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Abstract

Many chronic hepatitis C virus (HCV)-infected patients with current therapy do not clear the virus. It is necessary to find
novel treatments. The effect of 2-octynoic acid (2-OA) on HCV infection in human hepatocytes was examined. The
mechanism of 2-OA antiviral activity was explored. Our data showed that 2-OA abrogated lipid accumulation in HCV
replicon cells and virus-infected hepatocytes. It suppressed HCV RNA replication and infectious virus production with no
cytotoxicity to the host cells. 2-OA did not affect hepatitis B virus replication in HepG2.2.15 cells derived from HepG2 cells
transfected with full genome of HBV. Further study demonstrated that 2-OA activated AMP-activated protein kinase (AMPK)
and inhibited acetyl-CoA carboxylase in viral-infected cells. Compound C, a specific inhibitor of AMPK, inhibited AMPK
activity and reversed the reduction of intracellular lipid accumulation and the antiviral effect of 2-OA. Knockdown of AMPK
expression by RNA interference abolished the activation of AMPK by 2-OA and blocked 2-OA antiviral activity. Interestingly,
2-OA induced interferon-stimulated genes (ISGs) and inhibited microRNA-122 (miR-122) expression in virus-infected
hepatocytes. MiR-122 overexpression reversed the antiviral effect of 2-OA. Furthermore, knockdown of AMPK expression
reversed both the induction of ISGs and suppression of miR-122 by 2-OA, implying that activated AMPK induces the
intracellular innate response through the induction of ISGs and inhibiting miR-122 expression. 2-OA inhibits HCV infection
through regulation of innate immune response by activated AMPK. These findings reveal a novel mechanism by which
active AMPK inhibits HCV infection. 2-OA and its derivatives hold promise for novel drug development for chronic hepatitis
C.
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Introduction

Globally, HCV infects approximately 170 million people and

causes chronic hepatitis, liver cirrhosis and even hepatocellular

carcinoma [1]. There is no vaccine available and interferon alpha

(IFN-a)-based therapy is the current treatment for patients with

chronic hepatitis C [2]. However, many patients do not response

to the therapy. Moreover, IFN-a therapy is costly and has lots of

side effects. Successful treatment of chronic hepatitis C will involve

the combination of multiple inhibitors targeting different stages of

virus life cycle. Even though the protease inhibitors against HCV

NS34A have been licensed to treat chronic HCV infection [3],

there will be many patients resistant to the therapy because the

virus genome becomes prone to mutation in the presence of the

protease inhibitor or even before the treatment [4,5]. The low

likelihood of drug-resistant virus emergence and potent antiviral

efficacy of inhibitors targeting host factors essential for virus

lifecycle hold promise for the development of novel antiviral drugs

for chronic hepatitis C treatment [6].

HCV infection is associated with accumulation of intracellular

lipid and cellular lipid biosynthesis is essential for virus replication,

consistent with the role of lipid droplets in both viral genome

replication and assembly of infectious particles [7–9]. HCV

replication can be modulated using small molecules targeting host

factors associated with HCV lifecycle although small molecules

that target HCV protein can behave as antiviral compounds

[10,11].

2-octynoic acid (2-OA) is widely used in the environment

including perfumes, lipstick, and many common food avorings

[12]. It has been reported that 2-OA may be associated with fatty

acid pathway [13]. Whether it has effect on HCV lifecycle needs to

be explored.

In the current study, we evaluated the effects of 2-OA on HCV

infection and the associated intracellular signaling pathway. Our

data showed that 2-OA inhibits HCV RNA replication and virus

production and its antiviral activity is associated with AMPK

activation in human hepatocytes. Activated AMPK is responsible

for both the induction of ISGs and inhibition of miR-122 by 2-
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OA. All the data suggested that 2-OA inhibits HCV infection

through regulation of innate response by activated AMPK.

Materials and Methods

Cell Culture and Reagent
FCA1, a HCV subgenomic replicon cell line, was a gift from Dr.

