
Antiviral Research 98 (2013) 44–53
Contents lists available at SciVerse ScienceDirect

Antiviral Research

journal homepage: www.elsevier .com/locate /ant iv i ra l
Oleanolic acid and ursolic acid: Novel hepatitis C virus antivirals that
inhibit NS5B activity
0166-3542/$ - see front matter � 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.antiviral.2013.02.003

⇑ Corresponding authors. Tel.: +86 8791 83813459; fax: +86 8791 3828080 (L.
Kong), tel.: +1515 203 9457; fax: +1515 203 9457 (S. Li).

E-mail addresses: lingbaok@hotmail.com (L. Kong), shanshanyxl@hotmail.com
(S. Li), 6250831@qq.com (Q. Liao), zhang-yn99@hotmail.com (Y. Zhang), sunruina2009
@163.com (R. Sun), Xdzhu815@yahoo.com.cn (X. Zhu), Zqh_net@163.com (Q. Zhang),
1807873529@qq.com (J. Wang), wuxiaoyu58@yahoo.com.cn (X. Wu), fxiaonan2004@
yahoo.com.cn (X. Fang), yingzhu@whu.edu.cn (Y. Zhu).

1 These authors contributed equally.
Lingbao Kong a,⇑,1, Shanshan Li b,⇑,1, Qingjiao Liao c, Yanni Zhang a, Ruina Sun a, Xiangdong Zhu a,
Qinghua Zhang a, Jun Wang a, Xiaoyu Wu a, Xiaonan Fang d, Ying Zhu e

a College of Bioscience and Engineering, Jiangxi Agricultural University, Nanchang, Jiangxi 330045, China
b Department of Plant Pathology and Microbiology, Iowa State University, Ames, Iowa, IA 50011, USA
c State Key Laboratory of Virology, Wuhan Institute of Virology, Chinese Academic of Sciences, Wuhan, Hubei 430071, China
d Department of Immunology and Pathogen Biology, Tongji University School of Medicine, Shanghai 200092, China
e State Key Laboratory of Virology, College of Life Sciences, Wuhan University, Wuhan, Hubei 430072, China

a r t i c l e i n f o
Article history:
Received 29 October 2012
Revised 10 January 2013
Accepted 8 February 2013
Available online 16 February 2013

Keywords:
HCV
NS5B
Oleanolic acid
Ursolic acid
Antivirals
a b s t r a c t

Hepatitis C virus (HCV) infects up to 170 million people worldwide and causes significant morbidity and
mortality. Unfortunately, current therapy is only curative in approximately 50% of HCV patients and has
adverse side effects, which warrants the need to develop novel and effective antivirals against HCV. We
have previously reported that the Chinese herb Fructus Ligustri Lucidi (FLL) directly inhibited HCV NS5B
RNA-dependent RNA polymerase (RdRp) activity (Kong et al., 2007). In this study, we found that the
FLL aqueous extract strongly suppressed HCV replication. Further high-performance liquid chromatogra-
phy (HPLC) analysis combined with inhibitory assays indicates that oleanolic acid and ursolic acid are
two antiviral components within FLL aqueous extract that significantly suppressed the replication of
HCV genotype 1b replicon and HCV genotype 2a JFH1 virus. Moreover, oleanolic acid and ursolic acid
exhibited anti-HCV activity at least partly through suppressing HCV NS5B RdRp activity as noncompet-
itive inhibitors. Therefore, our results for the first time demonstrated that natural products oleanolic acid
and ursolic acid could be used as potential HCV antivirals that can be applied to clinic trials either as
monotherapy or in combination with other HCV antivirals.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

HCV infection is a serious worldwide problem that affects about
3% of the global population (Ip et al., 2012). Among those infected,
approximately 20–30% develops liver disease, such as chronic hep-
atitis, liver cirrhosis, or hepatocellular carcinoma. Current stan-
dard-of-care treatment consists of a combination of pegylated
interferon-a (IFN-a) with ribavirin, which eradicates viruses in
about 80% patients infected with HCV genotypes 2 or 3 (Ip et al.,
2012; Liang et al., 2000; Zeuzem, 2008). However, only less than
50% of patients infected with HCV genotype 1 have been reported
to successfully sustain an antiviral response, and most chronically
infected patients remain untreated (Zeuzem, 2008). In 2011, two
oral protease inhibitors, boceprevir and telaprevir, were approved
by the US Food and Drug Administration (FDA) and applied to clin-
ical treatment in combination with pegylated IFN and ribavirin.
Although this combined therapy has significant improvements in
viral eradication rates, these drugs induce adverse side effects
and have reduced efficacy in patients who do not respond to stan-
dard-of-care treatment (Ip et al., 2012). Therefore, there is an ur-
gent need for developing novel, more efficacious and safer anti-
HCV drugs.

HCV is a positive-sense RNA virus of the family Flaviviridae with
six major natural occurring genotypes (Lindenbach et al., 2005). Its
genome consists of a 50 untranslated region (UTR), a single open
reading frame of �9000 nucleotides in length and a short 30UTR.
The ORF encodes a single polyprotein that is cleaved by host and
viral proteases into at least 10 mature viral proteins with the fol-
lowing order: NH2-C-E1-E2-p7-NS2-NS3-NS4A-NS4B-NS5A-NS5B-
COOH (Lindenbach and Rice, 2005). Among these viral proteins,
NS5B is a RNA-dependent RNA polymerase (RdRp), a central en-
zyme in HCV RNA replication, and thus represents an attractive
target for antiviral development (Behrens et al., 1996). Due to lack
of robust infectious HCV cell culture system, for a long period only
HCV replicon system was available for screening anti-HCV drugs
until 2005 when three individual groups reported production of
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infectious HCV particles in cell culture from HCV genotype 2a (Lin-
denbach et al., 2005; Wakita et al., 2005; Zhong et al., 2005). This
HCV infection cell culture system makes it feasible to identify
and develop novel antiviral drugs.

