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BACKGROUND AND PURPOSE
Hepatitis C virus (HCV) infection is responsible for various chronic inflammatory liver diseases. Here, we have identified a naturally
occurring compound with anti-HCV activity and have elucidated its mode of antiviral action.

EXPERIMENTAL APPROACH
Luciferase reporter and real-time RT-PCR assays were used to measure HCV replication. Western blot, fluorescence-labelled HCV
replicons and infectious clones were employed to quantitate expression levels of viral proteins. Resistant HCV mutant mapping,
in vitro NS3 protease, helicase, NS5B polymerase and drug affinity responsive target stability assays were also used to study the
antiviral mechanism.

KEY RESULTS
A resveratrol tetramer, vitisin B from grapevine root extract showed high potency against HCV replication (EC50 = 6 nM) with
relatively low cytotoxicity (EC50 >10 μM). Combined treatment of vitisin B with an NS5B polymerase inhibitor (sofosbuvir)
exhibited a synergistic or at least additive antiviral activity. Analysis of a number of vitisin B-resistant HCV variants suggested an
NS3 helicase as its potential target. We confirmed a direct binding between vitisin B and a purified NS3 helicase in vitro. Vitisin B
was a potent inhibitor of a HCV NS3 helicase (IC50 = 3 nM). In vivo, Finally, we observed a preferred tissue distribution of vitisin B in
the liver after i.p. injection in rats, at clinically attainable concentrations.

CONCLUSION AND IMPLICATIONS
Vitisin B is one of themost potent HCV helicase inhibitors identified so far. Vitisin B is thus a prime candidate to be developed as the
first HCV drug derived from natural products.
Abbreviations
CC50, concentration causing 50% cell toxicity; DAAs, direct-acting antivirals; DARTS, drug affinity responsive target
stability; GO, graphene oxide; GRE, grapevine root extract; GT, genotype; HCV, hepatitis C virus; IRES, internal ribo-
some entry site; NS, nonstructural
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Introduction

Hepatitis C virus (HCV) infection is responsible for many
chronic inflammatory liver diseases, including liver cirrhosis
and hepatocellular carcinoma. A recent epidemiological
study suggested that approximately 170 million people are
infected with HCV (Shepard et al., 2005). In addition, almost
half of all liver transplantations performed in the USA are di-
rectly related to HCVinfection (Mukherjee and Sorrell, 2008).
Therefore, HCV-associated morbidity and mortality impose a
severe burden on the healthcare systems of countries with a
high rate of HCV infection.

The HCVis a hepatotropic single-stranded RNAvirus. It is
classified as a hepacivirus belonging to the Flaviviridae family.
Upon entry into a host hepatocyte, internal ribosome entry
site (IRES)-dependent translation of its RNA genome leads to
the expression of a ~3000 amino acid polyprotein. This
polyprotein undergoes subsequent cleavage into 10 individ-
ual viral proteins by host and virus-encoded proteases
(Grakoui et al., 1993a,b). Viral structural proteins such as E1,
E2 and core serve as structural components for a mature vi-
rion. On the other hand, viral nonstructural (NS) proteins
such as NS2, NS3, NS4A, NS4B, NS5A and NS5B build a func-
tional replication complex around ER membranes (Lohmann
et al., 1999; Blight et al., 2000;Moradpour et al., 2007). Several
HCV replication inhibitors were developed to target NS viral
proteins and are in various stages of clinical development.
These include NS3 protease (Dvory-Sobol et al., 2012) helicase
inhibitors (Gemma et al., 2011), NS4B inhibitors (Bryson
et al., 2010; Cho et al., 2010), NS5A inhibitors (Lee, 2011;
Lee et al., 2011) and NS5B polymerases inhibitors (Watkins
et al., 2010).

Combined treatment with pegylated interferon (IFN)-α
and ribavirin has served as the standard of care for most
HCV patients (Wilby et al., 2012). However, undesirable side
effects, including flu-like symptoms, anaemia, depression
and suicidal thoughts, have been consistently associated
with this combination therapy. Because of the recent ap-
proval of direct-acting antivirals (DAAs) – including NS3
protease inhibitors (telaprevir and boceprevir), NS5A inhibi-
tors (daclatasvir and ledipasvir) and an NS5B polymerase in-
hibitor (sofosbuvir) – the current standard of care for HCV
patients has moved towards a multiple combination regimen
composed of one DAA plus pegylated IFN-α and ribavirin
192 British Journal of Pharmacology (2016) 173 191–211
(Lee, 2013a). In addition, several promising clinical results
have been revealed recently, leading to FDA approval of IFN-
free combination treatment using only ledipasvir and
sofosbuvir (Everson et al., 2014). However, despite their high
efficacy and good safety profiles, DAAs alone are unlikely to
play a major role in combating HCV infection in the near
future due to their exorbitant cost. There has been heated
criticism regarding the extreme high cost of this IFN-free
therapy among HCV patients and activists. Therefore, to
develop a more affordable and accessible regimen for the
treatment of HCV infection, a new class of anti-HCV thera-
peutics with a novel mechanism of action is urgently needed.

The HCV NS3 protein plays an essential role in the viral
life cycle. Its N-terminally encoded protease activity together
with a viral scaffold protein, NS4A, is required for efficient
cleavage of a viral polyprotein. Therefore, much attention
has been devoted to this NS3 protease domain to identify
pharmacological inhibitors. Two NS3 protease inhibitors in-
cluding telaprevir (Matthews and Lancaster, 2012) and
boceprevir (Berman and Kwo, 2009) have been already
actively used in the clinics as an important component of
combination therapy with IFN-α and ribavirin. In addition,
studies using whole animal (Kolykhalov et al., 2000) and rep-
licon models (Lam and Frick, 2006; Mackintosh et al., 2006)
have also demonstrated a NS3 helicase as another indispens-
able component for HCVreplication. An HCV helicase resides
in the C-terminal two-thirds of the HCV NS3 protein. It
rearranges nucleic acid duplexes by ATP hydrolysis (Belon
and Frick, 2009). The NS3 helicase seems to assist HCV RNA
replication by resolving double-stranded RNA intermediates
formed during viral RNA replication (Belon and Frick, 2009).
Therefore, much effort has been made to find low MW com-
pounds with a specific inhibitory activity against an HCV
NS3 helicase. However, development of HCV NS3 helicase in-
hibitors has been far more difficult and slower than it has been
for other HCV drug targets possibly due to its high homology
with other host helicase proteins (Belon and Frick, 2009).

Because plants lackmobility, they need to produce a range
of secondary metabolites for defence against invading exter-
nal pathogens. The grape vine also produces numerous phe-
nolic compounds including one of the best known plant
metabolite, resveratrol, for its own protection. Many of
grapevinemetabolites also turned out to be active against var-
ious human viruses including adenovirus (Matias et al., 2010),

http://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=278#1441
http://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=2635
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?tab=biology&ligandId=7876
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=4998
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?tab=biology&ligandId=8741
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?tab=biology&ligandId=7368
http://www.guidetopharmacology.org
http://www.guidetopharmacology.org
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cytomegalovirus (CMV) (Evers et al., 2004), hepatitis viruses
(Sharaf et al., 2012), noroviruses (Li et al., 2012) and rotaviruses
(Steven et al., 2011). Themechanism of antiviral action of these
polyphenolic compoundsmainly depends on their diverse abil-
ities to neutralize cytotoxic oxidants, to inhibit essential host or
viral enzymes, to inhibit viral binding and penetration into
cells and to trigger the host immune system.

