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In the present study the in vitro antiviral activity of dehydroepiandrosterone (DHEA) and 17 synthetic
derivatives against herpes simplex type 1 (HSV-1) was determined. DHEA, epiandrosterone (EA), two
synthetic DHEA analogs and three synthetic EA analogs showed a selective inhibitory effect on HSV
in vitro multiplication. DHEA and E2, a synthetic derivative of EA, were not found to be virucidal to
cell-free HSV-1 and did not impair virus adsorption or penetration. We determined that treatment with
both compounds decreased viral protein synthesis. Moreover, inhibitory effect of DHEA and E2 on extra-
cellular viral titer was stronger than the inhibition found on total viral infectivity, suggesting that the
antiherpetic activity of these compounds may also be in part due to an inhibition in virus formation
and release.

Since DHEA is a known Raf/MEK/ERK signaling pathway activator, we studied the role of this pathway
on HSV-1 infection. ERK1/2 phosphorylation was stimulated in HSV-1 infected cultures. UO126, a Raf/
MEK/ERK signaling pathway inhibitor, impaired viral multiplication, while anisomycin, an activator of
this pathway, enhanced it.

Treatment with DHEA 6 h before infection enhanced HSV-1 multiplication. On the contrary, pre-treat-
ment with E2, which does not modulate Raf/MEK/ERK signaling pathway, did not produce an increase of
viral replication. Taking together these results, the antiviral activity of DHEA seems to occur via a mech-
anism independent of its ability to modulate ERK phosphorylation.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction inhibit the viral DNA polymerase (DNA pol) activity. HSV develops
The incidence of diseases caused by herpes simplex virus (HSV)
type 1 and 2 has increased in recent years (Azwa and Barton,
2009). HSV-1 and HSV-2 are serious human pathogens; HSV-1 is
normally associated with orofacial infections and encephalitis,
whereas HSV-2 usually causes genital infections and is responsible
for meningoencephalitis in neonates and meningitis in adults
(Whitley and Roizman, 2001; Steiner et al., 2007). It has also been
shown that HSV-2 infection represents a risk factor for the transmis-
sion of sexually transmitted diseases, such as human immunodefi-
ciency virus (HIV) (Freeman et al., 2006; Hill et al., 2009; Mujugira
et al., 2011). Nowadays, the standard therapy for the management
of HSV infections includes acyclovir (ACV) and penciclovir (PCV)
with their respective prodrugs valacyclovir and famciclovir. These
compounds are phosphorylated by the viral thymidine kinase (tk)
and then by cellular kinases. The triphosphate forms selectively
ll rights reserved.
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resistance to ACV, predominantly as a result of alterations in viral
tks and, less frequently, from mutations in the viral DNA pol (Field,
2001; Shin et al., 2001; Morfin and Thouvenot, 2003). Drug-resis-
tant HSV isolates are frequently recovered from immunocompro-
mised patients but rarely found in immunocompetent subjects
(Piret and Boivin, 2011). The management of ACV- or PCV-resistant
HSV infections includes the use of the pyrophosphate analog foscar-
net (FOS) and the nucleotide analog cidofovir. FOS directly inhibits
the viral DNA pol and does not require phosphorylation by viral
tk. Resistance to FOS arises via mutations in the viral DNA pol (Mor-
fin and Thouvenot, 2003; Chilukuri and Rosen, 2003). Since most of
the drugs used to target HSV infections are also nucleoside analogs,
it is necessary to develop new antiherpetic compounds with differ-
ent mechanisms of action.

Dehydroepiandrosterone (3b-hydroxyandrost-5-en-17-one, DH
EA) is one of the most abundant steroids in human blood. It is a
naturally occurring steroid synthesized in the adrenal cortex,
gonads, brain, and gastrointestinal tract and is an intermediate
product in the biosynthesis of sex steroid hormones (Dalla Valle
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et al., 1995). In addition, positive effects in the treatment of several
diseases, e.g. cancer, viral infections and immune disorders, such as
systemic lupus erythematosus, have been proved (Loria et al.,
1988; Van Vollenhoven, 2002; Pedersen et al., 2003). The clinical
utilization of this hormone presents serious limitations, mainly in
women, because administration of high doses for extended time
periods are necessary, resulting in an increase in circulating testos-
terone and dihydrotestosterone. Although it seems to be less cyto-
toxic than other drugs, DHEA treatment may cause masculinization
(Labrie et al., 2003). Several investigations are being made in order
to identify DHEA analogs that keep its beneficial effects without
being able to be transformed in sexual hormones. Many analogs
have been tested as antiviral compounds in vitro and in vivo
(Pedersen et al., 2003; Henderson et al., 1992; Diallo et al., 2000;
Mavoungou et al., 2005; Acosta et al., 2008; Romanutti et al.,
2009, 2010) and previous reports have shown in vitro antiherpetic
activity for other steroidal compounds, specially against HSV-1
(Wachsman et al., 2000, 2004; Talarico et al., 2002).