The traditional Chinese medicine, Fructus Ligustri Lucidi (FLL), is
the dried ripen fruit of Ligustrum lucidum Ait and has been used as
hepatoprotective agents for centuries (Committee of National
Pharmacopoeia, 2000). We have previously reported that the aque-
ous FLL extract inhibits both the in vitro and intracellular HCV
NS5B RdRp activity (Kong et al., 2007). However, little is known
about whether the FLL aqueous extract has inhibitory effects on
HCV replication as well as the active components that confer these
inhibitory effects. In this study, we demonstrated that the FLL
aqueous extract had strong anti-HCV activity and identified olean-
olic acid and ursolic acid as the active components. Moreover, ole-
anolic acid and ursolic acid inhibited HCV replication at least partly
through directly targeting HCV NS5B RdRp activity.
2. Materials and methods

2.1. Cells and plasmids

HepG2 cell line was obtained from China Centre for Type Cul-
ture Collection (Wuhan, China). Huh-7.5.1 cell line was kindly pro-
vided by Dr. Francis V. Chisari (The Scripps Research Institute, USA)
(Zhong et al., 2005). 9–13 cell line harbouring a replicating HCV
non-structural region with the use of the NS3-NS5B gene regions
from the genotype 1b Con1 strain was kindly provided by Dr. Ralf
Bartenschlager (University of Heidelberg, Germany) (Frese et al.,
2002). Plasmid pJFH1 that contains the full-length HCV genotype
2a JFH1 strain cDNA was kindly provided by Dr. Takaji Wakita (Na-
tional Institute of Infectious Diseases, Japan) (Wakita et al., 2005).
The luciferase reporter plasmid pcDNA-(�)luc-(�)IRES for analyz-
ing intracellular NS5B activity, and HepG2-5B cells that stably ex-
press wild-type HCV genotype 1a NS5B (derived from pBRTM/
HCV1-3011 plasmid carrying full length ORF of HCV genotype 1a
H strain) have been previously constructed (Kong et al., 2007).
The JFH1 NS5B expression plasmids were constructed by inserting
truncated NS5B sequence lacking the C-terminal 21 amino acids
(NS5BD21, to ensure its solubility in Escherichia coli BL21 (DE3))
or full length NS5B sequence from plasmid pJFH1 into the pET–
His and pcDNA3.1(�) vector, respectively. The primers used are
listed in Supplementary Table 1. All hepatic cells used in this study
were maintained at 37 �C in Dulbecco’s modified Eagle’s medium
(DMEM) (Gibco-BRL, USA), supplemented with 10% heat-inacti-
vated fetal bovine serum (Hyclone) in a 5% CO2/95% air humidified
atmosphere. Cells that stably express NS5B were maintained in a
similar medium with 200 lg/ml G418.
2.2. Preparation and isolation of FLL extract

Fructus Ligustri Lucidi (FLL) used in this study was purchased
from Jiangxi Nanhua Medical and Pharmaceutical Co., Ltd (Nan-
chang, China). The aqueous FLL extract was prepared as described
previously (Kong et al., 2007). The prepared aqueous FLL extract
was then extracted with ethyl acetate for five times. Ethyl ace-
tate-extracted fraction was then chromatographed on a silica gel
TLC plate (Merck, Germany) and developed with a solvent mixture
of chloroform: methanol in the ratio 18.5:1.5 (v/v). Five fractions
named as fractions 1–5 were collected using ethyl acetate. These
collected fractions were lyophilized using a Freeze Drier (Labconco,
USA) and stored at �70 �C. Each lyophilized fraction was dissolved
in DMEM with 2% dimethyl sulfoxide (DMSO, Sigma) immediately
prior to the assays.
2.3. Other reagents

Oleanolic acid, ursolic acid and salidroside were purchased from
National Institutes for Food and Drug Control (Beijing, China). Lig-
ustroflavone and quercetin were purchased from Chengdu Mansite
Bio-technology Co, Ltd (Chengdu, China). All these compounds
were purchased with a purity P98%. Oral oleanolic acid medica-
tion Qindunguosuanpian (China Drug Approval No. H20003499,
the net content of oleanolic acid �26%) and oral ursolic acid med-
ication Taizhian (China Drug Approval No. Z20000115, the net con-
tent of ursolic acid �11%) were purchased from Hunan Jiuzhitang
Co, Ltd (Changsha, China) and China Resources Sanjiu Medical
and Pharmaceutical Co., Ltd (Shenzhen, China), respectively. Riba-
virin was purchased from Sigma–Aldrich (St. Louis, USA). Recombi-
nant Human Interferon alfa-2b (IFNa-2b) was purchased from
Anke-Bio (Hefei, China). Recombinant Human Interferon-gamma
(IFN-c) was purchased from ProSPec (East Brunswick, USA). The
inhibitor of HCV NS5B RNA polymerase, 20-O-Me-CTP, was pur-
chased from Trilink (San Diego, USA). The inhibitors of HCV NS3/
4A protease, ITMN-191 and MK-7009, were purchased from Axon
Medchem BV (Groningen, Netherlands) and Merck (Whitehouse
Station, USA), respectively. Each reagent was dissolved in DMEM
with 2% DMSO during the assays.

2.4. Determination of antiviral activity in the JFH1 infection model

Plasmid pJFH1, containing the full-length cDNA of the HCV
genotype 2a JFH1 isolate, was used to generate infectious HCV par-
ticles in Huh7.5.1 cell culture as described previously (Zhong et al.,
2005). Cell culture media collected at day 10 posttransfection were
centrifuged and passed through a 0.22 lm filter. The cell-free med-
ia were used as HCV JFH1 stocks, which were then aliquoted and
stored at �80 �C.

Huh-7.5.1 cells were seeded in 24-well plates at a density of
3 � 104 cells/well one day before infection and then inoculated
with 100 ll JFH1 virus. At 6 h postinfection, JFH1-infected cells
were washed with fresh medium, treated with increasing concen-
trations of the tested reagents, and cultured for 2 days. The cells
were harvested and divided into two equal groups. The first group
was used to determine the intracellular viral RNA levels by real-
time RT-PCR with HCV-specific RT primers (Supplementary Table 1)
(Wu et al., 2011). The viral RNA levels were normalized to GAPDH
RNA levels. The second group was used to determine HCV Core
protein levels by Western blot using antibodies against HCV Core
protein (C7-50, Abcam) and GAPDH (Thermo) as described previ-
ously (Wu et al., 2011).