To identify new HCV drug candidates from natural prod-
ucts, we performed a cell-based screening of Asian herbal
plants. We found that a resveratrol tetramer, vitisin B from
the grapevine root, exhibited the highest anti-HCV replica-
tion activity. Analysis of several vitisin B-resistant HCV vari-
ants as well as in vitro binding and helicase assays suggested
inhibition of the viral helicase NS3 as its mode of action.
Methods

Animal studies
All animal care and experimental procedures followed the
guidelines for animal care and protection in Korea and were
approved by the Ethics Review Board of the College of Phar-
macy, The Catholic University of Korea. Studies involving an-
imals are reported in accordance with the ARRIVE guidelines
(Kilkenny et al., 2010; McGrath et al., 2010).
An Asian herbal plant library
An Asian herbal plant library, which is composed of 344 tradi-
tional plants, was obtained from the Korean plant extract
bank (https://extract.kribb.re.kr).
Preparation of enriched oligostilbene extract
from Vitis vinifera
The roots of V. vinifera (600 g) were pulverized and extracted
with ethanol (5 L) and evaporated under reduced pressure
to give an ethanolic extract (43 g). This ethanolic extract
was suspended in water and successively partitioned with
n-hexane, ethyl acetate and n-butanol. The ethyl acetate
soluble extract (14.1 g) was subjected to silica gel column
chromatography (CC) eluting with chloroform–methanol
mixture [chloroform–methanol; 50:1 (Fraction EA-A), 20:1
(Fr. EA-B), 10:1 (Fr. EA-C), 5:1 (Fr. EA-D), 2:1 (Fr. EA-E) and
1:1 (Fr. EA-F)]. Fr. EA-B (6.3 g) was chromatographed on
silica gel CC [chloroform–methanol, 25:1 (v/v)] to give
Fr. EA-Ba–EA-Bh. The Fr. EA-Bd (150mg) was subjected to
flow-rate gradient HPCC chromatography using two-phase
solvent system composed of n-hexane–ethyl acetate–
methanol–water [4:8:4:10 (v/v), reversed phase mode, mobile
phase flow rate: 4mL·min�1 in 0–70min, 8mL·min�1 in
70–250min] to yield compounds 1 (10.2mg), 2 (8.9mg),
3 (2.9mg), 4 (3.1mg) and 5 (34.3mg). The structure of
compounds 1–5 were identified as ampelopsin A (1),
(+)-ε-viniferin (2), vitisin A (3), wilsonol C (4) and vitisin
B (5), respectively, by comparing their 1H NMR, 13C NMR
and Q-TOF/MS spectroscopic data with published values
(Chen and Wang, 2009; do Ha et al., 2009; Wang et al.,
2011; Jiang et al., 2012).
Cell culture
Cells of the human hepatoma cell line Huh7.5 were cultured
in monolayers as described previously (Blight et al., 2002;
Sklan et al., 2007).

Plasmids
Rluc-J6/JFH1 (FL-J6/JFH-5′C19Rluc2AUbi) (Tscherne et al.,
2006) is a monocistronic, full-length HCV genome that ex-
presses a Renilla luciferase and was derived from the previ-
ously described infectious GT2a HCV genome J6/JFH1
(Lindenbach et al., 2005). Bart79I is a high-efficiency
bicistronic subgenomic replicon of HCV derived from the
HCV GT1b Con1 sequence that harbours a neomycin
phosphotransferase gene in the first cistron and the HCV NS
proteins in the second cistron under the translational control
of an EMCV IRES (Blight et al., 2002). FL-J6/JFH-5′
C19Rluc2Aubiand Bart79I were gifts from Dr Charles Rice of
Rockefeller University. Cell culture-derived infectious HCV
(HCVcc) expressing an HCV NS5A-GFP fusion protein was
described elsewhere (Hwang et al., 2012).

In vitro transcription for production of HCV
RNA genomes
In vitro transcription for production of HCV RNA genomes
was performed as previously described (Lee, 2013b).

Generation of stable HCV replicon cell lines
The establishment of Huh7.5 cells stably maintaining a
Bart79I subgenomic replicon in the presence of G418 selec-
tion has been described elsewhere (Cho et al., 2010).

Cell viability and HCV replication assay
In vitro transcribed RLuc-J6/JFH1 RNAs were transfected into
Huh7.5 cells by using a lipofectamine 2000 transfection
reagent (Invitrogen, Carlsbad, CA, USA) as described by the
manufacturer. Transfected cells were plated onto a white
96-well plate (Costar 3610, Corning, NY, USA) and supple-
mented with DMSO or 1, 10, 100 nM, 1, 10 and 100 μM of
vitisin B. At 3 days after incubation, cells were incubated for
3 h at 37°C in the presence of EZ-CYTOX (10% tetrazolium
salt; Dogen, Seoul, Korea) reagent to assess the cytotoxicity.
Renilla luciferase activities were measured by using a luciferase
reagent (1mM coelenterazine in methanol–HCL; Goldbio,
St.Louis, MO, USA). A time-response curve was also determined
bymeasuring Renilla luciferase activities as well as cell viabilities
at 24, 48 and 72h after treating HCV RNA-transfected cells
with 0.5μM of vitisin B.

Vitisin B and sofosbuvir combination analysis
using a luciferase assay
The 2 × 104 cells (Huh7.5-Rluc-J6/JFH1) were plated onto a
96-well plate (Costar 3610) and supplemented with DMSO
or 10, 100 pM 1, 10, 100 nM, 1 μM of sofosbuvir. After 3 h in-
cubation, add DMSO or 10, 100 pM, 1, 10, 100 nM and 1 μM
of vitisin B. At 3 days after incubation, cells were incubated
for 3 h at 37°C in the presence of EZ-CYTOX (10% tetrazo-
lium salt; Dogen) reagent to assess the cytotoxicity. Renilla lu-
ciferase activities were measured by using a luciferase reagent
(1mM coelenterazine in methanol–HCL; Goldbio).
British Journal of Pharmacology (2016) 173 191–211 193
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Analysis of vitisin B and sofosbuvir
combination data
The MacSynergy II programme was used to analyse data accord-
ing to the Bliss independence model (Prichard and Shipman,
1990; Prichard and Shipman, 1993). The combination’s effect
is determined by subtracting the experimental values from theo-
retical additive values (Prichard and Shipman, 1990). Matrix
data sets in four replicates were assessed at the 95% confidence
Figure 1
Identification of vitisin B as an HCV replication inhibitor. A Chemical struct
three resveratrol tetramers, vitisin A, wilsonol C and vitisin B, identified from
ing relative luciferase activities and cell viabilities of Rluc-J6/JFH1 RNA-trans
ampelopsin A, (+)-ε-viniferin, vitisin A, wilsonol C or vitisin B for 72 h. C A tim
activities and cell viabilities of Rluc-J6/JFH1 RNA-transfected Huh7.5 cells tre
** P < 0.01, significantly different from control.
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level for each experiment (Prichard and Shipman, 1990;
Prichard and Shipman, 1993; Prichard and Shipman, 1996).
Quantitative real-time RT-PCR (qRT-PCR)
analysis
The qRT-PCR analysis was performed as previously described
(Lee, 2013b).
ures of two resveratrol dimers, ampelopsin A and (+)-ε-viniferin, and
GRE. B Concentration–response curves were determined by measur-
fected Huh7.5 cells treated with increasing concentrations of either
e-response curve was determined by measuring the relative luciferase
ated with 0.5 μM vitisin B for increasing periods of time. * P < 0.05,



Figure 1
(Continued)
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Confocal microscopic analyses
Huh7.5-JFH-1-NS5A-GFP or Bart79I-NS5A-yellow fluorescent
protein (YFP) cells were plated onto coverslips in 24-well
plate. Coverslips were rinsed in PBS three times. Cells were
fixed at room temperature for 10min in 4% paraformalde-
hyde followed by three rinses with PBS. The coverslips were
mounted onto slide using Prolong Gold anti-fade reagent
with DAPI (Invitrogen) fluorescence were examined and cap-
tured by Nikon confocal laser scanning microscopic system.
Graphene oxide (GO)-based NS3 helicase
inhibition assay
The GO-based NS3 helicase assay was performed as described
previously (Jang et al., 2013).
ATP hydrolysis assay
ATP hydrolysis assay was performed as described previously
(Lee et al., 2009; Yu et al., 2012).
British Journal of Pharmacology (2016) 173 191–211 195



BJP S Lee et al.
Infection and transfection assay
Infection and transfection assay to establish a vaccinia virus-
based HCVreplicase assembly system was performed as previ-
ously described (Elazar et al., 2003).

