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a b s t r a c t

Statins are 3-hydroxyl-3-methylglutaryl coenzyme A (HMG CoA) reductase inhibitors used for the treat-
ment of hypercholesterolemia. We report that a particular statin, simvastatin (SIM), exhibits strong
in vitro anti-HBV activity. Moreover, a combination of SIM with each of the individual nucleos(t)ide
analogues lamivudine (LMV), adefovir (ADV), tenofovir (TEN) and entecavir (ETV), showed synergistic
antiviral activity. Combination drug treatments were performed in the HepG2.2.15 cell line. Compound
combinations were centered on a mixture designed to deliver approximately equipotent (not necessar-
ily equimolar) concentrations of each agent, based on the ninety percent viral inhibition monotherapy
imvastatin
evalonate

ntecavir
enofovir

values. SIM interacted favorably with all four licensed anti-HBV nucleos(t)ide analogues, especially at
molar ratios that approximate combinations likely to be used clinically. As the relative concentration of
SIM was raised to an excess, the overall favorability of the interactions progressively increased.

SIM displayed about equal degrees of synergy with ADV and TDF. The highest degree of synergy was
observed at the 300:1 combination of SIM with ETV. Interactions with LMV were the least favorable. The

ere m
in vitro potential shown h

. Introduction

Hepatitis B virus (HBV) infects an estimated 400 million people,
aking it the most common chronic infectious disease world-
ide. HBV is the predominant cause of hepatocellular cancer (HCC)

lobally. HCC is officially listed as the third most common cause
f cancer death; however, since 80% of HCC cancer registries are

ocated in developing countries where reporting is spotty, it is
hought that HCC is the number one cause of cancer death world-
ide (Johnson, 2008). Along with complications from cirrhosis,
BV causes more than a million deaths per year.

Abbreviations: HBV, hepatitis B virus; HCC, hepatocellular carcinoma; IFN, pegy-
ated alfa-interferons; NA, nucleoside analogue; HBeAg, hepatitis B “e” antigen; ALT,
lanine aminotransferase; HBV DNA, hepatitis B virus deoxyribonucleic acid; DNA,
eoxyribonucleic acid; FDA, Food and Drug Administration (USA); HMG CoA, 3-
ydroxy-3-methylglutaryl-coenzyme A; RNA, ribonucleic acid; HBsAg, hepatitis B
urface antigen; SIM, simvastatin; LMV, lamivudine; ADV, adefovir; TDF, tenofovir;
TV, entecavir; NIAID, National Institute of Allergy and Infectious Diseases (USA);
BcAg, hepatitis B core antigen; EC50, fifty percent viral inhibition; EC90, ninety per-
ent viral inhibition; CC50, 50% cell cytotoxicity; SI, selectivity index; AST, aspartate
minotransferase; HBx, “x” protein for hepatitis B virus.
∗ Corresponding author at: VA Medical Center, Mailstop 111H, 921 NE 13th Street,
klahoma City, OK 73104, USA. Tel.: +1 405 456 5313; fax: +1 405 456 5946.

E-mail addresses: tedbader@cox.net (T. Bader), korbabe@georgetown.edu
B. Korba).

166-3542/$ – see front matter. Published by Elsevier B.V.
oi:10.1016/j.antiviral.2010.02.325
ay greatly augment anti-HBV therapy clinically.
Published by Elsevier B.V.

Therapies available for treatment of HBV are sub-optimal. Pegy-
lated alfa-interferons (IFN) and an assortment of nucleoside and
nucleotide analogues (NA) are available. The definition of “sus-
tained response” to any of these treatments varies widely in the
literature, but is often defined in hepatitis B “e” antigen (HBeAg)
negative patients as achievement of a normal alanine aminotrans-
ferase (ALT) and a serum level of Hepatitis B Virus deoxyribonucleic
acid (HBV DNA) <10,000 IU/ml 6 months after cessation of treat-
ment. In HBeAg positive patients, an additional response goal is to
achieve seroconversion of HBeAg (Pawlotsky et al., 2008).

IFN produces a 20–40% sustained response rate after one year
of use. The advantages of IFN are that it is given only as a sin-
gle 6–12 months course; there is no documented resistance of
HBV to IFN; and, response leads to a reduced risk of HCC. How-
ever, even in responders, infective HBV in the form of covalently
closed circular DNA persists and forms a hepatic reservoir for pos-
sible relapse of disease and a continued vulnerability for HCC, albeit
much lower than in non-responders. The disadvantages of IFN are
its side-effects and expense.

