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Resveratrol inhibition of varicella-zoster virus replication in vitro
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bstract

Resveratrol was found to inhibit varicella-zoster virus (VZV) replication in a dose-dependent and reversible manner. This decrease in virus
roduction in the presence of resveratrol was not caused by direct inactivation of VZV or inhibition of virus attachment to MRC-5 cells. The drug

ffectively limited VZV replication if added during the first 30 h of infection. Western blot analysis and real-time RT-PCR studies demonstrated that
rotein and mRNA levels of IE62, an essential immediate early viral protein, were reduced when compared to controls. These results demonstrate
hat VZV replication is adversely affected by resveratrol which is negatively impacting IE62 synthesis.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Varicella-zoster virus (VZV) is a member of the Herpesviri-
ae family that is spread among humans through respiratory
roplets and direct contact. Primary infection with VZV results
n varicella (chickenpox) which begins as a viremia and is char-
cterized by fever and vesicular rash. After the viremia has
leared, the virus enters a state of latency in the dorsal root,
ranial and autonomic ganglia (Gilden et al., 2001). Viral reac-
ivation of latent VZV is brought about by immunosuppression
hich can be caused by numerous factors including stress. The

eoccurring virus infection results in herpes zoster (shingles) that
orms chickenpox-like lesions that cause acute pain in the area
nnervated by the latently infected ganglia. This exanthematic
ruption is characteristically unilateral and sharply limited in a
and or patch-like distribution to the dermatome supplied by a
pecific dorsal root or extramedullary cranial nerve ganglion.

ithin the segmental area of localization, lesions may be scat-
ered and few or so numerous as to form an almost confluent
arge plaque. Prior to the appearance of the lesions there may

e pain, itching, and paresthesia in the involved segment. The
esions appear as crops and evolve and resolve as in varicella, but
t a slower pace. A complication of herpes zoster is postherpetic
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euralgia (PHN) which is persistent pain at the affected site that
ccurs after the lesions have healed.

Treatment of varicella-zoster virus disease is dependent on
rugs such as acyclovir, valaciclovir, famciclovir and foscarnet.
hese are often coupled with corticosteroids for inflammation
nd analgesics for pain (Stankus et al., 2000). Treatment is
tarted as early as possible, and a good outcome is considered
o be a more rapid healing of lesions and pain reduction. In the
970s, a live-attenuated VZV vaccine was developed and used
n routine infant immunization in the United States beginning in
995 (Krause and Klinman, 1995; Takahashi et al., 1975). Some
lder adults have received the vaccine in order to help reduce
oster pain. However, concern still exists for millions of people
ho did not receive the vaccine that are carrying latent VZV and

re susceptible to shingles.
Since a large number of people are susceptible to the mor-

idity of zoster, and because of the lack of an effective topical
reatment for this malady, we examined the effects of resvera-
rol on VZV replication. Resveratrol is an active compound of
tilbene phytoalexins and is known to have several biological
roperties. This drug has been shown to have cardioprotective
ffects by reducing platelet aggregrates which are a predisposi-
ion to atherosclerosis (Fukao et al., 2004). Resveratrol also has

hemoprotective effects be increasing cellular genes involved
ith tumor suppression (Baek et al., 2002) or inhibiting angio-
enesis (Cao et al., 2005). This drug is also anti-inflammatory
y inhibiting cell-signaling pathways, such as cyclooxygenase

mailto:jjd@neoucom.edu
dx.doi.org/10.1016/j.antiviral.2006.07.004
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Jang et al., 1997). Resveratrol was tested againt VZV because it
as been shown previously to inhibit herpes simplex virus (HSV)
Docherty et al., 1999); and human cytomegalovirus (HCMV)
Evers et al., 2004); in vitro and HSV in vivo when topically
pplied (Docherty et al., 2004, 2005). Our results presented here
emonstrate that resveratrol inhibits VZV replication in vitro
nd acts on an immediately early essential regulatory protein of
ZV.

