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Chronic hepatitis C virus (HCV) infection is often associated with type 2 diabetes. However, the precise
mechanism underlying this association is still unclear. Here, using Huh-7.5 cells either harboring HCV-1b
RNA replicons or infected with HCV-2a, we showed that HCV transcriptionally upregulated the genes for
phosphoenolpyruvate carboxykinase (PEPCK) and glucose 6-phosphatase (G6Pase), the rate-limiting enzymes
for hepatic gluconeogenesis. In this way, HCV enhanced the cellular production of glucose 6-phosphate (G6P)
and glucose. PEPCK and G6Pase gene expressions are controlled by the transcription factor forkhead box O1
(FoxO1). We observed that although neither the mRNA levels nor the protein levels of FoxO1 expression were
affected by HCYV, the level of phosphorylation of FoxO1 at Ser319 was markedly diminished in HCV-infected
cells compared to the control cells, resulting in an increased nuclear accumulation of FoxO1, which is essential
for sustaining its transcriptional activity. It was unlikely that the decreased level of FoxO1 phosphorylation was
mediated through Akt inactivation, as we observed an increased phosphorylation of Akt at Ser473 in HCV-
infected cells compared to control cells. By using specific inhibitors of c-Jun N-terminal kinase (JNK) and
reactive oxygen species (ROS), we demonstrated that HCV infection induced JNK activation via increased
mitochondrial ROS production, resulting in decreased FoxO1 phosphorylation, FoxO1 nuclear accumulation,
and, eventually, increased glucose production. We also found that HCV NS5A mediated increased ROS
production and JNK activation, which is directly linked with the FoxO1-dependent increased gluconeogenesis.
Taken together, these observations suggest that HCV promotes hepatic gluconeogenesis through an NS5A-

mediated, FoxO1-dependent pathway.

Hepatitis C virus (HCV) is a small, enveloped RNA virus
that belongs to the genus Hepacivirus of the family Flaviviridae,
and the molecular mechanisms underlying its viral replication
are currently being unraveled (40). The HCV genome encodes
a single polyprotein of about 3,000 amino acids, which is
cleaved by host and viral proteases to generate at least 10 viral
proteins, such as core, envelope 1 (El), E2, p7, NS2, NS3,
NS4A, NS4B, NS5A, and NS5B. HCV can be classified into
seven genotypes, with each genotype further classified into a
number of subtypes, such as HCV-1a and HCV-1b (18, 24, 59).

HCV infects more than 120 million people worldwide (57).
Persistent HCV infection causes not only liver diseases
(chronic hepatitis, liver cirrhosis, and hepatocellular carci-
noma) but also extrahepatic manifestations, such as type 2
diabetes (2, 11, 20, 23). While it is known that liver cirrhosis
impairs the glucose metabolism of the liver, there are some
reports showing that HCV-infected patients over 40 years of
age have an increased risk of type 2 diabetes compared with
individuals without HCV infection (43). In addition, insulin
receptor substrate 1 (IRS-1)/phosphatidylinositol 3-kinase
(PI3-kinase) signaling was more impaired in HCV-infected
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patients than in non-HCV-infected controls (3). These studies
imply that HCV infection may directly predispose the host
toward type 2 diabetes. However, the precise mechanisms are
poorly understood.

Hepatocytes play an important role in maintaining plasma
glucose homeostasis by adjusting the balance between hepatic
glucose production and utilization via the gluconeogenic and
glycolytic pathways, respectively. It was proposed previously
that increased hepatic glucose production is a major feature of
type 2 diabetes (13). It is also known that hyperglycemia and
the subsequent development of type 2 diabetes mellitus result,
at least in part, from impaired insulin signaling together with
elevated glucagon levels (5, 19). Hepatic glucose production
and utilization, physiologically opposed cascades, are regu-
lated, at least in part, at the transcriptional level of the glucose
6-phosphatase (G6Pase) and glucokinase (GK) genes, which
catalyze the last and the first rate-limiting steps in gluconeo-
genesis and glycolysis, respectively. A number of studies have
shown that fasting/feeding (or hormones) controls the tran-
scription of these two enzymes in the opposite directions.
Go6Pase transcription is negatively regulated by insulin or feed-
ing and is markedly increased in a fasting state (62). On the
other hand, GK transcription is positively regulated by insulin
or feeding and markedly decreased in a fasting state (33). It has
also been reported that the gene expressions of gluconeogenic
and glycolytic enzymes, such as G6Pase, GK, and phospho-
enolpyruvate carboxykinase (PEPCK), another rate-limiting en-
zyme for hepatic gluconeogenesis, are regulated by certain
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TABLE 1. Sequences and positions of primers used in this study

Gene (GenBank accession no.) Primer Positions PCR product (bp)

GK (MG69051) 5'-GCCTCCCAAAGCATCTACCTC-3' 119-139 444
5'-GCTCCACTGCCCCTCCTCACC-3" 562-542

Go6Pase (U01120) 5'-CCTGGGGCTGGCTCTCAACTC-3" 889-909 309
5'-AATAGTAGTCCTCCTCAATCC-3’ 1197-1177

PEPCK (BC023978) 5'-CCAGGCAGTGAGGGAGTTITCT-3' 210-230 217
5"-ACTGTGTCTCITTGCTCITGG-3' 426-406

FoxO1 (NM_002915) 5'-GAGGGTTAGTGAGCAGGTTAC-3’ 2352-2372 217

5'-AGTCCTTATCTACAGCAGCAC-3’

HCV NS5A (JF343793)

B-Glucuronidase (M15182)

GAPDH (NM._002046)

5'-AGACGTATTGAGGTCCATGC-3'
5'-CCGCAGCGACGGTGCTGATAG-3’

5'-ATCAAAAACGCAGAAAATACG-3'
5'-ACGCAGGTGGTATCAGTCITG-3’

5'-GCCATCAATGACCCCTTCATT-3/
5'-TCTCGCTCCTGGAAGATGG-3’

2568-2548

6899-6918 133
7011-7031
1747-1767 238
1984-1964
196-216 149
326-344

transcription factors, including forkhead box O1 (FoxO1) (26,
50, 54), hepatic nuclear factor 4o (HNF-4a) (26), Kriippel-like
factor 15 (KLF15) (64), and cyclic AMP (cAMP) response
element binding protein (CREB) (52, 56). The deregulation of
the otherwise balanced control of hepatic glucose homeostasis
would potentially lead to hyperglycemia and, eventually, type 2
diabetes.

In this study, by using Huh-7.5 cells harboring HCV-1b RNA
replicons, i.e., either a subgenomic RNA replicon (SGR) or a
full-genomic RNA replicon (FGR) (37), and cells infected with
HCV-2a (14, 37, 39), we investigated the possible effects of
HCV on glucose metabolism. We report here that HCV pro-
motes hepatic gluconeogenesis, resulting in increased cellular
glucose production in hepatocytes via an NSS5A-mediated,
FoxO1l-dependent pathway.

MATERIALS AND METHODS

Cells, HCV RNA replicons, and virus. The human hepatoma-derived cell line
Huh-7.5 (7) was kindly provided by C. M. Rice (Rockefeller University, New
York, NY). The SGR and FGR were prepared by using pFK5B/2884Gly (41) (a
kind gift from R. Bartenschlager, University of Heidelberg, Heidelberg, Ger-
many) and pON/C-5B (31) (a kind gift from N. Kato, Okayama University,
Okayama, Japan), respectively. The SGR and FGR cells are of polyclonal origin
to avoid clonal variation. Plasmid pFL-J6/JFH1, which encodes the entire viral
genome of a chimeric strain of HHCV-2a (J6/JFH1) (39), was kindly provided by
C. M. Rice. The HCV RNA genome was transcribed in vitro from pFL-J6/JFHI
and transfected into Huh-7.5 cells to yield infectious HCV particles, as described
previously (14). A cell culture-adapted P-47 strain (9, 14) was used throughout
the experiments. Virus infection was performed at a multiplicity of infection
(MOI) of 2.0. Virus infectivity was measured by indirect immunofluorescence
analysis, as described below, and expressed as cell-infecting units/ml. In some
experiments, SGR and FGR cells, as well as IICV-infected cells at 5 days after
virus infection, were treated with 1,000 IU/ml of alpha interferon (IFN) (Sigma
Chemical, St. Louis, MO) for 10 days to eliminate HCV replication.

Plasmid construction. Expression plasmids for core, p7, NS2, NS3. NS3/44A,
NS4A, NS4B, NS5A, and NS3B were reported elsewhere previously (15, 32).

Real-time quantitative RT-PCR. Total cellular RNA was isolated by using
RNAijso reagent (Takara, Kyoto, Japan), and cDNA was generated by using a
QuantiTect reverse transcription (RT) system (Qiagen, Valencia, CA). Real-
time quantitative PCR was performed by using SYBR Premix Ex Tug (Takara)
with SYBR green chemistry on an ABI Prism 7000 system (Applied Biosystems,
Foster City, CA), as reported previously (37). B-Glucuronidase and GAPDH

glyceraldehyde-3-phosphate dehydrogenase) were used as internal controls. The
primers used are shown in Table 1.

