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Resveratrol attenuates azidothymidine-induced
cardiotoxicity by decreasing mitochondrial reactive
oxygen species generation in human cardiomyocytes
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Abstract. Nucleotide reverse transcriptase inhibitors, such as
zidovudine (azidothymidine, AZT) and stavudine, represent
a class of approved antiretroviral agents for highly active
antiretroviral therapy, which prolongs the life expectancy
of patients infected with human-immunodeficiency virus.
Unfortunately, the use of these drugs is associated with
known toxicities in the liver, skeletal muscle, heart and other
organs, which may involve increased reactive oxygen species
(ROS) generation, among other mechanisms. Resveratrol is
a polyphenolic plant-derived antioxidant abundantly found
in certain grapes, roots, berries, peanuts and red wine. This
study, using primary human cardiomyocytes, evaluated
the effects of AZT and pre-treatment with resveratrol on
mitochondrial ROS generation and the cell death pathways.
AZT induced concentration-dependent cell death, involving
both caspase-3 and -7 and poly(ADP-ribose) polymerase
activation, coupled with increased mitochondrial ROS
generation in human cardiomyocytes. These effects of AZT
on mitochondrial ROS generation and cell death may be
attenuated by resveratrol pre-treatment. The results demon-
strate that mitochondrial ROS generation plays a pivotal role
in the cardiotoxicity of AZT in human cardiomyocytes, and
resveratrol may provide a potential strategy to attenuate these
pathological alterations, which are associated with widely
used antiretroviral therapy.
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Introduction

Nucleotide reverse transcriptase inhibitors, such as zido-
vudine (azidothymidine, AZT) and stavudine, represent
a class of approved antiretroviral agents for highly active
antiretroviral therapy, which prolongs the life expectancy of
patients infected with human-immunodeficiency virus (HIV).
Unfortunately, the use of these drugs is associated with known
toxicities in various organs, including the liver, skeletal muscle
and heart. HIV-positive patients are at risk of developing
end-organ damage, including cardiomyopathy, which is seem-
ingly becoming increasingly prevalent (1). Cardiomyopathy
manifests as dilated cardiomyopathy, or as isolated left or
right ventricular dysfunction; both are associated with a poor
prognosis, resulting in symptomatic heart failure in up to 5%
of HIV patients (1). The precise mechanism of HIV-associated
cardiomyopathy has yet to be elucidated. It may involve direct
myocardial infection with HIV, post-infective cardiac autoim-
munity, nutritional deficiencies, or the cardiotoxic effects of
antiretroviral drugs, such as AZT (1). Indeed, numerous pre-
clinical reports implicate the direct cardiotoxic effects of AZT
in various rodent models. This may involve multiple mecha-
nisms, including the generation of reactive oxygen species
(ROS) in cardiomyocytes and endothelial cells (2-12).

Resveratrol (3,4',5-trihydroxystilbene), a plant-derived
polyphenolic compound belonging to a class of stilbenes
(abundantly found in certain grapes, roots, berries and
peanuts) was recently shown to exert various cardiovascular
protective effects in pre-clinical models of myocardial isch-
emic reperfusion injury and atherosclerosis (13,14), metabolic
diseases (15-17), and in aged mice (18-21). In this study, we
explored the effects of AZT on mitochondrial ROS generation
and associated cell death (both apoptotic and necrotic) using
human primary cardiomyocytes, and evaluated the effects of
resveratrol on these pathological processes.

Materials and methods

Reagents and cell culture. AZT and resveratrol were
purchased from Sigma Chemicals (St. Louis, MO, USA).
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Figure 1. Resveratrol attenuates AZT-induced cell death in human cardiomyocytes. Human cardiomyocytes were pre-treated with or without various
concentrations of resveratrol for 2 h, followed by treatment with various doses of AZT with or without resveratrol. After 48 h, the cells were harvested for flow
cytometric analysis with Annexin V for apoptosis and Sytox Green for necrosis. Left panel, representative flow cytometry charts demonstrating the effects
of AZT with or without resveratrol pre-treatment on cell death (apoptotic and necrotic) in human primary cardiomyocytes; right panel, the quantification
of apoptotic and necrotic cell death from the left panel. Values represent the means + SEM (n=4). "P<0.05, vehicle vs. AZT; "P<0.05, AZT with or without

resveratrol, respectively.

Human cardiomyocytes (HCM) were obtained from ScienCell
Research Laboratories (Carlsbad, CA, USA) and cultured
in polylysine-coated plates using complete cardiac myocyte
medium according to the manufacturer's recommendation as
previously described (22). HCM were treated with AZT as
indicated in cardiomyocyte growth medium for 48 h.