. Materials and methods

.1. Cells and virus

Human diploid lung cells (MRC-5) were obtained from the
merican Type Culture Collection (ATCC), Rockville, MD. The

ells were grown and maintained in Eagle’s basal medium sup-
lemented with 10% fetal bovine serum, 0.075% NaHCO3 and
0 �g/ml gentamycin sulfate. MRC-5 cells were used to produce
irus pools, in plaque assays and all studies.

VZV (Ellen strain) was obtained from ATCC and used in all
tudies. Cell-associated virus pools were produced by passing
he virus for 48 h in MRC-5 cells then trypsinizing the cells and
esuspending the cells in media containing 10% DMSO before
reezing at −80 ◦C. The average titer of the cell-associated virus
ools were 1.0 × 105 pfu/ml. Cell-free virus pools were pro-
uced using the method of Schmidt and Lennette (1976). Briefly
RC-5 cells were infected with VZV. After 24 h, the cells were

rypsinized, growth media containing 10% sorbital added, and
he cells dispersed using glass beads. This cell suspension was
onicated, centrifuged and the supernantant frozen at −80 ◦C in
0% DMSO. The final titer of the cell-free virus pool used in
his study was 3.2 × 103 pfu/ml.

.2. Chemicals

Resveratrol (3,5,4′-trihydroxystilbene) was obtained from
oyalmount Pharma Inc., Montreal, Que., Canada. Stock con-
entrations of resveratrol were prepared in DMSO and diluted
o final concentrations in tissue culture media. The final concen-
ration of DMSO was 0.2%, which did not interfere with viral
eplication and the highest concentration of resveratrol used in
hese studies was 219 �M. Toxicity studies utilizing trypan blue
stablished that 219 �M resveratrol and 0.2% DMSO were not
oxic to MRC-5 cells. MTT assays (Takeuchi et al., 1991) were
lso performed to determine cell viability at 24, 48 and 72 h.
he CD50 of resveratrol based on the MTT assay on MRC-5
ells was >600 �M after 24 and 48 h of exposure to resveratrol
nd 384 �M after 72 h exposure to resveratrol. Acyclovir was
btained from Sigma–Aldrich Corporation and diluted to final
oncentrations in tissue culture media.

.3. Viral replication studies
Cells in culture were infected with cell-associated VZV at
multiplicity of infection (moi) of 0.1. Each flask contained
× 106 cells and 1 × 105 pfu/ml of cell-associated virus was
sed to infect the cells. After 1 h of adsorption, media was added
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ith or without resveratrol at the stated concentrations. At that
ime, 1 h samples were placed in the freezer at −80 ◦C in the flask
ontaining the media. Samples were then taken every 24 h for
2 h by placing them at −80 ◦C. At the end of that period, sam-
les containing cell-associated virus were thawed and titrated in
uplicate by plaque assay on MRC-5 cells. After 7 days, the cells
ere stained with 0.5% crystal violet in 70% ethanol and viral
laques counted. These studies were repeated with acyclovir.

.4. Attachment study

Cells in six well tissue culture plates were incubated in media
ith or without resveratrol for 1 h. The media was removed and

resh media with or without resveratrol was added along with
ell-free VZV for 1 h. The cells were then washed with media
wice and incubated with only media for 7 days. The cells were
hen stained with 0.5% crystal violet in 70% ethanol and viral
laques counted.

.5. Direct inactivation

Cell-free VZV was mixed with media alone, media with 0.2%
MSO or media with resveratrol (219 �M in 0.2% DMSO) and

ncubated in a 37 ◦C waterbath. At 1, 30 or 60 min, representative
amples were taken from each tube and titrated by plaque assay
n MRC-5 cells as previously described.

.6. Time of inhibition study

Confluent MRC-5 cells were infected with cell-associated
ZV at a moi of 0.1. After 1, 3, 6, 9, 12, 24, 30 and 36 h of

nfection, the cells were washed with media and then media
ontaining 219 �M resveratrol or 0.2% DMSO was added to
he appropriate flasks. Each flask was incubated for a total of
8 h. The flasks containing cell-associated virus and media were
rozen at −80 ◦C, thawed and titrated on confluent MRC-5 cells.

