
A

i
b
d
(
o
H
r
©

K

1

i
r
i
R
c
(
d
m
(
a
a
a
m

M
1
f

0
d

Available online at www.sciencedirect.com

Antiviral Research 79 (2008) 62–70

Anti-HSV activity of digitoxin and its possible mechanisms

Chun-Ting Su a, John T.-A. Hsu c,d, Hsing-Pang Hsieh c, Pi-Han Lin a, Ting-Chi Chen a,
Chuan-Liang Kao a,b, Chun-Nan Lee a,b, Sui-Yuan Chang a,b,∗

a Department of Clinical Laboratory Sciences and Medical Biotechnology, National Taiwan University College of Medicine, Taipei, Taiwan
b Department of Laboratory Medicine, National Taiwan University Hospital, Taipei, Taiwan

c Division of Biotechnology and Pharmaceutical Research, National Health Research Institutes, Miaoli, Taiwan
d Department of Chemical Engineering, National Tsing Hua University, Hsinchu, Taiwan

Received 3 July 2007; accepted 28 January 2008

bstract

Herpes simplex virus type 1 (HSV-1) can establish latent infection in the nervous system and usually leads to life-threatening diseases in
mmunocompromised individuals upon reactivation. Treatment with conventional nucleoside analogue such as acyclovir is effective in most cases,
ut drug-resistance may arise due to prolonged treatment in immunocompromised individuals. In this study, we identified an in-use medication,
igitoxin, which actively inhibited HSV-1 replication with a 50% effective concentration (EC50) of 0.05 �M. The 50% cytotoxicity concentration
CC ) of digitoxin is 10.66 �M and the derived selective index is 213. Several structural analogues of digitoxin such as digoxin, ouabain
50

ctahydrate and G-strophanthin also showed anti-HSV activity. The inhibitory effects of digitoxin are likely to be introduced at the early stage of
SV-1 replication and the virus release stage. The observation that digitoxin can inhibit acyclovir-resistant viruses further implicates that digitoxin

epresents a novel drug class with distinct antiviral mechanisms from traditional drugs.
2008 Elsevier B.V. All rights reserved.
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. Introduction

Herpes simplex virus (HSV) is an enveloped DNA virus. Dur-
ng productive infection, HSV expresses its genes in a tightly
egulated cascade, consisting of sequential expression of the
mmediate-early (IE), early (E) and late (L) genes (Honess and
oizman, 1974; Roizman and Knipe, 2001). In infected Vero
ells, the IE mRNAs are first detected at 1–2 h post-infection
p.i.) and peak at 3 h p.i.; the transcription of E mRNAs is first
etected at 2–3 h p.i. and peaks between 5 and 10 h p.i.; the L
RNAs are synthesized at increasing rates until at least 12 h p.i.

Honess and Roizman, 1974; Rezuchova et al., 2003; Spector et
l., 1998). The IE genes, such as �4 and UL54, encode trans-

cting regulators of gene expression. The E genes, such as UL52
nd UL23, are involved in viral DNA synthesis and nucleotide
etabolism (Boehmer and Lehman, 1997; Roizman and Knipe,
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001). The L genes, mainly encoding structural proteins, such as
lycoprotein B (gB) and glycoprotein D (gD), are further divided
nto �1 and �2 genes, according to their degree of dependence
n DNA replication for their expression (Jones and Roizman,
979).

Because of its wide distribution, efficient transmission and
ifficulties in developing prophylactic vaccines (Deshpande
t al., 2000), development of chemotherapy is comparatively
mportant in treating HSV infection (Kleymann, 2003). Nucle-
side analogues such as acyclovir (ACV), pencyclovir and their
rally bioavailable prodrugs such as valacyclovir and famci-
lovir are the most widely used drugs for treatment (Elion
t al., 1977; Schaeffer et al., 1978). The selectivity of ACV
nd other analogues comes from the strict requirement of
onversion to the triphosphate forms by both viral thymidine
inase (TK) and cellular kinase (Elion et al., 1977). While
ucleoside-based therapeutics are effective for treatment of
rimary and recurrent mucocutaneous infections, delays in