In vitro HCV NS5B RNA polymerase assay
Recombinant HCV NS5B protein with an N-terminal hexa-
histidine tag was expressed in Escherichia coli and purified,
as described previously (Kim et al., 2004). In vitro RNA poly-
merase activity assays were performed with 50 ng of recombi-
nant HCV NS5B lacking the C-terminal 21 hydrophobic
amino acids (NS5BΔ21), as described previously (Kim et al.,
2004; Kim et al., 2009; Ahn et al., 2011).

Nrf2 reporter assay
Nrf2 reporter plasmid (Kratschmar et al., 2012) were
transfected into Huh7.5 cells by using a lipofectamine 2000
transfection reagent (Invitrogen) as described by the manu-
facturer. Transfected cells were plated onto a white 96-well
plate (Costar 3610) and supplemented with DMSO or
100 pM, 1, 10, 100 nM, 1 and 10 μM of vitisin B. At 48 h after
incubation, cells were incubated for 3 h at 37°C in the pres-
ence of EZ-CYTOX (10% tetrazolium salt; Dogen) reagent to
assess the cytotoxicity. Firefly luciferase activities were mea-
sured by using a luciferase reagent (Luciferase assay system;
Promega, Madison, WI, USA).

Data analysis
Values in graphs represent the mean ± SD of representative
experiments performed in triplicate or quadruplicate,
calculated using PRISM v5.0c software. For Student’s t-test,
P < 0.05 was considered as statistically significant. The
resulting data were fit to the Hill equation using PRISM v5.0c
software to calculate EC50, cytotoxic concentration 50
(CC50) and IC50 values.

Other experiments
All the relevant information regarding instrumentations,
reagents and plant materials, antiviral activity in the JFH-
1-GFP infectious HCV cell culture system, Western blot
analyses, analysis of vitisin B-resistant HCV variants, expres-
sion and purification of recombinant NS3 proteins, drug
affinity responsive target stability (DARTS) assay, fluorometric
in vitro NS3/4A protease assay, pharmacokinetic study of
vitisin B, cytokine assay, HCV pseudo-particles (HCVpp)
entry assay and assembly assay are described in detail in the
Supporting Information.
Figure 2
Combined effect of vitisin B and sofosbuvir on HCV replication. A
Combined effect of vitisin B with an NS5B polymerase inhibitor,
sofosbuvir on HCV replication. A dose–response curve was deter-
mined by measuring the relative luciferase activities in Rluc-J6/
JFH1 RNA-transfected Huh7.5 cells treated with increasing concen-
trations of vitisin B in the presence of different doses of sofosbuvir
for 72 h. B MacSynergy analysis of the combined antiviral effect of
vitisin B with sofosbuvir. Differential surface plots at the 95% con-
fidence interval (CI) are shown. The peaks above the theoretical
additive plane indicate synergy, whereas depressions below it indi-
cate antagonism.
Results

Vitisin B inhibits HCV replication
To search for new drug candidates for HCV infection from
natural sources, we obtained an herbal library composed of
344 traditional Asian plants from a Korean plant extract
bank. For antiviral and cell viability screenings, Huh7.5
hepatocarcinoma cells were first transfected with in vitro-
transcribed Rluc-J6/JFH1 RNAs [HCV genotype (GT) 2a]
harbouring Renilla luciferase (Huh7.5-Rluc-J6/JFH1 cells)
196 British Journal of Pharmacology (2016) 173 191–211
(Tscherne et al., 2006). The luciferase activity was used as a sur-
rogatemeasure forHCVRNA replication levels. A 3-(4,5-dimeth-
ylthiazol-2-yl)-2,5-diphenyltetrazolium bromide-based cell
proliferation assaywas conducted in parallel to access cell viabil-
ity. When 344 ethanol extracts at 10μg·mL�1 were tested for
72h, the grapevine root extract (GRE) exhibited the highest ra-
tio of cell viability to viral replication (44.7) (Supporting Infor-
mation Fig. S1a). A dose-dependent inhibition of HCV
replication by GRE, with no cytotoxicity, was confirmed at the
concentrations examined (EC50 = 0.168μg·mL�1; CC50

>10μg·mL�1) (Supporting Information Fig. S1b).
To identify the chemical nature of the active compounds

responsible for the suppression of HCV replication by GRE,
grapevine roots were extracted with ethanol and sequentially
partitioned with various solvents of different polarities, in-
cluding n-hexane, ethyl acetate, n-butanol and water. Among
them, the ethyl acetate extract showed the highest antiviral
activity as measured using Huh7.5-Rluc-J6/JFH1 cells (EC50

= 0.093 μg·mL�1) (Supporting Information Fig. S1c). We sub-
fractionated this ethyl acetate fraction for two more rounds
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until we identified chemical structures of five oligostilbene
compounds by using HPLC-assisted separation, Q-TOF MS
and 1H and 13C NMR spectroscopic analyses (Supporting
Information Fig. S1c). They included two resveratrol dimers,
ampelopsin A and (+)-ε-viniferin, and three resveratrol
tetramers, wilsonol C, vitisin A, and vitisin B (Figure 1A).
When their antiviral activities were compared using Huh7.5-
Rluc-J6/JFH1 cells, vitisin B was found to be more potent
(EC50 = 0.006μM) than any oligostilbene compound identi-
fied previously, including wilsonol C (EC50 = 0.016μM),
vitisin A (EC50 = 0.035μM), (+)-ε-viniferin (EC50 = 0.159μM)
and ampelopsin A (EC50 = 5.740μM) (Figure 1B). A dramatic
time-dependent reduction in HCV replication was confirmed
by application of 0.5μM vitisin B (T1/2 = 6.28h) (Figure 1C).
Figure 3
Inhibition of HCV replication by vitisin B. Dose–response graphs were g
via real-time qRT-PCR analyses of either A Huh7.5-J6/JFH1 or B Huh7.5
for 72 h. Time-response graphs were also determined by measuring the
yses of either A Huh7.5-J6/JFH1 or B Huh7.5-Bart79I cells treated with
graphs were determined by measuring the relative HCV and GAPDH
JFH1 or Huh7.5-Bart79I cells treated with 0.1 μM daclatasvir for increasi
ent from control.
Because of its considerable antiviral potency, we focused on
vitisin B in subsequent experiments.

