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Abstract: The protective role of resveratrol in myocardial ischemia/reperfusion is not well understood. The aim of 
this study was to investigate whether resveratrol modulates inflammation and oxidative stress and the possible 
role of nuclear factor erythroid 2-related factor 2 (Nrf2)/antioxidant response element (ARE) pathway in an isch-
emia/reperfusion injured rat heart model. Rats were randomly exposed to sham operation, myocardial ischemia/
reperfusion (MI/R) alone, and MI/R + resveratrol. The results demonstrated that compared to MI/R, resveratrol 
improved cardiac function, reduced myocardial infarction area, myocardial myeloperoxidase (MPO) levels, serum 
creatinine kinase (CK) and lactate dehydrogenase (LDH) levels. Resveratrol also markedly enhanced the activities 
of antioxidant enzymes superoxide dismutase (SOD) and glutathione peroxidase (GSH-PX), and reduced the level of 
malondialdehyde (MDA) in MI/R rats. Resveratrol also enhanced levels of Nrf2 and heme oxygenase-1. In summary, 
these results demonstrated that resveratrol exerted significant antioxidant and cardioprotective effects following 
myocardial ischemia, possibly through the activation of the Nrf2/ARE signaling pathway.
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Introduction

Ischemia and reperfusion (IR) injury is a major 
cause of morbidity and mortality after cardiac 
operations [1, 2] and myocardial infarctions [3]. 
The inflammatory reaction induced by isch-
emia/reperfusion is one of the most important 
links in the myocardial ischemia-reperfusion 
injury [4]. In the process of inflammation, vari-
ous cytokines are released, including tumor 
necrosis factor α (TNF-α), interleukin 6 (IL-6) 
and IL-8, etc [5]. TNF-α can trigger the inflam-
matory reaction caused by myocardial isch-
emia-reperfusion. In addition, vascular endo-
thelial cell injury, and inflammatory cells, such 
as neutrophils, activated by cytokines and 
adhesion molecules are also included in inflam-
mation. So TNF-α activity and the amount of 
neutrophil infiltration can be considered as the 
indicators of inflammatory reaction. Besides, 
oxidative stress is also involved in myocardial 
ischemia/reperfusion injury [6]. The reperfu-
sion leads to the large production of ROS, which 
aggravates the injury of the myocardium. 

Recent studies have demonstrated that nuclear 
factor erythroid 2-related factor 2 (Nrf2), a key 
transcription factor, plays an indispensable role 
in the induction of endogenous antioxidant 
enzymes against oxidative stress. Under physi-
ological conditions, Nrf2 is localized within the 
cytoplasm by binding to its negative regulator, 
Kelch-like ECH associating protein 1 (Keap1), 
which promotes Nrf2 ubiquitination by the 
Cul3-Rbk1 complex and subsequent degrada-
tion by the proteasome [7]. However, upon 
exposure to ROS, Nrf2 is liberated from the 
Keap1-Nrf2 complex and translocates from the 
cytoplasm to the nucleus, where it sequentially 
binds to the antioxidant response element 
(ARE), a regulatory enhancer region within gene 
promoters. This binding triggers the production 
of many phase II detoxifying and antioxidant 
enzyme genes such as heme oxygenase 1 (HO-
1) and NAD (P) H: quinone oxidoreductase 1 
(NQO1), which protect cells against oxidative 
stress as well as a wide range of other toxins [8, 
9]. 
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Recently, many reports have demonstrated 
that Nrf2 plays a critical role in the induction of 
endogenous antioxidant enzymes against oxi-
dative damage in a variety of diseases. Nrf2 
protects cardiac fibroblasts and cardiomyo-
cytes against oxidative stress by increasing 
detoxification pathways and antioxidant poten-
tials [10, 11]. In addition, Nrf2 protects the 
lungs from oxidative injury caused by bleomycin 
and environmental oxidants including hyperox-
ia, diesel exhaust particles and smoking 
[12-14]. 