nitiating treatment reduce their efficacy. In addition, long-
erm usage of nucleoside-based drugs in immunocompromised
ndividuals may lead to the selection of naturally occur-
ing resistant mutants (Danve-Szatanek et al., 2004; Morfin
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nd Thouvenot, 2003). Another drug, foscarnet, which acts
irectly on HSV DNA polymerase (Reno et al., 1978), may
nduce mutations in DNA polymerase gene upon prolonged
sage and the resulting mutants are often resistant to com-
ination chemotherapy with existing compounds (Hwang et
l., 1992; Sacks et al., 1989). Recently, one novel compound
lass against HSV, the helicase–primase inhibitor, was reported
Betz et al., 2002; Crumpacker and Schaffer, 2002; Crute et
l., 2002). The helicase–primase complex, containing DNA
elicase, RNA polymerase (primase) and ssDNA-stimulated
TPase activities, is essential for initiation of viral DNA repli-
ation (Crute and Lehman, 1991; Sherman et al., 1992; Zhu
nd Weller, 1992). The thiazolylphenyl compounds have been
ndependently identified to specifically inhibit helicase–primase
ctivity and reported to be superior to the traditional nucleo-
ide analogues in different animal models (Betz et al., 2002;
rumpacker and Schaffer, 2002; Crute et al., 2002; Kleymann
t al., 2002).

In this report, we used an in vitro cell-based assay to screen
60 Food and Drug Administration (FDA)-approved compounds
or their antiviral activity. Among them, digitoxin was chosen
o determine its potential antiviral mechanisms.

. Materials and methods

.1. Compounds, cells and viruses

The compounds tested were mainly from The Gene-
is Plus Collection (MicroSource Discovery Systems, Inc.,
aylordsville, CT). The 960 compounds in this library are
rimarily Food and Drug Administration (FDA)-approved com-
ounds. Digitoxin, acycloguanosine (acyclovir, ACV) (Sigma,
t. Louis, MO), and ganciclovir (GCV) (Sigma), another
ucleoside analogue used to treat cytomegalovirus infection,
ere dissolved in dimethyl sulfoxide (DMSO) or absolute

thanol, and then diluted with sterile deionized distilled water
efore use. The final concentration of DMSO was lower than
.01%.

African green monkey kidney cells (Vero, ATCC CCL-
1) were propagated in growth medium, Dulbecco’s modified
agle’s medium (DMEM) supplemented with 10% fetal
ovine serum (FBS; HyClone, Logan, UT), penicillin G
odium 100 units/mL, streptomycin sulfate 100 �g/mL and
mphotericin B 250 ng/mL (antibiotic–antimycotic; Gibco-
RL, Grand Island, NY). The components of maintenance
edium are similar to growth medium except that they contain

nly 2% of FBS.
HSV-1F (ATCC VR-733) and HSV-2G (ATCC VR-734)

tocks were propagated in Vero cells and stored at −80 ◦C before
urther analysis. The virus titer was determined by plaque assay
Russell, 1962). ACV-resistant HSV-1 was derived from serial
assages of HSV-1F in the presence of ACV and isolated after
rounds of plaque purification. As reported for some ACV-
esistant HSV (Sasadeusz et al., 1997), a frameshift induced
y insertion of one guanosine nucleoside in the 7G stretch
nt. 433–439) of TK gene was identified on the isolated ACV-
esistant viral DNA by sequence analysis (data not shown).
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.2. Screening for antiviral compounds

One day before infection, Vero cells were seeded onto a
6-well culture plate at a concentration of 104 cells per well.
ext day, medium was removed and 10 plaque forming unit

pfu) HSV-1 suspension per well were added and incubated at
7 ◦C with 5% CO2 for 1 h. The infected cell monolayer was
hen washed with phosphate buffered saline (PBS) and cultured
n maintenance medium containing 1 �M of compounds. After
2 h of incubation at 37 ◦C, cell monolayer was fixed with 10%
ormalin and stained with 1% crystal violet. Compounds pro-
ecting more than 50% of cells from lysis by HSV infection
ere considered to possess antiviral activity and were further

nalyzed.

.3. Assays for antiviral activity

Plaque assays were performed with monolayer cultures of
ero cells in 24-well culture plates. For plaque reduction
ssay, cell monolayer was infected with virus (50 pfu/well) and
ncubated at 37 ◦C with 5% CO2 for 1 h. The infected cell

onolayer was then washed three times with PBS and overlaid
ith overlapping solution (maintenance medium containing 1%
ethylcellulose and various concentrations of indicated com-

ounds). After 72 h of incubation at 37 ◦C, cell monolayer was
xed with 10% formalin and stained with 1% crystal violet.
laques were counted and the percentage of inhibition was cal-
ulated as [100 − (VD/VC)] × 100%, where VD and VC refer to
he virus titer in the presence and absence of the compound,
espectively. The minimal concentration of compounds required
o reduce 50% of plaque numbers (EC50) was calculated by
egression analysis of the dose–response curves generated from
laque assays.