G6P production assay. Huh-7.5 cells seeded into a 10-cm dish at a density of
1.0 % 10° cells/dish were infected with HCV or left uninfected. At different time
points after infection, the cells were washed twice with 5% mannitol solution and
covered with methanol (1 ml) containing 25 pM (each) four internal standards
(3-aminopyrolidine, L-methionine sulfone, trimesate, and 2-morpholinoethane-
sulfonic acid) for enzyme inactivation. The mixtures of methanol and cells were
collected and mixed with Milli-Q water and chloroform at ratios of 2:1:2. Both
the medium and cell sample solutions were then centrifuged at 20,000 X g for 15
min, and the aqueous layers were collected for centrifugal filtration through a
5-kDa-cutoff filter at 9,000 X g for 2 h. The extracted metabolites were concen-
trated with a centrifugal concentrator and stored at —80°C until analysis. Glu-
cose G-phosphate (GOP) concentrations were measured by capillary electropho-
resis time-of-flight mass spectrometry (CE-TOFMS), and the results were
normalized to the cell number as described previously (60, 61).

Glucose production assay. Culture medium was replaced with glucose pro-
duction buffer consisting of glucose-free Dulbecco’s modified Eagle’s medium
(DMEM) (Sigma Chemical), without phenol red, supplemented with a gluco-
neogenic substrate (2 mM sodium pyruvate and 20 mM sodium lactate). After
24 h of incubation, the medium was collected, and the total glucose concentra-
tion was measured by using a commercial kit (Glucose CII Test Wako; Wako
Pure Chemical Industries, Osaka, Japan) and normalized to the cellular protein
content. As the baseline of glucose production, glucose-free DMEM with neither
sodium pyruvate nor sodium lactate was used. Glucose production via gluconeo-
genesis equals the total glucose production minus the baseline glucose produc-
tion.

Luciferase reporter assay. The PEPCK gene promoter (position —1263/+225)
and a deletion mutant (position —998/+225) were inserted into the pGL3 lucif-
erase reporter plasmid (Promega, Madison, WI). The constructs were designated
rPEPCK-P5(—1263)-pGL3basic and rPEPCK-P4(—998)-pGL3basic. pRL-
CMV-Renilla (Promega), which expresses Renilla luciferase, was used as an
internal control. Huh-7.5 cells prepared in a 12-well tissue culture plate at a
density of 1.0 X 107 cellsiwell were transiently transfected with pRL-CMV-
Renilla and rPEPCK-P5(—1263)-pGL3basic or rPEPCK-P4(-998)-pGL3basic
in the presence of pEF1/NS4A, pEF1/NSSA, or a control vector (32). After 48 h,
a luciferase assay was performed by using the Dual-Luciferase reporter assay
system (Promega). Firefly and Renilla luciferase activities were measured with a
Lumat LB 9501 luminometer (Berthold, Bad Wildbad, Germany). Firefly lucif-
erase activity was normalized to Renilla luciferase activity for each sample.

Detection of mitochondrial ROS. Mitochondrial reactive oxygen species
(ROS) production was analyzed as described previously (14). Briefly, cells
seeded onto glass coverslips in a 24-well plate were incubated with 5 pM
MitoSOX red (Molecular Probes, Eugene, OR) at 37°C for 10 min and then fixed
with 3.7% paraformaldehyde and observed under a confocal laser scanning
microscépe (Carl Zeiss, Oberkochen, Germany). When needed, the fixed cells
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were subjected to indirect immunofluorescence analysis to confirm HCV infec-
tion or NS5A expression, as described below.

Indirect immunofluorescence, Huh-7.5 cells seeded onto glass coverslips in a
24-well plate were infected with HCV or transfected with an NS3A expression
plasmid. At 5 days postinfection (dpi) or 3 days posttransfection, the cells were
fixed with 3.7% paraformaldehyde in phosphate-buffered saline (PBS) for 15 min
at room temperature and permeabilized with 0.1% Triton X-100 in PBS for 15
min at room temperature. Mock-infected or empty-vector-transfected cells were
similarly treated as controls for comparisons. After being washed with PBS twice,
cells were consecutively stained with primary and secondary antibodies. The
primary antibodies used were anti-FoxO1 rabbit monoclonal antibody (Cell
Signaling Technology, Danvers, MA), anti-NS5A mouse monoclonal antibody
(Chemicon International, Temecula, CA), and serum from an HCV-infected
patient. Secondary antibodies used were Alexa Fluor 488-conjugated goat anti-
rabbit immunoglobulin G (IgG). Alexa Fluor 594-conjugated goat anti-mouse
IgG or anti-human IgG (Molecular Probes), and fluorescein isothiocyanate
(FITC)-conjugated goat anti-mouse IgG or anti-human IgG (MBL, Nagoya.
Japan). The stained cells were observed under a confocal laser scanning micro-
scope (Carl Zeiss).

Cell fractionation and immunoblotting. Nuclear and cytoplasmic extracts from
cells were prepared by using an NE-PER nuclear and cytoplasmic extraction
reagent kit (Pierce Chemical, Rockford, IL). For immunoblotting, cells were
lysed with SDS sample buffer, and equal amounts of protein were subjected to
SDS-polyacrylamide gel electrophoresis and transferred onto a polyvinylidene
difluoride membrane (Millipore, Bedford, MA), which was then incubated with
the respective primary antibodies. The primary antibodies used were mouse
monoclonal antibodies against HICV core (clone 2H9; a kind gift from T. Wakita,
Department of Virology II, National Institute of Infectious Diseases, Tokyo,
Japan), NS3, NS4A, NS3A, GAPDH (Chemicon), FoxOl (Sigma Chemical),
phospho-Akt (Serd73) (Cell Signaling Technology), and c-Myc (9E10; Santa
Cruz Biotechnology, Santa Cruz, CA); rabbit polyclonal antibodies against phos-
pho-FoxO1 (Ser139), Oct-1 (Santa Cruz Biotechnology), c-Jun N-terminal ki-
nase (JNK), phospho-JNK (Thr183/Tyr185), ¢c-Jun, phospho-c-Jun (Ser63), and
Akt (Cell Signaling Technology); and goat polyclonal antibody against HSPG0
(Santa Cruz Biotechnology). Horseradish peroxidase-conjugated goat anti-
mouse 1gG, goat anti-rabbit IgG (Molecular Probes), and donkey anti-goat IgG
(Santa Cruz Biotechnology) were used to visualize the respective proteins by
means of an enhanced chemiluminescence detection system (ECL; GE Health-
care, Buckinghamshire, United Kingdom).

Statistical analysis. Results were expressed as means * standard errors of the
means (SEM). Statistical significance was evaluated by analysis of variance
(ANOVA) and was defined as a P value of <0.05.

RESULTS

HCV upregulates gene expression of PEPCK and G6Pase
and downregulates gene expression of GK. We first examined
the expression levels of the genes for the rate-limiting enzymes
in hepatic gluconeogenesis, PEPCK and G6Pase, and of those
for GK, which catalyzes the first step of glycolysis, by means of
real-time quantitative RT-PCR analysis. We observed that the
PEPCK and G6Pase genes were transcriptionally activated in
SGR- and FGR-harboring cells (Fig. 1A and B, left). Similarly,
the PEPCK and Go6Pase genes were upregulated in HCV-
infected cells in a time-dependent manner, starting from 3 or 5
days postinfection (dpi) up to 14 dpi (Fig. 1A and B, middle).
On the other hand, the GK gene was transcriptionally down-
regulated in SGR- and FGR-harboring cells and HCV-in-
fected cells in a time-dependent manner (Fig. 1C). It is note-
worthy that the gene expressions of six glycolytic enzymes (not
including GK) were observed to be upregulated in HCV-in-
fected cells at 1 dpi (16).

When IFN treatment eliminated HCV from the cells, the
observed upregulation of PEPCK and Go6Pase gene expres-
sions as well as the downregulation of GK gene expression in
SGR- and FGR-harboring cells and HCV-infected cells were
cancelled (Fig. 1A, B, and C, left and right). Thus, our results
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suggest that there was a trend toward an increase in gluconeo-
genesis in SGR- and FGR-harboring cells and HCV-infected
cells. In subsequent studies we further examined whether or
not HCV replication was correlated with gluconeogenesis.

HCV promotes cellular production of glucose and G6P. We
then examined the effect of HCV on cellular glucose produc-
tion. The results showed that SGR- and FGR-harboring cells
and HCV-infected cells produced greater amounts of glucose
than did the control cells (Fig. 2A, top and middle). IFN
treatment cancelled the enhanced glucose production in SGR-
and FGR-harboring cells and in HCV-infected cells (Fig. 24,
top and bottom). We also investigated the production of G6P,
which is an important precursor molecule that is converted to
glucose in the gluconeogenesis pathway, by means of metabo-
lome analysis. As shown in Fig. 2B, a significantly higher level
of G6P was accumulated in HCV-infected cells than in control
cells. Taken together, these results indicate that HCV indeed
promotes hepatic gluconeogenesis to cause hyperglycemia. In
the following analyses, we examined the possible mechanisms
of HCV-induced increased gluconcogenesis.