Resveratrol (Res) is a polyphenolic compound 
which mainly exists in red grapes and wine. In a 
previous epidemiological study [15] on the rela-
tionship between eating habits and coronary 
heart disease, an interesting phenomenon sug-
gests that in all developed countries, the French 
consume the most quantity of wine on the aver-
age, but have the lowest morbidity of coronary 
heart disease. This phenomenon is called the 
“French paradox”, which has probably benefit-
ed from Res in wine. Res has extensive phar-
macological effects, including anticancer [16-
18], treating diabetic nephropathy [19] and 
protecting neurons [20, 21]. Recent data indi-
cates that the Nrf2/ARE pathway plays a cen-
tral role in the protective effect against oxida-
tive and apoptotic damage [22, 23]. Therefore, 
the present study aims to investigate the role of 
Nrf2/ARE signaling pathway in the cardiopro-
tective effect of Res in a rat model of myocar-
dial ischemia-reperfusion (MI/R). 

Materials and methods

Reagents

Resveratrol was purchased from Sigma 
Chemical Co. (St. Louis, MO, USA). MPO assay 
kit, CK test kit and LDH assay kit were pur-
chased from JianCheng Bioengineering In- 
stitute (Nanjing, China). Sodium pentobarbital 
was purchased from Sigma Chemical Co. (St. 
Louis, MO, USA). BCA Protein Assay reagent kit 
was purchased from Novagen (Madison, WI). 

Animals

Thirty adult male Sprague-Dawley rats (250-
300 g) were purchased from the Center of 
Experimental Animal in the Fourth Military 
Medical University, China. All animals used in 
this study were cared for in accordance with 
the Guide for the Care and Use of Laboratory 

Animals published by the United States Nati- 
onal Institute of Health (NIH publication no. 
85-23, revised 1996), and all procedures were 
approved by the Committee of Experimental 
Animals of the Fourth Military Medical 
University. 

Myocardial ischemia-reperfusion model and 
experimental protocol

Male Sprague-Dawley rats (250-300 g) were 
anesthetized i.p. with sodium pentobarbital 
(Sigma, St. Louis, USA, 40 mg/kg). Myocardial 
ischemia was produced by exteriorizing the 
heart with a left thoracic incision followed by a 
slipknot (5-0 silk) around the left anterior 
descending coronary artery (LAD). After 30 min 
of ischemia, the slipknot was released and the 
animal received 120 min of reperfusion. 

Rats were randomly assigned to three experi-
mental groups. There were 10 rats in each 
group: (1) sham group: silk was drilled under-
neath the LAD but the LAD was not ligated; (2) 
MI/R group: LAD was ligated for 30 min and 
then allowed 120 min reperfusion with receiv-
ing vehicle (0.9% NaCl i.v.); (3) MI/R + Res 
group: Res (100 μmol/L, i.v.) was administered 
5 min before reperfusion.

Detection of cardiac function

Rats were anesthetized i.p. with sodium pento-
barbital (Sigma, St. Louis, USA, 40 mg/kg), and 
a catheter was inserted into the left ventricle 
through the right common carotid artery for 
measurement of left ventricular function, which 
included left ventricular ejection fraction (LVEF), 
left ventricular end-diastolic pressure (LVEDP) 
and the maximal rate of rise and decline of ven-
tricular pressure ( ± dp/dt [max]).

Assay of myocardial infarct area

After reperfusion, myocardial infarct size was 
determined by means of a double-staining 
technique and a digital imaging system (infarct 
area/area at risk × 100%) [24]. After reperfus-
ing, coronary blood flow was again blocked and 
Evans blue (2%, 4 ml) was injected by the rapid 
distribution of the right ventricle into the body. 
The heart was quickly removed to a -20°C 
refrigerator for cryopreservation. The heart was 
cut into 1 mm slices, placed in 1% 2,3,5-triphe-
nyltetrazolium chloride (TTC) solution, incubat-
ed for 15 min, and then placed in 4% formalde-
hyde solution overnight. Evans blue stained 
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area (blue staining, non-ischemic area), TTC 
stained area (red staining, ischemic area) and 
non-TTC stained area (white, infarct area) was 
analyzed with a digital imaging system by com-
puter. Myocardial infarct area (infarct area/
area at risk%, INF/AAR%) were calculated.

Detection of creatine kinase (CK) activity

After reperfusion, blood was taken from the 
carotid artery and was placed at room tempera-
ture for 30 min. Then, the serum was collected 
by centrifugation and placed at -70°C for pres-
ervation. According to manufacturer’s instruc-
tion, the CK test kit was utilized to detect the 
serum CK activity.