In order to regulate viral replication and host gene responses,
many viruses are known to manipulate host-signaling machinery,
including the mitogen-activated protein kinases (MAPKs) pathway.
There are three main families of MAPK in mammals: ERK (extracel-
lular signal regulated kinase), JNK (Jun-N-terminal kinase) and p38.
These proteins, which are involved in diverse cellular functions
such as cell cycle regulation, stress response, differentiation and
cell survival, react to a diverse range of stimuli, transducing extra-
cellular or intracellular signals, to regulate gene expression in the
nucleus (Chambard et al., 2006; McCubrey et al., 2007; Sturgill,
2008; Pan et al., 2009). Numerous studies have shown that certain
signaling transduction pathways, such as Raf/MEK/ERK, play an
important role in viral infection (Andrade et al., 2004; Sharma-Wa-
lia et al., 2005). Moreover, it has been demonstrated that modula-
tion of Raf/MEK/ERK pathway impairs multiplication of some
viruses (Chang et al., 2005; Cai et al., 2007; Dawson et al., 2008;
Lee and Lee, 2010; Zhang et al., 2010). Although previous studies
showed that HSV-1 infection increases ERK phosphorylation (Qin
et al., 2011), the role of this signaling pathway during HSV-1 infec-
tion is not yet fully understood. In addition, several studies have
shown that DHEA modulates the Raf/MEK/ERK signaling cascade,
and that this modulation may be responsible of its antiviral activity
(Chang et al., 2005; Formoso et al., 2006; Liu et al., 2007).

Anisomycin is a protein synthesis inhibitor that impairs transla-
tion by binding to 60S ribosomal subunit and thus blocking peptide
bond formation (Hansen et al., 2003). It is known that in mamma-
lian cells sub-inhibitory concentrations of anisomycin activates
p38, SAPK/JNK, ERK1/2 and other MAPK cascades (Hazzalin et al.,
1998; Dhawan et al., 1999; Chang et al., 2000). On the other hand,
UO126 is a highly selective inhibitor of both MEK1 and MEK2, two
ERK kinases immediately upstream of ERK (Favata et al., 1998;
Newton et al., 2000).

In this work we tested the in vitro antiviral activity of DHEA and
17 synthetic analogs against HSV-1. To further elucidate the rela-
tionship between DHEA’s antiviral mechanism and its role in MAP-
Ks signaling pathway modulation, we analyzed the action of DHEA,
E2 (a synthetic analog), UO126 and anisomycin on ERK pathway;
as well as the effect of these compounds on different events of viral
multiplication.
2. Materials and methods

2.1. Compounds

DHEA and EA were purchased from Sigma–Aldrich Chemical
Company (St. Louis, MO). The compounds D1–D6 (obtained from
DHEA) and E1–E11 (obtained from EA) were synthesized in our
laboratory according to previously reported methods (Romanutti
et al., 2010). Formulae of tested compounds and IUPAC names
are presented in Table 1. ACV, FOS and anisomycin were purchased
from Sigma–Aldrich Chemical Company (St. Louis, MO) and U0126
from Promega (Madison, WI). Drug stock solutions were prepared
in dimethyl-sulfoxide (DMSO) with a final concentration of 0.1%
and diluted with maintenance medium (MM) consisting of MEM
(Gibco, Carlsbad, CA) with 2% inactivated fetal bovine serum (Gib-
co, Carlsbad, CA).
2.2. Cells and viruses

African green monkey kidney (Vero) cells were grown as mon-
olayers in MEM supplemented with 5% inactivated fetal bovine ser-
um and 50 lg/mL gentamycin.

HSV-1 strain F was obtained from the American Type Culture
Collection (Rockville, USA). Virus stock was prepared in Vero cells.
2.3. Cytotoxicity assays

To determine cytotoxicity of the compounds, confluent mono-
layers of Vero cells grown in tissue culture plates for 48 h were ex-
posed to various concentrations of the derivatives ranging from 50
to 10,000 lM in MM. After 48 h of incubation, cell viability was
determined as the ability of living cells to cleave the tetrazolium
salt MTT (3-(4,5-dimethylthiazol-2yl)-2,5-diphenyl tetrazolium
bromide) (Sigma–Aldrich, St. Louis, MO), by the mitochondrial en-
zyme succinate dehydrogenase, to give a quantifiable blue product
(formazan) (Denizot and Lang, 1986). The precise MTT procedure
has been previously described (Wachsman et al., 2000; Talarico
et al., 2006). The cytotoxicity of DHEA and the synthetic derivative
E2 on growing cells was determined using the MTT assay described
before for DHEA (Romanutti et al., 2010). The CC50 was defined as
the compound concentration (lM) that reduced cell viability by
50%, calculated by regression analysis.
2.4. Virus yield reduction assay

Antiviral activity was evaluated with virus yield reduction as-
says. For that purpose, Vero cells grown in 24-well culture plates
for 48 h, were infected with HSV-1 at a multiplicity of infection
(m.o.i.) of 1 PFU/cell. After 1 h of adsorption at 37 �C, cells were
covered with MM containing various concentrations of the com-
pounds. After 30 h of incubation at 37 �C, HSV-1 infected cultures
were subjected to two cycles of freeze–thawing followed by centri-
fugation at low speed (10,000g). Then, the supernatants were ti-
trated by a plaque assay to determine total infectivity. In
addition, cell free virus obtained from culture supernatants were
quantified when indicated.