2.5. Determination of antiviral activity in the HCV genotype 1b
replicon model

9–13 cells were treated with increasing concentrations of the
tested reagents, and cultured for 2 days. The cells were harvested
and divided into two equal groups. The first group was used to
determine the intracellular viral RNA levels by real-time RT-PCR
with HCV genotype 1b NS5A and GAPDH specific primers as de-
scribed previously (Hou et al., 2010) (Supplementary Table 1).
The viral RNA levels were normalized to GAPDH RNA levels. The
second group was used to determine HCV NS5A protein levels by
Western blot using antibodies against HCV NS5A protein (Virogen)
and GAPDH (Thermo) as described previously (Hou et al., 2010).

2.6. Cytotoxicity assays

The cytotoxic effects of tested reagents were measure by a MTT
cell viability assay as described previously (Kong et al., 2007). The



46 L. Kong et al. / Antiviral Research 98 (2013) 44–53
reagent-untreated cells were assayed as controls (designated as
100% viability). All experiments were conducted in triplicate.
2.7. Luciferase reporter assay to determine intracellular NS5B activity

The inhibitory effects of tested reagents on intracellular NS5B
activity was determined by a luciferase reporter assay as described
previously (Kong et al., 2007). In brief, the reporter plasmid
pcDNA-(�)luc-(�)IRES was digested with PstI. The digested large
fragment (designated CLI), containing a CMV immediate-early pro-
moter, a reverse luciferase gene followed by a cDNA copy of 30 ter-
minal region of the minus HCV RNA (complementary to the HCV 50

UTR), was used for transfection. The HCV NS5B expressing cells,
HepG2-5B cells stably expressing HCV genotype 1a NS5B or
Huh7.5.1 cells transiently expressing HCV genotype 2a JFH1
NS5B, were co-transfected with CLI and pRL-CMV (used for nor-
malization). Following incubation at 37 �C for 6 h, the medium
was replaced by maintenance medium with different concentra-
tions of the tested reagents. Cells were grown in the presence of
the tested reagents for 2 days with daily medium exchanged, and
were subsequently lysed with the Passive Lysis Buffer (Promega).
Cell lysates were analyzed using the Dual-luciferase Reporter As-
say system kit (Promega) according to the manufacturer’s instruc-
tions. The firefly luciferase activity was normalized by referring to
Renilla luciferase activity. All experiments were performed in
triplicate.
2.8. Assessment of inhibitory effects of reagents on in vitro NS5B
activity

The inhibitory effects of the tested reagents on in vitro NS5B
activity was determined by NS5B-catalyzed RNA synthesis assay
as described previously (Kong et al., 2007). Purified HCV genotype
1a NS5B protein and HCV (�) 30 T RNA template were obtained as
described previously (Ye et al., 2005). The hexahistidine-tagged
HCV genotype 2a NS5B derived from JFH1 strain was expressed
in Escherichia coli BL21 (DE3) and purified as described previously
(Supplementary Fig. 1) (Ye et al., 2005). The tested reagents were
added at a variety of concentrations in 50 ll reaction mixture con-
sisting of 20 mM HEPES (pH 8.0), 1.5 mM MnCl2, 100 mM ammo-
nium acetate, 1 mM DTT, 500 lM GTP, 250 lM each of CTP, ATP
and UTP, 40U of RNasin (Biostar, Canada), 2 lg/ml HCV (�) 30 T
RNA template and 300 ng purified NS5B protein. 2 lg 20-O-Me-
CTP was also tested as a positive control for inhibiting NS5B-cata-
lyzed RNA synthesis. After 2 h at 30 �C, the reaction was stopped by
100 mM EDTA. The RNA products were extracted and subjected to
Northern blot analysis as described previously (Kong et al., 2007).
2.9. Assessment of inhibitory mode of reagents on in vitro NS5B
activity

To determine the mode of inhibition of NS5B polymerization
activity by oleanolic acid and ursolic acid, the compounds were
tested at a variety of concentrations (0–2.5 lg) in a final volume
of 50 ll of reaction mixture consisting of 20 mM Tris–HCl
(pH7.5), 5 mM MgCl2, 1 mM DTT, 50 mM NaCl, 300 ng of purified
NS5B enzyme, 400 ng of poly(rA)/oligo(dT)15 (Invitrogen), various
concentrations (5–45 lM) of nonradioactive UTP, and 0.1–0.9 lCi
of a-32P-labeled UTP (3000 Ci/mmol, H-Y Biological, China). Reac-
tions proceeded for 1 h at RT and were quenched by 100 mM EDTA.
Radiolabelled RNA products were quantified using a liquid scintil-
lation counter (Wallac 1450 MicroBeta TriLux; PerkinElmer Life
Sciences) as previously described (Wang et al., 2003).
2.10. Analytical HPLC analysis

The five isolated FLL fractions, oleanolic acid, ursolic acid, sali-
droside, ligustroflavone and quercetin were analyzed by Waters
Alliance 2690 HPLC system and C18 reversed-phase HPLC column.
As these compounds cannot be separated in single chromato-
graphic condition, we used different solvent systems, flow rates
and test wavelengths for various reagents as described in Fig. 3
and Supplementary Fig. 3.

2.11. Assessment of inducing effects of interferon-b by oleanolic acid
and ursolic acid

HepG2 cells were treated with increasing concentrations of ole-
anolic acid, ursolic acid or Poly (I:C) (Sigma). The cells were cul-
tured for 2 days and harvested to determine the intracellular
interferon-b mRNA levels by real-time RT-PCR with interferon-b
and GAPDH specific primers (Supplementary Table 1). Interferon-
b mRNA levels were normalized to GAPDH mRNA levels.