HCV suppresses FoxO1 phosphorylation at Ser319, leading
to the nuclear accumulation of FoxOl. It was demonstrated
previously that FoxOl in hepatocytes enhances gluconeogen-
esis through the transcriptional activation of various genes,
including G6Pase and PEPCK (25). To investigate the possible
effects of FoxO1 on HCV-induced gluconeogenesis, we exam-
ined the gene expression levels of FoxO1 by real-time quanti-
tative RT-PCR analysis. As shown in Fig. 3A, there was neither
an upregulation nor a downregulation of FoxO1 gene expres-
sion in SGR- or FGR-harboring cells or HCV-infected cells.
The FoxOl transcription factor is controlled by various post-
translational modifications, which include phosphorylation,
ubiquitylation, and acetylation. The phosphorylated form of
FoxOl is exported from the nucleus and thereby loses its
transcriptional function (30). We therefore examined the phos-
phorylation status of FoxO1l at Ser319, which is critical for
FoxO1 nuclear exclusion (72). The results showed that FoxO1
phosphorylation at Ser319 was markedly suppressed in HCV-
infected cells from 4 dpi up to 8 dpi, compared to that in the
HCV-negative control cells (Fig. 3B, first panel), in a time-
dependent manner that was roughly the inverse of the pattern
observed for PEPCK and G6Pase mRNA upregulations (Fig.
1A and B) and glucose production (Fig. 2A), while the total
protein expression levels of FoxO1 were unchanged (Fig. 3B,
second panel). Regarding this connection, Banerjee et al. re-
ported previously that FoxO1 phosphorylation at Ser256 was
also inhibited in HCV-infected cells (4). Since FoxOl1 is known
to be phosphorylated by Akt so as to be exported from the
nucleus and transcriptionally inactivated (38), we examined
whether Akt function was suppressed through its impaired
phosphorylation in HCV-infected cells. The result obtained
revealed that this was not the case: Akt phosphorylation was
enhanced in HCV-infected cells from 4 dpi up to 6 dpi com-
pared with the control cells (Fig. 3B, third panel), while the
total protein expression levels of Akt were comparable (Fig.
3B, fourth panel). This result is consistent with a recent obser-
vation by Burdette et al. (10) showing that the Akt phosphor-
ylation level was elevated in HCV-infected cells. These data
suggest that the observed decrease in FoxO1 phosphorylation
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FIG. 1. HCV upregulates gene expressions of PEPCK and G6Pase and downregulates gene expression of GK. Quantitative RT-PCR analysis
was performed to quantify PEPCK (A), G6Pase (B), and GK (C) mRNA expression levels in SGR- and FGR-harboring cells and HCV-infected
cells (MOI = 2), and the results were normalized to B-glucuronidase mRNA expression levels. In parallel, SGR- and FGR-harboring cells and
HCV-infected cells (at 5 dpi) were treated with IFN (1,000 IU/ml) for 10 days to eliminate HCV replication before being subjected to quantitative
RT-PCR. Data represent means = SEM of data from three independent experiments, and the values for the control cells were arbitrarily expressed

as 1.0. %, P < 0.01 compared with the control.

in HCV-infected cells is caused by a mechanism independent
of Akt.

Next, we tested whether HCV indeed promoted FoxO1 nu-
clear accumulation. The majority of FoxO1 was accumulated in
the nuclear fraction in HCV-infected cells (Fig. 3C, second
panel, lanes 2 and 4), whereas in control cells FoxO1 was
distributed in both the nuclear and cytoplasmic fractions (lanes
1 and 3). Taken together, these results suggest that HCV
suppressed FoxO1 phosphorylation, leading to the nuclear ac-
cumulation of FoxOl1.

HCV-induced JNK activation is involved in the suppression
of FoxO1 phosphorylation. Recent studies demonstrated that a
signaling pathway that involves the stress-sensitive serine/thre-
onine kinase JNK regulates FoxO at multiple levels (36, 66).
We therefore investigated whether HCV induced JNK activa-
tion in Huh-7.5 cells. As shown in Fig. 4A, the amount of

phosphorylated (activated) JNK markedly increased in HCV-
infected cells in a time-dependent manner, similar to that ob-
served for the suppression of FoxO1 phosphorylation, while
the total expression levels of INK were unchanged. As a result,
c-Jun, a key substrate for JNK, was phosphorylated (activated)
in HCV-infected cells but not in the mock-infected control
cells. It should also be noted that the total expression levels of
c-Jun in HCV-infected cells were significantly higher than
those in the mock-infected control cells, suggesting that c-Jun
activation through its phosphorylation stabilizes c-Jun protein
expression in HCV-infected cells, as was proposed previously
by Zhang et al (71).

We next sought to determine whether JNK activation was
involved in the HCV-induced suppression of FoxO1 phosphor-
ylation. HCV-infected cells at 5 days after virus infection were
treated with the specific INK inhibitor SP600125 (20 pM) (6)
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sion levels were normalized to B-glucuronidase mRNA expression
levels. (B) The expression levels of FoxOl, phospho-FoxO1 (Ser319)
(P-FoxO1), Akt, and phospho-Akt (Ser473) were analyzed by immuno-
blotting of HCV-infected cells and mock-infected control cells. Blots were
reprobed with antibodies recognizing NS3 and GAPDH. The amounts of
GAPDH were measured as an internal control to verify equal amounts of
sample loading. (C) Cytoplasmic and nuclear fractions were prepared
from HCV-infected cells and mock-infected control cells at 4 dpi and
were analyzed by immunoblotting using antibodies against FoxO1, phos-
pho-FoxO1 (Ser319), NS3, HspG0, and Oct-1. The amounts of Hsp60 and
Oct-1 were measured to verify that they were equal to the amounts of
cytoplasmic and nuclear fractions, respectively.

for 24 h. The catalytic INK activity was assayed by monitoring
the phosphorylation of c-Jun. As shown in Fig. 4B, SP600125
clearly prevented the phosphorylation of c-Jun and concomi-
tantly recovered the suppression of FoxO1 phosphorylation in
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sion of FoxOl phosphorylation. (A) HCV activates the JNIK/c-Jun
signaling pathway. The activation (phosphorylation) of JNK (Thr183/
Tyr185) and c-Jun (Ser63) in whole-cell lysates of HCV-infected cells
and mock-infected control cells was analyzed by immunoblotting. Blots
were reprobed with antibodies recognizing total JNK and c-Jun, NS3,
and GAPDH. The amounts of GAPDH were measured as an internal
control to verily equal amounts of sample loading. (B) Pretreatment
with the JNK inhibitor SP600125 abrogates HCV-induced c-Jun acti-
vation and FoxO1 phosphorylation suppression. The phosphorylation
of ¢-Jun (Ser63) and that of FoxO1 (Ser319) were analyzed by immu-
noblotting at 6 dpi in HCV-infected cells and mock-infected control
cells with or without SP600125 pretreatment (20 pM for 24 h). Blots
were reprobed with antibodies recognizing total ¢-Jun and FoxOl,
NS3, and GAPDH. The amounts of GAPDH were measured as an
internal control to verify equal amounts of sample loading.

HCV-infected cells. These results suggest that HCV activates
the JNK/c-Jun signaling pathway, which induces the nuclear
accumulation of FoxO1 by reducing its phosphorylation status.

HCV-induced mitochondrial ROS production is involved in
FoxO1 phosphorylation suppression, FoxO1 nuclear accumu-
lation, and increased glucose production through JNK activa-
tion. We previously reported that HCV infection increases
mitochondrial ROS production (14). JNK is known to be ac-
tivated by ROS (35). We therefore sought to determine
whether the HCV-induced increase in ROS production is an
event occurring upstream of JNK activation by HCV. The
pretreatment of HCV-infected cells (at 6 dpi) with 5 mM
N-acetyl cysteine (NAC) (a general antioxidant) for 2 h signif-
icantly reduced the HCV-induced increase in ROS levels (Fig.
SA and B), as revealed by using MitoSOX, a fluorescent probe
specific for superoxide that selectively accumulates in the mi-
tochondrial compartment. As shown in Fig. 5C, NAC clearly
prevented the phosphorylation of JNK and concomitantly re-
covered the suppression of FoxOl phosphorylation in HCV-
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FIG. 5. HCV-induced production of mitochondrial ROS sup-
presses FoxO1 phosphorylation through activation of JNK. (A) Pre-
treatment with NAC abrogates the HCV-induced increased produc-
tion of mitochondrial ROS. HCV-infected cells and mock-infected
controls were pretreated with 5 mM NAC for 2 h at 6 dpi. The cells
were then incubated with MitoSOX (top) and then stained for HCV
antigens by using serum from an HCV-infected patient, followed by
FITC-conjugated goat anti-human IgG (bottom). (B) Quantification of
MitoSOX-stained cells. The percentages of cells stained with
MitoSOX were determined for HCV-infected cells and mock-infected
controls with or without NAC pretreatment. Data represent means =
SEM of data from two independent experiments. #, 2 < 0.01. (C) NAC
pretreatment abrogates HCV-induced JNK activation and FoxOl
phosphorylation suppression. The phosphorylation of JNK (Thr183/
Tyr185) and that of FoxO1 (Ser319) were analyzed by immunoblotting
at 6 dpi in HCV-infected cells and mock-infected controls with or
without NAC pretreatment (5 mM for 2 h). The blots were reprobed
with antibodies recognizing total JNK and FoxO1, NS3, and GAPDH.
The amounts of GAPDH were measured as an internal control to
verify equal amounts of sample loading.

infected cells. These results suggest that HCV-induced ROS
production is involved in JNK activation, which results in the
inhibition of FoxO1 phosphorylation.