Determination of lactate dehydrogenase (LDH) 
level

After reperfusion, blood was taken from the 
carotid artery and was placed at room tempera-
ture for 30 min. Then, the serum was collected 
by centrifugation and placed at -70°C for pres-

ervation. The extent of cell injury was moni-
tored by measuring LDH leakage. According to 
the manufacturer’s instruction, the CK test kit 
was utilized to detect the serum LDH level.

Determination of myeloperoxidase (MPO) level

After reperfusion, the myocardial tissue was 
placed at -70°C for preservation. MPO test kit 
was used to detect level of MPO in the myocar-
dial tissue according to manufacturer’s 
instruction. 

Detection of SOD, GSH-PX activity and MDA 
content

After reperfusion, myocardial tissue was 
homogenized in ice cold phosphate buffer to 
make a 10% homogenate. Then the homoge-
nate was centrifuged at 3000 rpm for 15 min. 
Superoxide dismutase (SOD), glutathione per-
oxidase (GSH-PX), and malondialdehyde (MDA) 
in the supernatant were measured by using 

Figure 1. Effect of resveratrol on cardiac function. A. The effect of resveratrol on LVEDP. B. The effect of resveratrol 
on LVEF. C. The effect of resveratrol on +dp/dx max. D. The effect of resveratrol on -dp/dx max. LVEF, left ventricle 
ejection fraction; LVEDP, left ventricle end-diastolic pressure. Data were expressed as mean ± SD (n = 10 in each 
group). *P < 0.05 versus the sham group, #P < 0.05 versus MI/R group.
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commercially available kits. All assays were 
conducted according to the manufacturer’s 
instructions.

Western blot analysis

Protein extracts were prepared from ischemic 
myocardium or heart in sham group by homog-
enization in a RIPA buffer. Protein concentra-
tion was assayed using the BCA Protein Assay 
reagent kit (Novagen, Madison, WI), and equal 
amounts (50 μg) of protein per sample were 
separated by electrophoresis on a 10% poly-
acrylamide gel and electrotransferred to a 
nitrocellulose membrane. The nonspecific bind-
ing of antibodies was blocked using TBS with 
5% nonfat milk and with 0.1% Tween-20 for 2 h 
at room temperature. Membranes were then 
incubated overnight (4°C) with the primary anti-
body at the appropriate dilution (rabbit anti-
Nrf2, 1:200, Santa Cruz Biotechnology; rabbit 
anti-HO-1, 1:2000, Santa Cruz Biotechnology). 
Protein loading was normalized by Western 
blotting to histone 1 (H1, 1:1000, Santa Cruz 
Biotechnology) or anti-β-actin (1:2000; Santa 
Cruz Biotechnology) in blocking buffer over-
night at 4°C. Subsequently, the membranes 
were incubated for 1 h at room temperature 

(ANOVA). For all test, P < 0.05 was considered 
as statistically significant.

Results

Resveratrol ameliorated cardiac dysfunction 
induced by MI/R

Compared with the MI/R group, resveratrol sig-
nificantly elevated LVEF, +dp/dt max and -dp/dt 
max and decreased LVEDP (P < 0.05) (Figure 
1).

Resveratrol reduced the myocardial infarction 
area induced by MI/R 

MI/R induced a significant infarction area. 
Compared with the MI/R group, resveratrol 
reduced myocardial infarction area significantly 
(P < 0.05) (Figure 2).

Resveratrol reduced the activity of serum CK 
in MI/R rats

As shown in Figure 3, the activity of CK 
increased significantly in the MI/R group com-
pared with the sham group (P < 0.05). CK activ-
ity decreased significantly in the MI/R + Res 
group compared with the MI/R group (P < 0.05). 

Figure 2. Effect of resveratrol on the myocardial infarction area induced by 
MI/R. Data were expressed as mean ± SD (n = 10 in each group). *P < 0.05 
versus the sham group, #P < 0.05 versus MI/R group.

with the corresponding horse-
radish peroxidase-conjugated 
secondary antibodies (1: 
3000, goat anti-rabbit; 1: 
5000, goat anti-mouse, both 
from Santa Cruz Biotech- 
nology). Finally, immunoreac-
tive bands were detected by 
chemiluminescence using the 
Amersham ECL Plus Western 
Blotting Detection kit (GE 
Healthcare Bio-Sciences, 
Piscataway, NJ), according to 
the manufacturer’s instruc-
tions. Nrf2 expression levels 
were normalized to H1, while 
HO-1 expression level was 
normalized to β-actin.