2.12. Statistical analyses

The method of relative quantification was used for analysis of
the results of real-time RT-PCR, luciferase assay and cytotoxicity
experiment. The effects of reagents were assessed by the percent-
age of values of reagent-treated groups relative to those of un-
treated control groups (% of control). Statistical analysis was
performed using the Statistical Package Social Sciences (SPSS) pro-
gram version 11.5 by one-way analysis of variance (ANOVA) and
significant differences among groups were determined by Least
Significant Difference (LSD). The accepted level of statistical signif-
icance was p < 0.05. 50% inhibitory concentration (IC50) and 50%
cytotoxic concentration (CC50) were calculated using Statistical
SPSS program version 11.5 by probit analysis of regression.
3. Results

3.1. Inhibition of HCV replication by isolated FLL fractions

The FLL aqueous extract was subjected to ethyl acetate extrac-
tion and TLC separation, yielding five fractions named as fractions
1–5 (Supplementary Fig. 2). To evaluate their antiviral activity
against HCV replication, JFH1 virus-infected Huh-7.5.1 cells were
treated with different concentrations of FLL fractions and JFH1 rep-
lication was monitored by measuring the viral RNA levels. As
shown in Fig. 1, FLL fraction 1 and fraction 2 significantly reduced
HCV RNA levels in a dose-dependent manner (p < 0.05); while the
remaining three FLL fractions had no inhibitory activity even up to
a concentration of 200 lg/ml. The IC50 values of fraction 1 and
fraction 2 were 51.1 lg/ml and 11.9 lg/ml, respectively (Table 1).
As a positive control, the IC50 value of 20-O-Me-CTP was 24.1 lg/
ml (Table 1). We also evaluated the cytotoxicity of five FLL frac-
tions by MTT cell viability assays. Our data showed that the CC50
values of all fractions were more than 200 lg/ml and the CC50 of
20-O-Me-CTP was above 100 lg/ml (Supplementary Table 2). These
results indicated that isolated FLL fractions 1 and 2 inhibited JFH1
virus replication.

3.2. Inhibition of HCV NS5B activity by isolated FLL extracts

We have previously developed a luciferase reporter assay to
measure the intracellular HCV NS5B activity by transfecting the re-
porter plasmid into the HCV NS5B-expressing cells and measuring
the luciferase activity of tested cell lysates (Kong et al., 2007).
Using this method, we hereby assessed the effects of the five iso-



Fig. 1. Effects of isolated FLL fractions on JFH1 virus replication. Huh-7.5.1 cells
were treated with different concentrations of FLL fractions 1–5, or 20-O-Me-CTP for
2 days after being infected with JFH1 virus. The levels of intracellular HCV RNA
were measured by real-time RT-PCR. The inhibitory effect was assessed by the
percentage of values of reagent-treated groups relative to those of untreated control
groups (% of control). Values represent means ± SD (n = 3).

Table 1
Concentrations of reagents that reduce intracellular HCV NS5B activity and replica-
tion by 50% (IC50).

Reagent IC50 (lg/ml)

H strain
NS5B

JFH1
NS5B

Genotype1b
replicon

JFH1 virus

Fraction 1 33.8 NT NT 51.1
Fraction 2 5.5 NT NT 11.9
Fraction 3 >200 NT NT >200
Fraction 4 >200 NT NT >200
Fraction 5 >200 NT NT >200
20-O-Me-CTP 8.4 7.2 NT 24.1
Oleanolic acid 0.8 1.0 3.5 2.9
Ursolic acid 3.1 6.4 19.2 10.6
Salidroside >10 NT NT NT
Oral oleanolic acid NT NT NT 21.1
Oral ursolic acid NT NT NT 104.3
Ribavirin NT NT NT 7.1
ITMN-191 NT NT NT 3.5 � 10�3

MK-7009 NT NT NT 7.5 � 10�3

IFNa-2b NT NT NT 0.4 IU/ml
IFN-c NT NT 0.64 IU/ml NT

IC50, 50% inhibitory concentration; NT, not tested.

Fig. 2. Inhibition of HCV genotype 1a NS5B activity by isolated FLL fractions. (A)
Effects of isolated FLL fractions on intracellular HCV genotype 1a NS5B activity. The
HepG2-5B cells that stably express wild-type HCV genotype 1a H strain NS5B were
transfected with CLI, treated with different concentrations of the isolated five FLL
fractions and 20-O-Me-CTP for 2 days, and then subjected to the luciferase assay.
The inhibitory effect was assessed by the percentage of values of reagent-treated
groups relative to those of untreated control groups (% of control). Values represent
means ± SD (n = 3). (B) Effects of fractions 1 and 2 on in vitro HCV genotype 1a H
strain NS5B activity. Lane 1, the RNAs transcribed from KpnI-linearized pGEM-
(�)30T with Sp6 RNA polymerase that were used as a RNA size marker; lanes 2–5,
different concentrations of isolated FLL fraction 1 (upper panel) and fraction 2
(lower panel) treatments; lane 6, 2 lg/ml of 20-O-Me-CTP treatment. The relative
intensity of each blot was indicated by numbers below.
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lated FLL fractions on intracellular NS5B activity using HepG2-5B
cells that stably express wild-type HCV genotype 1a H strain
NS5B. As shown in Fig. 2A, fraction 1 and fraction 2 inhibited the
luciferase activity of tested cell lysates in a dose-dependent man-
ner (p < 0.001), whereas fractions 3, 4 and 5 did not show any
inhibitory activity within the tested doses. Moreover, the IC50 val-
ues of fraction 1 and fraction 2 were 33.8 lg/ml and 5.5 lg/ml,
respectively (Table 1). As a positive control, the inhibitor of HCV
NS5B, 20-O-Me-CTP had an IC50 of 8.4 lg/ml (Table 1). The cyto-
toxicity assays showed that the CC50 values of all fractions were
more than 200 lg/ml and the CC50 of 20-O-Me-CTP was above
100 lg/ml (Supplementary Table 2). These results indicated that
isolated FLL fractions 1 and 2 inhibited intracellular NS5B activity.