To test the feasibility of vitisin B as a new component of
combination therapy with other clinically available HCV
drugs, we examined the antiviral activity of the combination
of vitisin B with the NS5B polymerase inhibitor sofosbuvir
using Huh7.5-Rluc-J6/JFH1 cells. As shown in Figure 2A, the
vitisin B and sofosbuvir combination resulted in a synergistic
– or at least additive – effect on HCV replication. When a
three-dimensional differential surface was plotted to demon-
strate synergy as peaks above a theoretical additive plane and
antagonism as depressions below it (Prichard and Shipman,
1990), a high level of synergism was evident at 1 nM to 1 μM
vitisin B and 0.01 to 100 nM sofosbuvir (Figure 2B). We also
enerated by measuring the relative HCV and GAPDH RNA levels
-Bart79I cells treated with increasing concentrations of vitisin B
relative HCV and GAPDH RNA levels via real-time qRT-PCR anal-
0.5 μM vitisin B for increasing periods of time. C Time-response
RNA levels via real-time qRT-PCR analyses of either Huh7.5-J6/
ng periods of time. * P < 0.05, ** P < 0.01, significantly differ-
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calculated synergy index by using the Prichard method. The
CompuSyn 3.0.1 programme was used to analyse data
according to the Bliss independence model (Chou, 2010).
The combined effect is determined by subtracting the experi-
mental values from theoretical additive values (Chou, 2010).
Matrix data sets in three replicates were assessed at the 95%
confidence level for each experiment. According to this
analysis, we found that most of Cl values were smaller than
1, which indicates there is a synergic effect between vitisin B
and sofosbuvir.

To rule out the possibility of an effect of the inserted
Renilla luciferase on HCVreplication, we retested the antiviral
effect of vitisin B on two other reporter-free HCV systems. We
Figure 4
Vitisin B diminishes the expression of HCV proteins. A The dose-depende
using HCVcc JFH-1 cells expressing an NS5A-GFP fusion protein. The abu
of NS5A-GFP-positive cells, and the total cell number was used as a ma
Huh-7.5 cells were pretreated with either DMSO or 10, 0.01 and 0.002 μ
of vitisin B on the expression NS5A was determined by visualizing the
stained in blue with DAPI. The images were obtained using a Nikon con
vitisin B on the levels of NS5A protein was determined by measuring th
of Huh7.5-Bart79I-NS5A-YFP cells treated with increasing concentrations
calization of NS5A protein was determined by visualizing the relative level
NS5A-YFP cells treated with either 1% DMSO or 0.5 μM vitisin B for 30 h.
using a Nikon confocal laser scanning microscope. The scale bar represen
NS5A protein was determined by measuring the relative levels of HCV NS
cells treated with 0.5 μM vitisin B for increasing periods of time. EC50 and
G Dose-independent and time-dependent effects of vitisin B on the levels
Western blot analyses of F Huh7.5-J6/JFH1 or G Huh7.5-Bart79I cells tre
0.5 μM vitisin B for increasing periods of time.
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first transfected Huh7.5 cells with either full-length infec-
tious J6/JFH1 RNAs (Huh7.5-J6/JFH1) (GT2a) (Lindenbach
et al., 2005) or sub-genomic Bart79I RNAs (Huh7.5-Bart79I)
(GT1b) harbouring a neomycin-resistant gene (Cho et al.,
2010). Next, we treated the cells with an increasing concen-
tration of vitisin B for 72 h or with 0.5 μM vitisin B for an in-
creasing period of time. Real-time RT-PCR analyses confirmed
dose-dependent and time-dependent block of HCV replica-
tion by vitisin B (EC50 = 0.003 μM, T1/2 = 4.7 h for GT2a;
EC50 = 0.001 μM, T1/2 = 17.9 h for GT1b) (Figure 3A and B).
Vitisin B showed considerably more rapid viral RNA decay ki-
netics than daclatasvir, which is an NS5A inhibitor (Gao et al.,
2010) (T1/2 = 14.8 h for GT2a; 27.6 h for GT1b) (Figure 3C).
nt effect of vitisin B on the levels of NS5A protein was determined
ndance of NS5A protein was assessed by determining the number
rker for cytotoxicity. Experiments were performed in duplicate. B
M vitisin B followed by inoculation with HCVcc for 30 h. The effect
relative level of NS5A-GFP via confocal microscopy. Nuclei were
focal laser scanning microscope. C The dose-dependent effect of
e relative percentages of NS5A-YFP-positive cells via FACS analysis
of vitisin B for 72 h. D The effect of vitisin B on the subcellular lo-
s of NS5A-GFP via confocal microscopic analysis of Huh7.5-Bart79I-
Nuclei were stained in blue with DAPI. The images were obtained
ts 15 μm. E The time-dependent effect of vitisin B on the levels of
5A-YFP-positive cells via FACS analysis of Huh7.5-Bart79I-NS5A-YFP
T1/2 values were determined based on each response curve. F and
of viral proteins, as well as β-action proteins, were determined by
ated with either increasing concentrations of vitisin B for 72 h or



Figure 4
(Continued)
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Collectively, these data suggest that vitisin B is a major active
compound responsible for the inhibition of HCV replication
by the crude GRE.
Vitisin B diminishes the expression levels of
HCV proteins
To determine whether the inhibition of HCV replication by
vitisin B could reduce HCV protein production, we first
plated Huh7.5 cells and incubated them with increasing
concentrations of vitisin B for 2 h, followed by inoculation
with a JFH1 virus expressing an NS5A-GFP fusion protein
(Huh7.5-JFH1-NS5A-GFP cells) (GT2a) (Hwang et al., 2013).
At 72 h post infection, the HCV infection rates were deter-
mined by fully automated confocal microscopic analysis. As
shown in Figure 4A, a dose-dependent reduction in the num-
ber of HCV-replicating cells was observed. The total cell num-
ber was unaffected (EC50 = 0.002 μM and CC50 >30 μM).
Unlike the DMSO-treated control, a significantly reduced
number of GFP-positive cells were evident upon treatment
with 10, 0.1 and 0.002 μM vitisin B (Figure 4B). To confirm
the antiviral activity of vitisin B against other HCV GTs, we
first transfected Huh7.5 cells with sub-genomic Bart79I-
NS5A-YFP RNAs expressing an NS5A-GFP fusion protein
(Huh7.5-Bart79I-NS5A-YFP cells) (GT1b) (Jin et al., 2014).
Next, we treated the cells with increasing concentrations
of vitisin B for 72 h or with 0.5 μM vitisin B for an increasing
period of time. FACS and confocal microscopic analyses
clearly showed a dose-dependent and time-dependent
reduction in YFP-positive cell numbers (EC50 = 0.004 μM
and T1/2 = 35.9 h) (Figures 4C–E). To rule out the possibility
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of an effect of the inserted fluorescent proteins on the ex-
pression of HCV proteins, we assessed the effect of vitisin B
on Huh7.5-J6/JFH1 and Huh7.5-Bart79I cells. A similar
dose-dependent and time-dependent reduction in the ex-
pression levels of viral proteins, including NS3 and NS5A,
200 British Journal of Pharmacology (2016) 173 191–211
was confirmed by Western blot analyses (EC50 = 0.006 μM,
T1/2 = 29.6 h for GT2a; EC50 = 0.006 μM, T1/2 = 25.3 h for
GT1b) (Figures 4F and G). Collectively, these data suggest
that vitisin B can reduce the production of HCV proteins
through its inhibition of viral genome replication.



