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Abstract.

Hepatitis C virus (HCV) infection causes chronic hepatitis and leads to liver fibrosis

and hepatocellular carcinoma. Pegylated-interferon and ribavirin is the current standard therapy
for chronic hepatitis C. However, the therapy is only effective in 50% of the patients. To
overcome this problem, we recently developed the HCV cell culture system (OR6 system) for
the screening of anti-HCV reagents. In this OR6 system, the luciferase gene was introduced into
the upstream portion of the HCV genome to facilitate the monitoring of HCV RNA replication.
Recently lipid metabolism is reported to be involved in HCV RNA replication. Cholesterol and
sphingolipid are the major components in lipid rafts, which seem to be the scaffold for HCV
RNA replication. Statins inhibit cholesterol biosynthesis and also have the pleiotropic effects by
the inhibition of prenylation. We demonstrated different anti-HCV effects of statins (atorvastatin,
simvastatin, fluvastatin, lovastatin, and pitavastatin) using the OR6 system. Surprisingly, in
contrast to the other statins, pravastatin exhibited no anti-HCV effect. Furthermore, statins
enhanced the anti-HCV effect of interferon in combination. Statins may be a promising candidate
for the adjuvant in interferon therapy and may improve the efficiency of the current interferon
and ribavirin therapy.
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Introduction

Approximately 170 million people worldwide are
infected with the hepatitis C virus (HCV). HCV infec-
tion causes chronic hepatitis C (CH-C) and leads to
liver-related death by liver cirrhosis and/or hepato-
cellular carcinoma. To prevent the progress of fatal liver
disease after HCV infection, the elimination of the virus
seems to be the most effective strategy. However, the
current pegylated-interferon (PEG-IFN) and ribavirin
therapy was only effective in 50% of the patients (1).
Therefore, the development of more effective anti-HCV
reagents is an urgent concern. When HCV replicates in
hepatocytes, some of the cellular factors are essential for
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HCV RNA replication. These cellular factors are the tar-
gets for antiviral as well as viral proteins such as NS3
protease or NS5B RNA-dependent RNA polymerase.
Inhibition of cellular factors may cause side effects by
the inhibition of their primary roles. However, one of the
advantages of this strategy is that it could overcome the
viral mutation leading to the resistance to the reagent
against the viral proteins. Lipid metabolism is one of
the candidates in the context of this strategy. To explore
the best partner of IFN, we examined different six
statins, which are 3-hydroxy-3-methylglutaryl coen-
zyme A (HMG-CoA) reductase inhibitors, using our
recently developed ORG6 system (2). In the OR6 system,
genome-length HCV RNAs (HCV-O strain of genotype
1b) replicate efficiently and the HCV RNA level can
be monitored by luciferase activities (3, 4). Statins
exhibited various anti-HCV activities except for prava-
statin that was not active against HCV (2). We also
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investigated whether or not statins could enhance the
inhibitory effect of IFN on HCV RNA replication. In
this review, we would like to summarize our recent
findings and the literature regarding lipid metabolism as
the target of anti-HCV with a focus on statins.

Cell culture system for HCV RNA replication

Cell culture systems for HCV have been developed
since the first breakthrough of the establishment of the
subgenomic replicon by Lohmann et al. (5). The repli-
con system has provided the information concerning
the mechanism of the replication machinery of HCV and
has revealed the cellular factors essential for HCV RNA
replication. After the development of the subgenomic
replicon, genome-length HCV RNA replication systems
using different HCV strains (H, N, Conl, and O) were
developed by several groups since the subgenomic
replicon did not possess the structural region in the
genome (4, 6—8). For the screening of anti-HCV
reagents, the replicon system has also been improved by
the introduction of reporter genes (9). The introduction
of the reporter gene into the HCV genome facilitated
the monitoring of HCV RNA replication. For this pur-
pose, we developed a cell culture system (OR6 system)
in which genome-length HCV RNA containing renilla
luciferase (RL) replicate efficiently under the selection
by G418 (4). As shown in Fig. 1, RL, neomycin phos-
photransferase (NPT), and encephalomyocarditis virus
(EMCYV) internal ribosomal entry site (IRES) genes
were introduced between the 5' untranslated region and
Core (C) of HCV. This genome-length HCV RNA
robustly replicated in the hepatoma cell line HuH-7 after
the electroporation and one of the colonies designated
OR6 was selected by G418 and used for the studies
including determining the anti-HCV effect of statins. A
recent milestone was the development of an HCV infec-
tion system using a genotype 2a HCV strain, JFH-1

the adaptive mutation, K1609E, is
indicated by a black triangle.