To directly test the inhibitory effects of the isolated FLL frac-
tions on HCV NS5B RdRp activity, we employed in vitro NS5B-cat-
alyzed RNA synthesis assay using purified HCV genotype 1a H
strain NS5B. Both fraction 1 and fraction 2 inhibited the NS5B
activity in a concentration-dependent manner (Fig. 2B). In contrast,
fraction 3 (Fig. 2B), fractions 4 and 5 (data not shown) did not show
dose-dependent inhibitory activity within the tested doses. More-
over, fraction 2 possessed higher inhibitory effect than fraction 1,
consistent with their effects on intracellular NS5B activity
(Fig. 2). As a positive control, 2 lg/ml of 20-O-Me-CTP significantly
reduced NS5B RdRp activity (Fig. 2B). These results suggest that the
isolated FLL fraction 1 and fraction 2 directly inhibited NS5B RdRp
activity with fraction 2 more potent than fraction 1 and this inhib-
itory effect might explain their antiviral activity.
3.3. HPLC analysis of the isolated FLL extracts

To identify the active components that inhibit HCV replication,
we used analytical HPLC to analyze the FLL fractions. Five reported
main constituents in FLL extract, oleanolic acid, ursolic acid, sali-
droside, ligustroflavone and quercetin were also used for HPLC
analysis as standard controls (Fig. 3 and Supplementary Fig. 3).
Compared to other FLL fractions, fraction 1 has one distinct main
peak (44.8% of total peak area), which is consistent with ursolic
acid under the same HPLC condition (Fig. 3B). Fraction 2 has one
distinct peak (18.3% of total peak area), which is consistent with
oleanolic acid under the same HPLC condition (Fig. 3A). However,
fractions 1 and 2 do not have a great amount of other compounds
including salidroside, ligustroflavone and quercetin (Supplemen-
tary Fig. 3). These data implied that oleanolic acid and ursolic acid
might be the active antiviral components.
3.4. Inhibition of HCV replication by oleanolic acid, ursolic acid and
related oral medications

To evaluate the effects of oleanolic acid and ursolic acid on HCV
replication, we first treated JFH1-infected cells with different con-
centrations of oleanolic acid, ursolic acid, oral oleanolic acid med-
ication, oral ursolic acid medication. Meanwhile, the inhibitors of
HCV NS3/4A protease (ITMN-191 and MK-7009) and the known



Fig. 3. HPLC analysis of isolated FLL fractions. (A) The isolated FLL fractions 1–5 as well as oleanolic acid were analyzed by Waters Alliance 2690 HPLC system and C18
reversed-phase HPLC column. Mobile phase consisted of a solvent mixture of methanol:water:ethylic acid:triethylamine in the ratio 87:13:0.04:0.02(v/v). The flow rate and
test wavelength were 1 ml/min and 210 nm, respectively. (B) The isolated FLL fractions 1–5 as well as ursolic acid were analyzed by Waters Alliance 2690 HPLC system and
C18 reversed-phase HPLC column. Mobile phase consisted of a solvent mixture of methyl cyanide: 0.5% ethylic acid in the ratio 90:10 (v/v). The flow rate and test wavelength
were 0.8 ml/min and 210 nm, respectively. The elute peaks corresponding to oleanolic acid and ursolic acid were indicated by arrows.
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HCV antivirals (ribavirin and IFNa-2b) were used as positive con-
trols. The HCV replication was monitored by measuring the expres-
sion levels of intracellular HCV RNA and Core protein. As shown in
Fig. 4A, oleanolic acid, ursolic acid, oral oleanolic acid medicine,
oral ursolic acid medicine significantly reduced HCV RNA levels
in a dose-dependent manner (p < 0.05); while salidroside did not
show inhibitory activity even up to a concentration of 50 lg/ml.
Moreover, oleanolic acid possessed higher inhibitory activity than
ursolic acid in the same test doses (Fig. 4A). The IC50 values of ole-
anolic acid, ursolic acid, oral oleanolic acid medicine, oral ursolic
acid medicine, ITMN-191, MK-7009, ribavirin and IFNa-2b were
2.9 lg/ml, 10.6 lg/ml, 21.1 lg/ml, 104.3 lg/ml, 3.5 � 10�3 lg/ml,
7.5 � 10�3 lg/ml, 7.1 lg/ml and 0.4 IU/ml, respectively (Table 1).
Western blot analysis showed that oleanolic acid and ursolic acid
strongly reduced the expression of HCV Core protein in a dose-
dependent manner and salidroside did not show inhibitory activity
even up to a concentration of 25 lg/ml (Fig. 4B). The CC50 values of
oleanolic acid, ursolic acid, oral oleanolic acid medicine, oral urso-
lic acid medicine, ITMN-191, MK-7009, ribavirin and IFNa-2b
against Huh7.5.1 cells were 89.2 lg/ml, 71.1 lg/ml, >200 lg/ml,
>200 lg/ml, 47.4 lg/ml, 133.5 lg/ml, 81.4 lg/ml, above 104 IU/
ml, respectively (Supplementary Table 2), indicating that these
compounds had no or low cytotoxicity at tested inhibitory
concentrations.

We also evaluated the effects of oleanolic acid and ursolic acid
on HCV genotype 1b replication. 9–13 cells harbouring HCV geno-
type 1b replicon were treated with different concentrations of ole-
anolic acid and ursolic acid with IFN-c as a positive control (Frese
et al., 2002). As shown in Fig. 5A, oleanolic acid and ursolic acid sig-
nificantly reduced HCV RNA levels in a dose-dependent manner
(p < 0.05). The IC50 values of oleanolic acid, ursolic acid and IFN-
c were 3.5 lg/ml, 19.2 lg/ml, and 0.64 IU/ml, respectively (Ta-
ble 1). Western blot analysis showed that oleanolic acid, ursolic
acid and IFN-c strongly reduced the expression of HCV NS5A pro-
tein (Fig. 5B). The CC50 values of oleanolic acid, ursolic acid and
IFN-c were 78.6 lg/ml, 58.4 lg/ml, and above 104 IU, respectively
(Supplementary Table 2), indicating that these compounds had no
or low cytotoxicity at tested inhibitory concentrations.

3.5. Inhibition of HCV NS5B activity by oleanolic acid and ursolic acid

To explore the antiviral mechanism of oleanolic acid and ursolic
acid, we evaluated their effects on HCV NS5B activity. For HCV
genotype 1a NS5B, the luciferase reporter assays showed that ole-
anolic acid, ursolic acid and 20-O-Me-CTP inhibited the luciferase
activity of tested HepG2-5B cells in a dose-dependent manner
(p < 0.001) (Fig. 6A). The IC50 values of oleanolic acid, ursolic acid
and 20-O-Me-CTP were 0.8 lg/ml, 3.1 lg/ml and 8.4 lg/ml, respec-
tively, confirming that oleanolic acid has more potent inhibitory
activity than ursolic acid (Table 1). In contrast, salidroside showed
no inhibitory activity up to a concentration of 10 lg/ml (Fig. 6A).
The cytotoxicity assays indicated that the CC50 values of oleanolic
acid and ursolic acid against HepG2-5B cells were more than
100 lg/ml (Supplementary Table 2).