We next investigated the effects of JNK activation and ROS
production on the subcellular localization of FoxO1 in HCV-
infected cells by indirect immunofluorescence staining. As
shown in Fig. 6A and B, FoxO1 was localized predominantly in
the cytoplasm of mock-infected control cells. On the other
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FIG. 6. HCV-induced JNK activation and ROS production are involved in FoxO1 nuclear accumulation and increased glucose production.
(A) Subcellular localization of FoxO1 in HCV-infected cells and mock-infected controls with or without JNK inhibitor (SP600125 at 20 1M for
24 h) or antioxidant (NAC at 5 mM for 2 h) pretreatment at 5 dpi was examined by confocal microscopy. After fixation and permeabilization, the
cells were incubated with an anti-FoxO1 rabbit monoclonal antibody followed by Alexa Fluor 488-conjugated goat anti-rabbit IgG (top) and with
serum from an HCV-infected patient followed by Alexa Fluor 594-conjugated goat anti-human IgG (bottom). (B) The percentages of cells with
FoxO1 nuclear localization were determined for HCV-infected cells and mock-infected controls with or without SP600125 or NAC pretreatment.
Data represent means + SEM of data from two independent experiments. *, P < 0.01. (C) Extracellular glucose production was measured in
HCV-infected cells and mock-infected controls with or without SP600125 or NAC pretreatment at 7 dpi and normalized to total cellular protein
expression levels. Data represent means = SEM of data from two independent experiments, and the value for the control cells was arbitrarily
expressed as 1.0. x, P < 0.01. (D) Cellular expression levels of NS3 in HCV-infected cells and mock-infected control cells with or without sodium
lactate (SL). sodium pyruvate (SP). SP600125, or NAC are shown. The amounts of GAPDH were measured as an internal control to verify equal
amounts of sample loading. (E) Amounts of HCV RNA were measured by quantitative RT-PCR analysis of HCV-infected cells treated with
SP600125 or NAC or left untreated at 6 dpi. The amounts were normalized to GAPDH mRNA expression levels. Data represent means = SEM
of data from two independent experiments, and the value for the nontreated HCV-infected cells was arbitrarily expressed as 1.0. (F) Virus
infectivity in the culture supernatants of HCV-infected cells treated with SP600125 or NAC or left untreated at 6 dpi was measured. Data represent
means = SEM of data from two independent experiments. CIU, cell-infecting units.

hand, the nuclear accumulation of FoxO1 was clearly observed of the HCV NS3 protein (Fig. 6D). We also examined the
in approximately 35% of HCV-infected cells at 5 dpi. The possible effects of SP600125 or NAC on HCV RNA replication
treatment of HCV-infected cells with a JNK inhibitor and infectious-virus production. The results obtained revealed

(SP600125 at 20 pM for 24 ) or an antioxidant (NAC at 5 mM that treatment with SP600125 (20 .M for 24 h) or NAC (5 mM
for 2 h) significantly inhibited HCV-induced FoxO1 nuclear for 2 h) barely affected HCV RNA replication (Fig. 6E). On

accumulation. the other hand, we noted a tendency for infectious-virus pro-
To further verifly the role played by INK activation and ROS duction to be only slightly suppressed by SP600125 but not by

production in HCV-induced hepatic gluconeogenesis, the glu- NAC (Fig. 6F). A short-term inhibition of glucose production

cose production in SP600125- or NAC-treated HCV-infected might not sufficiently alfect HCV RNA replication or virus

cells was assessed. Treatment with SP600125 or NAC signifi- production.

cantly impaired the HCV-induced increased glucose produc- Taken together, these results indicate that ROS-mediated

tion at 7 dpi (Fig. 6C) but did not affect the overall abundance JNK activation plays a key role in the suppression of FoxOl
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(C) At 3 days posttransfection, the expression levels of each of the HCV proteins were examined by immunoblot analysis using antibodies against
c-Myc, core, NS4A, and GAPDH. The amounts of GAPDH served as an internal control to verify equal amounts of sample loading. (D) NS5A
and NS4A enhance PEPCK promoter activity. NS5A and NS4A expression plasmids were each cotransfected with tTPEPCK-P5(~1263)-pGL3basic
or rPEPCK-P4(—-998)-pGL3basic in Huh-7.5 cells. At 48 h after transfection, the PEPCK promoter activities were measured by using a luciferase
reporter assay. Data represent means * SEM of data from three independent experiments, and the values for the control cells were arbitrarily

expressed as 1.0. =, P < 0.05 compared with the control.

phosphorylation, the nuclear accumulation of FoxOl, and the
enhancement of glucose production in HCV-infected cells.
HCV NS5A is involved in the enhancement of glucose pro-
duction. To examine which HCV protein(s) is involved in the
enhancement of gluconeogenesis, expression constructs of
each of the HCV viral proteins were transfected into Huh-7.5
cells, and the gene expression levels of PEPCK and GG6Pase
were examined by real-time quantitative RT-PCR analysis. We

observed that NSS5A significantly promoted G6Pase gene ex-
pression (Fig. 7A). Moreover, both the NS5A and NS4A pro-
teins significantly enhanced PEPCK gene expression at 3 and 5
days posttransfection, respectively (Fig. 7B). The expression of
each of the HCV proteins except NS2 was verified by immu-
noblot analysis (Fig. 7C). NS2 was reported previously to be
unstable and rapidly degraded by the proteasome (22).

Next, we performed a luciferase reporter assay to examine
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the possible effects of NS5A and NS4A on PEPCK promoter
activities. The construct rPEPCK-P5(~1263)-pGL3basic car-
ries 1,263 bp of the PEPCK 5'-flanking region (—1263
PEPCK) and is used to monitor PEPCK promoter activity. The
results demonstrated that the levels of PEPCK promoter ac-
tivities were significantly higher in both NS5A- and NS4A-
expressing cells than in the control cells (Fig. 7D). Interest-
ingly, when the region of the PEPCK promoter from positions
—1263 to —998 was deleted, the activation of PEPCK pro-
moter activity in cells expressing NS5A and NS4A was abol-
ished. These results confirmed that NS5A and NS4A activate
the PEPCK promoter, leading to an increase in PEPCK
mRNA expression levels. Database searches of the deleted
sequence did not reveal any potential binding sequences for
transcription factors (data not shown).

Recently reported data suggest that ROS production is in-
duced in NS5A-expressing cells (17) or in hepatocytes of NS5A
fransgenic mice (68). We therefore sough to determine
whether NS5A contributes to increased hepatic gluconeogen-
esis through the induction.of ROS production. The NS5A
expression plasmid was transfected into Huh-7.5 cells, and
ROS production was assessed by MitoSOX: at 3 days posttrans-
fection. As shown in Fig. 8A and B, approximately 30% of
NS5A-expressing cells displayed a much stronger signal than
that observed for vector-transfected control cells.

We then examined whether NS5A mediated INK/c-Jun ac-
tivation and FoxO1 phosphorylation inhibition. The results
obtained revealed that both the phosphorylation level at Ser63
and the total expression level of c-Jun were upregulated in
NS5A-expressing cells compared to the control cells trans-
fected with the vector plasmid or cells expressing the other
HCV proteins (Fig. 8C and D, top two panels). Concomitantly,
FoxOl phosphorylation at Ser319 was clearly suppressed in
NS5A- and NS4A-expressing cells compared to the control
cells (Fig. 8C, compare lanes 6, 5, and 1, respectively, in the
third panel). NS4A, a small protein of ca. 7 kDa, forms a stable
complex with NS3 to function as a cofactor for NS3 serine
protease and RNA helicase activities (51). We previously re-
ported that NS4A caused mitochondrial damage when ex-
pressed alone but not when coexpressed with NS3 (47). We
therefore speculated that the otherwise observed decrease in
FoxOl phosphorylation levels in NS4A-expressing cells might
be canceled when NS4A is coexpressed with NS3. To verify this
notion, we tested FoxO1 phosphorylation in cells coexpressing
NS3 and NS4A. As had been expected, FoxO1 phosphoryla-
tion levels did not differ between NS3/4A-coexpressing cells
and vector-transfected control cells (Fig. 8C, compare lanes 4
and 1, respectively).