Because of the disadvantages associated with IFN treatment,

many clinicians since 1997 have turned to NAs. The current FDA-
approved ones are lamivudine, adefovir, tenofovir, entecavir, and
telbuvidine. The advantages of NAs are tolerability and price. In con-
trast to IFN, a one-year course of any given NA provides an 11–17%
response rate; thus, these agents are often given for many years, a

http://www.sciencedirect.com/science/journal/01663542
http://www.elsevier.com/locate/antiviral
mailto:tedbader@cox.net
mailto:korbabe@georgetown.edu
dx.doi.org/10.1016/j.antiviral.2010.02.325
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(Fig. 1A–D). SIM displayed approximately equal degrees of synergy
with ADV and TDF. The highest degree of synergy was observed
at the 300:1 combination of SIM with ETV. Interactions with LMV
were the least favorable overall (Fig. 2). The addition of these nucle-

Table 1
HBV antiviral activity of four nucleoside analogues alone and added to simvastatin.

Treatment EC50 (�M) EC90 (�M) Interaction

LMV 0.06 ± 0.007 0.14 ± 0.011
ADV 1.0 ± 0.2 2.9 ± 0.2
TDF 2.4 ± 0.2 7.7 ± 0.6
ETV 0.008 ± 0.001 0.03 ± 0.002
SIM 2.5 ± 0.3 8.6 ± 0.8
SIM + ADV (10:1) 0.94 ± 0.05 3.1 ± 0.2 Synergistic
SIM + ADV (3:1) 0.95 ± 0.08 3.0 ± 0.2 Synergistic
SIM + ADV (1:1) 0.96 ± 0.07 3.0 ± 0.3 Additive/antagonistic
SIM + TDF (3:1) 0.78 ± 0.06 2.4 ± 0.2 Synergistic
SIM + TDF (1:1) 0.33 ± 0.04 1.5 ± 0.2 Synergistic
SIM + TDF (1:3) 0.80 ± 0.07 2.3 ± 0.2 Additive/antagonistic
SIM + ETV (300:1) 0.39 ± 0.03 1.6 ± 0.2 Synergistic
SIM + ETV (100:1) 0.40 ± 0.03 1.7 ± 0.3 Synergistic
SIM + ETV (30:1) 0.58 ± 0.06 2.8 ± 0.2 Antagonistic
SIM + LMV (100:1) 0.86 ± 0.07 2.7 ± 0.2 Synergistic
SIM + LMV (30:1) 0.89 ± 0.08 2.8 ± 0.2 Synergistic
42 T. Bader, B. Korba / Antivir

eature which obscures price comparison with the one-time course
f IFN. Moreover, the durability of a sustained response is much
oorer than the result induced by IFN (Jacobson, 2008; Lok and
cMahon, 2007).
Combination of any two anti-HBV treatments together does not

mprove the response over an individual component alone. IFN plus
ny NA yet tested does not improve the response rate over the use
f IFN monotherapy. Trial combinations of NAs continue; but, so
ar, while two agents together can increase viral suppression mod-
stly, no increase in HBeAg seroconversion rate has been reported
Jacobson, 2008). One duo treatment has even shown a trend for
iminished HBeAg seroconversion rate of 15% versus 22–31% in the
ombination versus monotherapy arms (lamivudine + telbuvidine),
espectively (Lai et al., 2007). The reason for failure of significant
dditive effect may be that the NAs all target the same viral com-
onent, HBV polymerase.

Certain 3-hydroxy-3-methylglutaryl-coenzyme A (HMG CoA)
eductase inhibitors, called statins, have been shown to have in vitro
ntiviral activity against RNA viruses (Ikeda et al., 2006). We have
emonstrated the antiviral activity of fluvastatin as monotherapy

n chronic hepatitis C patients (Bader et al., 2008). The only DNA
irus reported to be susceptible in vitro to a statin, fluvastatin, has
een cytomegalovirus in a human endothelial cell assay (Potena et
l., 2004). When the S gene coding region for HBV surface antigen
as integrated into the genome of a Hep3B cell line, in vitro produc-

ion of surface antigen was inhibited 60% by lovastatin; however,
n cell culture the same authors could not demonstrate reduction
f HBV virions (Lin et al., 2003).