Christoph Seeger (Fox Chase Cancer Center, Philadelphia, PA)

[14]. FL-Neo, a HCV full-length replicon cell line, and Huh7.5

cells were kindly provided by Dr. Charles Rice (Rockefeller

University, New York, NY) [15]. pJFH1 and pJFH1/GND

plasmids were generously provided by Dr. Takaji Wakita

(National Institute of Infectious Diseases, Tokyo, Japan). The

replicon cells were grown in Dulbecco’s modified Eagle’s medium

(Invitrogen, Carlsbad, CA) supplemented with 10% fetal bovine

serum, L-glutamine, nonessential amino acid, penicillin, strepto-

mycin. For each experiment, the cells were seeded in a 6-well

plate. 2-OA was purchased from Sigma (St Louis, MO). We

dissolved 2-OA in DMSO. 0.5% DMSO treatment was used as a

control. Compound C was obtained from Merck (Darmstadt,

Germany). Phospho-AMPKa (Thr172) antibody, AMPK a
antibody, pospho-acetyl-CoA carboxylase (Ser79) antibody, and

acetyl-CoA carboxylase antibody were purchased from Cell

Signaling (Danvers, MA). b-actin antibody was from Sigma (St

Louis, MO).

MTS Assay
One day before 2-OA treatment, 1.06103 cells were seeded in

triplicate in a 96-well plate. The cells were cultured with or

without 2-OA for 48, 72 hours at 37uC. Twenty microliter of the

CellTiter AQ Solution which contains tetrazolium compound [3-

(4,5-dimethyl-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-

2H-tetrazolium, MTS] and an electron coupling reagent (Pro-

mega) was added to each well. After 2 hours incubation at 37uC,

the absorbance at 490 nm was measured. Cell viability was

calculated with respect to the control samples. At least three

independent experiments were performed.

Cell Culture Generated HCV and Concentration of HCV
Particles

The production of cell culture generated HCV (HCVcc) has

been reported previously [16]. Briefly, the plasmid pJFH-1 was

linearized at 39 end of the full-genome JFH-1 cDNA by XbaI

digestion. The linearized DNA was purified and used as a template

for in vitro transcription using MEGAscript T7 kit (Ambion,

Austin, TX). In vitro transcribed genomic JFH-1 RNA was

delivered into Huh-7.5 cells by electroporation. HCVcc was

harvested from the cell supernatant and stocked for further

infection studies. The HCVcc viral stocks were ultracentrifuged at

28000 rpm in a SW28 rotor (Beckman Coulter) for 4 hours at 4uC.

The resulting pellet was resuspended in fresh medium and stored

at –80uC.

Real-time PCR Assays
Total cellular RNA was extracted using TRIzol (Invitrogen,

Carlsbad, CA) according to the manufacturer’s protocol.

Superscript II First-Strand Synthesis Kit and Quantitative

PCR SuperMix-UDG were purchased from Invitrogen. The

primers targeted HCV, GAPDH, G1P3 and IRF1 have been

reported previously and real-time PCR was performed as

described previously [16]. Results were analyzed using 2.0

software (Applied Biosystem, Foster City, CA). The cDNA of

miR-122 were synthesized from total RNA using stem-loop RT

primer (59-GTCGTATCCAGTGCGTGTCGTGG AGTCGG-

CAATTGCACTGGATACGACCAAACA-39), and miR-122

was quantized by real-time PCR using primers 5-

GGGTGGAGTGTGACAATGG-3 and 5-TGCGTGTCG

TGGAGTC-3. Fold variations between RNA samples were

calculated after normalization to GAPDH. qPCR primers for

HBV DNA detection: Forward 5-GGCTTTC

GGAAAATTCCTATG-3, Reverse 5-AGCCCTACGAAC-

CACTGAAC-3 (GeneBank accession #: U95551.1).

Immunofluorescence
Cells were seeded on glass coverslips and fixed with ice-cold

acetone for 10 minutes at 220uC. The cells were washed with

PBS, blocked with 1:50 goat serum for 30 minutes at room

temperature and then incubated for 1 hour with mouse

monoclonal anti-NS5A antibody generated at University of

Florida [17]. The cells were stained with FITC-labeled goat

anti-mouse IgG or Texas Red-labeled goat anti-mouse IgG for 45

minutes at room temperature. Lipid content was detected with the

BODIPY 493/503 dye (Invitrogen, Carlsbad, CA) for 1 hour after

NS5A staining. The coverslips were extensively washed and the

nuclei were counterstained with DAPI (Vector Laboratories Inc,

Burlingame, CA). Fluorescent images were obtained under

fluorescent microscope (Olympus, Japan).

Western Blot Analysis
The procedure was reported previously [16]. Briefly, cells were

washed with PBS and lysed in RIPA buffer (150 mM sodium

chloride, 1% Nonider P-40, 0.5% sodium deoxycholate, 0.1%

SDS and 50 mM Tris-HCl [pH8.0] supplemented with 2 mg/mL

of aprotinin, 2 mg/mL of leupeptin, 40 mg/mL of phenylmethy-

sulfonyl fluoride, and 2 mM DTT). Forty micrograms of protein

were resolved by SDS/PAGE, transferred to a PVDF membrane

and probed with appropriate primary and secondary antibodies.