Antiviral activity was expressed as EC50 (50% effective concen-
tration) i.e. compound concentration required to reduce to 50%
HSV-1 plaque formation after 72 h when compared with the un-
treated infected cultures. The EC50 values were calculated by plot-
ting percentages of inhibition versus different concentrations of
each compound.
2.5. Virucidal assay

107 PFU of HSV-1 were incubated either with DHEA (1.8 mM),
E2 (1.8 mM) or MM for 120 min at 37 �C. Then, aliquots were taken,
conveniently diluted in MM and used to infect Vero cells to test
virus survival using a plaque assay.



Table 1
Cytotoxicity and antiviral activity of DHEA and their synthetic derivatives against HSV-1.

Compound (MW) Structural formula IUPAC name CC50 (lM) EC50 (lM) SI

DHEA (288.42) O

HO

3b-Hydroxyandrost-5-en-17-one 3467 86.7 40

D1 (330.46) O

AcO

17-Oxoandrost-5-en-3b-yl acetate 1227 176 7

D2 388.5 O

AcO

OAc

17-Oxoandrost-5-en-3b,16b-yl diacetate 584.3 489 1.2

D3 388,5 O

AcO

OAc

17-Oxoandrost-5-en-3b,16a-diyl diacetate 1730 59.2 29

D4 (332.48)
O

HO

O
17,17-Ethylendioxyandrost-5-en-3b-ol 1955 629 3.1

D5 (374.51)
O

AcO

O
17,17-Ethylendioxyandrost-5-en-3b-yl acetate 814.4 481 1.7

D6 (367.32) O

HO

Br

16a-Bromo-3b-hydroxyandrost-5-en-17-one 327.0 19.1 17

EA (290.44) O

HO
H

3b-Hydroxy-5a-androstan-17-one 4579 155 29

E1 (332.48) O

AcO
H

17-Oxo-5a-androstan-3b-yl acetate 361.0 292 1.2

E2 (390.51) O

AcO
H

OAc

17-Oxo-5a-androstan-3b,16a-diyl diacetate 3406 218 16

E3 (306.44) O

HO
H

OH

3b,16a-Dihydroxy-5a-androstan-17-one 489.5 117 4.2

(continued on next page)
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Table 1 (continued)

Compound (MW) Structural formula IUPAC name CC50 (lM) EC50 (lM) SI

E4 (332.489)
O

HO

O

H

17,17-Ethylendioxy-5a-androst-15-en-3b-ol 487.5 268 1.8

E5 (288.42) O

HO
H

3b-Hydroxy-5a-androst-15-en-17-one 220.0 15.6 14.1

E6 (369.34)

HO

O

H

Br

16a-Bromo -3b-hydroxy-5a-androstan-17-one 98.28 97.5 Ia

E7 (413.39)
O

HO

O

H

Br

16a-Bromo-17,17-ethylendioxy-5a-androstan-3b-ol 2322 472 5

E8 (455.43)
O

AcO

O

H

Br

16a-Bromo-17,17-ethylendioxy-5a-androstan-3b-yl acetate 64.11 42.4 1.7

E9 (376.53)
O

AcO

O

H

17,17-Ethylendioxy-5a-androstan-3b-yl acetate 1536 77.6 19.8

E10 (306.44) O

HO
H

OH

3b,15b-Dihydroxy-5a-androstan-17-one 435.6 225 1.9

E11 (306.44) O

HO
H

OH

3b,15a-Dihydroxy-5a-androstan-17-one 1108 118 9.4

ACV (225.2)

N
H

N

N

N

O

O

OH

H2N

9-(2-Hydroxyetoxymetyl)Guanine 279.7 0.311 900

FOS (300.04)

CPO

O
O

OO
3 Na . 6 H2O

Phosphonoformic acid trisodium salt hexahydrate 700 50 12
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Table 1 (continued)

Compound (MW) Structural formula IUPAC name CC50 (lM) EC50 (lM) SI

UO126 (380.49)

S

S

NH2

CN

H2N
NC

NH2

H2N

1,4-Diamino-2,3-diciano-1,4-bis(2-aminophenylthio)butadiene 320 15 21.3

Anisomycin (265.3)

OMe

H
N

OHO

O

2-p-Methoxyphenylmethyl-3-acetoxy-4-hydroxypyrrolidine 45 – –

The compounds were added 1 h after infection and total infectivity was determined by a plaque assay.
CC50: compound concentration required to reduce cell viability by 50%, as determined by the MTT method.
EC50: compound concentration required to reduce virus yield by 50%.
SI (selectivity index): ratio CC50/EC50.

a I: inactive.
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2.6. Effect of time of addition of DHEA or E2 on HSV production

DHEA or E2 at a concentration of 180 lM or 290 lM, respec-
tively, were added to confluent monolayers of Vero cells either at
6 h before infection or at 1, 4 or 8 h post-infection (p.i.) with
HSV-1 (m.o.i. = 1). Cultures were further incubated at 37 �C until
30 h p.i. and extracellular virus titer or total infectivity was quan-
tified by plaque assay on Vero cells.

