenylation, glycosylation, or glycosidic link-
ages.15−20

Euphorbia schimperi C. Presl. has been characterized for its
various in vitro biological activities such as anti-cell
proliferative, free-radical scavenging, and anti-microbial
potential.21,22 We have recently reported the in vivo wound
healing property of the methanol extract of E. schimperi grown
in Saudi Arabia.23 Several biologically active chemical
constituents such as luteolin, scopoletin, kaempferol, flavonoid
glycosides, and triterpenoids have been isolated from E.
schimperi.21,24 Previously, extracts of E. cotinifolia, E. cestrifolia,
and E. tirucalli grown in Latin America have shown in vitro
anti-herpes simplex virus (HSV) activities.25 In addition,
lectins isolated from E. pulcherrima and E. tirucalli have been
demonstrated to have anti-HSV potential.26 Notably, flavo-
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noids from E. humifusa have been shown for their anti-HBV
activities through downregulation of viral antigen secretions in
the cell culture model.27 Because of a similar replication
mechanism of HBV and HSV, the anti-HSV drugs also work
very well in chronic hepatitis B patients.3 With this
background, we assessed the anti-HBV potential of E. schimperi
and isolated flavonols quercetin and kaempferol derivatives
using HBV reporter cells as well as delineated their modes of
action by molecular docking.

2. RESULTS
2.1. Identification of Compounds. The 1H and 13C

NMR spectroscopy data (Figures S1−S3) of the isolated
compounds were in good agreement with the published
literature.24,28,29 Structures of the isolated compounds were
identified as quercetin-3-O-glucuronide (Q3G), quercetin-3-O-
rhamnoside (Q3R), and kaempferol-3-O-glucuronide (K3G).
Q3G1H NMR (DMSO-d6): δ 6.21 (1H, s, H-6), 6.41

(1H, s, H-8), 7.86 (1H, br s, H-2′), 6.84 (1H, d, J = 8.4 Hz, H-
5′), 7.51 (1H, d, J = 7.7 Hz, H-6′), 5.40 (1H, d, J = 6.3 Hz, H-
1″), 3.28 (2H, m, H-2″, 3″), 3.33 (1H, d, J = 9.1 Hz, H-4″),
3.50 (1H, d, J = 9.1 Hz, H-5″). 12.46, 9.54 (OHs); 13C NMR
(DMSO-d6): δ 157.3 (C-2), 133.9 (C-3), 177.9 (C-4), 104.4
(C-4a), 161.5 (C-5), 99.3 (C-6), 164.8 (C-7), 94.2 (C-8),
156.8 (C-8a), 121.0 (C-1′), 117.3 (C-2′), 145.3 (C-3′), 149.0
(C-4′), 115.7 (C-5′), 121.7 (C-6′), Glc102.3 (C-1″), 74.5
(C-2″), 76.5 (C-3″), 72.0 (C-4″), 75.7 (C-5″), 171.3 (C-6″).
Q3R1H NMR (DMSO-d6): δ 6.21 (1H, s, H-6), 6.40

(1H, s, H-8), 7.31 (1H, d, J = 2.1 Hz, H-2′), 6.87 (1H, d, J =
8.4 Hz, H-5′), 7.26 (1H, dd, J = 2.1, 2.1 Hz, H-6′), 5.26 (1H, s,
H-1″), 3.97 (1H, m, H-2″), 3.51 (1H, dd, J = 3.5, 3.5 Hz, H-
3″), 3.15 (1H, m, H-4″), 3.21 (1H, m, H-5″), 0.82 (3H, d, J =
6.3 Hz, −CH3), 12.67, 10.91, 9.74, 9.35 (OHs);13C NMR
(DMSO-d6): δ 157.8 (C-2), 134.7 (C-3), 178.2 (C-4), 104.5

(C-4a), 161.8 (C-5), 99.1 (C-6), 164.6 (C-7), 94.1 (C-8),
156.9 (C-8a), 121.1 (C-1′), 116.1 (C-2′), 145.7 (C-3′), 148.9
(C-4′), 115.9 (C-5′), 121.5 (C-6′), Glc102.3 (C-1″), 70.5
(C-2″), 71.1 (C-3″), 71.6 (C-4″), 70.7 (C-5″), 17.9 (C-6″).
K3G1H NMR (DMSO-d6): δ 6.23 (1H, s, H-6), 6.45

