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The synergistic antiviral effects of GSH in combination with acyclovir against 
BoHV-1 infection in vitro
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Summary. – We have recently reported that bovine herpesvirus 1 (BoHV-1)-induced overproduction of 
reactive oxygen species (ROS) partially depends on NADPH oxidases (Noxs). In this study, we found that the 
decreased levels of main intracellular non-enzymatic antioxidant glutathione (GSH) during BoHV-1 infection 
also contributed to ROS production. Exogenous GSH administration dramatically inhibited BoHV-1 replica-
tion, indicating the critical role of decreased GSH for BoHV-1 replication. Interestingly, GSH synergistically 
enhanced the antiviral effects of acyclovir (ACV) against BoHV-1 infection in vitro. This study not only illumi-
nates the effect of GSH on BoHV-1 infection but also provides evidence that pharmacological modulation of 
GSH-mediated ROS production in combination with specific antiviral drugs is a viable therapeutic approach 
to fighting virus infection. 
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Bovine herpesvirus 1 (BoHV-1), an enveloped virus be-
longing to the alphaherpesvirus subfamily, infects cattle of all 
ages and breeds worldwide. Acute infection of BoHV-1 usu-
ally results in inflammatory diseases in the upper respiratory 
tract, nasal cavity, or ocular cavity (Jones and Chowdhury, 
2007; Jones, 2009). BoHV-1-induced immune suppression 
initiates a polymicrobial respiratory tract disease, referred 
to as bovine respiratory disease complex (BRDC), which 
costs the US cattle industry approximately 3 billion dollars 
annually (Jones and Chowdhury, 2007).

Intracellular redox alterations by a variety of viruses have 
been extensively described in both in vitro and in vivo infec-
tion, which is associated with the progression of virus-induced 

disease by activating the synthesis of inflammatory cytokines 
(reviewed in Nencioni et al. (2011). Generally, the altered 
redox signaling leads to oxidative stress resulting from the 
imbalance between overproduction of ROS and the protective 
effect of the antioxidant system responsible for their neutrali-
zation and removal (Hu et al., 2011; Walczak-Jedrzejowska et 
al., 2013; Amatore et al., 2015). The main source of cellular 
ROS production is the family of Noxs, which consists of seven 
members, Nox1- to -5 and the two dual oxidases, Duox1 and 
Duox2, expressed in most cell types (Bedard and Krause, 
2007). The reduced GSH, a main intracellular non-enzymatic 
antioxidant, exerts an efficient buffering role against ROS 
(Bindoli et al., 2008). Our recent report has demonstrated that 
BoHV-1-induced ROS production contributes to both viral 
replication and mitochondrial damage, and the increase in 
ROS is partially mediated by Noxs (Zhu et al., 2016). In this 
study, we demonstrated that BoHV-1 infection decreased 
intracellular GSH levels and administration of GSH strongly 
impaired the replication of BoHV-1, confirming the important 
role of low GSH levels in the life cycle of this virus.

To assess the possible effect of cellular GSH on BoHV-1- 
induced ROS production, confluent MDBK cells (kindly 
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Fig. 1

The effect of GSH on BoHV-1-induced cellular ROS production
(a) ROS levels in MDBK cells treated with or without chemicals were determined using H2DCFDA (5 μmol/l, for 30 min) following BoHV-1 infection for 
24 hr. (b) Effect of BoHV-1 on GSH in MDBK cells. MDBK cells were infected with BoHV-1 at MOI of 1 for 12 and 24 hr, then the concentration of GSH 
was determined. Concentrations of GSH from the virus-infected cells were normalized to mock infected control. Data shown are from three independent 
experiments. Statistical analyses were performed using Student’s t test (* indicates P <0.05 vs. control).