.7. Reversal study

MRC-5 cells were infected with cell-associated VZV at a moi
f 0.1 for 1 h. Media containing 219 �M resveratrol or 0.2%
MSO were added to the appropriate flasks. Each flask was

ncubated for up to 96 h. At 24, 48 or 72 h, the drug was removed
y washing the cells twice and placing only media on the cells.
fter 24, 48, 72 or 96 h, the samples were frozen at −80 ◦C,

hawed and titrated on MRC-5 cells.

.7.1. Immediate early viral protein, IE62 synthesis
IE62 production was done as previously described by

inchington et al. (1992). Briefly, MRC-5 cells were infected
ith cell-associated VZV and cultured for 24 h. The infected

ells were then trypsinized and one-tenth of the total infected cell

olume was placed on fresh MRC-5 cells and allowed to adsorb
or 1 h. Additional media was added with or without resvera-
rol. After 24, 48 or 72 h of incubation, the cells were scraped
rom the flask, collected by centrifugation and resuspended in
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Fig. 1. VZV replication in the presence or absence of resveratrol. MRC-5 cells
were infected with cell-associated VZV and incubated in the presence or absence
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old tris buffered saline (TBS). The cells were pelleted by cen-
rifugation, TBS removed, and the cell pellet frozen at −80 ◦C.
he pellets were thawed, resuspended in cold RIPA buffer

Gilman et al., 1980) containing DNase (50 �g/ml) and incu-
ated on ice for 30 min prior to clarification by centrifugation at
4,000 × g.

Proteins from the infected cell extract were separated in
% SDS-PAGE for IE62 or 10% SDS-PAGE for �-actin and
ransferred to nitrocellulose. The IE62 protein was immuno-
hemically detected by reacting the blotted proteins with goat
olyclonal antibody to IE62 (Santa Cruz), then horseradish per-
xidase conjugated donkey anti-goat antibody, and finally with
CL (GE Healthcare).

.8. Real-time RT-PCR

MRC-5 cells were infected and treated with resveratrol
ontaining media as described for the IE62 protein detec-
ion. At 24 and 48 h post-infection, RNA was isolated and
urified by the Trizol method, Invitrogen (Carlsbad, Califor-
ia). One microgram of total RNA was subjected to DNAase1
igestion (Sigma AMP-D1). cDNA was synthesized by first
nnealing the RNA with random hexamer primers, Promega
Madison, WI), in the presence of 0.5 mM dNTP. Next, the
ixture was incubated with 200 units of MMLV-reverse tran-

criptase (Sigma M1302) and 20 units of RNAse inhibitor
Sigma) for 1 h at 37 ◦C. The MMLV-reverse transcriptase was
eat denatured at 90 ◦C for 10 min and the samples stored
t −20 ◦C until use. Fifty nanograms of total cDNA was
dded to SYBR Green Ready Start TaqPolymerase mixture
Sigma) with 100 nM each of forward and reverse primers
or IE62 (+) 5′-TTGGGGTGAGCATCGTGTCGGTGG-3′ and
−) 5′-GACGAGGACGAGGACAACAGC-3′ (Cohrs et al.,
996) or 18 s RNA (+) 5′-AGTCCCTGCCCTTTGTACACA-
′ and (−) 5′-GATCCGAGGGCCTCACTAAAC-3′ containing
.5 and 1.5 mM MgCl2, respectively. Samples were analyzed on
n ABI 7700 sequencer (Applied Biosystems) with parameters
f 94 ◦C, 2 min polymerase activation phase, followed by 35–40
ycles of denaturation at 94 ◦C for 15 s, annealing at 55 ◦C (IE62)
r 58 ◦C (18 s) for 30 s and elongation at 72 ◦C for 1 min. Primer
fficiencies were validated using 10-fold serial dilutions of tem-
late and the 2−��Ct method (Lavik and Schmittgen, 2001) was
mployed to report the mean fold change in IE62 transcripts.