The purpose of this study was to investigate the suppression of
BV in a whole virus assay by simvastatin (SIM). We also explored
hether SIM would work synergistically with lamivudine (LMV),

defovir (ADV), tenofovir (TDF) or entecavir (ETV) to further inhibit
BV replication.

. Materials and methods

.1. Agents

Two lots of certified reference standard SIM (99.4% purity) were
btained from USP Pharmaceuticals (Rockville, MD). Mevalonate
as obtained from Sigma–Aldrich, Inc. (St. Louis, MO). ETV, LMV,
DV, LMV are available from Toronto Research Chemicals (North
ork, Ontario, Canada).

.2. Cell cultures

Well validated HBV antiviral assays were conducted in a lab-
ratory (B.K.) that routinely performs screening assays for new
ompounds against HBV. The cell line, HepG2.2.15, chosen for this
tudy has been used to discover all of the currently FDA-approved
ucleoside analogues for HBV. Briefly, and as previously described,
onfluent cultures of 2.2.15 cells were maintained on 96-well
at-bottomed tissue culture plates and were treated with nine con-
ecutive daily doses of SIM. HBV DNA levels were assessed by quan-
itative dot blot hybridization analysis of HBV DNA after 24 h (Korba
nd Milman, 1991). Cytotoxicity was assessed by uptake of neutral
ed dye 24 h following the last treatment (Korba and Gerin, 1992).

.3. Calculations

Fifty and 90 percent inhibition (EC50, EC90) and 50% cell cyto-

oxicity (CC50) values were calculated by linear regression analysis
MS EXCEL®, QuattroPro®). Standard deviations for EC50 and EC90
alues were calculated from the standard errors generated by the
egression analyses and represent drug concentrations at which
2-fold or a 10-fold depression of intracellular HBV DNA occurs.
earch 86 (2010) 241–245

CC50 is usually the drug concentration at which a two-fold lower
level of neutral red dye uptake (relative to the average levels in
untreated cultures) is observed, but this degree of cytotoxicity was
never observed for SIM despite testing a 100× greater concentra-
tion than that seen causing EC90. The selectivity index (SI) was
calculated as CC50/EC90. EC90 values were used for calculation of
the SI in HBV assays since at least a three-fold depression of HBV
DNA levels is typically required to achieve statistical significance
in this assay system.

Compound combinations were centered on a mixture designed
to deliver approximately equipotent (not necessarily equimolar)
concentrations of each agent, based on the EC90 monotherapy val-
ues (Korba, 1996). The ratios indicate the relative molar amount
of the compounds used for each combination. Molar ratios were
held constant throughout serial dilution. Four replicate cultures
were assessed at each dilution. The overall type of interaction, as
determined by analysis with CalcuSynTM (Biosoft, Inc.), for each
combination is indicated next to the corresponding EC50 and EC90
values. EC50 and EC90 values for combinations are expressed in units
of SIM.

For the mevalonate experiments, the concentration of meval-
onate was held constant at 10 �M throughout the dilution series
with SIM and LMV. For the mevalonate combinations, EC50 and EC90
values are expressed in units of SIM or LMV, respectively.

Additional details on the types of interactions for the different
combinations are presented in Figs. 1 and 2.

3. Results

3.1. Anti-HBV activity

In cell culture, SIM was effective in inhibiting HBV repli-
cation (Table 1). SIM alone showed an ED90 of 8.6 �M. SIM
interacted favorably (Table 1) with all four licensed anti-HBV nucle-
osides/tides, especially at molar ratios that approximated relatively
equipotent dosing that most closely models combinations likely to
be used clinically (first two ratios for each set of combinations). As
the relative concentration of SIM in the combinations was raised,
the overall favorability of the interactions progressively increased
SIM + LMV (10:1) 1.0 ± 0.1 3.0 ± 0.2 Antagonistic