provided by Dr. Leonard J. Bello, University of Pennsylvania) 
in 24-wells plates were treated with GSH (Beyotime Biotech-
nology, Jiangsu, China) at optimal concentrations of 10 or 20 
mmol/l, and infected with BoHV-1 (Colorado 1 strain, kindly 

provided by Dr. Leonard J. Bello) (MOI = 1) at 37oC for 24 hr. 
The treatment of virus-infected cells with ROS scavenger NAC 
(N-Acetyl-l-cysteine) at concentrations of 1 and 5 mmol/l was 
used as a positive control. The level of intracellular ROS was 
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determined using ROS fluorescence indicator 2',7'-dichloro-
dihydrofluorescein diacetate (H2DCFDA) (Sigma-Aldrich, St. 
Louis, MO), which can be converted to fluorescent compound 
dichlorofluorescein (DCF). The images were acquired under 
a fluorescence microscope (Olympus BX-51, Olympus, Tokyo, 
Japan). Treatment of cells with GSH at either concentration 

could dramatically reduce BoHV-1-induced ROS levels, and 
it showed similar capacity to that of ROS scavenger NAC 
(Fig. 1a). It suggested that addition of exogenous GSH inhib-
ited cellular ROS production.

We further investigated whether BoHV-1 infection altered 
cellular GSH levels. Confluent MDBK cells in 24-well plates 

Fig. 2

Antiviral activity of GSH against BoHV-1 infection in MDBK cells
(a) MDBK cells were mock-treated with medium or treated with chemicals at indicated concentrations, and subjected to BoHV-1 infection at an MOI 
of 1 for 1 hr with or without treatment of chemicals. After extensive washing with PBS, cells were further cultured for 24 hr with the medium containing 
chemicals or the vehicle. The virus yields were then titrated by TCID50 assay. (b) Virus stocks were exposed to GSH at various concentrations or solvent 
at 37oC for 1 hr. Subsequently, the viruses were titrated by the TCID50 assay in MDBK cells. (c) MDBK cells infected with BoHV-1 at an MOI of 1 were 
treated with GSH (20 mmol/l) under indicated conditions. Virus titer was determined at 24 hr p.i. by TCID50 assay. The assays were performed in duplicate 
and data represent means ± SD. * P <0.05
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were mock-infected or infected with BoHV-1 at MOI of 1, 
and at 12 and 24 hr post infection (p.i.) the intracellular GSH 
was assayed with commercially available GSH detection kit 
(Beyotime Biotechnology, Jiangsu, China) completely fol-
lowing the manufacturer's specifications. Colorimetric deter-
mination was conducted using a multifunctional Microplate 
Reader (SpectraMax M2, MDC). The results were expressed 
as % of the control by comparison of GSH concentrations in 
BoHV-1-infected cells to that of the mock-infected control. 
As a result, BoHV-1 infection significantly decreased GSH 
levels to 74.88 ± 4.02% and 65.77 ± 2.10%, respectively (Fig. 
1b). It supported our assumption that BoHV-1 infection 
leads to GSH depletion in favor of ROS production, and 
which also correlated with the data that replenishment of 
exogenous GSH decreased ROS production (Fig. 1a). 

Given the drop of GSH following BoHV-1 infection 
contributed to ROS production, we investigated the role of 
GSH depletion in BoHV-1 life cycle. Confluent MDBK cells 
in 24-well plates were infected with BoHV-1 (MOI = 1) in 
the presence of GSH at concentrations of 10 and 20 mmol/l. 
ROS scavenger NAC was introduced as a positive control, 
as it is known to inhibit BoHV-1 replication from our pre-
vious data. At 24 hr p.i., the viral yields were determined 
through MDBK cells with results expressed as TCID50. The 
treatment of MDBK cells with GSH impaired the progeny 
virus yield in a dose-dependent manner (Fig. 2a). Among 
the detected concentrations, GSH at the higher concen-
tration of 20 mmol/l showed neither cytotoxic effect on 
MDBK cells nor virucidal effect on the viral particles (data 
not shown and Fig. 2b). Therefore, we concluded that the 
depletion of cellular GSH by BoHV-1 is critical for viral 
replication in vitro. 

To pinpoint which step of BoHV-1 replication was af-
fected by GSH administration, confluent MDBK cells in 
24-well plates were treated with GSH at a concentration 
of 20 mmol/l under various conditions including the early 
binding and entry stages (treatment: from -1 to 1 hr p.i and 
from 0 to 1 hr p.i.), post-binding entry stages (treatment: 
1 to 24 hr p.i.) as well as the whole infection stages plus 
a pretreatment (treatment: from -1 to 24 hr p.i.). As showed 
in Fig. 2c, the virus yields were significantly reduced when 
the cells were treated with GSH at time duration from -1 to 
24 hr p.i. and from 1 to 24 hr p.i., respectively. It indicated 
that GSH administration mainly affected the post-entry or 
later stages of BoHV-1 replication, which correlated with 
the finding that at both 12 and 24 hr p.i. the level of cellular 
GSH significantly dropped (Fig. 1b). It suggested that low 
levels of cellular GSH were in favor of BoHV-1 replication 
at the post-entry steps. 