Statistical analysis 

Data is presented as means 
± SD. The significance of dif-
ferences among groups was 
evaluated by a Student’s 
t-test for unpaired data or 
Dunnett’s t-test for multiple 
comparisons preceded by 
one-way analysis of variance 
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weight. As shown in Figure 5, the MPO activity 
in the sham group was relatively lower, while 
the MPO activity in MI/R group was significantly 
increased (P < 0.05). Resveratrol significantly 
decreased myocardial MPO activity (P < 0.05) 
(Figure 5).

Resveratrol elevated antioxidant enzymes ac-
tivities and decreased MDA content

To investigate whether Resveratrol affects oxi-
dative stress damage, we evaluated the activi-
ties of antioxidant enzyme and the content of 
MDA. The activities of GSH-PX and SOD were 
decreased significantly in the MI/R group as 
compared with the sham group (P < 0.05). 
However, Resveratrol treatment induced signifi-
cant elevation of GSH-PX and SOD activities 
compared with the MI/R group (P < 0.05). The 
content of MDA is an index of lipid peroxidation, 
which increased significantly after myocardial 
I/R injury (P < 0.05). Resveratrol treatment sig-
nificantly decreased the MDA content com-
pared with the MI/R group (P < 0.05) (Figure 6). 

Effects of resveratrol on Nrf2 and HO-1 
Expressions in heart subjected to ischemia-
reperfusion 

Western blot analysis showed weak signals for 
Nrf2 and HO-1 in the sham group. In contrast, 
significant increases in protein expression for 
Nrf2 and HO-1 were found in the MI/R group (P 
< 0.05). Compared with the MI/R group, the 

Figure 3. The comparison of CK activity in each 
group. The CK activity in the sham group was rela-
tively lower, while the CK activity in MI/R group was 
significantly increased, which was inhibited by resve-
ratrol. Data were expressed as mean ± SD (n = 10 in 
each group). *P < 0.05 versus the sham group, #P < 
0.05 versus MI/R group. 

Figure 4. The comparison of LDH activity in each 
group. The LDH activity in the sham group was rela-
tively lower, while the LDH activity in MI/R group was 
significantly increased, which was inhibited by resve-
ratrol. Data were expressed as mean ± SD (n = 10 in 
each group). *P < 0.05 versus the sham group, #P < 
0.05 versus MI/R group. 

Figure 5. The comparison of MPO activity in each 
group. The MPO activity in the sham group was rela-
tively lower, while the MPO activity in MI/R group was 
significantly increased, which was blocked by resve-
ratrol. Data were expressed as mean ± SD (n = 10 in 
each group). *P < 0.05 versus the sham group, #P < 
0.05 versus MI/R group. 

Resveratrol reduced LDH level in MI/R rats

As shown in Figure 4, the activity of LDH 
increased significantly in the MI/R group com-
pared with the sham group (P < 0.05). LDH 
activity decreased significantly in the MI/R + 
Res group compared with the MI/R group (P < 
0.05). 

Resveratrol inhibited neutrophil infiltration in 
MI/R tissue

Neutrophil contains a certain amount of myelo-
peroxidase (MPO), accounting for 5% of dry cell 
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Figure 6. Resveratrol ameliorates oxidative stress 
after myocardial ischemia/reperfusion injury. Res-
veratrol significantly decreased (A) the content of 
malondialdehyde (MDA) and (B) enhanced superox-
ide dismutase (SOD); and (C) glutathione peroxidase 
(GSH-PX) activities in ischemia reperfusion rats’ 
heart. Data were expressed as mean ± SD (n = 10 in 
each group). *P < 0.05 versus the sham group, #P < 
0.05 versus MI/R group.