Oleanolic acid and ursolic acid were then tested for their effects
on in vitro HCV genotype 1a NS5B activity by in vitro NS5B-cata-
lyzed RNA synthesis assay. As shown in Fig. 6B, oleanolic acid,
ursolic acid and inhibited HCV genotype 1a NS5B activity in a
dose-dependent manner. In contrast, salidroside did not show
inhibitory activity up to a concentration of 2.5 lg/ml (data not
shown). As a positive control, 2.0 lg/ml of 20-O-Me-CTP reduced
in vitro NS5B activity. These results suggest that oleanolic acid
and ursolic acid inhibited both the intracellular and in vitro activity
of HCV genotype 1a NS5B.

We also examined the effects of these two compounds on the
HCV genotype 2a JFH1 NS5B activity. As shown in Fig. 6C, oleanolic



Fig. 4. Inhibition of JFH1 virus replication by oleanolic acid, ursolic acid and related oral medications. (A) Huh-7.5.1 cells were treated with different concentrations of
oleanolic acid, ursolic acid, salidroside, oral oleanolic acid medication, oral ursolic acid medication, ITMN-191, MK-7009, ribavirin or IFNa-2b for 2 days after being infected
with JFH1 virus. The levels of intracellular HCV RNA were measured by real-time RT-PCR. (B) JFH1-infected Huh-7.5.1 cells were treated with different concentrations of
oleanolic acid, ursolic acid, salidroside, or IFNa-2b for 2 days. Cell lysates were separated by SDS–PAGE, followed by Western blot analysis with antibodies against HCV Core
protein and GAPDH. The relative intensity of each blot after normalization to that of GAPDH was indicated by numbers below.

Fig. 5. Inhibition of HCV genotype 1b replicon by oleanolic acid, ursolic acid and IFN-c. 9–13 cells were treated with increasing concentrations of oleanolic acid, ursolic acid,
or IFN-c for 2 days. (A) Analysis of intracellular HCV RNA levels by real-time RT-PCR. (B) Western blot analysis of cell lysate with antibodies against HCV NS5A protein and
GAPDH. The relative intensity of each blot after normalization to that of GAPDH was indicated by numbers below.
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acid and ursolic acid inhibited the intracellular JFH1 NS5B activity
in a dose-dependent manner (p < 0.001). The IC50 values of olean-
olic acid and ursolic acid were 1.0 lg/ml and 6.4 lg/ml, respec-
tively. As a positive control, the IC50 of 20-O-Me-CTP was 7.2 lg/
ml (Table 1). As described above, the CC50 values of oleanolic acid,
ursolic acid and 20-O-Me-CTP against Huh7.5.1 cells were 89.2 lg/
ml, 71.1 lg/ml and above 100 lg/ml, respectively (Supplementary
Table 2). Oleanolic acid and ursolic acid were then tested for their
effect on in vitro JFH1 NS5B activity by in vitro NS5B-catalyzed
RNA synthesis assay. As shown in Fig. 6D, oleanolic acid and ursolic



Fig. 6. Inhibition of HCV NS5B activity by oleanolic acid and ursolic acid. (A and C) Effects of oleanolic acid and ursolic acid on intracellular NS5B activity. HepG2-5B cells
stably expressing wild-type HCV genotype 1a H strain NS5B (A) or Huh7.5.1 cells that transiently expressing HCV genotype 2a JFH1 NS5B (C) were transfected with CLI,
treated with different concentrations of oleanolic acid, ursolic acid, 20-O-Me-CTP and salidroside for 2 days, and then subjected to the luciferase assay. (B and D) Effects of
oleanolic acid and ursolic acid on in vitro activity of NS5B from HCV genotype 1a (B) or HCV genotype 2a JFH1 (D). Lane 1, the RNA size marker; lanes 2–5, different
concentrations of oleanolic acid (upper panel) or ursolic acid (lower panel) treatments; lane 6, 2 lg/ml of 20-O-Me-CTP treatment. The relative intensity of each blot was
indicated by numbers below.

Fig. 7. Dixon plot of the inhibition of NS5B polymerase in the presence of oleanolic
acid (A and B) or ursolic acid (C and D). The activity of HCV genotype 1a H strain
NS5B (A and C) and JFH1 NS5B (B and D) was measured using poly(rA)/oligo(dT)15
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acid inhibited JFH1 NS5B activity in a dose-dependent manner. As
a positive control, 2 lg of 20-O-Me-CTP significantly reduced NS5B
activity.

To gain further insight into the mechanism for how oleanolic
acid and ursolic acid inhibit HCV NS5B, we examined their inhibi-
tory effects on NS5B polymerization activity by measuring the
incorporation of 32P-labelled UTP into a newly synthesized RNA
using an poly(rA)/oligo(dT)15 as a homopolymeric template/primer
in the presence of different concentrations of oleanolic acid or
ursolic acid. As shown in Fig. 7, oleanolic acid and ursolic acid were
found to act as noncompetitive inhibitors with respect to the UTP
substrate with Ki values of �2.5 lg/ml and �4.7 lg/ml for HCV
genotype 1a H strain NS5B, �3.7 lg /ml and �5.8 lg /ml for HCV
genotype 2a JFH1 NS5B, respectively.

3.6. Oleanolic acid and ursolic acid have no inducing effect of
interferon-b in HepG2 cells

Pentacyclic triterpenoid, ME3738, has been reported to inhibit
HCV replication through activating interferon-b pathway in HepG2
cells (Hiasa et al., 2008). As oleanolic acid and ursolic acid belong to
pentacyclic triterpenoid compounds (Fig. 8A), we tested whether
these two compounds could induce interferon-b pathway by mea-
suring the levels of interferon-b mRNA via real-time RT-PCR. As
shown Fig. 8B, both oleanolic acid and ursolic acid showed no
inducing effect on interferon-b transcription in HepG2 cells. In con-
trast, poly(I:C), as a positive control (Jefferies and Fitzgerald, 2005),
significantly induced interferon-b mRNA in tested doses.
as template/primer. The reactions were performed in the presence of increasing
concentrations of UTP substrate (5–45 lM) and increasing concentrations (0–
2.5 lg) of inhibitors. Values represent means ± SD (n = 3).
4. Discussion