ROS has been proposed to regulate numerous cellular 
signaling pathways. Among them, MAPK family has been 
evidenced to be one of the major down-stream target mol-
ecules (Giannoni et al., 2005). Since signaling of MAPK fam-

ily usually regulates both virus replication and virus-induced 
expression of inflammatory cytokines, such as in influenza 
infection (reviewed by Pleschka, 2008). Inhibition of ROS 
is therefore widely accepted as a potential therapeutic target 
for novel antiviral strategy (Nencioni et al., 2011). Here, we 
found that treatment of cells with GSH impaired not only 
ROS production but also the virus yield (Fig. 1a and Fig. 2). 
It may represent a potential antiviral agent. As acyclovir is 
commonly used to treat herpesvirus infections through 
suppressing viral DNA synthesis (Wuest et al., 2011), we 
wondered whether GSH would enhance the antiviral effect 
of ACV when used in combination. Therefore, confluent 
MDBK cells of in 24-well plates were infected with BoHV-1 
at MOI of 1 in the presence of ACV at various concentra-
tions or in combination with GSH (10 mmol/l). Apparent 
inhibitory effect was not observed following individual 
application of neither 10 mmol/l of GSH nor 10 μmol/l of 
ACV. When used in combination, ACV at both concentra-
tions (10 and 50 μmol/l) exhibited strong inhibitory effect. 
Especially, the synergistic effect is much more distinguished 
for ACV at higher concentration of 50 μmol/l promoted by 
GSH (Fig. 3). The combination of ACV and GSH would not 
lead to apparent cytotoxicity as determined by MTT assay 
(data not shown). It implied that GSH in combination with 
ACV could synergistically enhance the antiviral effects of 
ACV against BoHV-1 infection in vitro.

Fig. 3

GSH enhanced the antiviral effect of ACV
MDBK cells mock-treated with medium or treated with individual or 
combined chemicals at indicated concentrations, and subjected to BoHV-1 
infection at an MOI of 1 for 1 hr with or without treatment. After extensive 
washing with PBS, cells were further cultured for 24 hr with the medium 
containing corresponding chemicals or the vehicle. The virus yields were 
then titrated by TCID50 assay. Data shown are representative of three inde-
pendent experiments. Statistical analyses were performed using Student's t 
test, (*P <0.05).
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Targeting host factors important for viral replication and 
disease represents a viable approach for the development of 
antiviral drugs, such as for the generation of novel anti-in-
fluenza drugs (Shaw, 2011). Accumulating studies suggested 
that intracellular redox signaling is a potential therapeutic 
target for novel antiviral strategy (Nencioni et al., 2011; 
Vlahos and Selemidis, 2014). The mechanisms underlying 
ROS production induced by BoHV-1 remain to be fully elu-
cidated. Our recent report indicated that BoHV-1-induced 
ROS production partially depends on Noxs (Zhu et al., 2016). 
Here, we further reported that the virus also manipulated 
the main intracellular non-enzymatic antioxidant to facilitate 
ROS production as well as the viral replication (Fig. 1a and 2a 
and c). It is reasonable that BoHV-1 may deliberately control 
Noxs for ROS production, and depress cellular antioxidants 
to sustain a high level of intracellular ROS.

In this study, we revealed for the first time that BoHV-1 
infection decreased cellular GSH, which is a potential mecha-
nism to mediate ROS production, and evidenced that GSH 
administration could not only individually inhibit viral repli-
cation but also synergistically enhance the antiviral effects of 
ACV when used in combination. For clinical treatment, drug 
combinations are generally considered to get much more 
extensive protective effect. Thus, pharmacological modula-
tion of GSH-mediated ROS production in combination with 
specific antiviral drugs is a viable therapeutic approach to 
fighting virus infection. 
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