The cell pretreatment assay was performed with cells being
reated with compounds at indicated concentrations for 3 h at
7 ◦C before infection for plaque assay (Gong et al., 2001).
or virus pretreatment assay (Cheng et al., 2004), the virus
uspension was pre-incubated with compounds at indicated con-
entrations for 3 h before adding to the cell culture for plaque
ssay.

The attachment assay was performed as described (Cheng
t al., 2004; Wachsman et al., 2003). Briefly, cell monolayer
as pre-chilled at 4 ◦C for 1 h. The cell monolayer was then

nfected with virus in the presence of compounds at indicated
oncentrations and incubated at 4 ◦C for another 80 min. After
hat, the infected cell monolayer was washed three times with
old PBS and treated as described for plaque assay.

For penetration assay (Cheng et al., 2004; Wachsman et al.,
003), the Vero cell monolayer was first pre-chilled at 4 ◦C
or 1 h, then the cell monolayer was incubated with virus at
◦C for another 2 h to allow attachment of virus. After 2 h of

ncubation, the compounds with indicated concentrations were
dded and the culture was incubated at 37 ◦C for 10 min to max-

mize penetration of virus. The infected cell monolayer was
hen treated with acidic PBS (pH 3) for 1 min to inactivate non-
enetrated virus and subsequently treated as described for plaque
ssay.



6 l Res

(
i
w
i
v
t

(
m
i
m
b
v

2

m
9
w
c
A
r
b
3
a
t
u
p
m
t
t
a

2

t
M
w
a
R
R
M
a
D
p
e
w
3
U
3
a
A
3
c

M
e
(
o
t
3
1
p
3
f
a
a
o
p
7
a
o
s
I

2

c
m
c
c
2
h
p
i
a
V
a
f
t
T
1
a

2

1
o
m
t
l
4
i
a
p
p

4 C.-T. Su et al. / Antivira

The time-of-addition assay was performed as described
Cheng et al., 2004; Wachsman et al., 2003) with minor mod-
fications. Briefly, compound-containing maintenance medium
as added into cell monolayer at different time points after virus

nfection. At 24 h post-infection, infected cultures were har-
ested and subjected to three cycles of freezing–thawing before
itration of virus titer by plaque assay.

The time-of-removal assay was performed as described
Zhen et al., 2006). Briefly, compound-containing maintenance
edium was added into cell monolayer immediately after virus

nfection. At different time points after virus infection, the
edium was removed, and the well was washed three times

efore adding maintenance medium. At 24 h post-infection, the
irus yield was determined by plaque assay.

.4. Cytotoxicity assay

The cytotoxicity of tested compounds in Vero cell was deter-
ined by MTT assay. Briefly, Vero cells were seeded onto a

6-well culture plate at a concentration of 2 × 104 cells per
ell. Next day, medium was removed and maintenance medium

ontaining different concentrations of compound was added.
fter 3 days of incubation, medium was removed and MTT

eagent (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium
romide; Sigma) (0.1 mg/mL) was added. After incubating at
7 ◦C for 5 h, MTT reagent was removed and DMSO was
dded and incubated for another 10 min. The absorbance was
hen determined by ELISA reader (SpectraMAX 340, Molec-
lar Devices, Sunnyvale, CA) at a wavelength of 550 nm. The
ercentage of inhibition was calculated using the following for-
ula: inhibition % = [100 − (At/As) × 100]%. At and As refer to

he absorbance of test substances and solvent control, respec-
ively. The 50% cytotoxicity concentration (CC50) was defined
s the concentration reducing 50% of cell viability.

.5. Polymerase chain reaction (PCR)

Genomic DNA and total RNA of infected cells were respec-
ively extracted using commercial kits (Blood & Tissue Genomic

ini and Total RNA Mini; Viogene, Sijhih Taipei County, Tai-
an). DNase treatment was performed on the eluted RNA to

void residual DNA contamination. One microgram of the eluted
NA was subjected to reverse transcription by the M-MLV
everse Transcriptase RNase H Minus, Point Mutant (Promega,
adison, WI) at 40 ◦C for 60 min with oilgo (dT)15 primer in
total volume of 25 �L. Aliquots of serially diluted genomic
NA or cDNA were subjected to PCR amplification. The PCR
rimer pairs for ICP4 and UL13 were as described (Kleymann
t al., 2002; Tal-Singer et al., 1997). The primer pairs for UL52
ere UL52F (5′ CAT CGA AAC CCA CTT TCC CGA ACA
′) and UL52R (5′ GCT GTC GCA TTT GGC GGC AA 3′); for
L30 were UL30F (5′ ATG GTG AAC ATC GAC ATC TAC GG
′) and UL30R (5′ CCT CCC GTT CGT CCT CGT CCT CC 3′);