(1H, s, H-8), 8.05 (2H, d, J = 8.4 Hz, H-2′, 6′), 6.89 (2H, d, J
= 7.7 Hz, H-3′, 5′), 5.51 (1H, d, J = 7.0 Hz, H-1″), 3.25 (3H,
m, H-2″, 3″, 4″), 3.60 (1H, d, J = 9.8 Hz, H-5″), 12.54, 10.93,
10.25 (OHs);13C NMR (DMSO-d6): δ 156.8 (C-2), 133.4 (C-
3), 177.7 (C-4), 104.3 (C-4a), 161.7 (C-5), 99.3 (C-6), 164.6
(C-7), 94.1 (C-8), 156.9 (C-8a), 121.1 (C-1′), 131.3 (C-2′, C-
6′), 160.4 (C-4′), 115.5 (C-3′, C-5′), Glc101.7 (C-1″), 74.4
(C-2″), 76.4 (C-3″), 71.9 (C-4″), 76.1 (C-5″), 170.3 (C-6″).

2.2. Effect of E. schimperi and Its Flavonols on Cell
Viability. As revealed by the MTT assay, while the E.
schimperi methanol fraction (ESF) was non-cytotoxic at 100
μg/mL, it showed significant toxicity at 150 μg/mL and above
(CC50: 136.25 μg/mL). The tested compounds did not show
any sign of cytotoxicity up to 50 μg/mL (CC50: 72.53−78.25
μg/mL) and enhanced the cell growth at 12.5 μg/mL and
above (data not shown).

2.3. Dose-Dependent Inhibition of HBsAg Expres-
sion. At 48 h post-treatment, the estimated maximal
inhibitions of HBsAg were by 100 μg/mL of ESF (∼38%)
and 12.5 μg/mL each of K3G (∼48.7%), Q3G (∼46%), and
Q3R (∼43.8%), including quercetin (QRC) which served as
the positive control (Figure S4). Because of the observed
cytotoxicity of ESF at higher concentration, doses above 100
μg/mL were not included. For isolated compounds, because
concentrations at 12.5 and 25 μg/mL had comparable activity,
the equal molar concentrations (12.25−13 μg/mL) were used
for further analyses.

2.4. Time Course Inhibition of HBsAg Expressions. A
time course study of the active flavonol compounds (27 μM

Figure 1. Time course inhibition of HBsAg expressions by E. schimperi-derived Q3G, Q3R, and K3G (27 μM, each) relative to untreated control in
HepG2.2.15 culture supernatants at days 1, 3, and 5 post-treatment. QRC (27 μM) and LAM (2 μM) served as positive controls, while DMSO
(0.1%) acted as the negative control. The values on the Y-axis are means of three determinations.
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each; IC50: 22.3−23.5 μM) was further carried out. Compared
to days 1 and 3 post-treatment, HBsAg production on day 5
was significantly inhibited by K3G (∼70.2%), Q3G (∼67.8%),
and Q3R (∼63.2%) (Figure 1). Notably, the reference drugs
QRC and lamivudine (LAM) suppressed the HBV “e” antigen
(HBeAg) level by ∼70.3 and ∼76.5%, respectively. The study
was not extended beyond day 5 because the tested flavonols
promoted cell proliferation resulting in cell overgrowth and
death (data not shown).

2.5. Downregulation of Virus Replication. HBeAg, the
small processed protein, is co-translated with HBV-Core
(HBcAg) by a bicistronic RNA and therefore serves as a
marker of active viral replication. Therefore, Q3G, Q3R, and
K3G (27 μM each) were tested for their effects on HBeAg
production. The three compounds markedly downregulated
the HBeAg synthesis in a time-dependent manner. Compared
to days 1 and 3, HBeAg production at day 5 was markedly
downregulated by K3G (∼73.4%), Q3G (∼72.1%), and Q3R
(∼68.2%) (Figure 2). Notably, the reference drugs QRC and

Figure 2. Time course inhibition of HBeAg expressions by E. schimperi-derived Q3G, Q3R, and K3G (27 μM, each) relative to untreated control in
HepG2.2.15 culture supernatants at days 1, 3, and 5 post-treatment. QRC (27 μM) and LAM (2 μM) served as positive controls while DMSO
(0.1%) acted as the negative control. The values on the Y-axis are means of three determinations.