Figure 5
Identification of NS3 helicase as a potential target for vitisin B. A Selection of vitisin B-resistant HCV mutant variants. Huh7.5-Bart79I cells
harbouring a neomycin-resistant gene were incubated with 1 μM vitisin B for 4 weeks. Five vitisin B-resistant colonies designated M1 to M5, re-
spectively, were propagated. Total RNA was extracted, and viral RNAs were sequenced by RT-PCR analysis. B Location of mutated amino acids
isolated from vitisin B-resistant HCV variants. All of the variant residues conferring resistance to vitisin B were located at the C-terminal NS3
helicase domain. C Five vitisin B-resistant colonies were treated with 1 μM vitisin B for 72 h, and their relative HCV and GAPDH RNA levels were
compared by real-time RT-PCR analysis. D A dose–response curve was determined by measuring the relative HCV and GAPDH RNA levels via
real-time qRT-PCR analysis of either wild-type or vitisin B-resistant M4 cells treated with increasing concentrations of vitisin B for 72 h. EC50 values
were determined based on each response curve. E Coomassie staining and Western blot analysis of a purified recombinant NS3 helicase of 20, 30
and 10 ng. M, protein molecular mass markers in kDa F Recombinant NS3 helicase protein was treated with either DMSO or 2 or 4 μM vitisin B
in vitro, followed by digestion with 0.5 or 1 μg·mL�1 pronase. The remaining amount of recombinant NS3 helicase protein was measured
by Western blot. G The effect of either resveratrol or vitisin B on in vitro NS3 helicase activity was determined by fluorescence intensity
measurement of Cy5-labelled double-stranded DNA at excitation wavelength/emission wavelengths of 650/675 nm at increasing
concentrations of either resveratrol or vitisin B. The IC50 values were determined based on the corresponding response curve. * P < 0.05,
** P < 0.01, significantly different from control.

Vitisin B inhibits HCV replication BJP
Identification of the NS3 helicase as a potential
target for vitisin B
To gain insight into the potential antiviral mechanism of
action of vitisin B, we hypothesized that inhibition of HCV
replication by vitisin B might be due to its targeting one of
the viral proteins. To test this hypothesis, we selected vitisin
B-resistant HCV mutant variants. For this purpose, we
cultured Huh7.5-Bart79I cells harbouring a neomycin-
resistant gene in the presence of 1 μM vitisin B for 4 weeks.
Next, we isolated and propagated five vitisin B-resistant col-
onies designatedM1 toM5 respectively. When total RNAwas
extracted from each of these colonies and the entire HCV
coding region was sequenced, several mutations within the
NS3-encoding and NS5B-encoding regions of HCV were
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identified (Figure 5A). In particular, most of the variant resi-
dues conferring resistance to vitisin B were heavily concen-
trated at the C-terminal NS3 helicase domain, which
consists of amino acids 166 through 631 in the case of the
GT1b HCVNS3 (Figure 5B). Among the five vitisin-B-resistant
variants, M4 containing both the E177G and I249T muta-
tions showed the greatest resistance to the inhibition of
HCVreplication in the presence of 1 μM vitisin B (Figure 5C).
While the replication level of wild-type HCV was reduced to
almost less than 20% upon treatment with 0.004 μM
vitisin B, M4 maintained almost 100% replication even upon
exposure to 10 μM vitisin B (Figure 5D). A more than 2500-
fold difference in the EC50 values between wild-type and M4
variant replicons was observed. Therefore, these data strongly
suggest the NS3 helicase as a potential antiviral target for
vitisin B.
202 British Journal of Pharmacology (2016) 173 191–211
To determine whether vitisin B could interact with the
NS3 helicase directly, we first purified an NS3 helicase recom-
binant protein from bacterial cells, which were transformed
with an NS3 helicase expression vector. Quality of the puri-
fied NS3 helicase was confirmed by Coomassie staining and
Western blot analysis (Figure 5E). Then, we performed a
DARTS assay. In this assay, a drug-free protein is more suscep-
tible to pronase digestion, whereas a drug-bound protein is
more resistant. As shown in Figure 5F, a concentration-
dependent protective effect of the in vitro-purified NS3
helicase against pronase digestion was observed in the pres-
ence of 2 or 4 μM vitisin B. Based on this result, we hypothe-
sized that vitisin B might inhibit the NS3 helicase activity
through its direct binding. To test this hypothesis, we utilized
a recently published GO-based NS3 helicase assay (Jang et al.,
2013). In this assay, when Cy5-labelled double-stranded DNA
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is dissociated into single-stranded DNA by an HCV NS3
helicase, the released Cy5-labelled single-stranded DNA
loses its fluorescent activity through its binding to GO.
Therefore, block of the HCV NS3 helicase by an inhibitor
will lead to restoration of fluorescent activity. As shown in
Figure 5G, vitisin B increased the fluorescence in a dose-
dependent manner at a concentration below its EC50 value
[half maximal inhibitory concentration (IC50) = 0.003 μM],
whereas the negative control resveratrol at up to 10μM did not.

After confirmation of a negative effect of vitisin B on HCV
replication, we wished to examine whether vitisin B affected
any other aspects of the HCV life cycle including entry, as-
sembly and particle production. For an HCV entry
Figure 6
Effects of vitisin B on other aspects of HCV life cycle. A Generation of HC
by using a retroviral system. Expression of a luciferase reporter gene by
absence or presence of the 10 μM of an HCV E2 inhibitor. B Effect of viti
in the presence of increasing concentrations of vitisin B. Luciferase activit
of vitisin B on HCV replication, assembly and particle production. Huh7.5-
centrations of vitisin B for 3, 6, 12, 24, 48 and 72 h. Total RNAs were e
vested at each time point. Naïve Huh7.5 cells were infected with these
cells infected with virus-containing media. qRT-PCR analysis was perform
ticle production. Intracellular EC50 (vitisin B concentration required to re
EC50 values (vitisin B concentration required to reduce the infectious par
fold differences were summarized as a separate table.
experiment, we generated HCVpp coated with E1 and E2 gly-
coproteins by using a retroviral system (McGivern et al.,
2014). We were able to detect expression of a luciferase re-
porter gene by infection of naïve Huh7.5 cells with these
HCVpp (Figure 6A). We also comfirmed that this infection
was potently repressed by a recently discovered HCV E2 entry
inhibitor (Bush et al., 2014) (Figure 6A). However, vitisin B
failed to induce any effect on HCVentry by using HCVpp sys-
tem (Figure 6B). When we studied effects of vitisin B on intra-
cellular viral RNA abundance and assembly/infectious
particle production using Huh7.5-J6/JFH1 cells, we found
that HCV replication and assembly/infectious particle
production were negatively affected by vitisin B in a very
Vpp. HCVpp coated with E1 and E2 glycoproteins were generated
infection of naïve Huh7.5 cells with HCVpp were detected in the
sin B on HCV entry. Naïve Huh7.5 cells were infected with HCVpp
ies were measured to test effect of vitisin B on HCV entry. C Effect
J6/JFH-1 cells were incubated with either DMSO or increasing con-
xtracted from treated cells, and virus-containing media were har-
virus-containing media. Total RNAs were extracted from Huh7.5
ed to measure effect of vitisin B on HCV replication and virus par-
duce the intracellular viral RNA abundance in half) and infectious
ticle production in half) obtained from each time points, and their
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similar manner when they were treated for 24, 48 and 72 h
(Figure 6C). The EC50 differences between suppression of in-
fectious virus release versus viral RNA abundance by vitisin
B at 24, 48 and 72 h all stayed around onefold, which were
0.5909, 0.6250 and 0.7466, respectively. On the other hand,
vitisin B was able to suppress the infectious particle produc-
tion with twofold less concentration (0.0019 μM) than its
EC50 (0.0038 μM) for inhibition of HCV RNA replication
when treated for 12 h. These EC50-fold differences increased
dramatically when vitisin B was used for much shorter pe-
riods of time (11.551 for 6 h and 320.87 for 3 h) (Figure 6C
and table). This suggests that vitisin B has an ability to
Figure 7
Effect of vitisin B on functions of other HCV proteins. A Effect of vitisin B o
tutively expressed by the vaccinia virus-based HCV replicase assembly syste
the NS3 protease inhibitor telaprevir. Western blot analysis was conducted t
B on HCVNS3/4A protease activity. Inhibition of NS3/4A protease activity was
with various concentrations of vitisin B or boceprevir, and the efficacy was de
mean percentages of protease activity by measuring fluorescence intensity. D
subcellular localization of NS5A. Immunofluorescence analysis was conducted
of either DMSO or 1 μM vitisin B in the vaccinia virus-based HCV replicase asse
purified recombinant NS5B polymerase. E. coli cells transformed with an ex
sion of NS5BΔ21 was induced with isopropyl-beta-D-thiogalactopyranosi
analysed by Western blotting (WB) using an antibody against the (His)6-t
the purified NS5BΔ21 (500 ng) by Coomassie blue staining following S
GRE on the NS5B RNA polymerase. NS5B RNA-dependent RNA polymer
GRE–EA, GRE–EA-B or GRE–EA-Bd.
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regulate HCVassembly/production in a negative way, inde-
pendent of its effect on HCV replication.