Figure 7. Western blot analysis for Nrf2 and HO-1 expression. A, B. Representative photographs of the Western blot 
show Nrf2 and HO-1 protein levels in sham, MI/R and MI/R + Res respectively. C, D. The graphs show that Nrf2 and 
HO-1, and protein levels were increased after MI/R and more significantly induced by treatment with resveratrol. 
Data were expressed as mean ± SD (n = 10 in each group). *P < 0.05 versus the sham group, #P < 0.05 versus 
MI/R group.
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Western blot signals were intensified in MI/R + 
Res group (P < 0.05) (Figure 7).

Discussion

In the present study, we demonstrated that res-
veratrol pretreatment has protective effects on 
myocardial I/R injury in a rat model of ischemia 
reperfusion demonstrated by improved cardiac 
function, reduced infarct area, reduced CK, 
LDH and MPO activity, increased GSH-PX and 
SOD biosynthesis and decreased MDA content. 
The mechanism was possibly attributed to acti-
vating Nrf2 expression.

Inflammatory reaction plays an important role 
in myocardial ischemia/reperfusion injury [4]. 
The release of inflammatory cytokines and the 
aggregation and infiltration of inflammatory 
cells are the key steps in inflammation [25]. 
MI/R injury seems to be induced in part by neu-
trophil activation. The underlying mechanisms 
include: (1) Cell damage caused by the release 
of oxygen free radicals, proteolytic enzymes, 
and cytotoxic substances. (2) The released 
inflammatory mediators cause vascular endo-
thelial cell damage, increased vascular perme-
ability, and edema. (3) Further activation of 
inflammatory cells increase further the inflam-
matory response [26]. (4) Neutrophil adhesion 
to vascular endothelium and small blood ves-
sels occlusion result in no-reflow phe- 
nomenon. 

Under physiological conditions ROS are gener-
ated at low levels and play important roles in 
signaling and metabolic pathways [27], howev-
er, under pathologic conditions such as MI/R, 
their overproduction leads to oxidative stress, 
causing cell damage to nervous tissue, which 
may lead to DNA oxidation, promoting chain 
reactions of membrane lipid peroxidation, and 
alterations in membrane fluidity [28]. ROS pro-
duces malondialdehyde (MDA), an end product 
of lipid peroxidation. Therefore in the present 
study the level of MDA was estimated to esti-
mate extent of ROS. Our result showed that the 
elevated level of MDA was markedly decreased 
by treatment with resveratrol, indicating that 
the cardioprotection conferred by resveratrol 
may be attributed to attenuating lipid peroxida-
tion following myocardial ischemia/reperfu-
sion. The overproduction of ROS can be detoxi-
fied by endogenous antioxidants, causing their 
cellular stores to be depleted [29]. Superoxide 
dismutase (SOD) and glutathione peroxidase 

(GSH-PX) are thought to be two dominant 
enzymes acting as free radical scavengers that 
could prevent ROS generation [30]. SOD scav-
enges the superoxide anion radical (O−

2) by 
catalyzing its dismutation to H2O2, which is 
scavenged to water by GSH-PX at the expense 
of glutathione [31]. In the present study, resve-
ratrol was suggested to be effective in stimulat-
ing the activities of SOD and GSH-PX. 

Ischemia-reperfusion enhances Nrf2 dissocia-
tion from Keap1, translocation to the nucleus, 
binding to the ARE, and activation of phase 2 
detoxifying and antioxidant genes [32, 33]. The 
Nrf2/ARE pathway affects cell survival through 
a variety of substrates, including apoptotic pro-
teins such as Bcl-2 and Bax [34, 35] and phase 
2 enzymes such as HO-1 [36, 37]. HO-1, which 
is considered a stress protein, is regarded as a 
sensitive and reliable indicator of cellular oxida-
tive stress [38]. Our results suggest that resve-
ratrol attenuates inflammation and oxidative 
stress induced by myocardial ischemia reperfu-
sion injury by activating the expression of Nrf-2, 
which upregulating HO-1 expression. 

Taken together, the results of this study sug-
gest that resveratrol has robust protective 
effects and can potently protect against the 
myocardial I/R injury through activation of 
Nrf2/ARE pathway. Further studies in models 
of myocardial I/R injury are thus warranted to 
further identify other molecules involved in the 
protective effect and to clarify potential cross 
talk between upstream and downstream sig-
naling molecules.
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