.9. Stastical analysis

The data presented are the means + S.D. The significance of
he data was calculated according to t-tests using Sigma Plot
oftware (Systat Software, Point Richmond, CA). A p-value of
0.05 was considered significant.

. Results
.1. Resveratrol inhibits VZV replication

MRC-5 cells infected with cell-associated VZV were incu-
ated in media containing various concentrations of resvera-

s
a
s
p

f various concentrations of resveratrol. At 24 h intervals, samples were taken
nd titrated in duplicate by plaque assay.

rol or 0.2% DMSO. The results in Fig. 1 demonstrate that
ver a period of 72 h resveratrol inhibited VZV replication
n a dose dependent fashion. Resveratrol at 219 �M com-
letely inhibited VZV replication at all time points tested
lower limit of plaque assay is 10 pfu/ml). Resveratrol at con-
entrations of 55 and 110 �M also inhibited VZV, but at
rate of 86 and 93%, respectively, at the 48 h time point
hich was the point of maximum virus production in con-

rols. Based on these studies resveratrol was used at its most
ffective concentration of 219 �M. This was well below the
D50 of resveratrol for MRC-5 cells which was >600 �M at
8 h as determined by the MTT assay. For comparative pur-
oses, these studies were repeated with acyclovir. At 48 h,
he results gave an EC50 value for acyclovir of 4 �M com-
ared to an EC50 value for resveratrol of 19 �M (data not
hown).

.2. Resveratrol does not block VZV attachment

To determine if attachment of VZV to MRC-5 cells was
ffected by resveratrol resulting in blockage of virus repli-
ation, MRC-5 cells were incubated with media containing
19 �M resveratrol or 0.2% DMSO prior to and during infec-
ion with cell-free VZV. After 1 h for attachment, resveratrol
r 0.2% DMSO containing media was removed and replaced
ith media only. The infected cells were incubated for 7 days
trate that pretreatment and concurrent treatment with resver-
trol does not affect attachment of the virus to the cells
ince all groups had a statistically indistinguishable number of
laques.
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Fig. 2. The effect of resveratrol on virus attachment. MRC-5 cells were incu-
bated in triplicate with control media or media containing 0.2% DMSO or
219 �M resveratrol for 1 h. The drug was removed and the cells immediately
exposed to cell-free VZV for 1 h with fresh media or media containing 0.2%
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V
gene transactivating protein. Western immunoblots were used to
MSO or 219 �M resveratrol. The cells were washed with media and incubated
ith only media for 7 days then stained and counted for viral plaques.

.3. Resveratrol does not significantly inactivate VZV

To determine if resveratrol was capable of directly inacti-
ating VZV resulting in reduced virus yields, cell-free VZV
as mixed with media alone, media containing 0.2% DMSO or
19 �M resveratrol and incubated in a 37 ◦C waterbath. Samples
ere taken at various times for 60 min and assayed on MRC-
cells. The results in Fig. 3 revealed a reproducible trend of

esveratrol to directly inactivate VZV with time. However, sta-
istically there was no significant inactivation of VZV by resver-

trol at any of these time points (p > 0.05) when compared to
ontrols.

ig. 3. Lack of direct inactivating effects of resveratrol on VZV. To determine if
esveratrol is capable of directly inactivating VZV, cell-free virus was incubated
ith control media or media containing 0.2% DMSO or 219 �M resveratrol for
, 30 and 60 min at 37 ◦C. At the indicated intervals, an aliquot was removed and
he virus titrated in duplicate by plaque assay. Results are expressed as number
f plaques.
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.4. Time of exposure necessary for resveratrol inhibition
f VZV replication

To approximate the time period in the VZV replication
cheme that resveratrol was effective, the drug was added at
arious times after MRC-5 cells were infected. The data in
ig. 4 reveal that resveratrol was effective when added up to 30 h
fter infection with cell-associated VZV reducing virus yields
y >99.9%. There was no difference in the level of inhibition if
he drug was added 1 or 30 h after infection. However, this effect
as lost when the drug was added 36 h after infection.