To rule out the possibility of the negative regulation of
HCV NS3/4A protease activity by vitisin B, we utilized the
vaccinia virus-based HCV replicase assembly system (Elazar
et al., 2003). In this system, individual viral proteins are con-
stitutively expressed due to continuous transcription of HCV
genomes by a T7 RNA polymerase (Elazar et al., 2003). We
failed to find any effect of vitisin B on the expression levels
of NS3 protein at up to 10 μM, whereas an NS3/4A protease
inhibitor, telaprevir, completely abolished its expression
(Figure 7A). In a fluorometric in vitro HCV NS3/4A protease
n viral polyprotein processing. Individual viral proteins were consti-
m in the presence of increasing concentrations of either vitisin B or
o determine the expression levels of NS3 and β-actin. B Effect of vitisin
determined by fluorometric readout. The viral protease was pretreated
termined as described in the Methods. The data are presented as the
ata were normalized to the DMSO control. C Effect of vitisin B on the
to examine the subcellular localization of NS5A protein in the presence
mbly system. D Coomassie blue staining and Western blot analysis of a
pression vector for NS5BΔ21 were grown at 37°C, and overexpres-
de (IPTG) in log phase for 16h at 25°C. Total cellular lysates were
ag fused to the N-terminus of HCV NS5B protein. Visualization of
DS-PAGE. M, protein molecular mass markers in kDa E Effect of
ase activity was measured in the presence of either mock, DMSO,
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assay, no anti-NS3 protease activity was detected following
incubation in the presence of vitisin B at up to 100 μM
(Figure 7B). These data suggest that vitisin B does not affect
polyprotein cleavage by the NS3/4A protease. In addition,
we found no significant effect of vitisin B on the subcellular
localization of NS5A in relationship with ER marker protein,
calnexin, in the vaccinia virus-based HCVreplicase assembly
system (Elazar et al., 2003) (Figure 7C). In order to test poten-
tial effects of vitisin B on enzymatic activity of HCV RNA po-
lymerase, we first obtained a bacterially purified NS5B
protein and confirmed its quality by coomassie staining
and western blot analysis (Figure 7D). Then, we measured
the RNA polymerase activity in the presence of various
subfractions of GRE. We found that RNA-dependent RNA po-
lymerase activity of NS5B was unaltered by GRE treatment
(Figure 7E). Based on these results, we concluded that vitisin
B could inhibit HCV replication by specifically targeting an
NS3 helicase activity.

Induction of haem oxygenase-1 (HO-1) has been shown
to play an important role in suppression of HCV replication
through activation of the IFN pathway and subsequent inhi-
bition of HCV NS3/4A (Wuestenberg et al., 2014) because
transcriptional activation of HO-1 is mediated by stabiliza-
tion and binding of Nrf2 to HO-1 promoter region. We used
Nrf2 reporter system to see if vitisin B has any effect on
Figure 8
Pharmacokinetic study of vitisin B A Mean amount of vitisin B recovered f
60min (n = 5) and 480min (n = 5) after i.p. injection of vitisin B at a
pro-inflammatory cytokines. Serum from a vitisin B-treated rat (10mg·k
tration of TNF and IL-6 were measured using ELISA kits.
Nrf2-dependent transcriptional activation. As shown in
Supporting Information Fig. S1d, we did not see any effect
of vitisin B on transcriptional activation by Nrf2. Based on
this result, we concluded that induction of HO-1 does not
play any role in inhibition of HCV replication by vitisin B.
Tissue distribution of vitisin B after i.p.
injection
In a preliminary study, we observed almost no peaks for
vitisin B at all blood sampling times after oral administration
of up to 250mg·kg�1 of vitisin B to rats (Choi et al., 2015). Af-
ter i.p. injection of vitisin B at doses of 5, 10 and 25mg·kg�1,
Tmax was reached after 240–360min, suggesting continuous
absorption of vitisin B from the peritoneal cavity into the sys-
temic circulation. Furthermore, the bioavailability after i.p.
dosing (10mg·kg�1) was high, 80.9%, indicating that i.p. in-
jection may be a favourable route of administration to obtain
high exposure of vitisin B in plasma, relative to oral adminis-
tration (Choi et al., 2015). Thus, in the tissue distribution
study, vitisin B was injected i.p. Figure 8A shows the quantita-
tive tissue distribution of vitisin B at 60 and 480min after i.p.
injection at a dose of 10mg·kg�1. The amounts of vitisin B re-
covered from each tissue (μg·mL�1 for plasma or μg·g�1 for
other tissues) were determined. Compared with the
rom each tissue (ng·mL�1 for plasma or ng·g�1 for other tissues) at
dose of 10mg·kg�1 to rats. B Effects of vitisin B on induction of
g�1) after 1 h (n = 4) and 8 h (n = 4) was collected. Serum concen-
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corresponding plasma concentrations of vitisin B, only the
liver exhibited extremely high distributions. of the seven
tested tissues, in which the liver-to-plasma ratios were over
1. The calculated liver-to-plasma ratios at 60 and 480min
were 2.48 ± 1.54 and 2.77 ± 0.47 respectively. These suggest
that the hepatic concentrations of vitisin B were higher than
those plasma levels. The distributions of vitisin B in lung and
spleen were all lower than those in plasma at 60min. How-
ever, the corresponding concentrations in lung and spleen
of vitisin B were higher than those in the plasma with corre-
sponding tissue-to-plasma ratios of 1.44 ± 0.46 and 1.72 ±
0.51 at 480min. Trace amounts of vitisin B were found in
brain, fat, heart and kidney in both times. In order to maxi-
mize the therapeutic potential of vitisin B, we wished to see
if treatment of vitisin B causes any acute adverse response,
which is usually manifested by rapid induction of pro-
inflammatory cytokines. We decided to examine whether
pro-inflammatory cytokines such as TNF-α and IL-6 are in-
duced after i.p. injection of vitisin B (10mg·kg�1) into rats.
As shown in Figure 8B, we did not see any significant increase
in the plasma levels of either TNF-α or IL-6 by i.p. administra-
tion of vitisin B.
Discussion and conclusion
Analysis of resistant HCV variants strongly suggested the NS3
helicase as a potential target for vitisin B (Figure 5A and B).
Consistent with this hypothesis, we confirmed direct binding
of vitisin B with a purified HCV NS3 helicase in vitro using a
DARTS assay (Figure 5F). Interestingly, the same DARTS meth-
odology was also applied to identify eIF4A (eukaryotic
translation initiation factor 4A), which is a DEAD-box RNA
helicase, as a direct host target for resveratrol (Lomenick
et al., 2009). This host RNA helicase plays an essential role
in the translation initiation process in eukaryotic cells.
Resveratrol was shown to inhibit specifically the host cell
translation catalysed by eIF4A, whereas translation from the
eIF4A-independent HCV IRES was unaffected (Lomenick
et al., 2009). In addition, highly conserved homology be-
tween eIF4A and HCV NS3 helicase was also reported (Du
et al., 2002). Therefore, it is tempting to speculate that
oligostilbene compounds may have evolved to protect the
grapevine against plant pathogens by inhibiting a specific
member of non-plant helicase family proteins. Particularly,
the resveratrol tetramer vitisin B may have evolved to in-
crease its substrate specificity for a viral helicase. However,
to our knowledge, this hypothesis has never been tested or
reported in the literature.