nd for �-actin were actin-F (5′ TCC TGT GGC ATC CAC GAA
CT 3′) and actin-R (5′ GAA GCA TTT GCG GTG GAC GAT
′). The PCR reaction was carried out in a final volume of 50 �L
ontaining 20 mM Tris–HCl (pH 8.4), 50 mM KCl, 1.5 mM

l
T
u
t

earch 79 (2008) 62–70

gCl2, 0.2 mM each deoxynucleoside triphosphate, 0.2 �M of
ach specific primer, 2.5 U of platinum Taq DNA polymerase
Invitrogen, Carlsbad, CA), and serially diluted genomic DNA
r cDNA. The PCR program for UL52 consists of denatura-
ion at 95 ◦C for 5 min and 35 cycles of denaturation at 96 ◦C for
0 s, annealing at 55 ◦C for 30 s, and polymerization at 72 ◦C for
min, followed by a final extension at 72 ◦C for 7 min. The PCR
rogram for UL30 consists of denaturation at 95 ◦C for 5 min and
5 cycles of denaturation at 96 ◦C for 1 min, annealing at 67 ◦C
or 2 min, and polymerization at 72 ◦C for 1 min, followed by
final extension at 72 ◦C for 7 min. The PCR program for �-

ctin consists of denaturation at 94 ◦C for 3 min and 35 cycles
f denaturation at 94 ◦C for 30 s, annealing at 52 ◦C for 30 s, and
olymerization at 72 ◦C for 30 s, followed by a final extension at
2 ◦C for 7 min. The expected sizes for UL52, UL30 and �-actin
re 240, 469 and 314 bp, respectively. Five-microliter aliquots
f the PCR products were resolved on a 1.5% agarose gel. The
ignal strength of PCR products was semi-quantitated by the
mageJ (http://rsb.info.nih.gov/ij/).

.6. Immunofluorescence assay

A total of 1.5 × 105 Vero cells were seeded onto circular glass
overslips (12 mm, Assistant, Hecht, Sondheim, Germany) and
aintained in the 24-well plate 1 day before infection. Next day,

ells were infected with HSV-1 (MOI = 0.4) for 1 h, washed, and
ultured in maintenance media with or without digitoxin. After
4 h, cells were washed with PBS, fixed with 4% paraformalde-
yde, blocked with 1% bovine serum albumin (BSA) in PBS, and
ermeabilized with 0.2% Triton X-100. The coverslips were then
ncubated for 45 min at room temperature with FITC-conjugated
nti-HSV-1 monoclonal antibodies (IMAGEN Herpes Simplex
irus, K6106, DAKO, Denmark). After that, cells were washed
nd stained with 4′-6-diamidino-2-phenylindole (DAPI; Sigma)
or another 20 min at room temperature. The coverslips were
hen mounted and analyzed using confocal microscope (Leica
CS SP2 Spectral Confocal System; X63 oil immersion lens, NA
.32; Wetzler, Germany). The data was collected with fourfold
veraging at a resolution of 512 × 512 pixels.

.7. Immunoblotting

A total of 1 × 106 Vero cells were seeded onto 10-cm plate
day before infection. Next day, cells were mock-infected

r infected with HSV-1 (MOI = 0.1) for 1 h, and cultured in
aintenance media with or without 0.1 �M digitoxin. Six-

een hours post-infection, cells were trypsinized and lysed with
ysis buffer composed of 50 mM Tris–HCl (pH 7.4), 1% NP-
0, 150 mM NaCl, 2.5% deoxycholate, 1 mM PMSF, protease
nhibitor (Sigma). After being denatured by boiling, equivalent
mounts of protein (35 �g) were separated on 10% SDS-
olyacrylamide gel electrophoresis (SDS-PAGE), transferred to
olyvinylidene difluoride (PVDF) membranes (Millipore, Bel-

erica, MA), and blocked with 5% non-fat milk in PBST (0.5%
ween 20 in PBS). All washing of membranes was performed
sing PBST. Mouse monoclonal antibody for HSV-1 glycopro-
ein D (catalog no. MAB8684; Chemicon, Temecula, CA) was

http://rsb.info.nih.gov/ij/
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sed at a 1:2500 dilution, and goat monoclonal antibody for
-actin (catalog no. sc-1616; Santa Cruz Biotechnology, Santa
ruz, CA) was used at a 1:1000 dilution. The membrane was

ncubated with primary antibody at 37 ◦C for 1 h. After wash-
ng, the membrane was incubated with either goat anti-mouse
ntibody (catalog no. 81-6520; Invitrogen) or donkey anti-
oat antibody (catalog no. sc-2020; Santa Cruz Biotechnology)
onjugated with HRP at a 1:5000 dilution. The immunoblots
ere developed and detected using the enhanced chemilu-
inescence western blotting detection system (PerkinElmer,
altham, MA).