2.7. Adsorption and penetration assay

To determine the effect of DHEA (180 lM) or E2 (290 lM) on
viral adsorption and penetration, about 100 PFU of HSV-1 were ad-
sorbed for 1 h at 4 �C on confluent Vero cells grown in 24-well cul-
ture plates (2 � 105 cells), in the presence or absence of the
compounds. Then, cultures were washed twice with cold phos-
phate-buffered saline (PBS) and overlaid with MM containing
0.7% methylcellulose to quantify virus adsorption. For the internal-
ization assay, after virus adsorption at 4 �C for 1 h, cells were incu-
bated at 37 �C to maximize virus penetration for various periods of
time in the presence or absence of DHEA or E2. At 0, 15, 30, 45 and
60 min, the monolayers were washed twice with PBS and treated
for 1 min with citrate buffer (pH 3) to inactivate any remaining at-
tached virus. After being washed twice with PBS, cultures were
overlaid with MM containing 0.7% methylcellulose, and after 72 h
of incubation at 37 �C, plaques were counted.

2.8. Western-blotting

Monolayers of confluent Vero cells were infected or not with
HSV-1 (m.o.i. = 1) and incubated at 37 �C for 1 h to allow virus inter-
nalization. After removing the inoculum, monolayers were covered
with MM or MM containing DHEA (180 lM), UO126 (50 lM) or
anisomycin (0.15 lM) and incubated at 37 �C for 30 h. Afterwards,
cultures were lysed with Laemmli sample buffer (Bio-Rad, CA,
USA), added with 5% b-mercaptoethanol. Samples were then heated
for 2 min in boiling water before being load into 10% acrylamide gels.
Following electrophoresis, proteins were transferred to a PVDF
membrane (Perkin Elmer Life Sciences, Inc., MA, USA) using a dry
system (LKB, Multiphor II). ERK1 and p-ERK 1/2 were revealed with
rabbit anti-ERK1 and anti-p-ERK 1/2 (Santa Cruz, USA) and a perox-
idase anti-rabbit immunoglobulin G (Promega, USA) as secondary
antibody. For HSV-1 protein synthesis in DHEA treated, E2 treated
or control cultures, glycoprotein gD was revealed with mouse anti-
gD (Santa Cruz, USA) and a peroxidase anti-mouse immunoglobulin
G (Promega, USA) as secondary antibody and visualized using a
chemiluminiscence kit (Perkin Elmer Life Sciences, Inc., MA, USA).

2.9. Indirect immunofluorescence (IFI) assays

Vero cells grown on glass coverslips were infected or not with
HSV-1 at a m.o.i. of 1. After 1 h adsorption, cells were mock-treated
or treated with DHEA (180 lM), UO126 (50 lM) or anisomycin
(0.15 lM) and incubated at 37 �C for 30 h. At that time, superna-
tants were removed and cells were washed with PBS, fixed with
methanol (10 min at �20 �C) and stained for total IFI using anti-
HSV-1 purified rabbit Igs and goat-anti-rabbit IgG FITC (Sigma
Aldrich, St. Louis, MO). Cells were photographed with a Zeiss
microscope with epifluorescence optics.

3. Results

3.1. Antiviral activity of synthetic derivatives obtained from DHEA

In order to assess if structural changes on DHEA would translate
in a modification of the antiviral properties of this steroid, we eval-
uated the anti HSV-1 activity of 17 synthetic derivatives: D1–D6
obtained from DHEA and E1–E11 obtained from EA, a natural
non-androgenic derivative of DHEA (Table 1).

First, for compounds D5, D6, E6, E8, anisomycin, UO126, ACV
and FOS, we determined the concentration that reduces cell viabil-
ity to 50% of the control (CC50) by using the MTT method. CC50 val-
ues for the other 15 derivatives have been reported previously
(Romanutti et al., 2009). A virus yield inhibition assay to determine
total infectivity was then performed, and the selectivity index (SI),
i.e. the relationship between CC50 and EC50 values, was calculated.
For comparative purposes, the inhibitory effect of ACV and FOS was
also assayed.

Among the tested compounds, DHEA, EA and E2 were the less
cytotoxic. The presence of other functional groups on C3, C15,
C16 or C17 generally increased cytotoxicity; but additive effects
were not always observed. For instance, C3 b-acetylated D1 and
E1 compounds were 2- to 10-fold more cytotoxic than DHEA and
EA, respectively. The presence of an additional b-acetyl group on
C16 (compound D2) did not considerably change the cytotoxicity,
but higher compound concentrations were needed to inhibit
HSV-1. However, the replacement of the b-acetyl group by an
a-acetyl group on C16 in compounds D3 and E2 rendered similar
SI values to those obtained with DHEA and EA. The presence of
an a-hydroxy group in C16 produced a diminishment in the CC50