The HCV helicase can strip RNA-binding proteins from vi-
ral RNA, assist translation or contribute to coordination of
translation and polyprotein processing. The NS3 helicase is
a Y-shaped protein composed of three domains. Domains 1
and 2 are RecA-like domains. The ATP-binding site is located
between domains 1 and 2. Oligonucleotides are thought to
be located between two RecA-like domains and domain 3.
Adaptive mutations in HCV replicons frequently arise in the
helicase region (Grobler et al., 2003). Vitisin B-resistant HCV
variants from the Bart79I replicon possess E177G and I249T
mutations (Figure 5A). Because both of these residues are
206 British Journal of Pharmacology (2016) 173 191–211
located in close proximity to the ATP binding site, there is
the possibility of inhibiting NS3 helicase activity by compet-
ing with its natural substrate, ATP. Considering its relatively
bulky structure with a molecular weight of 906, direct bind-
ing of vitisin B to the active site of the NS3 helicase seems un-
likely. Both E177 and I249 residues are located in domain 1 of
the HCV NS3 helicase (Frick, 2006). The residue E177 is a part
of the α-helical structure. Because I249 is located in very close
proximity to the ATP-binding site (distance of 10–20 Å), this
residue may play a role in loading ATP onto the NS3 helicase
active site. Vitisin B might interfere with this ATP loading pro-
cess by I249, leading to inhibition of NS3 helicase activity.
I249T substitution may decrease the affinity of vitisin B for
the NS3 helicase due to its lower hydrophobicity than isoleu-
cine.We are now testing the possibility of suppressing ATP hy-
drolysis of NS3 helicase by vitisin B. In addition, we are
engaged in generating HCV variants containing either the
E177G or I249T mutation to evaluate the effect of substituted
amino acids on alleviating the inhibition of HCV replication
by vitisin B. It would be of great interest to determine which
mutation affects the binding of vitisin B to the NS3 helicase
by using recombinant NS3 helicase protein containing either
the E177G or I249T mutation.

One of the best characterized NS5A inhibitors, daclatasvir,
was recently shown to inhibit both viral RNA replication and
assembly (McGivern et al., 2014). In this paper, they studied
kinetics of antiviral suppression by different classes of DAAs
including NS3 protease and NS5A and NS5B polymerase
inhibitors. They found that there were no difference in the ki-
netics of suppression of viral RNA abundance and infectious
particle production by the NS5B polymerase inhibitor regard-
less of periods of incubation times, suggesting that most of its
anti-HCVactivity comes from direct inhibition of HCV RNA
replication. However, NS5A inhibitors showed marked dis-
parity in the kinetics of suppression of infectious virus release
versus viral RNA abundance at early time point (12 h), sug-
gesting that NS5A inhibitors may block viral assembly. When
we employed the same strategy to study effect of vitisin B on
viral assembly as well as replication, we found that vitisin B
exerted a dramatic negative effect on viral replication, assem-
bly as well as secretion (Figure 6A–C). Especially, vitisin B also
showed severe disparity in the kinetics of suppression of in-
fectious virus release versus viral RNA abundance at early
time points (3, 6 and 12 h) (Figure 6C and table). This
negative regulation of secretion by vitisin B seems to be a
combined consequence of its inhibitory activity against both
HCV replication and assembly as the NS3 protease/helicase
was shown to have a dual role in both HCVreplication and as-
sembly by other groups (Ma et al., 2008; Kohlway et al., 2014;
McGivern et al., 2015). Therefore, we expect that targeting
NS3 helicase by vitisin B will be a much better strategy to
combat HCV infection, compared with targeting NS5B poly-
merase, by attacking multiple stages of the HCV life cycle,
which are mediated by a common NS3 helicase activity.

Grapevines are one of the best known plants in the genus
Vitis and are widely distributed worldwide. Various stilbene
compounds (oligomers of resveratrol) have been found in
grapevines. In particular, the inedible parts (root and stems)
of the grapevine have been used as traditional medicines in
Asian countries. Resveratrol tetramers, including vitisin A,
wilsonol C and vitisin B, were reported to be enriched in these
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parts. Several biological activities for vitisins A and B have
been described to date. These include suppression of
lipopolysaccharide-induced NO production (Mi Jeong et al.,
2009), blockade of cell migration and enhancement of cell
adhesiveness (Ong et al., 2011), blockade of adipocyte differ-
entiation (Kim et al., 2008), regulation of myocyteapoptosis
(Seya et al., 2009), inhibition of osteoclast differentiation (Chiou
et al., 2014), prevention of bone loss (Huang et al., 2013) and in-
hibition of the 3-hydroxy-3-methylglutaryl-CoA enzyme (Koo
et al., 2008). To explain these diverse pharmacological properties
of vitisins A andB, variousmodes of actionhave been suggested.
These include inhibition of ERK, p38 and NF-κB activation (Mi
Jeong et al., 2009), cell cycle arrest (Kim et al., 2008), inhibition
of platelet-derived growth factor signalling (Ong et al., 2011)
and suppression of NF of activated T-cells, cytoplasmic 1 activa-
tion (Chiou et al., 2014). However, all of these biological activi-
ties of vitisins A and B were observed only at concentrations
considerably higher than 10μM in cell culture condition. None
of these reports described biological activity of either vitisin A or
vitisin B at sub-micromolar concentrations.We also failed to de-
tect an inhibitory effect of vitisin B on either ERK or p38 kinase
at concentrations that inhibit HCV replication (data not
shown). Therefore, we do not believe that all of the biological
activities described earlier for vitisins A or B play a significant
role in their suppression of HCVreplication.