(10— 12). This system could reconstruct the HCV life
cycle in cell culture. The future issue of the cell culture
system is the development of a robust genotype 1 HCV
virus production system because the efficiency of PEG-
IFN and ribavirin therapy in patients with genotype 1
HCYV remained lower than that in patients with genotype
2 HCV: the sustained virological responses were
approximately 50% versus 80% —90%, respectively
(13). More recently, pioneering studies have been
reported by several groups using genotype 1 HCV
strains for virus production (14, 15). However, the geno-
type 1 HCV virus production systems could not allow
re-infection with the supernatant from the HCV-infected
cells. These ongoing studies will lead to the develop-
ment of a robust genotype 1 HCV infection system like
genotype 2a HCV in the near future.

HCYV and lipid metabolism

Lipid metabolism is involved in the life cycle of
many viruses. The resulting metabolites work as physio-
logically active molecules such as eicosanoids and so
on, and some of them are incorporated into the lipid
raft membrane. A lipid raft is distinct from other lipid
membranes. It is enriched in cholesterols and sphingo-
lipids and is detergent-resistant. Lipid rafts play an im-
portant role in virus entry, replication, and assembly.
HCYV also forms a replication complex on the lipid raft
membrane structure (16). Therefore, the depletion of the
cholesterol and sphingolipid from the lipid raft leads to
the inhibition of HCV RNA replication. Aizaki et al.
(17) reported that lovastatin inhibited HCV RNA
replication in HCV replicon-harboring cells. Statins are
inhibitors for HMG-CoA reductase in the cholesterol
biosynthesis pathway (Fig. 2). Statins also possess the
cholesterol-independent action (pleiotropic effect) (18).
Many of these pleiotropic effects are mediated by the
isoprenoid. Farnesyl pyrophosphate (FPP) and gera-
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Fig. 2. Cholesterol biosynthesis pathway and statins. In the
cholesterol biosynthesis pathway, the production of mevalonate by
HMG-CoA reductase is the rate-limiting step. Statins inhibit HMG-
CoA reductase, resulting in the inhibition of the production of
isoprenoids as well as cholesterol. Geranyl-PP: geranylpyrophos-
phate and GGPP: geranylgeranylpyrophosphate.

nylgeranyl pyrophosphate (GGPP) are mevalonate-
derived isoprenoids (Fig.2). The attachment of iso-
prenoid to the cellular proteins is called prenylation.
Prenylation regulates a variety of cellular functions,
including growth, differentiation, and oncogenesis.
From the aspect of the pleiotropic effect of the statins,
Wang et al. (19) recently identified FBL2 as geranyl-
geranylated cellular protein required for HCV RNA
replication. FBL2 belongs to the FBL family of proteins,
all of which contain an F box and a multiple leucine-rich
repeat. These two possible inhibitory mechanisms are
proposed for the anti-HCV effect of statins. The low-
density lipoprotein receptor (LDLR) is reported as one
of the potential HCV receptors (20). However, the pre-
cise role of LDLR for HCV is still controversial (21). It
will be worth trying to examine the effect of statins in
the JFH-1 infection system since statins enhance the
expression of LDLR.

Sphingolipid is another major component of lipid rafts
and thereby is also the antiviral target for HCV. Serine
palmitoyltransferase (SPT) is the enzyme responsible
for the condensation of L-serine with palmitoyl-CoA to
produce 3-ketodihydrosphingosine in the first step of
sphingolipid biosynthesis. Sakamoto etal. (22) and
Umehara et al. (23) reported that myriocin, a selective
inhibitor of SPT, inhibited the HCV RNA replication in
replicon-harboring cells and in HCV-infected chimeric
mice with humanized livers, respectively. These results
further support the significance of lipid metabolism in
HCV RNA replication.