Figure 3. Reporter gene assay showing relative expressions of luciferase in transfected HepG2.2.15 cells treated with Q3G, Q3R, and K3G (27 μM,
each). QRC (27 μM) and LAM (2 μM) served as positive controls, while DMSO (0.1%) acted as the negative control. The values on the Y-axis are
means of three determinations.
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LAM suppressed the HBeAg level by ∼74.8 and ∼84.5%,
respectively. The study was not extended beyond day 5
because the tested flavonols promoted cell proliferation,
resulting in cell overgrowth and death (data not shown).
2.6. Reporter Gene Assay. As revealed by the reporter

gene assay, there were no significant changes in the levels of
Renilla luciferase expressions upon treatment with Q3G, Q3R,
and K3G, including the reference drugs QRC and LAM
(Figure 3). This confirmed that S. schimperi-derived anti-HBV-
active flavonols specifically inhibited the production of HBsAg
and HBeAg but did not affect the non-viral or host protein
synthesis.
2.7. Molecular Docking. Because of their common

flavonol skeleton, the E. schimperi-derived anti-HBV-active
Q3G, Q3R, and K3G along with kaempferol-3-O-rhamnoside,
QRC, and kaempferol (Figure 4) were subjected to docking
analysis against both HBV-Pol and HBV-Core proteins to
determine their general mode of action and to evaluate the
types of molecular interactions.
The docking validation revealed good re-alignment of the

ligands inside the binding site with low root-mean-square
deviation (RMSD) values (<2) for the standard LAM (Figure
5A) and heteroaryldihydropyrimidine (HAP) (Figure 5C).
Further superimposition of LAM inside the binding pocket
gave a quite similar conformation adopted by the co-
crystallized 2-deoxyguanosine-5-triphosphate (Figure 5B).
The docking results showed that all the tested compounds

were finely docked into both targets, and they had comparable
binding affinities compared to the standards (Figures 6 and 7).
Of these, kaempferol-3-O-rhamnoside and kaempferol showed

the best docking score toward HBV-Pol and HBV-Core
proteins, respectively (Table S1). Overall, all flavonols showed
relatively similar orientations and alignments inside the active
site of these targets, forming mainly hydrogen bonds and π-
stacking interactions with residues and nucleotides of the
active site. These expected similarities were largely due to their
common general skeleton.
Molecular docking of flavonols into HBV-Pol showed that

they had comparable estimated docking scores in comparison
with LAM (−9.15 kcal/mol; Table S1) except for Q3R (−6.49
kcal/mol; Table S1), which adopted a different alignment
inside the binding pocket (Figure 6C). The most important
interaction shown by the majority of these compounds was the
π-cation with Lys65 and/or Arg75 and the π-stacking with the
nucleotides facing the binding site. These interactions were
similar to LAM and 2-deoxyguanosine-5-triphosphate, though
the interactions of the negative charge of their triphosphate
groups with Lys65 and Arg75 residues are ionic type. Q3R did
not show a π-cation interaction with neither Lys65 nor Arg75
residues (Figure 6C), which may contribute to its lower
docking scores compared to others (Table S1). In contrast,
some flavonols such as kaempferol and kaempferol-3-O-
rhamnoside showed a T-shaped edge-to-face π−π interaction
with Phe115 and face−face π−π interaction with the
nucleotide (Figure 6D,F). The magnesium cation imbedded
into the active site was in close contact with one or two
hydroxy groups of 2-deoxyguanosine-5-triphosphate and LAM
(Figure 5A,B), showing a possibility of chelation in kaempferol
and kaempferol-3-O-rhamnoside.