Because of its numerous health-related beneficial proper-
ties, including the prevention of several cancers and inflam-
matory diseases, resveratrol may be one of the most
extensively investigated polyphenol compounds isolated
from natural plants (Santos et al., 2011). Its superior antioxi-
dant capacity has been described as one of the main mecha-
nisms underlying its many desirable biological properties
(Udenigwe et al., 2008). However, most of these favourable
in vitro activities of resveratrol have failed to translate into
the expected clinical outcome due to its poor physicochemi-
cal characteristics, including low stability, increased oxida-
tion on heat and light exposure, low water solubility and
high hepatic metabolism (Santos et al., 2011; Walle, 2011).
Therefore, its oral bioavailability is usually less than 1%. In
addition, considering its relatively high EC50 (usually around
50 μM) needed to exhibit its biological activities, it would be
extremely difficult to saturate the target tissue with such a
high concentration of resveratrol in vivo. However, resveratrol
has shown very high levels of oral absorption, hepatic uptake
and volume of distribution, particularly in hepatic tissue. Al-
though no pharmacokinetic data for vitisin B are at present
available, its 8000-fold lower EC50 value (0.006 μM) for the
suppression of HCV replication in vitro compared with that
of resveratrol might underlie its antiviral efficacy in vivo. Be-
cause the liver is a major organ for HCV replication, a
favourable pharmacokinetic property of vitisin B strongly
supports explicit consideration of liver exposure for vitisin B
through this route (Figure 8A). We also confirmed that there
was no acute adverse response to treatment of vitisin B in-
cluding up-regulation of pro-inflammatory cytokines such
as TNF-α and IL-6 (Figure 8B). We are currently engaged in in-
vestigating an in vivo efficacy of vitisin B using various HCV
animal models to determine its feasibility as a therapeutic
agent against HCV infection.

By using an unbiased cell-based screening system, one
group of researchers was able to identify pterostilbene as a
potent HCV inhibitor (Gastaminza et al., 2010). Its structural
similarity to our oligostilbene compound, vitisin B, implies a
possibility of existence of common antiviral mechanism of
actions shared by these two molecules. However,
pterostilbene was shown to implement its antiviral actions
by inhibiting infectious particle assembly as well as secretion
without affecting viral replication (Gastaminza et al., 2010).
This suggests that vitisin B may have a distinct mode of
action against HCV replication, regardless of its structural
relatedness to pterostilbene.

Regarding its effect on viruses, resveratrol was reported to
inhibit the replication of several major viruses including
CMV (Evers et al., 2004), varicella zoster (Docherty et al.,
2006), influenza A (Palamara et al., 2005) and herpes simplex
virus (HSV) (Faith et al., 2006). Negative effect of resveratrol
on CMV infection involves block of virus-induced activation
of the EGF receptor and PI3-kinase signal transduction as well
as NF-κB and Sp1 transcription factor activation (Evers et al.,
2004). On the other hand, blockade of the nuclear-
cytoplasmic translocation of influenza virus ribonucleopro-
teins was shown to play a role in suppression of influenza A
replication by resveratrol (Palamara et al., 2005). Inhibition
of HSV-induced activation of NF-κB by resveratrol was also re-
ported to impair expression of essential immediate–early,
early and late HSV genes and synthesis of viral DNA (Faith
et al., 2006). In addition, natural stilbenoids isolated from
grapevines, including ampelopsin A and vitisin B, exhibit in-
hibitory effects against HIV-1 integrase (Pflieger et al., 2013).
Interestingly, one study described a positive effect of resvera-
trol on HCV replication (Nakamura et al., 2010). In this re-
port, there was an approximately fourfold increase in
luciferase reporter gene activity from the O strain of GT1b
HCVupon treatment with 10 μM resveratrol. Based on this re-
sult, the authors recommended against consumption of
resveratrol-containing red wine by HCV patients. However,
we found no significant effects of up to 20 μM resveratrol on
HCV replication in our experiments using either J6/JFH1
(GT2a) or Bart79I (GT1b) replicon cells (data not shown). Al-
though we do not know the exact reason for this discrepancy,
the difference in HCV strains used in the experiments (O and
Con1 strains of GT1b HCV) may have played a role. When we
performed the sequence alignment analysis of NS3 regions
between Con1 and Japan O, we were able to detect many dif-
ferent amino acid residues of NS3 between Con1 isolates of
GT1b and Japan O. Especially, we noticed that isoleucine at
249 position was changed into valine in the case of NS3 of
Japan O. Because I249Tsubstitution played an important role
in development of resistance to vitisin B according to our data
(Figure 5A–D), we speculate that this I249V amino acid
change may contribute to development of resistance to
vitisin B by JapanO isolate. This hypothesis needs to be tested
in the further study.

In spite of superior biological properties of vitisin B in-
cluding a nanomolar antiviral potency, a novel mechanism
of action targeting the NS3 helicase, and a preferential deliv-
ery into liver, there are many hurdles to be overcome in order
to develop vitisin B as an anti-HCV therapeutic agent. First,
due to its complicated chemical structure, it will be very hard
to produce vitisin B in large quantities by chemical synthesis.
Therefore, we may need to rely on purification of vitisin B
from grapevine roots, and this may be a very challenging task.
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Second, it is well known that polyphenolic compounds are
chemically unstable. Vitisin B does not seem to be an excep-
tion to this. We noticed a change of colour in vitisin B when
exposed to a room temperature for a long period of time. We
may need to perform chemical modifications to increase its
stability. Third, due to its relatively large molecular size,
vitisin B is not able to penetrate the gastrointestinal tract. Be-
cause most of HCV therapeutic agents are already developed
as orally available forms, it would be less attractive to develop
vitisin B derivatives as non-oral drugs.

In conclusion, we identified the crude GRE as a potent
HCV inhibitor from a plant extract library. We determined
which extract had the maximal antiviral activity and
minimal cytotoxicity, and identified the chemical structures
of active compounds within the GRE–EA-Bd. We identified
vitisin B to have the greatest activity against HCVreplication.
Finally, direct binding to and inhibition of HCV NS3 helicase
by vitisin B may play an important role in its superior
suppression of HCV replication. The current work provides a
molecular basis for the development of a new class of plant
extract inhibitors targeting HCV replication. In spite of its
essential role in the life cycle of HCV, understanding of the
detailed molecular mechanisms underlying NS3 helicase-
induced unwinding of duplex RNA intermediates and its sig-
nificance in overall HCV RNA replication is still lacking. We
believe that this newly identified potent NS3 helicase inhibi-
tor will facilitate elucidation of these unknown molecular
functions of the HCV NS3 helicase.
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Figure S1 (A) Grapevine root extract (GRE) inhibits HCVrep-
lication. (A) Three hundred and forty-four ethanol extracts
from an Asian herbal plant library were prepared, and their ef-
fects on HCV replication were evaluated using Rluc-J6/JFH1
RNA-transfected Huh7.5 cells at 10 μg/ml for 72 h. Their ef-
fects on cell viability were measured in parallel using an
MTT-based cytotoxicity assay. The y-axis indicates the relative
percentage cell viability divided by relative HCVreplication as
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measured by Renilla luciferase activity. (B) Dose-dependent ef-
fects of GRE on HCV replication and cell viability. A dose-re-
sponse curve was determined by measuring the relative
luciferase activities and cell viabilities in Rluc-J6/JFH1 RNA-
transfected Huh7.5 cells treated with increasing concentrations
of GRE for 72 h. EC50 and CC50 are the mean 50% effective and
cytotoxic concentrations, respectively. (C) Fractionation of GRE
and EC50 and CC50 values in each GRE fractions. Dose-response
curves for each GRE fraction were determined by measuring
relative luciferase activities and cell viabilities of Rluc-J6/JFH1
RNA-transfectedHuh7.5 cells treatedwith increasing concentra-
tions of each GRE fraction for 72 h. (D) Effect of vitisin B on
Nrf2-dependent transactivation. Nrf2 reporter plasmid was
transfected into Huh7.5 cells. Transfected cells were plated onto
a white 96-well plate (Costar 3610) and supplemented with
DMSO or 100 pM, 1 nM, 10 nM, 100 nM, 1 μM, and 10 μM of
vitisin B. At 48 hr after incubation, firefly luciferase activities
were measured by using a luciferase reagent.
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