The bound antibodies were detected by ECL reagent (Perck,

Rockford, IL) according to the manufacturer’s instruction.

Intracellular Virus Preparation
At the indicated times postinfection, cells were washed twice

with PBS and incubated with 0.25% of trypsin-EDTA (Invitrogen,

Carlsbad, CA) for 2 minutes at 37uC. Cells were suspended in PBS

and collected by centrifugation at 2000 rpm for 3 minutes. The

cell pellet was resuspended in DMEM-10% FCS, and cells were

lysed by four freeze-thaw cycles at liquid nitrogen and 37uC water

bath, respectively. Cell debris was pelleted by centrifugation for 5

minutes at 4000 rpm. The supernatant was collected and used for

focus-forming units assay described below.

Titration of Infectious HCV
The protocol was performed as published previously [18].

Briefly, cell supernatants were serially diluted 10-fold in complete

DMEM and used to infect 104 naı̈ve Huh7.5 cells per well in 96-

well plates (Corning). The inoculums were incubated with cells for

1 hour at 37uC and then supplemented with fresh DMEM. The

level of HCV infection was determined 3 days postinfection by

immunofluorescence staining for HCV NS5A. The viral titer is

expressed as focus-forming units per milliliter of supernatant

(FFU/mL), determined by the average number of NS5A-positive

foci detected at the highest dilutions.

Tranfection of siRNA
The sequences of AMPK siRNAs targeting two regions of

AMPK were 59-GGUUGGCAAACAUGAAUUG-39 and 59-

UAUGAUGUCAGAUGGUGAA-39. SiRNA was transfected

2-Octynoic Acid Anti-HCV Activity
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into cells using TransMessenger Transfection Reagent (QIAGEN,

Hilden, Germany). 36105 HCV-infected Huh7.5 cells per well

were seeded in a 6-well plate the day before transfection. On the

day of transfection, 3.2 ml Enhancer R was diluted in 100 ml

Buffer EC-R followed by adding of 100 pmol control siRNA or

AMPK siRNAs. The mixture was incubated at room temperature

for 5 minutes. Then, 8 ml TransMessenger Transfection Reagent

was added to the siRNA–Enhancer R mixture. One ml of cell

growth medium without serum was added to the tube containing

the siRNA–TransMessenger Reagent complexes which were

immediately transferred to the cells. Cells were washed once with

PBS and added by 2 ml of fresh medium containing serum 3 hours

post transfection.

Statistical Analysis
Differences between means of reading were compared using

Student t-test. All error bars represent the standard error of the

mean. P value of ,0.05 was considered statistically significant.

Results

2-OA Abrogates Lipid Accumulation in HCV Replicon
Cells and Infectious Cell Culture System

HCV replication is associated with an intracellular accumula-

tion of lipid. As an unsaturated fatty acid, the effect of 2-OA on

lipid metabolism was examined. As shown in Figure 1A, HCV

replicon cells with 2-OA treatment displayed lower level of

BODIPY fluorescence than untreated cells. JFH1 virus, a

genotype 2 virus, was cloned from a Japanese patient with

fulminate hepatitis C and used to develop a infectious cell culture

system for HCV study [18–20]. Huh7.5 cells were transfected with

in vitro transcribed JFH1 RNA, which allow the study of the

complete viral lifecycle in culture (HCVcc). Upon treatment with

2-OA, cellular lipid content was reduced dramatically in HCV-

infected hepatocytes (Figure 1A). 2-OA used in our experiments

showed no apparent toxic effect to the cells (Figure 1B). These data

suggested that 2-OA abolishes lipid accumulation in HCV

replicon cells and infectious cell culture system without causing

cytotoxicity.

2-OA Inhibits HCV Replication in Replicon Cells
HCV infection is associated with accumulation of intracellular

lipid and cellular lipid biosynthesis is essential for virus replication.

Because 2-OA could abolish the lipid accumulation in HCV

replicon cells and virus-infected cells, we tried to test whether 2-

OA can affect HCV replication. As shown in Figure 2A and 2B,

HCV RNA level in both cell lines was significantly suppressed by

2-OA. The EC50 of 2-OA in FCA1 cells is 3.82 mM (Figure 2A

(lower)). The inhibitory effect was in time-dependent manner.