Notably, we observed that the HCV core protein did not
alter the phosphorylation status of c-Jun and FoxO1 (Fig. 8C,
compare lanes 1 and 2), with the result being consistent with
what was observed for gene expression levels of PEPCK and
G6Pase in HCV core-expressing cells (Fig. 7A and B). These
results imply that core is not primarily involved in HCV-in-
duced increased gluconeogenesis under our experimental con-
ditions. Similarly, other HCV nonstructural proteins, such as
NS4B and NS5B, did not significantly influence the phosphor-
ylation status of c-Jun and FoxO1 (Fig. 8D).

In order to further verity the effect of NS5A on the nuclear
accumulation of FoxO1, we examined the subcellular localiza-
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tion of FoxOl in NS5A-expressing cells by indirect immuno-
fluorescence staining. As shown in Fig. 8E and F, the nuclear
accumulation of FoxO1 was clearly observed for approximately
25% of NSSA-expressing cells but not the vector-transfected
control. These results suggest that NSSA activates the INK/c-
Jun signaling pathway via increased ROS production, which
results'in the decreased phosphorylation and nuclear accumu-
lation of FoxOl.

Finally, we examined the effects of NSSA and NS4A on
glucose production. As shown in Fig. 9, the amounts of glucose
were significantly increased in culture supernatants of NS5A-
and NS4A-expressing cells, compared with the amounts of
glucose in control cells, at 5 days posttransfection. Again, it is
reasonable to assume that the observed increase in glucose
production in NS4A-expressing cells might be canceled when
NS4A is coexpressed with NS3.

These results collectively suggest that NS5A plays a role, at
least to some extent, in the HCV-induced enhancement of
hepatic gluconeogenesis.

DISCUSSION

Hepatocytes play an important role in maintaining plasma
glucose homeostasis by adjusting the balance between hepatic
glucose production and utilization via the gluconeogenic and
glycolytic pathways, respectively. We previously reported that
HCV suppresses cellular glucose uptake by downregulating the
surface expression of the glucose transporters GLUTL and
GLUT2 (37). In this study, we have demonstrated that HCV
promotes FoxOl-mediated hepatic gluconeogenesis, as evi-
denced by the increased accumulation of FoxO1 in the nucleus
via the reduction of its-phosphorylation status (Fig. 3 and 6A
and B), which leads to increased PEPCK and GoOPase gene
expression levels (Fig. 1A and B) and the subsequent upregu-
lation of G6P and glucose production (Fig. 2). Moreover, our
results indicate that HCV-induced ROS production causes
INK activation, which results in the decreased phosphorylation
and nuclear accumulation of FoxOl, leading eventually to in-
creased ghicose production (Fig. 4 to 6). Our results thus
suggest that FoxOl is a prime transcription factor in the HCV-
mediated progression of hepatic gluconeogenesis through an
ROS/JNK-‘dEpCDanl - mechanism, as summarized in the
schema in Fig. 10. Our results also suggest that HCV NS5A
plays a role in enhanced hepatic gluconeogenesis by promoting
ROS production and JNK activation (Fig. 7 to 9). In line with
our observations, the NS5A-mediated induction of ROS pro-
duction (68) and JNK activation (49) was reported previously
by other investigators.

Increasing evidence suggests that mitochondrial dysfunction
is causative of insulin resistance and type 2 diabetes. Mitochon-
drial dysfunction causes the upregulation of PEPCK and
GGPase, leading to increased gluconeogenesis and insulin re-
sistance (42, 46). We previously reported that HCV causes
mitochondrial damage and mitochondrion-mediated apoptosis
(14, 47). Our current data further support the concept that
altered mitochondrial function plays a role in the development
of increased glucose production in hepatocytes.

We and other groups have reported that HCV infection
increases the production of mitochondrial ROS, which plays an
important role in the development and progression of inflam-
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FIG. 8. HCV NSSA is involved in increased ROS production, JNK activation. FoxOl phosphorylation suppression, and FoxO1 nuclear
accumulation. (A) NS5A promotes ROS production. Huh-7.5 cells transfected with an NSSA expression plasmid or the empty control (vector) were
incubated with MitoSOX (lop) at 3 days posttransfection and then stained for NS5A by using anti-NS5A mouse monoclonal antibody, followed
by FITC-conjugated goat anti-mouse IgG (bottom). (B) Quantification of MitoSOX-stained cells. The percentages of cells stained with MitoSOX
were determined for NS5A-expressing cells and control cells. Data represent means = SEM of data from two independent experiments. =, P <
0.01. (C and D) HCV NS5A activates c-Jun phosphorylation and suppresses FoxO1 phosphorylation. Huh-7.5 cells transfected with the indicated
HCV viral protein expression plasmids were harvested at 3 days posttransfection, and the whole-cell lysates were subjected to immunoblot analysis
using antibodies against phospho-c-Jun (Ser63), c-Jun, phospho-FoxO1 (Ser319), FoxO1, GAPDH, core, NS3, NS4A, and NS5A (C) or ¢-Myc (D).
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postiransfection. The cells were incubated with an anti-FoxO1 rabbit monoclonal antibody followed by Alexa Fluor 488-conjugated goat anti-rabbit
126G (lop) or with anti-NS5A mouse monoclonal antibody followed by Alexa Fluor 594-conjugated goat anti-mouse IeG (bottom). (F) The
percentages of cells with a nuclear localization of FoxO1 were determined for NS3A-expressing cells and control cells. Data represent means =
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(B) Cellular expression levels of NS4A and NS5A in the absence and
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matory liver disease mediated by HCV (12, 14). Increased
mitochondrial ROS generation was also shown previously to be
an underlying mediator of multiple forms of insulin resistance,
including inflammation- or glucocorticoid-induced insulin re-
sistance (27, 29). Moreover, a significant correlation was ob-
served between oxidative stress and insulin resistance in pa-
tients infected with HCV genotype 1 or 2 (44). ROS have also
been shown to regulate the activity of the FoxO transcription
factor by posttranslational modifications, including phosphor-
ylation (21), deacetylation (8), and ubiquitylation (67).
Although this study showed that JNK induces the nuclear
accumulation of FoxO1 by reducing its phosphorylation status
under oxidative stress conditions in HCV-infected cells, the
precise mechanism(s) of the interplay between JNK and
FoxO1 still remains to be addressed. It was reported previously
that activated JNK phosphorylates IRS-1 at Ser307, which
results in attenuated insulin signal transduction through the
inhibition of the tyrosine phosphorylation of IRS-1 (1). Akt is
a major downstream signaling protein for insulin/IRS-1 signal-
ing and is activated through its phosphorylation on Thr308 and
Ser473, the latter of which is believed to be more crucial (53).
Therefore, an impairment of the insulin/IRS-1 signaling path-
way should involve the downregulation of Akt phosphoryla-
tion. However, our present data showed that Akt phosphory-
lation on Ser473 was upregulated in HCV-infected cells at 4
and 6 dpi (Fig. 3B), suggesting that an Akt-independent path-
way is involved in the JNK-mediated suppression of FoxOl
phosphorylation. Regarding this connection, it should be noted
that the 14-3-3 protein, a binding partner for phosphorylated
FoxO1 that mediates its nuclear export (72), is phosphorylated
by JNK and that the phosphorylated 14-3-3 protein releases its
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FIG. 10. Schematic representation of the HCV-dysregulated he-
patic gluconeogenesis signaling pathway. HCV induces mitochondrial
dysfunction (14). This results in increased ROS production and JINK
activation, which induces the nuclear accumulation of FoxO1 by re-
ducing its phosphorylation status. Consequently, PEPCK and GGPase
gene expressions are upregulated, leading to an upregulation of G6P
and glucose production. NSSA plays a role in HCV-induced gluconeo-
genesis via the induction of ROS production. IRE, insulin response
clement.

binding partners, which would facilitate the nuclear accumu-
lation of FoxO (63, 65, 70). Further studies are needed to
elucidate this issue.

Another trigger that causes excessive JNK activation and
msulin resistance is endoplasmic reticulum (ER) stress (28,
48). Several previous studies reported that HCV infection in-
duces ER stress (34, 55). Under our experimental conditions,
however, we did not detect significant ER stress in HCV-
infected cells (14). It is thus likely that ER stress was not the
primary cause of the increased gluconeogenesis in our exper-
imental system using Huh-7.5 cells and the P-47 strain of HCV
J6/JFH-1 (9, 14).

Notably, our present data showed that cells harboring the
SGR or FGR and HCV-infected cells produced greater
amounts of glucose than did the control cells (Fig. 2A); how-
ever, the changes in the phosphorylation status of FoxO1 and
JNK in SGR- and FGR-harboring cells were not so significant
compared to those in virus-infected cells (data not shown).
One of the reasons for this difference is that SGR- and FGR-
harboring cells were obtained through a longer cultivation in a
selection medium for a month or more and that the balance of
host gene induction may be somewhat different from that in
virus-infected cells. Therefore, it is possible that, in addition to
the JNK-FoxO1 pathway, another signaling pathway(s) is in-
volved in the increased gluconcogenesis in SGR- and FGR-
harboring cells. Studies on this issue are now under way in our
laboratory.