Fig. 1. Effect of DHEA or E2 on HSV-1 multiplication. (A) Vero cells infected with
HSV-1 (m.o.i. = 1) were incubated with different concentrations of DHEA or E2 for
30 h. Then, supernatants were harvested and cell free virus yields were determined
by a plaque assay. Black dashed line is for DHEA treatment and gray full line for E2
treatment. (B) 100 PFU of HSV-1 were adsorbed for 1 h at 4 �C on Vero cells in the
presence of DHEA 180 lM (full line), E2 290 lM (dashed line) or without
compounds (dotted line). Then, cells were incubated at 37 �C and at 0, 15, 30, 45
and 60 min any remaining attached virus was inactivated with acid pH. Finally,
cultures were overlaid with MM containing 0.7% methylcellulose and 72 h later
plaques were counted. Values are means ± SD from three independent experiments,
where each titration was carried out in duplicate.
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value with respect to EA (compound E3). D4 and D5, which are pro-
tected C17 ketone derivatives of DHEA and D1, respectively, were
inactive. Compounds D6, with a 16a bromo, and E9, with a 3b acet-
yl group and a protected C17 ketone, presented SI values of 17 and
19.8, respectively. The presence of a hydroxyl group in C15 in a or
b position (compounds E10 and E11) increased citotoxicity, thus
reducing the SI values with respect to EA. Meanwhile, a double
bond between C15 and C16 (compound E5) rendered a low CC50

but also a high reduction in EC50 value. Other combinations of
functional groups resulted in inactive molecules (data not shown).
In Table 1 the CC5O, EC5O and SI values of UO126 and anisomycin,
the two ERK modulators used in this work, are also included.

We determined, under our experimental conditions, that among
steroidal assayed compounds EA, DHEA, D3, D6, E2, E5 and E9 are
the most active against HSV-1.

3.2. Effect of DHEA and E2 on HSV infectious particle production

In order to elucidate the mechanism of action of this family of
compounds, we continued our studies with DHEA and the less
cytotoxic of the synthesized compounds, the EA analog E2. To ana-
lyze the cytotoxicity of DHEA and E2 using a more rigorous test, we
determined the concentration of both compounds required to inhi-
bit cellular replication using cells in growing state. The CC50 values
obtained were 2600 and 2400 lM for DHEA and E2, respectively.
These values are slightly lower than those calculated using conflu-
ent non-growing cells (Table 1), indicating that DHEA and E2 exhi-
bit a moderate inhibitory effect on cell growth.

DHEA and E2 inhibited the multiplication of HSV-1 in confluent
Vero cells, using a virus yield reduction assay, in a dose-dependent
manner. The highest inhibition of virus replication obtained was
99.9% at 180 lM for DHEA and 290 lM for E2 (Fig. 1A). To establish
if these compounds produce a direct effect on the viral particle, we
performed a virucidal assay. Treatment of viral suspensions with
DHEA or E2 (1.8 mM) did not affect viral infectivity, when com-
pared to untreated controls, indicating that the antiviral action of
these compounds is not due to the inactivation of virus particles
(data not shown). To determine if these compounds interfere with
early events of the virus multiplication cycle, we analyzed the ef-
fect of DHEA and E2 on virus adsorption and penetration. No differ-
ences in the amount of adsorbed (data not shown) or internalized
virus (Fig. 1B) were observed between treated and untreated in-
fected control cells.

To determine if DHEA or E2 affect viral protein synthesis, Vero
cells were infected with HSV-1 and treated with different concen-
trations of DHEA ranging from 45 to 180 lM or E2 ranging from 70
to 290 lM. The concentrations used for both compounds in this
experiment were chosen considering their dose response curve
(Fig. 1). Afterwards, a polyacrylamide gel electrophoresis followed
by a Western-blot analysis was performed. As shown in Fig. 2, viral
protein gD synthesis was reduced in a dose dependent manner
with both compounds. To further characterize the inhibitory action
of DHEA and E2, a time of addition experiment was performed. For
that purpose, DHEA (180 lM) or E2 (290 lM) were added to HSV-1
infected Vero cells at different times after infection and at 30 h p.i.,
cell free and total infectivity were determined. Total virus yields
were reduced by approximately 1 log when DHEA was present
since 1 h p.i, and by 2 log when E2 was added at 1 h p.i. On the
other hand, yields of released HSV-1 were reduced by approxi-
mately 3 log when the compounds were added at 1 h p.i. (Fig. 3).
The higher reduction in released virus yields suggests that DHEA
and E2 could be affecting mainly the release of infectious particles.
However, when the compounds were added at 4 h p.i. higher viral
titers were observed if compared with the results obtained when
they were present since 1 h p.i. Thus, indicating that antiviral activ-
ity is not only due to impairment in virus release. Other events in
viral replicative cycle could be affected, as seen with viral protein
synthesis in Fig. 2. Surprisingly, when DHEA was added 6 h before
infection (and not further maintained after HSV-1 adsorption) an
increase of approximately 1 log in total and extracellular released
virus was observed. On the contrary, the synthetic analog E2 did
not produce an enhancement of viral titer when added in the same
conditions.
3.3. HSV-1 leads to activation of ERK1/2