Other than cholesterol and sphingolipid biosynthesis,
fatty acids are reported to be metabolites that affect
HCV RNA replication. Leuetal. (24) reported that
polyunsaturated fatty acids (PUFAs) possessed an anti-
HCV effect using HCV-replicon harboring cells.
Arachidonic acid, docosahexaenoic acid, linoleic acid,
and eicosapentaenoic acid belonging to PUFAs pos-
sessed anti-HCV activity. On the other hand, saturated
fatty acids enhanced HCV RNA replication. The precise
mechanisms of fatty acids regarding HCV RNA replica-
tion have remained unclear. Very recently, we examined
the effect of ordinary nutrients on HCV RNA replication
using the OR6 system (25). Interestingly, we found that
vitamin E negated the anti-HCV effect of linoleic acid
(25). Given that linoleic acid and vitamin E are an
oxidant and antioxidant, respectively, oxidative stress
may be involved in HCV RNA replication. Further study
in this field will provide clues for developing anti-HCV
reagents.

Different anti-HCYV effects of statins

Statins are one of the most worldwide used reagents
for the treatment of hypercholesterolemia and they are
beneficial in the prevention of coronary heart disease. In
the cholesterol biosynthesis pathway, the production of
mevalonate by HMG-CoA reductase is the rate-limiting
step. Statins inhibit mevalonate synthesis by inhibiting
HMG-CoA reductase, resulting in decreased production
of isoprenoids as well as cholesterol. The activities of
some cellular proteins are regulated by the attachment of
isoprenoids (prenylation). For example, statins inhibited
the function of small G proteins, Ras and Rho. Ras and
Rho are major substrates for prenylation with FPP and
GGPP, respectively. So far, among the statins, lovastatin
is the only one with a well-characterized inhibitory
effect against HCV RNA replication in cell culture (17,
26, 27). Recently, FBL2 was identified as one of the of
geranylgeranylated cellular proteins required for HCV
RNA replication (19). Geranylgeranyrated FBL2 binds
to NS5A of HCV and the resulting complex is required
for HCV RNA replication (19).

The anti-HCV effect of the statins other than
lovastatin remains to be clarified. Therefore, we used the
OR6 system to test anti-HCV effect of five statins:
lovastatin, simvastatin, atorvastatin, fluvastatin, and
pravastatin (2). More recently, we also added pitava-
statin to this list, so that finally six statins were tested
for their effects on HCV RNA replication. None of the
statins exhibited cytotoxicity at the concentrations
tested. The 50% effective concentrations (ECsp) of
statins are summarized in Table 1. The anti-HCV effects
of simvastatin, atorvastatin, fluvastatin, and pitavastatin
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Table 1. ECs of statins on HCV RNA replication
Statins ECso (uM)
Lovastatin 2.16
Simvastatin 1.57
Atorvastatin 1.39
Fluvastatin 0.90
Pitavastatin 0.45

were stronger than that previously reported for lova-
statin. The ECs, of lovastatin, simvastatin, atorvastatin,
fluvastatin, and pitavastatin were 2.16, 1.57, 1.39, 0.90,
and 0.45 uM, respectively. Pitavastatin possessed the
strongest anti-HCV activity among the statins tested and
its ECoo was calculated as 1.25 M (Fig. 3A). In contrast,
pravastatin exhibited no anti-HCV effect. Pravastatin is
the only hydrophilic statin among the statins tested and
does not cross the cellular membrane passively. It has
been reported that a human liver-specific organic anion
transporter, LST-1, mediates the uptake of pravastatin in
human hepatocytes (28). Therefore, we examined the
expression levels of LST-1 in OR6 cells. OR6 cells
expressed the mRNA of LST-1 at levels equivalent to
that in normal human liver (2). We ruled out the
possibility that pravastatin didn’t actually work as the
inhibitor for HMG-CoA reductase in the cells. We
confirmed that pravastatin induced HMG-CoA reduc-
tase by a positive feedback mechanism in response to the
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decrease of cholesterol by the inhibition of HMG-CoA
reductase by pravastatin (2). These results suggest that
there may be another mechanism underlying the deple-
tion of GGPP and cholesterol by statins. One of the
clues for resolving this puzzle is that pravastatin has a
different effect on P450 induction compared with the
other statins (29). However, further study will be needed
to clarify this issue.