We observed that HCV infection modulated, cither posi-
tively or negatively, the transcription of the PEPCK, G6Pase,
and GK genes at 3 to 5 dpi (Fig. 1). Virus infection, in general,
causes dynamically changing induction and the suppression of
a wide variety of host genes. For example, expression levels of
certain genes, such as interferon genes, increase during an
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early phase of virus infection, e.g., at 1 dpi, but return to
normal levels within a few days in a cell culture system. On the
other hand, the virus-infection-induced expression of other
genes, such as the extracellular signal-regulated kinase (ERK)
gene, remains for a prolonged period of time (data not shown).
Also, some of the gene products induced in the acute phase
may suppress the expression of other genes. Under these bal-
anced conditions, it is quite possible that certain genes are
induced only at a later time, e.g., 3 to 5 dpi, but not immedi-
ately after virus infection. )

It was reported previously that HCV core protein-expressing
transgenic mice exhibit marked insulin resistance by inhibiting
IRS-1 tyrosine phosphorylation and Akt phosphorylation (45,
58). However, our present results showed that HCV NS5A, but
not the core protein, was associated with increased gluconeo-
genesis. Moreover, it was recently reported that HCV infection
significantly inhibited cellular glucose levels at 10 dpi (69),
which is quite the opposite of what we observed in the present
study. These results collectively suggest the possibility that
multiple pathways are involved in glucose metabolism in HCV-
infected cells. Also, the possible effect(s) of the dysregulation
of hepatic gluconeogenesis on the HCV life cycle needs to be
clarified.

In conclusion, our present results collectively suggest that
HCV promotes hepatic gluconeogenesis, resulting in increased
glucose production in hepatocytes via an NSS5A-mediated,
FoxO1-dependent pathway.
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ABSTRACT

Persistent infection with hepatitis C virus (HCV) is closely correlated with type 2 diabetes. In this study,
replication of HCV at different glucose concentrations was investigated by using J6/JFH1-derived cell-
adapted HCV in Huh-7.5 cells and the mechanism of regulation of HCV replication by AMP-activated
protein kinase (AMPK) as an energy sensor of the cell analyzed. Reducing the glucose concentration
in the cell culture medium from 4.5 to 1.0 g/L resulted in suppression of HCV replication, along with
activation of AMPK. Whereas treatment of cells with AMPK activator 5-aminoimidazole-4-carboxamide
1-B-D-ribofuranoside (AICAR) suppressed HCV replication, compound C, a specific AMPK inhibitor,
prevented AICAR’s effect, suggesting that AICAR suppresses the replication of HCV by activating AMPK
in Huh-7.5 cells. In contrast, compound C induced further suppression of HCV replication when the cells
were cultured in low glucose concentrations or with metformin. These results suggest that low glucose
concentrations and metformin have anti-HCV effects independently of AMPK activation.

Key words 5-aminoimidazole-4-carboxamide 1-B-D-ribofuranoside (AICAR), adenosine monophosphate-activated protein
kinase (AMPK), diabetes, metformin.

Hepatitis C virus, which is classified within the family
Flaviviridae, is a small enveloped virus that possesses a
positive-sense single-stranded RNA genome. HCV infec-
tion proceeds to a persistent stage at a high rate, leading
to cirrhosis and hepatocellular carcinoma. Despite recent
advances in the development of antiviral therapies, cer-
tain patient populations are difficult to treat (1) due to
host factors such as obesity, hyperglycemia and insulin
resistance (2-4).

Adenosine monophosphate-activated protein kinase is
a major cellular energy sensor that is activated by cel-
lular stresses that increase intracellular AMP (5). ZMP,

Correspondence

which mimics AMP, also activates AMPK (6). AMPK is a
heterotrimer composed of a catalytic « subunit and reg-
ulatory S and y subunits (7). Phosphorylation of Thr!'”?
in its activation loop of « subunit by upstream kinases,
namely, LKB1 (8,9) and Ca?*/calmodulin-dependent ki-
nase kinase (10,11) can increase its kinase activity (12).
Activated AMPK inhibits the synthesis of fatty acids,
cholesterol, proteins and gluconeogenesis in hepatocytes
(13-16). Phosphorylation of Ser*®*/#°! by protein kinase
B is known to inhibit AMPK activity (17).

Hepatitis C virus infection suppresses cellular glucose
uptake through down-regulation of cell surface expression
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of glucose transporters (18). Our preliminary experi-
ments demonstrated that HCV infection alters the ex-
pression of 5-aminoimidazole-4-carboxamide ribonu-
cleotide formyltransferase/inosine monophosphate cyclo-
hydrolase, which catalyzes ZMP in purine nucleotide syn-
thesis. ZMP is known to mimic the activating effects of
AMP on AMPK (6). We postulated that glucose usage
and/or activation of AMPK might affect the infection and
replication of HCV.

In this study, we have investigated HCV replication with
different glucose concentrations in the culture medium,
with treatment of cells with AMPK activators (AICAR,
metformin) or with the AMPK inhibitor compound C in
the cell culture medium.

MATERIALS AND METHODS

Cells

The Huh-7.5 cell line used in this study, a highly HCV-
susceptible subclone of Huh7 cells, was a kind gift from
Dr. C. M. Rice (Center for the Study of Hepatitis C, The
Rockefeller University, New York, NY, USA) (19). The cells
were propagated in Dulbecco’s modified Eagle medium
supplemented with 10% heat-inactivated FBS and 0.1 mM
nonessential amino acids.

Viruses

The virus stock was prepared as described previously
(20,21). The pEL-J6/JFH1 plasmid that encodes the entire
viral genome of a chimeric strain of HCV-2a, J6/JFH1, was
kindly provided by Dr. C. M. Rice. The HCV RNA genome
was transcribed in vitro from pFL-J6/JFH]1 and transfected
to Huh-7.5 cells. The supernatant was harvested as a virus
stock. In this study we used an adapted strain of the virus
obtained by passaging the HCV genotype 2a, J6/JFH],
infected cells 47 times (20,22). Virus infection was per-
formed at a MOI of three. Culture supernatants of un-
infected cells were used as controls (mock preparation).
Virus infectivity was measured by indirect immunofluo-
rescence analysis as described previously (20).

Reagents

5-aminoimidazole-4-carboxamide 1-B-D-ribofuranoside
and uridine were purchased from Sigma (St. Louis, MO,
USA), compound C from Chemdea (Ridgewood, NJ,
USA), metformin from Enzo Life Sciences (Plymouth
Meeting, PA, USA) and Hoechst 33258 from Wako (Osaka,
Japan).

© 2011 The Societies and Blackwell Publishing Asia Pty Ltd

Immunoblotting

Immunoblotting was essentially as described previously
(23). Cells were solubilized in a lysis buffer (50 mM
Tris-HCI, pH 7.4, 150 mM NaCl, 100 mM NaF, 0.1 mM
Na;VQy, 10 mM EDTA, 1% Triton-X, and protease in-
hibitor cocktail [Sigma]). Cell debris was removed by
centrifugation and resulted supernatants were diluted 1:2
(v/v) with 3x sampling buffer. Protein quantification was
carried out using a bicinchoninic acid protein assay kit
(Thermo Fisher Scientific, Rockford, IL, USA). Equal
amounts of soluble proteins were subjected to SDS-PAGE
and transferred onto a polyvinylidene difluoride transfer
membrane (Millipore, Billerica, MA, USA). After block-
ing in 5% milk in TBST (25 mM Tris, pH 8.0, 150 mM
NaCl, and 0.1% Tween 20), the blots were reacted with
the respective primary antibodies. The primary antibodies
used were anti-phospho-AMPK« (Thr172) monoclonal
antibody (clone D79.5E, Cell Signaling Technology, Dan-
vers, MA, USA), anti-AMPKe antibody (Cell Signaling
Technology), anti-HCV core monoclonal antibody (clone
C7-50, Thermo Fisher Scientific), anti-AMPK« antibody
(Phospho-Ser*®>/41) (anti-pAMPK [Ser485/491]) (Gen-
Script, Piscataway, NJ, USA), and anti-HCV NS3 mon-
oclonal antibody (Millipore). Horseradish peroxidase-
conjugated goat anti-mouse IgG or goat anti-rabbit IgG
(Jackson ImmunoResearch Laboratories, West Grove, PA,
USA) were used as secondary antibodies. The respective
protein bands were visualized by enhanced chemilumines-
cence (PerkinElmer, Waltham, MA, USA) (24,25). Protein
loading was normalized by probing with anti-GAPDH
monoclonal antibody (clone 6C5, Millipore).