Figure 4. 2D structures of quercetin, kaempferol, quercetin-3-O-glucuronide*, quercetin-3-O-rhamnoside*, kaempferol-3-O-glucuronide*, and
kaempferol-3-O-rhamnoside used in molecular docking analysis. *E. schimperi derived.
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Docking of the flavonols and HAP with HBV-Core shared
an interaction with Trp102 through hydrogen bonding. Of
these, Q3R and kaempferol exhibited the best binding affinity
with docking scores of −9.01 and −9.12 kcal/mol, respectively
(Table S1). The ligand−protein complexes of both were also
stabilized by the π−π interaction with Trp118 in the case of
Q3R (Figure 7C) while with Trp102 in the case of kaempferol
(Figure 7D). Furthermore, Q3R showed an extra interaction
with Trp118 and Ala132 through the H-bond.
QRC, K3G, and kaempferol-3-O-rhamnoside showed lower

binding scores compared to HAP (Table S1). Of the tested
flavonols, Q3G had the lowest docking score. Notably, the
ligands with the sugar moiety adopted a similar conformation
inside the target according to the sugar type rather than the
aglycone types. Also, those without sugar components showed
the same behavior. Other residues that surrounded the ligands
and may make a contribution to the complex stability include
Phe32, Ser106, Phe110, and Val124.
Taken together, our in silico analysis strongly endorsed the in

vitro anti-HBV potential of quercetin and kaempferol
derivatives along with Q3G, Q3R, and K3G through
interactions with HBV-Pol and HBV-Core proteins.

3. DISCUSSION

Natural products or plant secondary metabolites, because of
their structural diversity, are a potential source for identifying
anti-HBV agents with novel structures and mechanisms of
action. In the last 2 decades, several bioactive natural
compounds belonging to different classes such as flavonoids,
alkaloids, lignans, and anthraquinones have been identified as
promising anti-HBV agents in vitro and in vivo.5,30,31

Flavonoids and their glucosides, galactosides, arabinosides,
rutinosides, and rhamnosides constitute the largest source of
antiviral compounds.30 Of these, quercetin and kaempferol are
among the most ubiquitous natural flavonols found as
glucoside derivatives rather than free form, which impact
their bioactivities.31 In continuation of our natural anti-HBV
product discoveries,7−13 we have recently reported the novel
anti-HBV potential of Guiera senegalensis and identified
quercetin and myricetin-3-rhamnoside (myricitrin), possibly
via inhibitions of HBV-Pol and HBV-Core.32 Over 80 types of
flavonoids have been isolated from different species of
Euphorbia, mostly flavonols with O-substitutions, C-methyl-
ation, prenylation, glycosylation, and so forth.15−20 Of these,
quercetin and kaempferol derivatives such as Q3R, K3G,
kaempferol 3-O-glucoside, kaempferol-3-L-rhamnoside, and
kaempferol-3-O-α-rhamnoside-O-β-D-glucopyranoside have

Figure 5. 3D representations of the (A) co-crystallized ligand 2-deoxyguanosine-5-triphosphate before (light sea green) and after docking (yellow)
with HBV-Pol, (B) alignment of LAM (purple) compared to 2-deoxyguanosine-5-triphosphate (light sea green), and (C) HAP with HBV-Core
before (light sea green) and after docking (magenta).
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Figure 6. Molecular docking analysis showing 2D (left) and 3D (right) interactions of HBV-Pol with (A) QRC, (B) Q3G*, (C) Q3R*, (D)
kaempferol, (E) K3G*, (F) kaempferol-3-O-rhamnoside, and (G) lamivudine phosphate. *E. schimperi derived.
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Figure 7. Molecular docking analysis showing 2D (left) and 3D (right) interactions of HBV-Core with (A) QRC, (B) Q3G*, (C) Q3R*, (D)
kaempferol, (E) K3G*, (F) kaempferol-3-O-rhamnoside, and (G) HAP. *E. schimperi derived.
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been reported.15,33,34 Notably, E. humifusa-derived apigenin-7-
O-glucopyranoside markedly inhibited in vitro HBsAg and
HBeAg productions, whereas quercetin-3-O-α-L-rhamnosy-β-
D-galactoside, quercetin-3-O-β-D-glucopyranoside, and quer-
cetin-3-O-β-D-galactoside had no anti-HBV effects.27 In the
present study, we report the novel anti-HBV potential of
locally grown E. schimperi and identified quercitrin-3-O-
glucuronide, quercitrin-3-O-rhamnoside, and K3G as the active
principles.
Quercetin is the aglycon form of other flavonoid glycosides

with antiviral activities against many RNA and DNA viruses,
including HIV, HSV, and HBV.35−40 Its structurally close
rosmarinic acid has also been shown to inhibit HBV replication
via targeting HBV-Pol.41 Previously, we have demonstrated the
high anti-HBV potential of quercetin that significantly
inhibited the HBsAg and HBeAg synthesis in HepG2.2.15
cells.13 In addition, we have very recently reported the potent
anti-HBV activity of G. senegalensis-derived quercetin that
inhibited HBsAg and HBeAg by 60% and 62%, respectively.32