Chronic HCV infection remains a serious burden on public
health worldwide; however, there are no protective HCV vaccines
and effective broad-spectrum antiviral therapies available for all
genotypes of HCV, which prompted medical researchers around
the world to identify novel and effective antiviral agents (Assis
and Lim, 2012). With people’s efforts to elucidate the mechanisms
of HCV replication and pathogenesis, it has been proposed that
HCV proteins essential for viral replication and infection are poten-
tial antiviral targets (Rice, 2011). To develop HCV specific therapy,
extensive attempts have been focused on HCV viral proteins
including NS3-4A serine protease, NS3 RNA helicase, NS5A, NS5B
RNA-dependent RNA polymerase (Assis and Lim, 2012; Rehman
et al., 2011). Recent advances indicate that NS4B is also a promis-
ing target for antiviral treatments (Li et al., 2012; Rai and Deval,
2011). In the meantime, several HCV inhibitors targeting these vir-
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al proteins have been synthesized or identified and some of them
have been applied into different phases of clinical trials (Assis
and Lim, 2012). Two oral protease inhibitors, boceprevir and tela-
previr, have been approved by the US FDA (Ip et al., 2012). Unfor-
tunately, HCV undergoes rapid mutations to generate variants that
are resistant to these direct-acting antiviral (DAA) molecules (Paw-
lotsky, 2011). Thus, there is a continuous need to develop new po-
tential antiviral drugs from other sources such as natural medicinal
herbs, which have been used as antiviral drugs for many years in
many regions (Ahmed-Belkacem et al., 2010; Hudson, 1989; Mor-
ishima et al., 2010). As a RNA-dependent RNA polymerase (RdRp),
NS5B has no counterpart in mammalian cells and thus it is conceiv-
able that inhibition of this enzyme could not cause target-related
side effects (De Re, 2010). We have previously shown that aqueous
FLL extract inhibits both intracellular and in vitro NS5B RdRp activ-
ity (Kong et al., 2007). In the present study, we further examined
the antiviral activity of aqueous FLL extract against HCV and ana-
lyzed its active antiviral components.

The ethyl acetate fraction of the aqueous FLL extract was sepa-
rated to five fractions on a silica gel TLC plate (Supplementary
Fig. 2). Among these five fractions, only fractions 1 and 2 reduced
intracellular JFH1 RNA levels in a dose-dependent manner
(Fig. 1) and the other three FLL fractions had no inhibitory activi-
ties, indicating that the active component(s) may be abundant in
fractions 1 and 2. In addition, fraction 2 had a significant lower
IC50 (11.9 lg/ml) than that (51.1 lg/ml) of fraction 1 (Table 1),
indicating that fraction 2 possessed higher antiviral activity than
fraction 1. Furthermore, FLL fraction 1 and fraction 2 dose-depen-
dently inhibited both in vitro and intracellular HCV genotype 1a
NS5B activity and fraction 2 had higher anti-NS5B activity
(Fig. 2), implying that the antiviral activity of FLL fraction 1 and
2 might be due to their inhibitory effects on HCV NS5B activity.
Fig. 8. Oleanolic acid and ursolic acid have no effect on interferon-b expression in HepG2
analysis of interferon- b mRNA in HepG2 cells in the presence of different concentration
To identify the active antiviral component(s), we employed
HPLC to analyze the isolated FLL fractions with five known FLL
components (oleanolic acid, ursolic acid, salidroside, ligustroflav-
one and quercetin) as standard controls. Compared to other FLL
fractions, both fractions 1 and 2 have one distinct main peak,
which corresponds to that of ursolic acid and oleanolic acid,
respectively, implying that these two compounds may be the anti-
viral components (Fig. 3). Our inhibition assays demonstrated that
oleanolic acid and ursolic acid significantly repressed the replica-
tion of HCV genotype 2a JFH1 and HCV genotype 1b replicon
(Figs. 4 and 5), implying their broad-spectrum antiviral effects. It
is noticeable that there is one additional unknown peak in fraction
2 (Fig. 3A) and this peak might contain antiviral compound(s). Fu-
ture efforts are required to address this question. To explore the
possible antiviral mechanism of oleanolic acid and ursolic acid,
we examined their effects on HCV NS5B activity. As expected, ole-
anolic acid and ursolic acid inhibited both the intracellular and
in vitro HCV genotype 1a NS5B activity and oleanolic acid pos-
sesses higher inhibitory activity than ursolic acid in the same test
doses (Fig. 6A and B). In addition to inhibiting HCV genotype 1a
NS5B activity, oleanolic acid and ursolic acid have been shown to
inhibit the activity of HCV genotype 2a JFH1 NS5B (Fig. 6C and
D), despite the fact that the NS5B sequence identity of these two
strains is only 73% by BLAST. It has been reported that amino acid
substitutions in NS5B can easily confer resistance to NS5B-specific
inhibitors (Pawlotsky, 2011). Our data suggest that these two com-
pounds may have several target sites in NS5B and thus may have
broad antiviral activity. Like some NS5B non-nucleoside analogue
inhibitors (Wang et al., 2003), oleanolic acid and ursolic acid func-
tion as noncompetitive inhibitors of NS5B RdRp activity (Fig. 7),
indicating that these two compounds could bind to NS5B indepen-
dent of its substrate. Collectively, these results suggest that the
cells. (A) Chemical formulae of oleanolic acid and ursolic acid. (B) Real-time RT-PCR
s of oleanolic acid, ursolic acid or poly(I:C). Values represent means ± SD (n = 3).
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broad-spectrum antiviral activity of oleanolic acid and ursolic acid
was mediated at least partly by directly targeting HCV NS5B RdRp
activity.