Consistent with the real-time PCR result, HCV NS5A protein

detected by immunofluorescence was markedly reduced by 2-OA

(Figure 2C).

To further confirm that the expression of NS5A protein

decreased in HCV replicon cell with 2-OA treatment, we

performed the western blot analysis. As shown in Figure 2D, the

level of NS5A protein in cells with 2-OA treatment decreased

markedly. The overall cell numbers were similar for cells treated

with 2-OA and the corresponding controls (Figure 1B), suggesting

that the inhibition of viral replication is the result of intracellular

antiviral effect. However, 2-OA did not affect hepatitis B viral

RNA replication (Figure 2E), implying that 2-OA specifically

inhibits HCV replication. All the data suggested that 2-OA

directly inhibits HCV RNA replication and viral protein

expression within HCV replicon cells.

2-OA Inhibits HCV Replication and Virus Production in
Infectious Cell Culture System

Although 2-OA inhibits viral replication in replicon cells, it is

important to determine whether it has antiviral activity in the

context of virus infection. Huh7.5 cells were transfected with

in vitro transcribed JFH1 RNA. Consistent with the replicon data,

2-OA dramatically reduced the level of HCV RNA and NS5A

protein in JFH1 RNA-transfected cells (Figure 3A and 3B). To

verify that the data were not a consequence of electroporation of

viral RNA into Huh7.5 cells, we directly infected the cells with

JFH1 virus at multiplicity of infection (MOI) of 0.1. As shown in

Figure 3C and 3D, 2-OA significantly suppressed HCV RNA and

NS5A protein in virus-infected cells respectively although it did

not have effect on viral replication during first 4 hours treatment

(Figure S2). We also assessed the effects of 2-OA on virus

Figure 1. Effect of 2-OA on lipid accumulation in HCV replicon cells and infectious cell culture system. (A) Cellular lipid was evaluated in
FCA1, FL-Neo cells and HCV-infected Huh7.5 cells (Huh7.5 HCVcc) in the presence of 100 mM 2-OA for 48 hours. Cells were stained for lipid content
with BODIPY dye (green). DAPI was used for nuclear counterstaining (blue). Identical settings were maintained for image capture. Representative
images are shown (upper). For quantification of lipid abundance, images were captured and analyzed using image analysis software. Values were
normalized to control BODIPY levels (lower). (B) The effect of 2-OA on viability of FCA1, FL-Neo and Huh7.5 HCVcc cells was measured by MTS assay.
The data were normalized with untreated cells.
doi:10.1371/journal.pone.0064932.g001
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production in human hepatocytes infected with JFH1 virus.

Huh7.5 cells were infected by JFH1 virus at MOI of 0.1 in the

presence of 2-OA. The supernatants were harvested 72 hours

postinfection and intracellular virus was isolated from the cell lysis

via four freeze and thaw cycles. The intracellular and released

infectious viruses were tittered by focus-forming unit assay on

naı̈ve Huh7.5 cells. As shown in Figure 3E, the levels of both

intracellular and released infectious viruses were reduced by 2-OA.

We can rule out the possibility of carryover 2-OA from the initial

culture supernatant because the virus was purified from the

supernatant by ultracentrifuge before testing on naı̈ve cells.

Taken together, these data support that 2-OA inhibits HCV

RNA replication, viral protein expression, and infectious virus

production.

AMPK Activation is Responsible for 2-OA Antiviral Activity
AMPK is a key regulator of lipid metabolism. It has been

reported that inhibition of AMPK is required for HCV replication

[21]. Phosphorylation of AMPK at a threonine residue within the

kinase domain (T172) is essential for the enzyme activity. 2-OA

not only abolishes lipid accumulation, but also inhibits HCV

infection in replicon cells and HCV-infected hepatocytes. We

reasoned that 2-OA antiviral activity is associated with AMPK

activation. We therefore examined the phosphorylation status of

AMPK T172 in FCA1 with 2-OA treatment. As shown in

Figure 4A, the level of AMPK T172 phosphorylation was

increased in 2-OA-treated cells within one hour compared with

untreated control cells, while 2-OA did not have marked effect on

the AMPK activation status after 48 or 72 hours treatment (Figure

S1). Importantly, the basal level of phosphorylation (T172) was

lower in FCA1 cells than that in their parental Huh7, suggesting

that HCV inhibits AMPK activity. Active AMPK phosphorylates

ACC. Phosphorylation of ACC (Ser79) by AMPK inhibits the

enzymatic activity of ACC, which decrease cellular lipid biosyn-

thesis. We therefore assessed ACC activity in replicon cells in the

presence of 2-OA. As shown in Figure 4B, 2-OA significantly

increased phosphorylation of ACC. These data indicated that

activated AMPK may be responsible for 2-OA antiviral activity.