.8. Virus release assay

A Vero cell monolayer was infected with HSV-1 (MOI = 0.4)
or 1 h. Drug-containing maintenance medium was added into
ells after PBS wash. After 24 h of incubation at 37 ◦C, super-
atant and cell pellet were collected, respectively. The cell pellet
as frozen and thawed three times before titration by plaque

ssay. Virus titers of supernatant and cell pellet were determined
y plaque assay and the percentage of inhibition was calculated
s described.

. Results

.1. Screening for antiviral compounds

To identify compounds with anti-HSV activity, 960 FDA-
pproved drugs in the Genesis Plus library were screened by
he 96-well cell-based screening assay. The screening was blind
erformed, such that the identity of these drugs was not revealed
ntil screening was completed. Among the 960 compounds, 73
ere found to possess antiviral activity (>50% protection of

ells from HSV-induced cell lysis), and their antiviral activity

as subsequently quantified by plaque reduction assay. Among

hem, 14 were confirmed to exhibit EC50 at or lower than 1 �M.
ne of these compounds, digitoxin, was chosen for further anal-
sis because of its lower EC50 against HSV and the presence of

a
a
f
w

able 1
nti-HSV activity of digitoxin and its structural analogues

ompound CC50
a (�M) HSV-1

EC50
b (�M) SIc

igitoxin* 10.66 0.05 213.20
igoxin* 10.21 0.13 78.54
uabain octahydrate* 15.11 <0.05 >302.20
-strophanthin* 14.50 0.08 181.25
igitoxigenin 140.89 5.46 25.80
igoxigenin 282.04 5.20 54.24
itoxigenin >500 8.00 >62.5
trophanthidol >100 6.41 >15.60
CV >2000 3.31 >604.23
CV >500 1.87 >266.80

alues in this table represent the mean of three independent experiments.
a Cytotoxic effect was determined by MTT assay. CC50 was the concentration that
b Antiviral activity was determined by plaque assay (Russell, 1962). EC50 was the
c The selective index (SI) was calculated as CC50/EC50.
* The plaque size was significantly reduced in the presence of indicated compound
earch 79 (2008) 62–70 65

wo structural analogues, nerifolin and peruvoside, among the
4 compounds.

.2. Assessment of anti-HSV activity and cytotoxicity of
igitoxin

The effects of digitoxin on HSV replication and cell viability
ere first examined. As shown in Table 1, digitoxin inhibited
oth HSV-1 and HSV-2 with an EC50 of 0.05 �M. The EC50 for
CV and GCV were comparable to previous studies for HSV-
, with EC50 of 3.31 and 1.87 �M, respectively (Balzarini et
l., 1998; Brand et al., 2001; Park et al., 2003). The CC50 of
CV and GCV were both higher than 500 �M and the CC50 of
igitoxin was 10.66 �M. The selective index (SI) of digitoxin
o HSV-1 and HSV-2 were both 213.2. The inhibitory effects
f digitoxin on ACV-resistant viruses were also analyzed. The
C50 of digitoxin against ACV-resistant virus was the same as

hat for wild-type HSV viruses. This result implicated that the
argets for anti-viral activities of digitoxin and ACV might be
ifferent. The anti-HSV effects of several structural analogues of
igitoxin, including digoxin, gitoxigenin, ouabain octahydrate,
-strophanthin, strophanthidol, digoxigenin and digitoxigenin,
ere also analyzed. Among them, digoxin, ouabain octahy-
rate and G-strophanthin showed comparable anti-HSV activity
EC50 between <0.05 and 0.13 �M) and cytotoxicity (CC50
etween 10.21 and 15.11 �M) (Table 1). The plaque size was sig-
ificantly reduced in the presence of digitoxin, digoxin, ouabain
ctahydrate and G-strophanthin even upon suboptimal concen-
ration (data not shown).