In addition, quercetin derivatives such as Q3G and quercetin-
7-O-rhamnoside have been reported for their efficacy against
the porcine epidemic diarrhea virus and influenza A virus,
respectively.42,43 Quercetin and Q3R have been shown to have
strong anti-HBV activity in cultured HepG2.2.15 cells.44 Also,
quercetin, quercetin-3-O-acetylglucuronide, and quercetin-3-
O-acetylglucuronide methyl ester have shown significant anti-
HBV activity assayed by anti-HBsAg production.45 We in this
study therefore, included quercetin as a natural anti-HBV
standard along with lamivudine. Our data on anti-HBV activity
was supported by molecular docking analysis where Q3G
strongly interacted with the HBV-Pol and HBV-Core proteins
indicative of its mode of antiviral action.
The flavonol kaempferol has been reported to have broad

antiviral activities against influenza A virus,46 Japanese
encephalitis virus,47 enterovirus E7,48 and dengue virus.49

Further, kaempferol and kaempferol-7-O-glucoside have been
shown to have potent anti-HSV activity and anti-HIV activity
in vitro.50,51 Kaempferol-3-O-rhamnopyranoside is shown to
significantly inhibit the replication of influenza A virus in
vitro.52 Also, kaempferol and its rhamnose derivatives are
reported for their good antiviral candidates for coronaviruses.53

Notably, the anti-HIV activities of kaempferol and kaempferol-
3-O-acetylrhamnosides have been shown via inhibition of viral
Pol/RT.54,55 Another derivative, kaempferol-3,7-bisrhamno-
side, has been shown to have potent activity against hepatitis C
virus via inhibition of NS3 protease.56 Notably, kaempferol has
been demonstrated to have significant anti-HBV activity in
cultured HepG2.2.15 cells.57 Our data on anti-HBV activity
was well endorsed by molecular docking, where K3G strongly
interacted with HBV-Pol, indicative of its mode of antiviral
action.
HBV-Pol is the most favored antiviral target where its

inhibition leads to cessation of HBV replication. In our
docking analysis for HBV-Pol, Q3G and kaempferol-3-O-
rhamnoside showed the best docking scores than Q3R and
K3G. However, as compared to LAM, all tested flavonols
showed better affinities toward HBV-Pol. HBV-Core protein
forms the viral capsid and has emerged as a promising antiviral
target. Our docking analysis showed a higher binding affinity of
HBV-Core with Q3R and kaempferol-3-O-rhamnoside as
compared to quercetin-3-O-glucuronide and K3G. HAP is a
novel class of HBV-Core inhibitor58,59 that however showed
lower binding affinity than the tested flavonols. In brief,

kaempferol-3-O-rhamnoside seemed to have the best docking
scores for both HBV-Pol and HBV-Core proteins. Most of the
tested flavonols showed closely similar orientations and
alignments inside the active site of both standards, forming
mainly hydrogen bonds and π-stacks, which are attributed to
their common general skeleton. In addition, flavonols with a
sugar moiety adopted similar conformation inside the target
according to the sugar type rather than the aglycone types, and
those without sugar also showed the same behavior. Overall,
our in silico data strongly supported the in vitro anti-HBV
activity of E. schimperi-derived quercetin and kaempferol
derivatives through interfering with the viral polymerase and
capsid proteins.

4. CONCLUSIONS

This work reports on the in vitro anti-HBV potential of E.
schimperi as well as its bioactive quercetin and kaempferol
derivatives: quercitrin-3-O-glucuronide, quercitrin-3-O-rham-
noside, and kaempferol-3-O-glucuronide. Further in silico
analysis of quercetin, kaempferol, and its derivatives strongly
endorsed their antiviral activities through interfering with
HBV-Pol and HBV-Core proteins. Our data therefore warrants
extended studies on E. schimperi toward further identifications
of novel anti-HBV constituents.