.5. Inhibitory effects of resveratrol on VZV replication are
eversible

The inhibition of VZV replication by resveratrol was exam-
ned to determine if the effect was reversible. VZV-infected cells
ere exposed to 219 �M resveratrol for a period of 72 h. At
4 h intervals, a set of infected cells had resveratrol containing
edia replaced with non-resveratrol containing media. From the

ata presented in Fig. 5, it can be seen that in the presence of
esveratrol, VZV replication was severely inhibited. However,
hen the resveratrol was removed at 24 h, the virus immediately
roceeded to replicate. If resveratrol was present for 48 h, repli-
ation of VZV was delayed an additional 24 h after the drug was
emoved before it began to replicate.

.6. Resveratrol limits IE62 production

In an attempt to define the point at which resveratrol inhibits
ZV infection, we examined IE62, an essential immediate early
etect IE62 in cell extracts from VZV infected cells that were
ncubated in the presence or absence of resveratrol. The results in
ig. 6 demonstrate that limited amounts of IE62 were detectable

ig. 4. Time of addition of resveratrol necessary to inhibit VZV replication.
RC-5 cells were infected with cell-associated VZV and incubated with media

ontaining 0.2% DMSO or media containing 219 �M resveratrol beginning at
, 3, 6, 9, 12, 24, 30 and 36 h after infection. All samples were frozen at 48 h
nd titrated in duplicate by plaque assay.
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Fig. 5. Inhibitory effects of resveratrol on VZV replication are reversible. MRC-
5 cells were infected with VZV and incubated in control media containing 0.2%
DMSO or media containing 219 �M resveratrol. At 24, 48 and 72 h, resveratrol
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ontaining media was replaced with non-resveratrol containing media. Samples
ere taken every 24 h and titered by plaque assay in duplicate.

t 24 and 72 h after infection. Maximum amounts of IE62 were
eproducibly detected at 48 h after infection. But if resveratrol
as present, the amount of IE62 was severely diminished at 48 h,

he point of maximum IE62 production.
To complement the above studies, the transcript levels of

E62 in the presence and absence of resveratrol at 24 and 48 h
fter infection were examined by real-time RT-PCR. A 7.2-
old reduction in ie62 mRNA was observed in the presence of
19 �M resveratrol compared to untreated control at 24 h after
nfection. At 48 h post-infection, resveratrol treatment resulted
n a 2.1-mean fold decrease of ie62 mRNA (Fig. 7). These
ata support the apparent lack of IE62 protein in resveratrol

reated VZV-infected cells due to the inhibition of ie62 gene
ctivation.

ig. 6. The effect of resveratrol on IE62 formation. Cell-associated VZV
nfected MRC-5 cells were incubated in the presence or absence of resveratrol
or 24, 48 or 72 h. The cells were solubilized, proteins separated on SDS-PAGE,
ransferred to nitrocellulose and reacted with polyclonal antibodies to IE62. Lane
: mock infection; lane 2: 24 h VZV infection; lane 3: 48 h VZV infection; lane
: 72 h VZV infection; lane 5: 48 h VZV infection with resveratrol; lane 6: 72 h
ZV infection with resveratrol.
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ig. 7. Effect on VZV ie62 transcription by resveratrol. Real-time RT-PCR was
sed to determine mean fold change (±S.D.) of ie62 mRNA at 24 and 48 h
ost-infection using the 2−��Ct method (Livak and Schmittgen, 2001).

. Discussion

These studies demonstrate that resveratrol, a polyphenol
ompound present in numerous edible plants, reversibly inhibits
ZV replication in vitro in a dose- and time-dependent manner.
non-cytotoxic concentration, 219 �M resveratrol, completely

locked VZV replication when added up to 30 h post-infection.
he chemical did not block attachment nor directly inactivate
ZV. Instead, the data suggest that resveratrol treatment inter-

eres with the first stage of VZV replication, the immediate-early
hase, as evidenced by suppression of ie62 gene activation and
bsence of IE62 protein.