To address the causal relationship between AMPK activation

and 2-OA antiviral activity, we used compound C, a specific

inhibitor of AMPK, to block the activation of AMPK. As shown in

Figure 4C, compound C (CC) could effectively inhibit 2-OA-

associated AMPK phosphorylation in the cells. To determine

whether inhibition of AMPK by compound C would affect 2-OA

antiviral activity, we assessed viral protein level in the cells with 2-

OA treatment in the presence of compound C. As shown in

Figure 4D, compound C attenuated the inhibition of viral protein

expression by 2-OA, suggesting that 2-OA antiviral activity is

Figure 2. 2-OA inhibits HCV RNA replication in replicon cells. (A/B) FCA1 (A) and FL-Neo (B) were incubated with 10 mM or 100 mM 2-OA for
48, 72 hours. HCV RNA was detected with real-time PCR and normalized with internal control GAPDH. EC50 of 2-OA is obtained from Figure 2A
(Lower). (C) FCA1 and FL-Neo were incubated with 100 mM 2-OA for 48 hours and immunostained with mouse monoclonal anti-NS5A antibody (red).
DAPI was used for nuclear counterstaining (blue). Identical settings were maintained for image capture. Representative images are shown. (D) FCA1
cells were treated with 2-OA for 48 hours. NS5A protein was detected with western blot (upper) and quantified by densitometry in comparison with
b-actin (lower). (E) 2-OA did not affect hepatitis B viral DNA replication. HepG2.2.15 cells were inoculated with different doses of 2-OA for 72 hours.
Intracellular HBV DNA was detected with real-time PCR and normalized with GAPDH.
doi:10.1371/journal.pone.0064932.g002
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dependent on the activation of AMPK. Moreover, compound C

alone, which down-regulated the basal level of phosphorylated

AMPK (Figure 4C), also enhanced viral replication efficiency,

implying that activated AMPK has an inhibitory effect on viral

replication. To further confirm that 2-OA antiviral activity is

associated with AMPK activation, we performed siRNA knock-

down experiments. We chose AMPK siRNAs targeting two

regions of AMPK to knock down the AMPK in our study. AMPK

siRNA or control siRNA was delivered into JFH-infected Huh7.5

cells. We confirmed that AMPK siRNA could decrease its protein

expression (Figure 4E). When AMPK siRNA was delivered into

virus-infected cells, the inhibitory effect of 2-OA on viral protein

was reversed (Figure 4E). We also examined the effects of 2-OA on

virus production in virus-infected cells with AMPK siRNA

treatment. As shown in Figure 4F, the inhibition of the level of

both intracellular and released infectious virus by 2-OA was

reversed in the cells with AMPK siRNA treatment. All the data

strongly support that activated AMPK is responsible for 2-OA

antiviral activity.

2-OA Induces ISGs and Inhibits the Expression of miR-122
through Activated AMPK

Our data showed that 2-OA suppresses lipid biosynthesis and

inhibits HCV infection in replicon cells and infectious cell culture

system through activation of AMPK pathway, suggesting that

downstream target genes of AMPK may be responsible for the

antiviral effect. Although AMPK activates several genes in cells,

the target genes responsible for the antiviral effect are not known.

Several antiviral proteins have been reported in IFN-induced

system. Our previous study demonstrated that several ISGs

including G1P3, 1-8U and IRF1 play an important role in the

establishment of the intracellular antiviral state [22,23]. So we

tried to determine whether 2-OA affects these genes. As shown in

Figure 5A/5B, 2-OA indeed induces G1P3 and IRF1 in HCV-

infected hepatocytes. The data suggested that the intracellular

antiviral pathway induced by activated AMPK is crosstalk with

those of IFN-a.

MiR-122 is a highly abundant, liver-expressed microRNA that

binds to two sites near the 59 end of HCV genome, resulting in up-

regulating of viral RNA levels. In the liver, miR-122 is associated

with more than 200 cellular genes, including those involved in

lipid metabolism [24]. It is logical to test whether the antiviral

activity of 2-OA is associated with miR-122. As shown in

Figure 5C, HCV-infected hepatocytes with 2-OA treatment had

much lower level of miR-122 than untreated control cells.