.3. Effects of digitoxin on cells and virus particles

Some compounds can exert their antiviral activities through
odifying membrane components of target cells (Kawamoto et
l., 2003) or directly targeting virus (Cheng et al., 2004; Tome et
l., 2005). To elucidate whether these are possible mechanisms
or antiviral activity of digitoxin, cell and virus were pretreated
ith digitoxin before plaque assay. As shown in Fig. 1A, pre-

ACV-resistant HSV-1 HSV-2

EC50 (�M) SI EC50 (�M) SI

0.05 213.20 0.05 213.20
– – – –
– – – –
– – – –
– – – –
– – – –
– – – –
– – – –

62.26 >32.12 3.67 >544.95
– – – –

showed 50% cytotoxic effects in Vero cells.
concentration that inhibited 50% of HSV replication in Vero cells.

.
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Fig. 1. Effects of digitoxin at different stages of HSV infection. (A) The effects
of digitoxin on cell pretreatment (filled triangle) and virus pretreatment (filled
square). SDS, which can inhibit virus infectivity upon pretreatment of virus
(open square), was used as a positive control. (B) The effects of digitoxin (filled
diamond) and ACV (open diamond) on virus attachment. Heparin, which can
repress virus attachment (open square), was used as a positive control. (C) The
effects of digitoxin (filled circle) and ACV (open circle) on virus penetration.
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Fig. 2. Effects of delayed addition and early removal of digitoxin on virus yields.
The Vero cell monolayer in 6-well plate was infected with HSV-1 (MOI = 1) at
37 ◦C for 1 h. For time-of-addition assay (filled circle), the drug-containing over-
lapping solution was added either immediately after infection (0 h) or at 3, 6, 9,
12 or 24 h post-infection. For time-of-removal assay (filled square), compound-
containing maintenance medium was added into cell monolayer immediately
after virus infection. At different time points post-infection, the medium was
removed, and the well was washed three times before adding maintenance
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digitoxin exerts its effects at the early stage. The HSV-1 protein
he effects of compounds at different stages of virus replication were examined
y plaque reduction assay. Each point represents the mean of three independent
xperiments with its respective standard deviation indicated.

reatment of Vero cells with digitoxin did not significantly inhibit
SV-1 replication at a concentration of 4 �M, which is 80 times
igher than its EC50 (0.05 �M). In addition, pretreatment of
SV-1 with 4 �M digitoxin did not profoundly repress HSV-
replication, either (Fig. 1A). These data suggested that the

nti-HSV activity of digitoxin was not exerted on cells or virus
articles before viral entry.

.4. Effect of digitoxin on virus entry

HSV entry involves complex ligand-receptor interactions and
as been shown to be an ideal target for antiviral compounds
Bergefall et al., 2005; Pope et al., 1998). To determine whether
igitoxin blocks HSV replication at the entry step, effects of

igitoxin on viral attachment and penetration were individually
nvestigated. As shown in Fig. 1B and C, the efficiency of both
SV-1 attachment and penetration was not significantly reduced

t a concentration of 4 �M digitoxin. Therefore, the anti-HSV

e
a
w
s

edium free of any compound. For both assays, at 24 h post-infection, the
nfected cultures were harvested and the virus yield was determined by plaque
ssay. The data shown here represents one representative experiment.

ctivity of digitoxin, like that of ACV, was not attributed to
lockage of virus entry.

.5. Effective time point of digitoxin on HSV replication

The time-of-addition and time-of-removal experiments were
erformed to determine the stage of HSV replication where
igitoxin exerts its antiviral activity. As shown in Fig. 2, the
nhibitory effect of digitoxin declined significantly when digi-
oxin was added at 6 h p.i. as compared to that when digitoxin
as added at 3 h p.i. (2.19 Log10 decrease of virus yield, 4.19
s. 2.0 Log pfu/mL). Concordantly, virus yields were profoundly
ffected when digitoxin was removed at 6 h p.i. compared with
emoval at 3 h p.i. in time-of-removal experiment (1.12 Log10
ecrease of virus yield, 6.75 vs. 5.63 Log pfu/mL). These data
uggested that digitoxin may affect HSV replication between 3
nd 6 h post-infection.