It was previously demonstrated that resveratrol has anti-
iral activities to viruses. The chemical inhibited replication
f HSV-1 and HSV-2 (Docherty et al., 1999, 2004, 2005) and
CMV (Evers et al., 2004). Influenza A, an orthomyxovirus, was

lso inhibited by resveratrol (Palamara et al., 2005). Addition-
lly, resveratrol acted synergistically with nucleoside analogs to
nhibit replication of HIV-1, a retrovirus (Heredia et al., 2000).
umulatively, these reports suggest that resveratrol has a broad

pectrum of anti-viral activities and that resveratrol may selec-
ively target the host, rather than the virus as a mode of action
or inhibiting viral replication.

Two lines of evidence suggest that resveratrol may target
he cell, as a mechanism to inhibit VZV replication. First, our
ttempts to generate a resveratrol resistant VZV strain using
lassical methods were unsuccessful (data not reported). Sec-
ndly, resveratrol has previously shown extensive effects on
ellular factors (Aggarwal et al., 2004). In particular, resveratrol
as demonstrated suppressive effects on transcription factor NF-
appaB, (Takada et al., 2004), which is activated during VZV
eplication (Taylor et al., 2004; Wang et al., 2005). Addition-
lly, Taylor et al. (2004) demonstrated that chemical inhibitors
f cellular cyclin dependent kinases inhibited VZV replication
nd reduced expression of IE62.
IE62 is an essential regulatory protein of VZV, derived from
he open reading frame 62 (ORF62) of the viral genome and
xpressed as an immediate-early product. IE62 is structurally
nd functionally homologous to ICP4 from HSV and demon-
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trates DNA binding activity and regulates viral gene expression
Disney and Everett, 1990; Moriuchi et al., 1994; Tyler and
verett, 1993). Studies in which IE62 was reduced by chemical

reatment or deleted from the viral genome resulted in little to no
eplication of VZV in vitro or in vivo (Sato et al., 2003; Taylor
t al., 2004). In the studies reported here, resveratrol affected
E62 production by reducing levels of mRNA, as determined
y real-time RT-PCR analysis. Previously, it was determined
hat resveratrol treatment in vitro resulted in the reduction of
SV-1 ICP4 protein (Docherty et al., 1999) and two immediate-

arly viral proteins from HCMV, IE1-72 and IE2-86 (Evers et
l., 2004). Cumulatively, these findings indicate that resvera-
rol negatively affects the immediate-early phase of herpes virus
eplication, including VZV, by blocking/suppressing expression
f essential viral proteins.

Since the introduction of the live-attenuated VZV vaccine in
995, newly diagnosed infections are on the decline (Grose,
005). In addition, a vaccine to prevent zoster and PHN in
lder adults was recently described and is reported to reduce
he burden-of-illness by 61% (Oxman et al., 2005). However,
large group of older adults will not benefit from the vaccine

nd zoster is also seen in younger (<60 years of age) individ-
als. Therefore, novel and effective treatments will continue to
e important until overall immunity is achieved. Resveratrol, a
atural product, has demonstrated that it is effective in inhibit-
ng VZV replication at non-cytotoxic doses in vitro. Recently,
ream formulations of resveratrol have demonstrated efficacy in
educing morbidity and mortality in mice infected cutaneously
r vaginally with HSV (Docherty et al., 2004, 2005). Similar to
SV lesions, varicella and herpes zoster lesions are the direct

esult of two factors, the destruction of tissue by the virus and the
nflammation resulting from the host immune-system responses
Arvin, 2001). Since resveratrol inhibits VZV replication and
as also proven to be an anti-inflammatory molecule (Chen et
l., 2005; Donnelly et al., 2004; Marier et al., 2005), the top-
cal application of resveratrol could be an ideal agent to treat
oth aspects of VZV cutaneous infections. Thus, further study
f chemicals, such as resveratrol, that may affect the host as a
eans of inhibiting virus replication increases treatment options

or VZV.
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