Simultaneous determination of cell death and mitochondrial
superoxide/ROS generation. Mitochondrial superoxide/ROS
generation and cell death were determined as previously
described (23,24). Briefly, the cells were loaded with MitoSOX
Red (Invitrogen, Carlsbad, CA, USA) for 30 min, followed
by trypsinization as well as staining with APC-Annexin-V
and Sytox Green (Invitrogen). The samples were run on a
flow cytometer with 488 nm excitation to measure oxidized
MitoSOX Red in the FL2 and FL3 channels, APC-Annexin V
(FL4) and Sytox Green (FL1). Data were also collected from
the FSC (forward scatter), SSC (side scatter) and FL1 and FL4
channels. The cells were plotted for FSC and SSC. Cell debris
with low FSC and SSC were excluded from the analysis. The
cells were then analyzed for APC-Annexin V (FL4) and Sytox

Green (FL1). Cells that exhibited apoptosis (FL-4-positive) or
were dead (FL-1-positive) were excluded from the analysis,
and MitoSOX Red staining was analyzed for each population
as a histogram of mean intensity (FL2). Thus, MitoSOX Red
of the cells analyzed excluded any non-specific interferences
from apoptotic and dead cells (23).

Caspase-3 and -7 activity. The activity of caspase-3 and -7
was measured using the Apo-one Homogeneous Caspase-3/7
assay kit (Promega), according to the manufacturer's instruc-
tions (25).

Poly(ADP-ribose) polymerase activity. Poly(ADP-ribose)
polymerase (PARP) activity was assayed by colorimetry
according to the manufacturer's instructions, as previously
described (Trevigen) (25).

Statistical analysis. Results are reported as the means + SEM.
P-values <0.05 were considered significant. Statistical analysis
between two measurements were determined using the two-
tailed unpaired Student's t-test.
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Figure 2. Resveratrol attenuates the AZT induction of caspase-3 and -7 activity in human cardiomyocytes. Human cardiomyocytes were treated with resvera-
trol and AZT, as described in Fig. 1. The cells were harvested and caspase-3 and -7 activity was measured. Left panel, the concentration-dependent effect of
AZT on caspase-3 and -7 activity in human cardiomyocytes; right panel, the effects of AZT with or without resveratrol pre-treatment. Values represent the
means + SEM (n=3-6). "P<0.05, vehicle vs. AZT; “P<0.05, AZT with or without resveratrol, respectively.
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Figure 3. Resveratrol attenuates the AZT induction of PARP activity in human cardiomyocytes. Human cardiomyocytes were treated as described in Fig. 1.
The cells were harvested and PARP activity was measured. Left panel, the concentration-dependent effect of AZT on PARP activity in human cardiomyo-
cytes; right panel, the effects of AZT with or without resveratrol pre-treatment. Values represent the means + SEM (n=8). "P<0.05, vehicle vs. AZT; ¥P<0.05,

AZT with or without resveratrol, respectively.

Results

Resveratrol attenuates azidothymidine-induced cell death in
human cardiomyocytes. Primary cardiomyocytes were treated
with various concentrations of AZT for 48 h. Cell apoptosis
and necrosis were then determined by flow cytometric anal-
ysis. AZT treatment increased cell apoptosis and necrosis in
human primary cardiomyocytes in a concentration-dependent
manner. Pre-treatment with 3 M resveratrol attenuated the
AZT-induced cell apoptosis and necrosis (Fig. 1).

Resveratrol attenuates azidothymidine-induced caspase-3 and
-7 activity in human cardiomyocytes. To further understand
the underlying mechanisms of AZT-induced cardiomyocyte
apoptosis and the prevention of such cell death by resveratrol,
caspase-3 and -7 activity, which is indicative of cell apop-
tosis was measured. AZT treatment induced the elevation of
caspase-3 and -7 activity in human primary cardiomyocytes in
a concentration-dependent manner. Pre-treatment with resvera-
trol prevented AZT-induced caspase-3 and -7 activity (Fig. 2).

Resveratrol attenuates azidothymidine-induced PARP activity
in human cardiomyocytes. The activation of PARP has been
shown to play an important role in inducing necrotic cell death.
We investigated whether AZT-induced cell death is mediated
via the activation of PARP. AZT treatment increased PARP
activity in human primary cardiomyocytes in a concentration-
dependent manner. Resveratrol pre-treatment significantly
attenuated the AZT-induced increase in PARP activity (Fig. 3).