EC50 – �M causing 50% reduction, EC90 = �M causing 90%. The ratios indicate the
relative molar amount of the compounds used for each combination. EC50 and EC90

values for combinations are expressed in units of SIM. Additional details on the types
of interactions for the different combinations are presented in Figs. 1 and 2.
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Fig. 1. Two types of evaluations are presented for combination effect of SIM with each of the NA drugs. (A) LMV, (B) ETV, (C) TDF, and (D) ADV. The left hand panels present
CI-Fa (combination index-fraction (of virus) affected) plots). For these plots, a combination index [CI] greater than 1.0 indicates antagonism and a CI less than 1.0 indicates
synergism. Evaluations of synergy, additivity (summation), or antagonism at different levels of virus inhibition (e.g. 5% (Fa = 0.5) to 99% (Fa = 0.99)) are provided by the plotted
lines and points. The outer lines denote 1.96 standard deviations for significance evaluations. The right hand panels present conventional isobolograms. For these plots,
ED50, ED75, and ED90 (50%, 75%, and 90% effective antiviral dose) values for the combination treatments are displayed as single points. Three convex curves connecting the
axes denote the expected (e.g. additive) EDC50, EDC75, and EDC90 values for drug combinations as calculated from the monotherapies. ED50, ED75, and ED90 values for the
combinations that plot to the left (e.g. less than) of the corresponding lines indicate synergy, and values plotting to the right (e.g. greater than) of the corresponding lines
indicate antagonism.
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Fig. 2. Collation of best molar combinations for drugs with simvastatin shown in Fig. 1 for comparison. See explanation under Fig. 1 as to description of left-sided and
right-sided panels. SIM = simvastatin LMV = lamivudine, ENT = entecavir, ADV = adefovir, TDF = tenofovir.

Table 2
Observations of effect of mevalonate upon simvastatin and lamivudine.

Treatment CC50 (�M) EC50 (�M) EC90 (�M) SI (CC50/EC90)

LMV 2321 ± 102 0.048 ± 0.005 0.146 ± 0.017 15,897
SIM >300 2.8 ± 0.3 8.1 ± 0.7 >37
Mevalonate >10 >10 >10
SIM + 10 �M mevalonate >300 >100 >100

0.0
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LMV + 10 �M mevalonate 2203 ± 94

C50 = dose of compound causing 50% cytotoxicity, EC50 – �M causing 50% reductio
MV values differ slightly in Tables 1 and 2 because they are from separate experim

sides/tides did not increase the cytotoxicity of SIM (>300 �M in all
ases).

.2. Mevalonate addition

In a separate study (Table 2), the addition of 10 �M mevalonate
bolished the anti-HBV effect of SIM throughout the range of SIM
olar concentration. Mevalonate monotherapy did not display an

nti-HBV effect and did not affect the anti-HBV effectiveness of
MV.

. Discussion

The HBV infected liver makes a trillion virions every day. SIM is
n ideal drug to target the liver since 93% of an oral dose is extracted
n the first pass through the liver (Mauro, 1993). Liver tissue levels
f SIM have not been reported in humans. In a mammalian model,
he hepatic concentration of SIM was observed to be 44× that of
erum after 60 min (Germershausen et al., 1989). SIM given as a
ingle dose of 40 mg to humans produced peak serum levels of
0 ng/ml; if 44-fold hepatic concentration also occurs in humans,
he resulting liver tissue level would then be 3.2 �M (Pentikainen
t al., 1992). Thus, the ambient molar concentrations needed to
educe in vitro virion production listed in Table 1 appear to be
chievable in vivo with doses that are currently approved by the
DA for cholesterol lowering.

In contrast, NAs target the liver poorly. LMV and ADV have
iver/serum ratios of 0.007 and 0.38, respectively (Reddy et al.,
008). Liver/serum ratios for TDF and ETV could not be found in
he literature. The excellent liver penetration of SIM may confer an
dditional benefit when combined with NAs in vivo not evaluable

n the current assays.

The total composition of lipid by weight in HBV has been accu-
ately determined only for the abundant surface antigen (HBsAg)
omponent and not for whole virions. Regardless of whether the
BsAg originates from mammalian, human hepatoma cell lines or
40 ± 0.003 0.132 ± 0.014 16,689

0 = �M causing 90%, SI = selectivity index = CC50/EC90.

even yeast, the amount of total lipid constituting HBsAg remains
40% by weight (Diminsky et al., 1997). In any case, this large pro-
portion reveals the substantial need HBV has for cholesterol and its
derivatives.

Our observations are similar to those of Delang et al., for an
entirely different virus, hepatitis C. They showed synergistic effects
for all 10 protease and polymerase inhibitors tested individually
in conjunction with simvastatin. However, the latter group did
not propose any potential mechanism for this synergistic activity
(Delang et al., 2009).