As previous studies demonstrated that DHEA is a potent activa-
tor of the Raf/MEK/ERK signaling cascade and that some viruses
make use of this pathway, we thought that the increase in viral ti-
ters when DHEA was present 6 h previous infection could be re-
lated with DHEA’s activation of this pathway. To shed light on
this, we analyzed the kinetics of Raf/MEK/ERK pathway activation
in HSV-1 infected cells. To this purpose, confluent Vero cells were
infected with HSV-1 at a m.o.i. of 1, and cells were harvested at 0,
20 and 40 min and at 1, 2, 3, 5, 7, 9 and 30 h p.i. Following poly-
acrylamide gel electrophoresis, p-ERK1/2 and ERK1 expression
was analyzed by Western-blot. To determine whether other pro-
teins present in the media influenced ERK1/2 phosphorylation or
if it fluctuates naturally, we also analyzed uninfected cell lysates.
We did not observe any increase of ERK1/2 phosphorylation during
the time course experiment (Fig. 4B). On the contrary, as shown in



Fig. 2. Analysis of HSV-1 protein synthesis in the presence of DHEA or E2.Vero cells infected or not (CC) with HSV-1 at a m.o.i. of 1 were incubated at 37 �C for 1 h to allow
internalization. Afterwards, the inoculum was discarded and the monolayers were covered with MM or MM containing DHEA (A) or E2 (B) at different concentrations and
incubated at 37 �C. At 30 h p.i. cell lysates were collected and subjected to Western blotting and glycoprotein gD was analyzed with an antibody against gD. To verify equal
loading, Western blotting was performed with an antibody to ERK1. Data are from one of two different experiments.

Fig. 3. Effect of time of DHEA or E2 addition on HSV production. Vero cells infected
with HSV-1 (m.o.i. = 1) were incubated with MM (VC) or MM containing DHEA
180 lM (A) or E2 290 lM (B) added either at 6 h before infection or at 1, 4 or 8 h p.i.
Cultures were further incubated at 37 �C until 30 h p.i and cell free (black bars) and
total (gray bars) virus yields were determined by plaque assay. Values are
means ± SD from three independent experiments, in each of which titrations were
carried out in duplicate.
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Fig. 4A, exposure of Vero cells to HSV-1 stimulated ERK1/2 phos-
phorylation. The highest levels of ERK phosphorylation were found
at 40 min, 1 h and 3 h. According to HSV-1 multiplication cycle this
ERK phosphorylation occurs due to early events of HSV-1 infection.
At 30 h p.i., another peak was observed probably because of ERK
activation by secondary infections occurring at this time.
3.4. Effect of DHEA and E2 on ERK1/2 phosphorylation

To further assess the potential role of Raf/MEK/ERK signaling
pathway in the antiviral activity of DHEA, we compared its effect
on ERK phosphorylation with that of UO126, a selective inhibitor
of ERK, and anisomycin, an ERK activator. In all cases, treatment
with the drugs was preformed during 30 h. Western blot analysis
showed that treatment of cells with UO126 (50 lM) results in a
complete inhibition of ERK phosphorylation and anisomycin
(0.15 lM), as expected, increases ERK phosphorylation. Mean-
while, DHEA (180 lM) markedly increased ERK 1/2 phosphoryla-
tion (Fig. 5A). On the other hand, the effect of the synthetic
analog E2 on ERK phosphorylation was also determined. This com-
pound does not seem to modulate the Raf/MEK/ERK signaling
pathway (Fig. 5B) probably due to its structural differences with
DHEA, which enhances ERK phosphorylation in a dose dependent
manner (Fig. 5C). Therefore, as E2 does not induce ERK phosphor-
ylation, when it was added 6 h before infection, virus multiplica-
tion was not enhanced as it was when cells were treated with
DHEA under the same conditions. Total expression levels of
ERK1, used as a control, did not change under these treatments.

Furthermore, HSV-1 infected cells harvested at 30 h p.i. showed
an increased ERK 1/2 phosphorylation compared with uninfected
cells. Infected cells treated with DHEA and anisomycin during
30 h, showed enhanced phosphorylation of ERK1/2 compared with
uninfected cells. Meanwhile, 30 h treatment with UO126 of HSV-1
infected cells, failed to completely inhibit phosphorylation of ERK
1/2. These differences found between the effects of the compounds
in infected and uninfected cells are probably due to the combined
effects of the virus-induced increase in ERK 1/2 phosphorylation
and the particular effect caused by each compound. These results
raise the question whether UO126 and anisomycin could affect
HSV-1 viral titers in Vero cells.
3.5. Effect of ERK pathway modulators on viral multiplication

Next, we examined whether ERK modulators affected HSV-1
viral titers in Vero cells. As HSV-1 activates ERK 1/2, we expected
that UO126 would reduce viral infectivity, while anisomycin would
increase or at least not modify viral multiplication. At 30 h p.i.
supernatants were collected and viral titers determined by a



Fig. 4. Time course of ERK1/2 phosphorylation in HSV-1 infected cultures. Lysates from infected (A) or mock infected (B) cells were collected at the indicated times after
infection and subjected to Western blotting to analyze ERK1/2 phosphorylation. Data are from one of three different experiments.