Intriguingly, we observed that the inhibitory effects of oleanolic
acid and ursolic acid for in vitro NS5B activity, intracellular NS5B
activity and HCV virus replication gradually decrease in the same
tested doses (Figs. 4–6 and Table 1). For instance, the IC50 values
of oleanolic acid against in vitro and intracellular activity of HCV
genotype 2a JFH1 NS5B were �0.5 lg/ml and 1.0 lg/ml, respec-
tively, whereas its IC50 values against the replication of JFH1 and
HCV genotype 1b replicon were 2.9 lg/ml and 3.5 lg/ml. This phe-
nomenon may be due to the intrinsic technique differences or the
interference from certain components in the last two experimental
systems such as host and viral proteins. HCV NS5B has been re-
ported to interact with several cellular proteins such as p68, eIF4AII,
protein kinase C-related kinase 2, a SNARE-like protein, nucleolin,
and cyclin A2 (Kong et al., 2007; Pham et al., 2012). In addition,
NS5B interacts with other HCV non-structural proteins to comprise
the high-order replication complex during HCV replication (Waris
et al., 2004). It is highly likely that these interactions might help sta-
bilize the NS5B activity or interfere with the interaction between
NS5B and its inhibitors (oleanolic acid and ursolic acid).

For centuries, the Chinese herb, Fructus Ligustri Lucidi (FLL) has
been used for medicine purposes due to its hepatoprotective,
immunomodulatory, anti-inflammatory, anti-tumor and anti-
aging activities (Committee of Chinese Materia Medica, 1999;
Committee of National Pharmacopoeia, 2000). A variety of physio-
logically active compounds have been identified in FLL including
oleanolic acid, ursolic acid, ligustroside, quercetin, salidroside,
etc. (Lin et al., 2007; Committee of Chinese Materia Medica,
1999; Committee of National Pharmacopoeia, 2000). Both olean-
olic acid and ursolic acid are pentacyclic triterpenoid compounds
(Fig. 8A) and have been approved as hepatoprotective agents by
China Food and Drug Administration for many years. Accumulating
evidence indicates that oleanolic acid and ursolic acid also exhibit
anti-inflammatory, anti-tumor, anti-HIV or hypolipidemic activi-
ties (Bachhav et al., 2011; Chen et al., 2007; Fujiwara et al., 2011;
Martin-Aragon et al., 2001; Mengoni et al., 2002). In this study, ole-
anolic acid and ursolic acid were found to possess anti-HCV activ-
ity. Unlike pentacyclic triterpenoid ME3738, which inhibits HCV
replication through enhancing interferon-b in HepG2 cells (Hiasa
et al., 2008), oleanolic acid and ursolic acid have no effect on inter-
feron-b pathway (Fig. 8B), which reflected their structural differ-
ences and implied that these two compounds exert anti-HCV
activity probably not through enhancing host antiviral activity
but through directly interfering with HCV replication. Based on
their isomeric structures (Fig. 8A), the last ring in pentacyclic tri-
terpenoid compounds might be important for their inhibitory
activity as the less potent ursolic acid has one CH3 branched to last
ring at C-19 position instead of C-20 position compared with ole-
anolic acid. This information may be valuable for us to improve
their antiviral activity by modifying these compounds.
Table 2
Selectivity index of reagents against HCV JFH1 virus replication.

Reagent IC50 (lg/ml) CC50 (lg/ml) SI (CC50/IC50)

Oleanolic acid 2.9 89.2 30.8
Ursolic acid 10.6 71.1 6.7
Oral oleanolic acid 21.1 >200 >9.5
Oral ursolic acid 104.3 >200 >1.9
20-O-Me-CTP 24.1 >100 >4
Ribavirin 7.1 47.4 6.7
ITMN-191 3.5 � 10�3 133.5 3.8 � 104

MK-7009 7.5 � 10�3 81.4 1.1 � 104

IFNa-2b 0.4 U >104 U >2.5 � 104

IC50, 50% inhibitory concentration; CC50, 50% cytotoxic concentration; SI, Selec-
tivity index.
The Selectivity index (SI) values of oleanolic acid and ursolic
acid against JFH1 virus replication are 30.8 and 6.7, which are sig-
nificantly lower than that of HCV NS3/4A protease inhibitors,
ITMN-191 (SI = 3.8 � 104) and MK-7009 (SI = 1.1 � 104) (Table 2).
The SI values of these two compounds are also far smaller than that
of current anti-HCV drug IFNa-2b (above 2.5 � 104) and have the
same order of magnitude with that of anti-HCV drug ribavirin
(SI = 6.7) (Table 2), implying their potential usage as anti-HCV
drugs. We are pleased to see that oral oleanolic acid and ursolic
acid medication significantly inhibit HCV replication (Fig. 4A).
Therefore, our data suggest that both oleanolic acid and ursolic
acid could be used as adjuvant or alternative drugs against HCV.

HCV is a highly variable virus and has six major natural occur-
ring genotypes, which are further subdivided into a variety of sub-
types (Lindenbach et al., 2005). This enormous variability renders
the fact that many HCV-targeted drugs exhibit the viral geno-
type-specific differences in efficacy and the rapid evolution of
drug-resistant mutants. For example, the current pegylated IFN-a
and ribavirin combined treatment regimen cured about 80% of pa-
tients infected with HCV genotypes 2 or 3 but only 40%-50% of
individuals infected with HCV genotypes 1 or 4 (Ahmed-Belkacem
et al., 2010). Therefore, it is important to optimize anti-HCV drug
candidates through studying their spectrum of action on the differ-
ent genotypes as well as their resistance profile. The HCV genotype
1 strains are the most prevalent genotypes associated with liver
disease and it also belongs to one of difficult-to-treat HCV strains
(Rai and Deval, 2011). In this study, we showed that oleanolic acid
and ursolic acid not only suppressed the replication of HCV geno-
type 2a JFH1 virus, but also inhibited the replication of HCV geno-
type 1b replicon, suggesting the ability of these two compounds to
inhibit the replication of different HCV genotypes.

In summary, we found that FLL aqueous extract strongly sup-
pressed HCV replication in part by inhibiting HCV NS5B RdRp
activity. Moreover, we have identified two pentacyclic triterpenoid
compounds, oleanolic acid and ursolic acid as the active antiviral
compounds in FLL extract that inhibited both HCV replication
and HCV NS5B RdRp activity. Our results provide a basis for opti-
mization and subsequent development of pentacyclic triterpenoid
derivatives as specific HCV antivirals. The combination of oleanolic
acid and ursolic acid with pegylated IFNa and ribavirin could be
useful in treatment of difficult-to-treat populations such as pa-
tients of HCV genotype 1b. Further efforts are required to charac-
terize the underlie mechanisms and identify the target sites of
oleanolic acid and ursolic acid on HCV NS5B.
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