A number of potential mechanisms responsible for the general
antiviral effect of statins have been investigated, including inhibit-
ing geranylgeranyl pyrophosphate. Derivatives of the mevalonate
pathway, such as geranylgeranyl pyrophosphate are important in
the activation of a number of cellular proteins, including small
guanosine-5′-triphosphate binding proteins and the Rho family
(Ikeda et al., 2006; Schönbeck and Libby, 2004). The specific pro-
duction of the cholesterol precursor mevalonate by HMG CoA
reductase represents a potential bottleneck for blocking cholesterol
production. Inhibition of HMG CoA reductase is a well understood
pharmacological effect for statins. Others have shown that if this
latter reaction is the cause for an effect of a statin, that it can be
reversed with addition of mevalonate back to the culture (Ikeda et
al., 2006; Ye et al., 2003). The addition of 10 �M mevalonate in our
test system (Table 2) abolished the anti-HBV effectiveness of SIM.
Mevalonate monotherapy did not display an anti-HBV effect nor
did it reduce the anti-HBV effectiveness of LMV.

However, since we and others have been unable to make other
statins work against HBV, such as fluvastatin (Korba, unpublished
results), pravastatin (Bader, unpublished results), or lovastatin (Lin
et al., 2003), the reduction of mevalonate is unlikely to be the sole

source of anti-HBV effect. Lack of cell penetration by statins cannot
explain the lack of anti-HBV activity as fluvastatin, lovastatin and
pravastatin have all been shown to penetrate the HepG2 cell line
and affect intracellular processes (Ha et al., 2009; Hayashi et al.,
1993; Lin et al., 2003).
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An anti-cholesterol effect provides a ready explanation as to
ow SIM inhibits extracellular virion production (i.e. structural
ssembly) of HBV. How SIM reduces DNA intracellular interme-
iates of HBV remains to be elucidated. It is unlikely that SIM is
orking as a polymerase inhibitor, since it does not appear to be

tructurally related to nucleosides/tides. Thus, the mechanism of
nti-HBV action by SIM needs further investigation.

Most hepatologists no longer consider statins to have any sig-
ificant hepatotoxicity (Cohen et al., 2006). Millions of people
ave taken SIM safely. While there are rare adverse effects, these
ide-effects are well delineated. Moreover, it is even possible that
IM may become useful in the treatment of portal hypertension.
braldes et al. have extensively investigated SIM as an agent to treat
ortal hypertension (Zafra et al., 2004). They recently reported a 30-
ay double-blind randomized controlled trial using 20–40 mg/day
f SIM. A significant lowering of portal hypertension and fewer
ide-effects than placebo were seen in 59 patients with advanced
irrhosis (Abraldes et al., 2009).

Statins have been noted in two large epidemiologic stud-
es in veterans to reduce the risk of HCC by 50% (El-Serag et
l., 2009; Khurana et al., 2005). Moreover, because of Veteran’s
dministration pricing policies during the latter study periods, the
redominant statin being prescribed (77%) was SIM (El-Serag et
l., 2009). The possibility that SIM may possess anti-HCC activity
rovides additional rationale for combination therapy.

HBV resistance to the NAs is becoming an increasing problem.
e have previously shown equal in vitro efficacy of SIM against
ild-type and the clinically relevant HBV resistant strains that

ncode rtL180M, rtM204V, rtM204I, rtN236T (Bader and Korba,
008).

. Conclusions

We report, for the first time, significant in vitro suppression of
BV in a whole virus assay by a particular statin, simvastatin (SIM).
e have explored possible mechanisms for the anti-HBV effect of

IM. We also demonstrate the ability of SIM to work synergistically
ith lamivudine (LMV), adefovir (ADV), tenofovir (TDF) and ente-

avir (ETV) to further inhibit HBV replication. The in vitro anti-HBV
ynergism of simvastatin with nucleos(t)ide analogs is robust.

Other evidence suggests that the clinical translation of this
bservation may lead not only to increased antiviral efficacy, but
lso slowing of viral resistance and reduction of HCC. The in vitro
otential reported here warrants further testing in humans as
nother possible approach for the eventual reduction of cancer and
irrhosis caused by the most common chronic infectious disease in
he world.
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