.6. Effect of digitoxin on HSV-1 gene expression

To explore the effect of digitoxin on HSV gene expression,
e used RT-PCR to individually determine the RNA levels of
SV-1 IE, E and L genes in HSV-infected Vero cells at 2, 10

nd 16 h post-infection. Using �-actin as an internal standard,
he relative expression level of IE gene was not affected in the
resence of digitoxin as compared to the control (Fig. 3A). Nev-
rtheless, the relative expression levels of both E and L genes
ere inhibited in the presence of digitoxin. The observation that
gene expression was reduced with respect to IE gene correlates
ith the results from time-of-addition assay and supports that
xpression was also monitored by immunofluorescence staining
nd western blotting. As expected, HSV-1 antigen expression
as obviously repressed in the presence of digitoxin (data not

hown).
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Fig. 3. Effects of digitoxin on (A) HSV gene expression and (B) HSV DNA
synthesis. (A) The Vero cell monolayer in 6-well plate was infected with HSV-1
(MOI = 1) in the presence or absence of 0.5 �M digitoxin. The RNA of infected
cells extracted at 2, 10, and 16 h post-infection was reverse transcribed to cDNA
and the serially diluted cDNA was used for PCR-amplification for ICP4 (IE),
UL52 (E) and UL13 (L), respectively. Five microliter aliquots of the PCR prod-
ucts were resolved on a 1.5% agarose gel. (B) The Vero cell monolayer in
6-well plate was infected with HSV-1 (MOI = 1) in the presence or absence of
0.5 �M digitoxin. The DNA of infected cells was extracted at 24 h post-infection.
Aliquots of DNA were serially diluted (10−1 to 10−7) and PCR-amplified for
UL30 and �-actin. Five microliter aliquots of the PCR products were resolved on
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1.5% agarose gel. The signal strength of PCR products was semi-quantitated by
he ImageJ (http://rsb.info.nih.gov/ij/). The ratio of target gene signal strength to
-actin signal strength was indicated individually below the gel image for each
ilution.

.7. Effect of digitoxin on HSV-1 DNA synthesis

Since viral DNA replication at the early stage represents an
ssential step in virus infection, experiment was performed to
etermine whether digitoxin could inhibit HSV DNA synthesis.
CR reaction was conducted to amplify HSV-1 UL30 to deter-
ine the viral genomic DNA abundance in infected Vero cells

n the presence or absence of digitoxin. As shown in Fig. 3B,
he viral genomic DNA was significantly reduced (104 to 105

imes) in the presence of digitoxin. This result suggested that
igitoxin could fundamentally reduce HSV-1 DNA synthesis in
ero cells.

.8. Effect of digitoxin on virus release

Some antiviral agents have been shown to inhibit release of
SV particles (Palamara et al., 1995; Wachsman et al., 2003).
o determine whether digitoxin could have any effect on virus
elease, the intracellular and extracellular virus titers in the pres-
nce or absence of digitoxin were compared. In the presence of
.025 �M digitoxin, the titer of extracellular virus was moder-
tely inhibited (2.2 × 106 pfu/well vs. 3.5 × 106 pfu/well, 38%

nhibition), but the titer of intracellular virus was not inhibited
1.8 × 105 pfu/well vs. 1.6 × 105 pfu/well) (Fig. 4A). When the
rug concentration increased to 0.05 �M, the titer of extracel-
ular virus was almost completely inhibited (1.5 × 105 pfu/well
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s. 3.5 × 106 pfu/well, 96% inhibition), but the titer of intra-
ellular virus was only 69% inhibited (5.0 × 105 pfu/well vs.
.6 × 105 pfu/well). On the contrary, there was no significant dif-
erence between intracellular and extracellular virus titers in the
resence of different concentration of ACV, which is known to
ffect the E stage of virus replication and has no effects on virus
elease (Fig. 4B). The percentage of virus release at different
oncentration of digitoxin was also calculated. The percentage
f virus release was gradually decreased when the concentra-
ion of digitoxin increased (Fig. 4C), while the percentage of
irus release remained relatively constant at different concen-
rations of ACV (Fig. 4D). Based on these data, digitoxin may
lso inhibit HSV release from host cells.

. Discussion

In the present study, anti-HSV activity of digitoxin and some
f its structural analogues was described. The antiviral effects
f digitoxin are likely to be introduced at the early stage of viral
eplication and the virus release stage. First, according to the
ime-of-addition and time-of-removal assays, delayed addition
r early removal of digitoxin between 3 and 6 h post-infection
ad significant influences on virus yields. The 3–6 h post-
nfection period coincides with the expression of early genes
uring HSV infection (Honess and Roizman, 1974; Rezuchova
t al., 2003; Spector et al., 1998). The interference of early gene
xpression by digitoxin was further supported by the decreased
RNA levels of one early gene UL52 and the reduced viral DNA

ynthesis. Second, based on the virus release assay, the extra-
ellular virus titer was significantly reduced as compared to the
ntracellular virus titer in the presence of digitoxin and there was
dose-dependent effect on inhibition of virus release by digi-

oxin. These results implicate that digitoxin has effects on both
iral early gene expression and virus release, distinct from what
s known for the widely used drug, ACV.