Moreover, compound C reversed the suppression of miR-122

expression by 2-OA (Figure S3), indicating 2-OA inhibit miR-122

expression through activated AMPK.

To determine the causal relationship between AMPK activation

and the induction of ISGs and downregulation of miR-122 by 2-

OA, we performed the siRNA knockdown experiments. When

AMPK siRNA was delivered into HCV-infected Huh7.5 cells, the

induction of G1P3 and IRF1 by 2-OA was reversed (Figure 5D,

5E). Knockdown of AMPK expression by its siRNA also

attenuated the repression of miR-122 by 2-OA (Figure 5F). These

data indicated that activated AMPK is responsible for both the

induction of ISGs and inhibition of miR-122 by 2-OA. To

examine that the inhibitory of miR-122 expression directly links

Figure 3. 2-OA inhibits HCV infection in infectious cell culture system. (A)/(B) 2-OA inhibits HCV replication in JFH1 RNA-transfected Huh7.5
cells. Huh7.5 cells were transfected with in vitro transcribed JFH1 RNA. (A) The cells were treated with 10 mM and 100 mM 2-OA for 48 and 72 hours.
HCV RNA was detected with real-time PCR and normalized with GAPDH. (B) The cells were treated with 100 mM 2-OA for 48 hours and
immunostained with mouse monoclonal anti-NS5A antibody (red). DAPI was used for nuclear counterstaining (blue). Identical settings were
maintained for image capture. Representative images are shown. (C) Huh7.5 cells were infected by JFH1 virus at MOI of 0.1 in the presence of
different doses of 2-OA for 72 hours. Intracellular HCV RNA was analyzed by real-time PCR and displayed as genome equivalents (GE)/mg total cellular
RNA. (D) Huh7.5 cells were infected by JFH1 virus at MOI of 0.1 for 2 days and treated by 2-OA for 72 hours. NS5A protein was detected with western
blot analysis (upper) and quantified by densitometry in comparison with b-actin (lower). (E) Huh7.5 cells were infected with JFH1 virus at MOI of 0.1
and treated by 100 mM 2-OA for 72 hours. The extracellular or intracellular virus was titred. The infectivity titers in the supernatant or cell lysates were
normalized to that of control from three independent experiments.
doi:10.1371/journal.pone.0064932.g003
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the antiviral activity of 2-OA, we have performed additional

experiments. MiR-122 was overexpressed in HCV-infected cells

and the cells were treated by 2-OA. As showed in Figure 5G, miR-

122 overexpression reversed the antiviral effect of 2-OA. All the

data suggested that the antiviral activity of 2-OA is partially

through inhibition of miR-122 by activated AMPK.

Discussion

To increase the effectiveness of the therapy, future regiments

will incorporate multiple direct-acting antiviral drugs [25]. It is

desired to seek novel, effective, inexpensive treatment in combi-

nation with current therapies for the successful treatment of

chronic hepatitis C. The genetic variability of HCV, which

facilitates the rapid development of antiviral resistance, is a major

challenge to the clinical development of specific inhibitors against

viral protein [26].

The concentration of 2-octynoic acid in lipstick and many

common food flavorings is normally low ranging from 0.1–20

ppm, of which the concentration of 2-OA used in our experiments

was. Using HCV replicon cell and infectious cell culture system,

we demonstrated that 2-OA activates AMPK, phosphorylates

ACC, and abolishes lipid accumulation in hepatocytes. Moreover,

2-OA used in our experiments showed no apparent toxic effect to

the cells (Figure S4). Hypothetically unsaturated acid might

modulate AMPK activity by governing the activity of phospha-

tases controlling AMPK dephosphorylation. Protein phosphatase

2A has been shown to affect AMPK activity in vitro. However, we

found no change in PP2A after 2-OA treatment in the study. The

mechanism by which 2-OA modulates the activity of AMPK

remains to be determined.