5. MATERIALS AND METHODS

5.1. Plant Collection, Extraction, and Isolation of
Compounds. The whole flowering plant of E. schimperi was
collected from the Wadi-e-Gama region of Saudi Arabia in
February 2014. The plant was identified by Dr. Mohammad
Yousuf, an expert plant taxonomist at the College of Pharmacy,
King Saud University, Riyadh, and a voucher specimen (no.
16322) was deposited. The processing of the plant including
extraction, fractionation, isolation of compounds, and structure
determinations was performed essentially as described in our
previous report.24 Briefly, the bioactive methanol fraction was
subjected to various chromatographic techniques, leading to
the isolation of three compounds quercitrin-3-O- glucuronide
(Q3G), quercitrin-3-O-rhamnoside (Q3R), and kaempferol-3-
O-glucuronide (K3G). Their chemical structures were further
verified by 1H and 13C NMR spectroscopy data obtained in
DMSO on a Bruker Avance spectrometer operating at 700
MHz for 1H and 175 MHz for 13C.

5.2. Cell Culture, Compounds, and Drugs. The HBV
reporter hepatoma cell line HepG2.2.15 cells (kind gift of Dr.
S. Jameel, International Center for Genetic Engineering &
Biotechnology, New Delhi, India) were grown and maintained
in RPMI-1640 medium (Gibco, USA) supplemented with 10%
fetal bovine serum (Gibco, USA), 1× penicillin−streptomycin
mix, and 1× sodium pyruvate (HyClone Laboratories, USA) at
37 °C in a humid chamber with 5% CO2 supply. The approved
nucleoside analogue-based anti-HBV drug lamivudine (Sigma-
Aldrich, Germany) and the anti-HBV-active natural compound
quercetin (Sigma-Aldrich, Germany) were used as standard or
positive controls.32,60 Stocks of E. schimperi methanol extract,
the isolated compounds, and standards were prepared in RPMI
after dissolving in DMSO (<1%, final) as mentioned
elsewhere.13 DMSO served as the vehicle or negative control.

5.3. Cell Proliferative Assay of E. schimperi Fraction
and Isolated Compounds. HepG2.2.15 cells (0.5 × 105/100
μL/well) were seeded in flat bottom 96-well tissue culture
plates (Corning, USA) and incubated overnight. Next day, the
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cells were replenished with fresh RPMI media containing
different doses of ESF (25, 50, 100, 150, and 200 μg/mL) or
the isolated compounds (6.25, 12.5, 25, 50, and 100 μg/mL
each) or DMSO (<0.1% final). After 48 h of incubation, the
MTT cell proliferation assay (Terbigen, USA) was performed
to determine their non-cytotoxic concentrations. All samples
were tested in triplicate and repeated. Briefly, all cells were
treated with MTT reagent (10 μL/well) and incubated for 3−
4 h until a purple color appeared, following addition of
detergent solution (100 μL) and incubated for 1 h. The
absorbance (A; λ = 570 nm) was recorded in a microplate
reader (BioTek, ELx800), and non-linear regression analysis
(Excel, Microsoft, USA) was performed to determine the
maximal concentration resulting in 50% inhibition of cell
proliferation or viral activity (IC50).
5.4. Dose-Dependent Inhibition Assay of HBV Sur-

face Antigen (HBsAg). HepG2.2.15 cells were seeded in 96-
well plates (0.5 × 105/well) and incubated overnight at 37 °C.
Next day, the cells were treated with various doses of ESF (25,
50, and 100 μg/mL) or test compounds, including QRC (6.25,
12.5, and 25 μg/mL, each).11 After 48 h of incubation, culture
supernatants were collected and analyzed for the inhibition of
viral HBsAg synthesis (MonolisaHBsAg ULTRA, BioRad,
USA) as per the manufacturer’s manual. All samples were
tested in triplicate and repeated. Briefly, the absorbance was
recorded (Microplate reader; BioTek, ELx800), and nonlinear
regression analysis was performed.
5.5. Time Course Inhibition Assay of HBsAg. Based on