Digitoxin is a steroidal glycoside extracted from the leaves
f digitalis purpurea and has been widely used as cardiac drugs
Belz et al., 2001; Haux, 1999). The well known pharmacolog-
cal effect of digitoxin is through inhibition of Na+/K+-ATPase
NKA), which promotes muscle contraction and cardiac contrac-
ile force. The NKA belongs to the P-type ATPase family, a group
f integral membrane proteins containing specific conserved
equences related to their ATP hydrolytic function (Horisberger,
004). The NKA maintains the concentration gradient of Na+

nd K+ ions across the surface membrane by exchanging of three
ntracellular Na+ with two extracellular K+ at the expense of
ydrolysis one ATP (Lindenmayer et al., 1974). Previous study
evealed that blockage of sodium channels could significantly
ncrease HSV replication in primary neuronal cultures (Zhang
t al., 2005) and HSV infection itself can induce internaliza-
ion of sodium channels in ganglia neurons (Storey et al., 2002).
hus, the concentration gradient of cations across cell membrane
ay be important for HSV replication and may play a role in
nti-herpes activity of digitoxin.
There are three types of ion-pumping ATPases, and P-type

umps are distinguished from the V-type and F-type enzymes by
heir functional and structural properties (Pedersen and Carafoli,

http://rsb.info.nih.gov/ij/
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Fig. 4. Virus release assay. The Vero cell monolayer in 24-well plate was infected with HSV-1 (MOI = 0.4) for 1 h. The infected cell monolayer was then washed
and drug-containing maintenance medium was added. After 24 h incubation at 37 ◦C, supernatant and cell pellet were separately collected, and the virus titer was
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etermined by plaque assay. Virus titer of extracellular (filled square) and intrac
hown in terms of logarithmic values. The effect of digitoxin (C) and ACV (D
here Vex and Vin represent the extracellular and intracellular virus titer, respec

987). Some V-type ATPase-specific inhibitors, such as con-
anamycin A and SS33410, have been reported to inhibit virus
ntry or viral glycoprotein transportation (Irurzun and Carrasco,
001; Seog, 2003). Concanamycin A was also shown to inhibit
SV-1 replication, likely through inhibition of translocation and
aturation of glycoproteins and/or virus penetration (Hayashi

t al., 2001). Similarly, one F-type ATPase-specific inhibitor,
eucinostatin A, was demonstrated to inhibit virus produc-
ion and cytopathic effect of virus-infected cells (Muroi et al.,
996). To date, although different applications for digitoxin have
een proposed, such as a potential anticancer agent for several
ypes of cancers (Belz et al., 2001; Haux, 1999; Haux et al.,
001), the anti-viral activity of P-type ATPase-specific inhibitor
as not been reported. Our study revealed that digitoxin can
nhibit HSV replication through inhibition of viral early gene
xpression and virus release. Unlike other anti-viral ATPase
nhibitors, digitoxin has no effects on HSV entry. Whether dig-
toxin can repress glycoprotein translocation and maturation
equires subsequent analysis. In addition, when we analyzed
he anti-HSV activity of digitoxin and its analogues, we noted
hat those who exhibited anti-virus activity contain glycone in
heir structures. The importance and potential role of the glycone
n anti-HSV activity of cardiac glycosides necessitate further
nalysis.

One of the major concerns about the clinical usage of digi-
oxin is its toxicity upon uptake orally. Because the therapeutic
indow of digitoxin in treating cardiac diseases is extremely

arrow (Haustein and Winkler, 1989), monitoring the con-
entration in patients on therapy is important. Therefore, the
isadvantage coming from the side effects of digitoxin may
imit its future usage in treating HSV infection, compared with

B

r (filled diamond) fractions in the presence of digitoxin (A) and ACV (B) was
irus release was defined using the formula: release % = 100 Vex/(Vex + Vin) %,
.

he wide safety profile of ACV. However, the effectiveness
f digitoxin in inhibiting ACV-resistant viruses and there is
o antagonism between digitoxin and ACV (data not shown)
pen the possibility of its usage as ACV supplement in the
uture. Further studies will be required to determine the potency
nd therapeutic window of digitoxin for treating HSV infec-
ion.

In conclusion, the present study described that digitoxin pos-
esses an anti-HSV activity, which is likely through inhibition
f early stage of HSV replication and blockage of virus release.
urther studies will be required to explore the detailed antiviral
echanism of digitoxin.
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