Figure 4. 2-OA antiviral effect is associated with AMPK activation. (A)/(B) 2-OA activates AMPK (A) and phosphorylates ACC (B) in replicon
cells. Huh7 and FCA1 cells were treated with 100 mM 2-OA for 10 minutes. pT172 of AMPK and pSer79 of ACC were detected by western blot
respectively. Levels of phosphorylated AMPK or ACC were quantified by densitometry in comparison with b-actin (lower). (C) Compound C (CC)
blocks activation of AMPK by 2-OA. FCA1 cells were treated by 100 mM 2-OA and 10 mM compound C for 10 minutes. pT172 of AMPK was detected
by western blot and quantified by densitometry in comparison with b-actin (lower). (D) Compound C inhibits 2-OA antiviral activity. FCA1 cells were
treated with 100 mM 2-OA and 2.5 mM compound C for 48 hours. Cells were stained for lipid content with BODIPY dye (green) after NS5A labeling by
immunofluorescence (red). DAPI was used for nuclear counterstaining (blue). Identical settings were maintained for image capture (left).
Representative confocal images are shown. NS5A and lipid levels were quantified by densitometry and normalized to control cells (right). (E)/(F)
Knockdown of AMPK abolishes 2-OA antiviral activity (E) and abrogates the suppression of infectious virus production by 2-OA (F). AMPK siRNA was
delivered into HCV-infected cells. The cells were treated by 100 mM 2-OA for 72 hours. (E) AMPK protein or NS5A was detected by western blot
(upper). NS5A levels were quantified by densitometry in comparison with b-actin (lower). (F) The extracellular or intracellular virus was titred. The
infectivity titers in the supernatant or cell lysates are were normalized to that of control cells from three independent experiments.
doi:10.1371/journal.pone.0064932.g004

2-Octynoic Acid Anti-HCV Activity
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Further study showed that 2-OA inhibits HCV RNA replica-

tion, viral protein expression, and infectious virus production in

human hepatocytes. Upon short-term treatment with 2-OA,

cellular lipid content was reduced rapidly while the viral protein

levels were not affected (data not shown), implying that loss of lipid

accumulation preceded the disruption of viral genome replication

by 2-OA. This is the first report about the antiviral activity of 2-

OA. Furthermore, the data strongly supported the notion that

activated AMPK is responsible for 2-OA antiviral activity. The

findings indicate that AMPK is a rational therapeutic target for

chronic hepatitis C treatment.

HCV is critically dependent on cellular lipids through the whole

life cycle. In the current study, we demonstrated that the activity of

AMPK was inhibited in HCV replicon and viral infected cells. By

blocking AMPK activity, the virus can ensure that lipid synthesis

can reach a high level, which is required for viral replication and

virus production. Moreover, we found that compound C increases

hepatic lipid accumulation and attenuated 2-OA antiviral activity.

Our findings showed that by abrogating AMPK inhibition with 2-

OA, lipid accumulation is abolished and viral replication is

inhibited, accordingly reducing the production of infectious virus

in human hepatocytes.

One of pathways through which 2-OA exerts its antiviral

activity is that 2-OA activates AMPK and inhibits ACC, thereby

decreasing HCV replication and virus production as demonstrated

in the study. Because AMPK can phosphorylate intracellular

substrates such as other protein kinases and transcription factors,

other signaling pathway may also play an important role in 2-OA

antiviral activity. G1P3 and IRF1 were induced by 2-OA,

suggesting that the intracellular antiviral pathway induced by 2-

Figure 5. 2-OA induces ISGs and inhibits the expression of miR-122 through activated AMPK. (A)/(B) 2-OA induces G1P3 (A) and IRF-1
(B) in HCV-infected Huh7.5. Virus-infected cells were incubated with 100 mM 2-OA for different time periods. G1P3 (A) or IRF-1 (B) RNA was detected
with real-time PCR. The expression of G1P3 or IRF-1 was normalized with GAPDH. The data represented the means of 3 different experiments. (C) 2-
OA suppresses miR-122 expression in HCV-infected Huh7.5 cells. Virus-infected hepatocytes were treated with 100 mM 2-OA for different time
periods. MiR-122 was detected with real-time PCR. The expression of miR-122 was normalized with GAPDH. (D)/(E) Knockdown of AMPK by AMPK
siRNA abrogates the induction of G1P3 and IRF-1 by 2-OA. Virus-infected Huh7.5 cells pretransfected by AMPK siRNA or control siRNA were incubated
with 100 mM 2-OA for 2 hours. G1P3 (D) or IRF-1 (E) RNA was detected with real-time PCR. The expression of G1P3 or IRF-1 was normalized with
GAPDH. (F) Knockdown of AMPK by AMPK siRNA reverses the inhibition of miR-122 by 2-OA. HCV-infected Huh7.5 cells pretransfected by AMPK
siRNA or control siRNA were treated with 100 mM 2-OA for 48 hours. MiR-122 was detected with real-time PCR. The expression of miR-122 was
normalized with GAPDH. (G) MiR-122 overexpression reversed the antiviral effect of 2-OA. MiR-122 was overexpressed in HCV-infected cells and the
cells were treated by 100 mM 2-OA for 48 hours. Total cellular RNA was isolated from the cells. HCV RNA was detected by real-time PCR analysis and
normalized with GAPDH.
doi:10.1371/journal.pone.0064932.g005