Resveratrol attenuates azidothymidine-induced — mitochon-
drial reactive oxygen species/superoxide generation in
human cardiomyocytes. Mitochondria are one of the major
cellular producers of ROS, and increased ROS generation
promotes the activation of various cell death pathways. Thus,
AZT-induced cell death in human cardiomyocytes was exam-
ined to determine whether it involves increased mitochondrial
ROS generation. AZT treatment significantly increased mito-
chondrial ROS generation in human primary cardiomyocytes
in a concentration-dependent manner, which was attenuated
by resveratrol pre-treatment (Fig. 4).
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Discussion

In this study, using primary human cardiomyocytes, we
demonstrated that mitochondrial ROS generation and the
consequent activation of various cell death pathways contribute
to the cardiotoxicity of the retroviral agent AZT. We also
demonstrated that resveratrol pre-treatment was capable of
attenuating AZT-induced mitochondrial ROS generation and
the activation of interrelated cell death pathways.

The cardiotoxic effects of antiretroviral drugs such as AZT
have been implicated in the development of HIV-associated
cardiomyopathy in humans (1). Indeed, AZT induces cardio-
myopathy in various rodent model systems. The cardiotoxicity
of AZT is complex and likely involves multiple interrelated
mechanisms, such as the inhibition of cardiac mitochondrial
DNA polymerase-y (4), alterations in pyrimidine deoxyribo-
nucleotide pools by the inhibition of thymidine kinase 2 (7),
increased myocardial oxidative stress and attenuated anti-
oxidant defense (5,6,9,26,27), oxidative damage in cardiac
mitochondria (2,3), increased endothelial cell oxidative stress
and mitochondrial dysfunction (8,11), and activation of the
nuclear enzyme PARP (9). Supporting the role of oxidative
stress in the development of AZT-induced cardiomyopathy,
transgenic mitochondrial superoxide dismutase and mitochon-
drially-targeted catalase prevent antiretroviral drug-induced
oxidative stress and cardiomyopathy in mice (12).

Consistent with these reports, we demonstrated increased
concentration-dependent mitochondrial ROS generation by
AZT in human cardiomyocytes. Increased ROS generation
in cardiomyocytes may trigger the activation of various mito-
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Figure 4. Resveratrol attenuates AZT-induced mitochondrial ROS generation
in human cardiomyocytes. Human cardiomyocytes were treated as described
in Fig. 1. The cells were harvested and analyzed by flow cytometric analysis
using MitoSOX Red dye. Left panel, representative flow cytometry charts
demonstrating the effects of AZT with or without resveratrol pre-treatment
on mitochondrial ROS generation in human primary cardiomyocytes; right
panel, the quantification of MitoSox Red mean intensity from the left panel
(3 experiments). Values represent the means + SEM (n=4). "P<0.05, vehicle
vs. AZT; #P<0.05, AZT with or without resveratrol, respectively.

chondrial-dependent and -independent cell death pathways
involved in apoptotic and necrotic cell death (e.g., activation
of caspases and PARP-1) (28). Furthermore, superoxide in the
mitochondria may react with nitric oxide to generate a highly
reactive oxidant, peroxynitrite (29), which may impair cellular
function and lead to cell death (25,30) and/or dysfunction
(31) in cardiomyocytes via multiple interrelated mechanisms.
Indeed, AZT induced caspase-3 and -7 and PARP-dependent
cell death in cardiomyocytes.

Numerous recent studies provide evidence that resveratrol
treatment attenuates myocardial ischemic reperfusion injury
and atherosclerosis (13), and improves endothelial function
in rodent models of type 2 diabetes (21,32,33), as well as in
aged mice and rats (21,34). The multiple synergistic effects of
resveratrol are likely to be responsible for its cardiovascular
protective potential, which may include up-regulation of
eNOS, increased NO bioavailability (32,35,36), promotion
of mitochondrial biogenesis (37), down-regulation of TNF-a
and inhibition of NADPH oxidases (32), inhibition of NF-xB
(38-40) and attenuation of mitochondrial ROS generation
(33), among others. Consistent with its antioxidant properties,
resveratrol treatment attenuated the AZT-induced mitochon-
drial ROS generation and the activation of caspase-3 and
-7 and the PARP-dependent cell death pathways in human
cardiomyocytes.

Collectively, these results demonstrate that AZT induces
increased mitochondrial ROS generation in human cardio-
myocytes, triggering the activation of caspase-3 and -7 and
the PARP-1-dependent cell death pathways. AZT-induced
cell death is attenuated by resveratrol pre-treatment, which
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decreases mitochondrial ROS generation, providing a poten-
tial strategy for the attenuation of these antiretroviral-therapy
associated pathological alterations.
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