Statins in combination with IFN

The combination therapy of PEG-IFN and ribavirin is
a current standard therapy for patients with CH-C.
Ribavirin by itself possessed no anti-HCV effect for the
patients. However, ribavirin alone exhibited an anti-
HCYV effect in the OR6 cell culture system when it was
used at a concentration higher than that in the serum of
patients undergoing ribavirin treatment. The ECs, of
ribavirin is calculated as 76 uM in the OR6 system and
this is approximately 5—7 times higher concentration
than that in serum from the patients with ribavirin
treatment (3). Furthermore, the synergistic effect of
ribavirin at the low concentration with IFN was also
confirmed in different cell culture systems, including
the OR6 system (3, 30, 31). These results suggest that
ribavirin works as a kind of the adjuvant for IFN at the
low concentration.

To test the effect of statins in combination with IFN-«
on HCV RNA replication, we treated the OR6 cells with
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Fig. 3. Anti-HCV effect of pitavastatin in combination with [FN-a. A: ORG6 cells were treated with pitavastatin at concentrations
of 0, 0.625, 1.25, 2.5, and 5 uM for 72 h. The ECsy and ECy, were calculated from the result. Shown here is the relative luciferase
activity (%) calculated when the luciferase activity of untreated cells was assigned as 100%. B: The effect of pitavastatin in
combination with IFN-a. OR6 cells were treated with pitavastatin (0, 0.625, 1.25, and 2.5 uM) and IFN-a (0, 4, 8, 16, and
32 IU/ml) for 72 h. The relative luciferase activity was calculated as shown above.
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pitavastatin (0, 0.625, 1.25, and 2.0 uM) and IFN-a (0, 4,
8, 16, and 32 [U/ml) (Fig. 3B). Pitavastatin enhanced
the anti-HCV effect of IFN-a in a dose-dependent
manner for a fixed concentration of IFN-q, 0, 4, 8, 16, or
321U/ml (Fig.3B). Furthermore, we observed the
decrease of luciferase activity to almost the background
level in the OR6 reporter assay when ORG6 cells were
co-treated with 32 IU/ml of IFN-a and pitavastatin at
the concentration of 1.25 or 2.5uM (Fig.3B). The
concentrations of the statins tested in the cell culture
were higher than that in the sera from patients with
statin administration. However, the statins may enhance
the anti-HCV effect of IFN for patients with CH-C at a
lower concentration than the ECsy in cell culture.
Recently O’Leary etal. (32) reported that the mono-
therapy of atorvastatin does not exhibit anti-HCV
activity in a pilot clinical trial. Although the mono-
therapy of statin seems to be insufficient for patients
with CH-C, statin may be a candidate for the adjuvant of
IFN therapy like ribavirin.

Conclusions

The OR6 system was developed for the precise and
quantitative assay of HCV RNA replication in cell
culture. The statins were compared for their anti-HCV
effects using the OR6 system and were found to possess
different effects on HCV RNA replication. Lovastatin,
simvastatin, atorvastatin, fluvastatin, and pitavastatin
had different anti-HCV profiles in cell culture. However,
pravastatin had no anti-HCV effect, although it worked
as inhibitor for HMG-CoA reductase. Pitavastatin
exhibited the strongest anti-HCV effect (ECso: 0.45 uM)
among the statins tested and enhanced the effect of
IFN-a. It may be difficult to achieve the cell culture
based ECs, of statins in patients with CH-C. However,
statins at lower concentration than the ECs, in cell
culture may enhance the anti-HCV effect of IFN-a in
patients with CH-C. Therefore, statins may be suitable
as an adjuvant of IFN-a like ribavirin rather than for
monotherapy. Lipid metabolism including cholesterol,
sphingolipid, and fatty acid biosynthesis seems to be an
attractive field for the development of antiviral reagents
for HCV.
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