2-Octynoic Acid Anti-HCV Activity

PLOS ONE | www.plosone.org 7 May 2013 | Volume 8 | Issue 5 | e64932



OA is crosstalk with those of IFN-a. At present, we don’t

understand the way of 2-OA to induce ISGs. We will investigate it

in our future study.

MiRNA-122 has been demonstrated to be important for

regulating liver lipid metabolism [27,28]. The authors demon-

strated an increase in phosphorylated AMPK in the livers of mice

with miR-122 knockdown, but failed to clarify the relationship

between miRNA-122 and AMPK activity. Importantly, activated

AMPK by 2-OA inhibited the expression of miR-122 in virus-

infected hepatocytes. Moreover, knock down of AMPK reversed

both the induction of ISGs and suppression of miR-122 by 2-OA.

MiR-122 overexpression reversed the antiviral effect of 2-OA.

These data suggested that 2-OA inhibits HCV infection through

regulation of innate response by activated AMPK.

Previous study showed that around 30–35% of chronic hepatitis

C patients will develop insulin resistance [29]. It has been reported

that insulin resistance is a negative predictor of the response to

current therapy for chronic hepatitis C patients. AMPK agonist

metformin improves the insulin sensitivity although the interaction

between the viral proteins and the control of AMPK activity is

unknown. Whether 2-OA can reverse insulin resistance in chronic

HCV infection needs to be defined.

In summary, our study provides the first evidence of direct anti-

HCV activity of 2-OA in vitro. The antiviral activity seems to be

associated with the activation of AMPK. When activated by 2-OA,

AMPK is phosphorylated at T172. Active AMPK decreases

cellular lipid biosynthesis, which could be detrimental to HCV

infection. Active AMPK also induces ISGs, and suppresses miR-

122 expression, thereby inhibiting HCV infection. These findings

reveal a novel mechanism by which active AMPK inhibits HCV

infection. All the data indicate that 2-OA inhibits HCV infection

through regulation of innate response by activated AMPK. The

findings suggest that 2-OA and its derivative hold promise for the

development as therapeutic agents for chronic hepatitis C.

Supporting Information

Figure S1 The effect of 2-OA on pT172 of AMPK in HCV
replicon cell line and its parental cells at long time
points. Huh7 and FCA1 cells were treated with 10 mM 2-OA for

48 and 72 hours. Protein was isolated from the cells. pT172 of

AMPK was detected by western blot. b-actin was used as control.

(TIF)

Figure S2 The effect of 2-OA on HCV RNA replication at
short time points. HCV-infected Huh7.5 cells were treated by

2-OA for 10 minutes, 2 hours and 4 hours. Total cellular RNA

was isolated from the cells. HCV RNA was detected by real-time

PCR analysis and normalized with GAPDH.

(TIF)

Figure S3 2-OA inhibits miR-122 expression in HCV-
infected hepatocytes through activated AMPK. HCV-

infected Huh7.5 cells were treated with 10 mM 2-OA in the

presence of compound C for 48 hours. MiR-122 was detected with

real-time PCR and normalized with GAPDH.

(TIF)

Figure S4 The effect of 2-OA on viability of FCA1, FL-
Neo and Huh7.5 HCVcc cells measured by MTS assay.
(A) FCA1 cells were treated by 10 mM and 100 mM 2-OA for 48,

72 hours. The effect of 2-OA on viability of FCA1 cells was

measured by MTS assay. The data were normalized with the

control and represented means of 3 independent experiments. (B)
FL-neo cells were treated with 10 mM and 100 mM 2-OA for 48,

72 hours. The effect of 2-OA on viability of Fl-neo cells was

determined by MTS assay. The data were normalized with the

control and represented means of 3 independent experiments. (C)
HCV-infected Huh7.5 cells were treated with 10 mM, 50 mM,

100 mM, and 500 mM 2-OA for 48, 72 hours. The effect of 2-OA

on viability of viral-infected cells was measured by MTS assay.

The data were normalized with the control and represented means

of 3 independent experiments.

(TIF)
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