Indirect immunofluorescence

Cells seeded in 96-well plates were infected with HCV at a
MO of 3.0 for 4 hr or left uninfected. The cells were incu-
bated for 30 hr and fixed with cold methanol for 10 min
at room temperature. After being washed with PBS twice,
the cells were stained with anti-HCV core monoclonal
antibody and visualized by using horseradish peroxidase-
conjugated goat anti-mouse IgG (Bio-Rad Laboratories,
Hercules, CA, USA) and the tyramide signal amplification
cyanine 3 system (Perkin Elmer). Stained cell samples were
examined by fluorescence microscopy (Olympus IX70 mi-
croscope system, Tokyo, Japan).

Statistical analysis

The one-tailed Student #-test was applied to evaluate the
statistical significance of differences found. A P value of
<0.05 was considered statistically significant.
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RESULTS production of HCV core protein (Fig. 1b, third panel). In

order to estimate the intracellular energy status, we exam-
Glucose shortage in the culture medium ined the kinase activity of AMPK by the immunoblotting
suppresses the replication of hepatitis C of phosphorylated Thr'’? in AMPK. Reducing the glucose
virus along with activation of adenosine concentration from 4.5 to 2.0 g/L resulted in a dramatic in-
monophosphate-activated protein kinase crease in phosphorylation of Thr'” in AMPK, suggesting

Any virus requires an energy source for replication. We that Huh-7.5 cells sensed poor nutrition when cultured

surmised that glucose shortage in the cell culture medium Wiﬂ,l 2.0 g/ L of gluco§e in the medium, irr. espective ;;g /i‘g;
would have a harmful effect on energy metabolism in fection with HCV (Fig. 1b). Phosphorylation of Ser

HCV-infected Huh-7.5 cells. We used Huh-7.5 cells and a of AMPK was not affected by infection with HCV (Fig. 1c).

R . Phosphorylation of AMPK was not affected by infection
6/JFH1-derived, cell-adapted strain of HCV throughout phory Y
61 e cetradaptec s rotgnon with HCV, although almost all of the cells were infected in

this experiment (Fig. 1d). These results demonstrate that
glucose shortage in the cell culture medium suppresses
replication of HCV along with activation of AMPK in
Huh-7.5 cells. Glucose shortage activates AMPK regardless

this study. First, we examined the effect of alterations in
glucose concentration in the cell culture medium on the
replication of HCV. Reducing the glucose concentration
from 4.5 to 1.0 g/L resulted in a significant decrease in
HCV replication, as demonstrated by decreased virus in-

fectivity in culture supernatants (Fig. 1a), and decreased of HCV infection.

a b _mock HCV
T Glu. conc. {g/t) 45 2.0 1.0 45 2.0 10
-g 279 Dasglgucose ; sl v ‘
> @ 1.0 g/L glucose T
2 154 1 Biot: anti-pAMPK (Thr172)
g G m=a >
= 1 Blot: anti-AMPK
s * 2Q = , ~
2 0.5 4 { e
= * Blot: anti-core
a »
= 0 . 37 o
> 1 X ’ " . o 5 il

Days postinfection Blot: anli-GAPDH
[ d

mock HCV
anti-cora

Gy, cone. {gity 45 3.0 20 1.0 45 3.0 20 10

§ = i | W G
Blot: arti-pAMPK (SerdB5/491)

Bletl: anli-GAPDH

HCV

Fig. 1. Glucose shortage suppresses HCV replication and activates AMPK. (a) Huh-7.5 cells were infected with HCV at a MOI of 3.0 for 4 hr and
then incubated at the indicated concentration of glucose in serum-free DMEM. Infectivity titer in culture supernatants of HCV-infected cells cultured
in medium containing 4.5 g/L glucose at day 1 postinfection was arbitrarily expressed as 1.0. Data are expressed as means = standard deviations (SD)
of three independent experiments. *, P < 0.05, compared with the control. (b and ¢) Huh-7.5 cells were mock infected or infected with HCV at a
MOI of 3.0 for 4 hr and then incubated at the indicated concentrations of glucose in serum-free DMEM for 30 hr. (b) Cell lysates were separated
by SDS-PAGE and analyzed by immunoblotting with anti-phospho-AMPKea (Thr172) (anti-pAMPK (Thr172)), anti-AMPK, anti-HCV core, anti-GAPDH
antibodies as indicated. (c) Cell lysates were analyzed by immunoblotting with anti-AMPKe: antibody (anti-pAMPK (Ser485/491)) and anti-GAPDH
monoclonal antibody. (d) Huh-7.5 cells mock infected or infected with HCV at a MOI of 3.0 for 4 hr were subjected to indirect immunofiuorescence
analysis by anti-HCV core antibody. Nuclei were stained with Hoechst 33258. Scale bar, 200 um. Molecular size markers are indicated at the left in
kilodaltons. The results are representative of three independent experiments. Conc., concentration; glu., glucose.
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Fig. 2. AICAR suppresses HCV replication by activating AMPK. Huh-7.5 cells were infected with HCV at a MO! of 3.0 for 4 hr. (a) The cells were
treated with the indicated concentrations of AICAR for 20 hr. (b) 10 uM compound C was added to the cells 30 min prior to the addition of AICAR
and was present in the medium during the entire 20 hr of incubation with AICAR. (c) The cells were treated with 1T mM AICAR for 20 hr with or
without supplementation with 100 M uridine. Cell lysates were separated by SDS-PAGE and analyzed by immunoblotting as Figure 1. The results are

representative of three independent experiments.

5-aminoimidazole-4-carboxamide
1-8-D-ribofuranoside suppresses the
replication of hepatitis C virus by activating
adenosine monophosphate-activated
protein kinase in Huh-7.5 cells

Activated AMPK inhibits the synthesis of fatty acids,
cholesterol, proteins and gluconeogenesis (13-16). Im-
balance of these metabolic pathways in liver cells might
affect the replication of HCV. Therefore we next exam-
ined whether activated AMPK suppresses the replication
of HCV by using an activator (AICAR) and an inhibitor
(compound C) of AMPK. Mankauri J. et al. have pre-
viously reported that treatment of Huh-7 parental cells
with AICAR suppresses the replication of JFH-1 (26). In
this study, we adopted a more efficient HCV replication
system, Huh-7.5 cells and a J6/JFH1-derived, cell-adapted
strain of HCV. Similar to the previous finding, activation
of AMPK by AICAR suppressed the expression of HCV
core protein in Huh-7.5 cells (Fig. 2a, lanes 1-3). Activa-
tion of AMPK by AICAR was observed when the cells were
treated with relatively low concentrations (0.5 or 1.0 mM),
but not with higher concentrations (2.0 or 4.0 mM). Pos-
sible reasons for the latter effect are that higher concen-
trations of AICAR could suppress the synthesis of purine
nucleotides and/or increase the concentration of ZTP, thus
inhibiting AMPK (6,27).

To examine whether the inhibitory effect of AICAR on
HCV replication is mediated by activation of AMPK, we
tested an AMPK inhibitor (compound C) in this exper-
iment. We found that pretreatment of cells with 10 uM
compound C attenuates AICAR-mediated suppression of
HCV core protein expression (Fig. 2b, lane 4). This sug-
gests that AICAR-mediated suppression of HCV repli-

© 2011 The Societies and Blackwell Publishing Asia Pty Ltd

cation is mediated by activation of AMPK. Addition of
compound C to the cell culture medium without AICAR
did not affect the expression of HCV core protein, sug-
gesting that this inhibitor does not affect the replication
of HCV under nutritious condition in which AMPK is
inactive (Fig. 2b, lane 2).

In the presence of AICAR, the amounts of uridine
triphosphate and cytidine triphosphate are decreased
in the cultured cells as a result of PRPP depletion
(27). PRPP is an important precursor for pyrimidine
nucleotide synthesis. PRPP-derived pyrophosphate can
increase ZTP/ZMP which are then no longer able to acti-
vate AMPK (6,28). To complement the pyrimidine short-
age in Huh-7.5 cells treated with AICAR, the cells were
co-incubated with 100 M uridine in the presence of
1 mM AICAR. This resulted in the complete preven-
tion of AICAR-mediated activation of AMPK and the
resulting suppression of HCV (Fig. 2c, lane 4). Taken
together, these data demonstrate that AICAR suppresses
the replication of HCV by activating AMPK in Huh-7.5
cells.