Fig. 5. Effect of DHEA, E2 and Raf/MEK/ERK pathway modulators on ERK1/2 phosphorylation in uninfected or HSV-1infected cells. (A) Vero cells were infected or not with
HSV-1 at a m.o.i. of 1 and 1 h after infection the cultures were covered with MM (control) or MM containing DHEA (180 lM), UO126 (50 lM) or anisomycin (0.15 lM).
Uninfected cultures were also treated with different concentrations of E2 (B) or DHEA (C). At 30 h p.i. cell lysates were collected and subjected to Western blotting. ERK1/2
activities were analyzed based on phosphorylated ERK1/2 (p-ERK1/2). To verify equal loading, Western blotting was performed with an antibody to ERK1. Data are
representative of a set of three different experiments.
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plaque assay. The results using different concentrations of aniso-
mycin or UO126 are shown in Fig. 6 and Table 1. As expected,
UO126 reduced viral titers in more than five logs when used at a
concentration of 50 lM or higher, without exhibiting cytotoxic
effect in any of the assayed concentrations. On the other hand,
anisomycin increased viral titers in approximately 1 log when used
at concentrations 0.15 lM or lower. As can be seen in Fig. 6A,
anisomycin at a concentration of 22 lM produced an inhibition
in viral titer of 99.9%. At such high concentrations, anisomycin is
a well-known protein synthesis inhibitor; therefore, at this concen-
tration, viral inhibition may be due to this activity (Ramabhadran
and Thach, 1980).

3.6. Effect of DHEA, UO126 and anisomycin on the expression of HSV-1
antigens

In order to investigate the effect of the Raf/MEK/ERK pathway
modulators and DHEA on the expression of HSV-1 proteins,



Fig. 6. Effect of UO126 and anisomycin on HSV-1 multiplication. Vero cells infected with HSV-1 (m.o.i. = 1) were incubated with different concentrations of UO126 (A) or
anisomycin (B) at 30 h p.i. Supernatants were harvested and virus yields were determined by a plaque assay. Values are means ± SD from three independent experiments, in
each of which titrations were carried out in duplicate.
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mock-infected or infected Vero cells were treated with the com-
pounds at 1 h p.i. and 30 h later an IFI assay was performed using
a polyclonal antiserum against HSV-1 proteins. The number of
HSV-1 infected cells were counted and expressed as the percentage
of viral antigen positive cells. HSV-1 infected cultures, treated or
not with anisomycin (0.15 lM), showed a characteristic pattern
of small fluorescent foci and viral cytopathic effect (cellular round-
ing and detachment) (Fig. 7, Table 2). On the other hand, the num-
ber of fluorescent foci in UO126 (50 lM) and DHEA (180 lM)
treated infected cultures, was reduced by 95.9%, 92.8%, respec-
tively. Both compounds also prevented virus-induced cytopathic
effect.

4. Discussion

In this study, we found that, two synthetic DHEA analogs (D3
and D6) and three synthetic EA analogs (E2, E5 and E9) exhibit
selective inhibitory effect against HSV-1. Although in comparison
with other antiviral agents like ACV the effective concentrations
of the assayed compounds are high, considering the incidence of
HSV infections and the reported emergence of ACV, PCV and FOS
resistant mutants, the research to elucidate the molecular mecha-
nism underlying the antiviral activity of these and other synthetic
compounds is of great importance.

HSV-1 and other members of the Herpesviridae family induce
ERK 1/2 phosphorylation (Sharma-Walia et al., 2005; Zhang et al.,
2010; Qin et al., 2011). Our results are in accordance with these
previous reports and supporting our findings, UO126 reduced
HSV-1 titers in a concentration dependent manner and anisomy-
cin, at concentrations that do not affect cellular protein synthesis,
favored viral multiplication. According to Perkins et al. (2002),
ICP10 HSV-2 protein has antiapoptotic activity in hippocampal
neurons. MAPK activation induced by HSV-2 is required to block
the apoptotic pathway since more than 50% of HSV-2 infected hip-
pocampal neurons underwent apoptosis when treated with
UO126. On the contrary, it is known that HSV-1 induces apoptosis
in Vero cells (Nguyen et al., 2005). The inhibitory effect of UO126 in
HSV-1 infected Vero cells could be due to apoptosis induction,
which would result in a decrease in virus production without really
affecting viral replication. However, the lack of cytopathic effect in
these treated cultures (Fig. 7) suggests that apoptosis would not be
responsible of the inhibitory effect of UO126. It should also be ta-
ken into account that several experimental evidences show that
UO126 used at high concentrations would have other effects not
directly related to inhibition of MEK protein kinases, for example,
treatment with UO126 (12.5–50 lM) would promote the induction
of cytochrome P450 in hepatocytes, whereas UO126 (80 lM)
produces an increase in cellular AMP: ATP ratio in HEK cells, thus
we cannot rule out that these effects would contribute to the inhi-
bition of viral multiplication in Vero cells (Dokladda et al., 2005;
Andrieux et al., 2004; Lee and Duesbery, 2010).

In addition, we found that ERK phosphorylation was induced
mainly within the first hours after infection with HSV-1 and a sud-
den drop in ERK activation was evident at 7 h p.i. (Fig. 4). Recently,
Qin et al. (2011) showed an increase in ERK phosphorylation at
12 h p.i. in HSV-1 infected BCBL-1 cells (Kaposi’s Sarcoma-associ-
ated herpesvirus positive). Unfortunately, the authors have not
examined earlier times p.i., thus it is difficult to compare both
studies. Taking together these results, our findings suggest that
the relationship between HSV-1 infection and the Raf/MEK/ERK
pathway is of great importance for a productive infection.