the optimal dose-dependent (12.5 μg/mL) HBsAg inhibition
data, the equal molar concentrations (≈12.25−13 μg/mL) of
the tested compounds were used for time course (days 1, 3,
and 5) analyses. Quercitrin-3-O-glucuronide (13 μg/mL),
quercitrin-3-O-rhamnoside (12.25 μg/mL), and K3G (12.5
μg/mL) were reconstituted to furnish ≈27 μM each. QRC
(8.25 μg/mL, ≈27 μM) and LAM (2.0 μM)58 were included
as positive controls, whereas DMSO (0.1%) served as the
negative control. All samples were tested in triplicate and
repeated.
5.6. Time Course Inhibition Assays of HBV Pre-core

Antigen (HBeAg). The three test compounds (27 μM, each)
showing promising inhibitory effects on HBsAg production,
including proper controls, were further subjected to time
course (days 1, 3, and 5) analysis of HBeAg expression in
culture supernatants (HBeAg/Anti-HBe Elisa Kit; DIASource,
Belgium) as per the manufacturer’s manual. All samples were
tested in triplicate and repeated.
5.7. Luciferase Reporter Gene Assay. To rule out the

inhibitory effects, if any, of the tested compounds on cellular
proteins, luciferase assay was performed as described else-
where.12 Briefly, HepG2.2.15 cells were transfected with the
Renilla-luciferase reporter plasmid (pRL-TK; Promega, USA)
using FuGENE6 (Promega, USA) in a 48-well flat-bottom
culture plate a day before treatment with the anti-HBV-active
compounds (27 μM, each) including controls and incubated
for another 2 days (i.e., day 3 post-transfection). Cell lysates
were prepared in cold condition and luciferase expression was
measured (Luciferase Reporter Assay System; Promega, USA),
and data were presented in relation to the negative control. All
samples were tested in triplicate and repeated.
5.8. Molecular Docking Studies. Based on their

promising in vitro anti-HBV activity, the three flavonols
Q3G, Q3R, and K3G were subjected to molecular docking
analysis to delineate their plausible mode of antiviral actions.

Also, because they share a common flavonol skeleton, QRC,
kaempferol, and kaempferol-3-O-rhamnoside were also in-
cluded in the in silico analysis. The two HBV proteins,
polymerase/reverse transcriptase (Pol/RT) and capsid/core
(Core), were used as targets, whereas LAM (HBV-Pol
inhibitor) and HAP (HBV-Core inhibitor) were used as
standard ligands as described elsewhere.58,59 The crystallo-
graphic structure for HBV-Core (PDB code: 5E0I; resolution:
1.60 Å) was retrieved from the Protein Data Bank (https://
www.rcsb.org/).
In the absence of a 3D model for HBV-Pol in protein

database, we constructed our own homology-based model
using a template with a co-crystallized nucleoside ligand (2-
deoxyguanisine-5-triphosphate). Because the standard LAM
(2′,3′-dideoxy-3′-thiacytidine triphosphate) is not the original
co-crystallized ligand present in the used template, we further
superposed LAM on 2-deoxyguanosine-5-triphosphate inside
the binding pocket. Also, for HBV-Pol analysis, the DNA was
imported and placed into its cavity by homology. All ligands
were imported from the PubChem database (https://
pubchem.ncbi.nlm.nih.gov/), solvent molecules and co-crystal-
lized ligands from the proteins were removed, and hydrogen
atoms were added. The active site of each target was
determined based on a literature review and confirmed using
the automated assembly tool SEINA.60 Preparation and energy
minimization of each protein were performed with Maestro.61

The 2D and 3D visualizations of the ligand−target interactions
were generated using Maestro and UCSF ChimeraX,62

respectively. The compound set was docked on the previous
targets’ binding sites by using the software AutoDock Vina
1.2.0 (2021) operated in Linux OS.63 The docking protocol
was validated by re-docking the co-crystallized ligands into the
binding site and then inspected visually, and the RMSD was
calculated.

5.9. Statistical Analysis. All data in triplicates were
presented as mean ± standard error and analyzed using one-
way analysis of variance. Differences between two groups were
compared using Student’s t-test. p < 0.05 was considered
significant. All statistical analyses were performed with SPSS
software (Version 25; IBM, USA).
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