Glucose shortage and metformin have an
anti-hepatitis C virus effect independently of
adenosine monophosphate-activated
protein kinase activation

It is important to note that glucose shortage activates
AMPK because of cellular energy limitations, whereas
AICAR can activate AMPK regardless of cellular energy
status. Therefore we tried another AMPK activator, met-
formin, which activates AMPK by impairing complex 1
of the mitochondrial respiratory chain (29,30). In addi-
tion, in mice metformin has a LKB1/AMPK-independent
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Fig. 3. Compound C, an AMPK inhibitor, stimulates the anti-HCV effects of glucose shortage or metformin. Huh-7.5 cells were infected
with HCV at a MOI of 3.0 for 4 hr. (a) The cells were treated with the indicated concentration of metformin for 20 hr. (b) 10 uM compound C was
added to the cells 30 min prior to the addition of metformin and present in the medium during the entire 20 hr of incubation with metformin. (c)
The cells were incubated with or without 10 uM compound C at the indicated glucose concentrations in serum-free DMEM for 15 hr. Cell lysates
were separated by SDS-PAGE and analyzed by immunoblotting as Figure 1. The results are representative of three independent experiments. Conc.,

concentration; glu., glucose.

inhibitory role on gluconeogenesis by decreasing the hep-
atic energy state (31). Treatment of cells with metformin
activated AMPK and suppressed replication of HCV
in a concentration-dependent manner in Huh-7.5 cells
(Fig. 3a). However, co-incubation of cells with compound
C, an inhibitor of AMPK, did not prevent metformin-
mediated suppression of HCV replication (Fig. 3b, lane 3).
Relatively speaking, compound C enhances the suppres-
sion of HCV replication induced by metformin. Likewise,
compound C promoted suppression of HCV replication
when the cells were cultured under conditions of glucose
shortage (Fig. 3¢, lane 3). These results demonstrate that
glucose shortage and metformin inhibit HCV replication
independently of AMPK activation.

The effects of adenosine
monophosphate-activated protein kinase
activators/inhibitor on hepatitis C virus
non-structural protein 3

Finally, we tested the effects of AMPK activators/inhibitor
on the expression of other HCV protein besides core pro-
tein (Fig. 4). As shown, treatment of cells with AICAR,
metformin or glucose shortage suppressed the expres-
sion of NS3 protein. In addition, compound C atten-
uated the anti-HCV effect of AICAR, whereas it en-
hanced the anti-HCV effect of metformin or glucose
shortage. These results support the conclusion that AMPK
activators/inhibitor affect the replication of HCV, as
demonstrated by the expression of HCV core protein
(Figs. 1-3).
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DISCUSSION

Previous reports have suggested that HCV infection di-
rectly causes insulin resistance, resulting in the progres-
sion of diabetes (32,33). Moreover it has been reported
that insulin resistance is a negative predictor of the re-
sponse to antiviral therapy in chronic hepatitis C patients
treated with peginterferon plus ribavirin (4). However, the
association between virus proliferation and hyperglycemia
due to insulin resistance remains elusive. In this study, we
have demonstrated that HCV proliferation is promoted in
Huh-7.5 cells cultured at 4.5 g/L glucose, the equivalent
of the blood glucose concentrations of diabetes patients
(Fig. 1). This result suggests that intensive control of glu-
cose concentrations would aid antiviral therapy in hepati-
tis C patients with diabetes.

We have demonstrated that activation of AMPK sup-
presses HCV replication (Fig. 2). This result suggests that
AMPK as a potential target for the treatment of chronic
hepatitis C. Therapeutic interest has recently been in-
creased by the findings that hepatic AMPK is activated by
adiponectin (34) and by thiazolidinedione-type antidi-
abetic drugs (35). Pharmacological activation of AMPK
may provide a new strategy for both the management of
chronic hepatitis C itself and metabolic hepatic disorders
linked to HCV infection.

Adenosine monophosphate-activated protein kinase, a
major energy sensor, is activated by energy depletion.
AMPK is directly activated by AICAR, being metabo-
lized to ZMP in the cell, regardless of the cellular energy
status (6). We have demonstrated that AICAR-mediated
suppression of HCV proliferation is AMPK-dependent

© 2011 The Sodieties and Blackwell Publishing Asia Pty Ltd
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Fig. 4. AMPK activators/inhibitors’ effect on the expression of HCV NS3 protein. Huh-7.5 cells were infected with HCV at a MOI of 3.0 for
4 hr. The cells were treated with the indicated reagents. Cell lysates were separated by SDS-PAGE and analyzed by immunoblotting with anti-HCV
NS3 and anti-GAPDH antibodies. The results are representative of three independent experiments.

(Fig. 2). In terms of phosphorylation of AMPK, the most
effective concentration of AICAR was 0.5 mM, whereas
the most effective concentration of AICAR for suppres-
sion of HCV replication was clearly 1.0 mM. One of the
possible explanations of this discrepancy is that the for-
mer immunoblot shows the state of AMPK phosphoryla-
tion at the endpoint of the experiment, whereas the latter
immunoblot reflects the accumulation of the expression
of core protein during the whole period of the experi-
ment. Compound C, a specific AMPK inhibitor that com-
petes with ATP (36), could inhibit the effect of AICAR on
HCV proliferation (Fig. 2b). Compound C did not com-
pletely reverse the suppressive effect of AICAR treatment
on HCV replication. In general, inhibitors do not com-
pletely suppress the effect of reagents or enzymes; however
it is still possible that the suppression of HCV replication
by AICAR cannot be explained purely by activation of
AMPK. Uridine as a source of pyrimidine could also pre-
vent the effect of AICAR (Fig. 2¢). Moreover, we focused
on another mechanism of AICAR-mediated inhibition of
HCYV replication. Activated AMPK causes inhibitions of
fatty acids and cholesterol synthesis. Recent reports have
shown a crucial involvement of fatty acids, cholesterol
and lipid droplets in infectious virion production (37—
40). Therefore, we predicted that AICAR-mediated inhi-

bition of HCV replication might be due to lipid depletion..

To investigate this possibility, we added mevalonolactone
and/or oleic acid in the presence of AICAR to the cell
culture medium, and then examined the replication of
HCV. However, the addition of lipids had almost no effect
on AICAR-mediated suppression of HCV (Fig. S1). This
suggests that HCV replication does not require additional
lipids when the cells are treated with AICAR, which shifts
cellular metabolism from energy expenditure to energy
production by activating AMPK.

Cell confluency is known to activate AMPK, and LKB1
is a major kinase that activates AMPK. Replication of
the HCV replicon is known to be inhibited in confluent
Huh-7 cells (41). Replication of HCV replicon in Hela
cells, a known LKB1-deficient cell line, is not affected by

© 2011 The Societies and Blackwell Publishing Asia Pty Ltd

their confluence (42). These data suggest that confluence-
mediated suppression of HCV replication requires the
LKB1-AMPK pathway. Our experiments demonstrated
that confluence of cells can activate AMPK and suppress
replication of HCV in Huh-7.5 cells (Fig. S2). It is still
not clear whether this anti-HCV effect is due to relative
undernutrition resulting from increased cell numbers or
the activation of AMPK by the confluence itself.

Culturing cells under a shortage of glucose or with met-
formin can activate cellular AMPK and suppress replica-
tion of HCV in the cells (Fig. 1 and 3). Under such low en-
ergy conditions, compound C, a specific AMPK inhibitor,
can induce further suppression of HCV replication. The
explanation of this phenomenon is as follows: AMPK is
activated in order to restore energy status. In the presence
of glucose depletion or energy limitations by metformin,
compound C-induced AMPK inhibition may lead to fail-
ure to maintain ATP concentrations. Various compen-
satory mechanisms may maintain intracellular ATP con-
centrations. In other words, under energy limitations the
breakdown of the fuel gauge, AMPK, may proceed to im-
balance in metabolism leading to poor replication of HCV.
Recent reports have shown that metformin therapy is as-
sociated with a reduced hepatocarcinogenesis risk in type
2 diabetes patients (43) and an improvement of sustained
virological response in chronic hepatitis C patients (44).
The present study provides evidence for the possibility
that not only metformin monotherapy, but also AMPK
inhibitor and metformin combination therapy, may be
helpful in the treatment of chronic hepatitis C.

In a previous study using JFH-1 strain of HCV and
Huh-7 cells, it was reported that HCV-infection causes
Ser*®/4%! phosphorylation of AMPK and inhibits the ki-
nase activity of AMPK. Inhibition of AMPK facilitates
HCV replication (26). In the present study using Huh-7.5
cells and a J6/JFH1-derived, cell-adapted strain of HCV,
inhibition of AMPK by HCV replication was not observed.
Moreover, phosphorylation of Ser*$>/4! was not affected
by HCV-infection (Fig. 1c). Since this experimental system
using Huh-7.5 and the cell-adapted HCV strain produces
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infectious HCV particles efficiently, inhibition of AMPK
by HCV replication may play a minor role in efficient HCV
replication. In addition, a previous study having shown
that AMPK activators suppress HCV replication, we fur-
ther investigated the mechanisms of AMPK involvement
in HCV replication by using a specific AMPK inhibitor.
AICAR-induced AMPK activation plays a critical role in
the suppression of HCV (Fig. 2), meanwhile AMPK in-
hibitor rather potentiates the anti-HCV effects of met-
formin or glucose shortage (Fig. 3). These data suggest
that AMPK activation does not simply lead to an anti-
HCV effect.

In conclusion, we have shown the replication of HCV
by AMPK-dependent and -independent mechanisms in
Huh-7.5 cells. HCV does not replicate efficiently under
the low energy conditions that activate AMPK. Hence,
correction of hyperglycemia in hepatitis C patients should
have a beneficial effect on anti-HCV therapy and the clin-
ical course of hepatitis C. We suggest that AMPK is a
therapeutic target for the treatment of chronic hepatitis C
patients.
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