Although present understanding of the antiviral activity of
DHEA is limited, many in vivo and in vitro reports have demon-
strated the ability of DHEA to inhibit the replication of both DNA
and RNA viruses, such as feline immunodeficiency virus (Bradley
et al., 1995), Epstein-Barr virus (Henderson et al., 1981), HIV-1
(Diallo et al., 2000; Mavoungou et al., 2005), coxackievirus B4
and influenza virus (Loria, 2002). However, they do not speculate
about a possible mechanism of DHEA’s antiviral activity. Chang
et al. (2005) referred to the ability of DHEA to inhibit the in vitro
replication of Japanese encephalitis virus (JEV). In this case, JEV
infection resulted in an inhibition of the Raf/MEK/ERK signaling
cascade, so the antiviral activity of DHEA was attributed to the
ability of this compound to restore MAPK signaling functions. In
this work, we found evidences suggesting that DHEA, despite being
Raf/MEK/ERK activator, may not exert its antiviral activity against
HSV-1 through the modulation of this pathway. We also demon-
strated that, as well as DHEA, the synthetic analog E2 inhibits viral
multiplication in a dose dependent manner without inhibiting
early stages of viral replication. Western blot analysis showed a
reduction in the expression of HSV-1 protein gD in infected cul-
tures treated with DHEA or E2. Moreover, in our study we deter-
mined that the inhibition by DHEA and E2 of extracellular viral
titers was stronger than the inhibition of total viral infectivity, sug-
gesting that the antiherpetic activity of DHEA and its derivative
may be in part due to an inhibition in virus release. Additionally,
IFI analysis of DHEA and UO126 treated infected cells showed
not only a reduction of viral titers, but also a diminishment of cyto-
pathic effect and viral protein synthesis. Although DHEA and E2
seem to exhibit a similar mechanism of antiviral activity, the ana-
log lacks the ability to modulate the Raf/MEK/ERK signaling
pathway.

We previously showed that DHEA and E2 inhibit the multiplica-
tion of Junin arenavirus (Acosta et al., 2008), vesicular stomatitis
virus (Romanutti et al., 2009) and adenovirus (Romanutti et al.,
2010). Steroidal compounds modulate host cell metabolism



Fig. 7. Immunofluorescence analysis of HSV-1 infected cells treated with DHEA, UO126 or anisomycin. Vero cells infected with HSV-1 (m.o.i. = 1) were treated or not with
DHEA (180 lM), UO126 (50 lM) or anisomycin (Ani) (0.15 lM). At 30 h p.i. monolayers were fixed and viral proteins were detected by total IFI. Data are from one of three
different experiments.
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through the regulation of different cell signaling pathways (Ashida
et al., 2005; Jiang et al., 2005). Taking into account the broad
antiviral spectrum of DHEA and its synthetic analog, we think that
this kind of molecules could exert its antiviral activity affecting a
cellular function required for viral replication and, to a lesser de-
gree, a specific viral factor. Despite the fact that in this work we
found that the antiviral activity of DHEA and one of the assayed
derivatives seems to be similar, this does not imply that all the
active derivatives have the same mechanism of action. The findings
described here will support further study and design of new more
effective derivatives.

Even though DHEA is a native steroid that has been used clinically
with minimal side effects, administration of the steroid for extended
time periods increases circulating testosterone and dihydrotestos-
terone manifold above normal levels, especially in women, and
may cause masculinization (Labrie et al., 2003). Therefore, the eval-
uation of the antiviral activity of structural related compounds is
useful in pursuit of an effective treatment for virus infections.



Table 2
Immunofluorescene analysis of HSV-1 infected Vero cells with different treatments.

Treatment Fluorescent
cellsa/total cells

Percentage of
fluorescent cells

Percentage inhibition
of fluorescent cells

Mock 629/632 99.5 –
U0126

(50 lM)
34/857 4.0 96.0

DHEA
(l80 lM)

75/1048 7.2 92.8

Anisomycin
(0.15 lM)

647/652 99.2 –

a The number of fluorescent cells was obtained by counting 20 randomly selected
fields.
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5. Conclusions

We have found that, three synthetic EA analogs and two syn-
thetic DHEA analogs exhibit a selective inhibitory effect against
HSV-1. Additionally, HSV-1 manipulation of the Raf/MEK/ERK sig-
naling pathway was studied. In this context, we found that
UO126 and anisomycin, two Raf/MEK/ERK signaling pathway mod-
ulators, could inhibit or enhance viral multiplication, respectively.
DHEA or E2 treatment resulted in an inhibition of viral protein syn-
thesis and a reduction in virus release. DHEA, but not E2, showed a
Raf/MEK/ERK modulator activity, however its antiviral activity
against HSV-1 occurs via a mechanism independent of its ability
to modulate ERK phosphorylation. Besides, DHEA showed a cyto-
protective effect in infected cultures. Though additional studies
are needed to understand the precise molecular mechanism in-
volved in the antiviral activity of DHEA and its synthetic analogs,
our findings provide a first step for future research.
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