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Abstract. It has been previously reported that Toll‑like receptor 4 
(TLR4)/NF‑κB signaling mediates early inflammation during 
myocardial ischemia and reperfusion. It has additionally 
been suggested that resveratrol produces cardioprotective and 
anti‑inflammatory effects. The aim of the present study was to 
investigate whether resveratrol could modulate TLR4/NF‑κB 
signaling, reduce neutrophil accumulation and TNF‑α induction 
in an ischemia/reperfusion injured rat heart model. Rats were 
randomly exposed to a sham operation, myocardial ischemia 
and reperfusion (MI/R), MI/R + resveratrol or MI/R + resve-
ratrol + L‑NAME. The data showed that following MI/R, the 
expression of myocardial TLR4 and NF‑κB increased signifi-
cantly in the area of induced ischemia. As compared with MI/R, 
resveratrol significantly attenuated the expression of TLR4 and 
NF‑κB and reduced the levels of myeloperoxidase, serum and 
myocardial TNF‑α production, myocardial infarct size and 
myocardial apoptosis induced by MI/R. All the effects of resve-
ratrol were abolished upon application of L‑NAME, a nitric 
oxide (NO) synthase inhibitor. These data provide evidence 
that resveratrol inhibits TLR4/NF‑κB signaling in the rat heart 
subjected to MI/R, and the anti‑inflammatory effect of resvera-
trol is associated with NO production.

Introduction

The inflammatory reaction induced by ischemia/reperfusion 
is one of the most significant effects to occur in myocardial 
ischemia‑reperfusion injury (1). During the process of inflam-
mation, various cytokines are released, including tumor necrosis 
factor-α (TNF‑α), interleukin-6 (IL‑6) and IL‑8 (2). TNF‑α 
can trigger the inflammatory reaction caused by myocardial 

ischemia‑reperfusion (MI/R). Vascular endothelial cell injury, 
and inflammatory cells, such as neutrophils activated by 
cytokines, and adhesion molecules are also involved in the 
inflammatory response. TNF‑α activity and the amount of 
neutrophil infiltration can be considered as indicators of the 
inflammatory reaction. It has been previously demonstrated that 
Toll‑like receptor 4 (TLR4)/NF‑κB signaling is activated during 
MI/R, which in turn results in TNF‑α induction, thus initiating 
an inflammatory reaction during MI/R (3,4).

The TLRs are a family of molecules that function in the 
process of innate immunity (5,6). Activation of the corre-
sponding TLRs triggers an inflammatory response, alerting 
the host to the presence of microbial invasion and initiating 
an immune response. Previous studies have demonstrated 
that some TLR family members can signal the presence of 
tissue damage to the host due to activation by endogenous 
molecules released from damaged tissues  (7,8). Heparan 
sulfate, hyaluronic acid and other endogenous molecules 
have been shown to initiate inflammatory pathways through 
TLR4  (9‑11). It has been suggested that TLR4‑mediated 
signaling induces myocardial dysfunction during MI/R (12).

Resveratrol (Res) is a polyphenolic compound, which is 
predominantly naturally occurring in red grapes and wine. In 
a previous epidemiological study (13) investigating the asso-
ciation between eating habits and coronary heart disease, a 
phenomenon was proposed that in all developed countries, 
the French consume the most quantity of wine on average, 
but have the lowest morbidity of coronary heart disease. 
This phenomenon is termed the ‘French paradox’, and has 
been attributed to the benefits acquired from Res present in 
wine. Res has extensive pharmacological effects, including 
anticancer properties (14‑17), improving ifosfamide‑induced 
Fanconi syndrome in rats (18), treating diabetic nephrop-
athy (19) and neuronal protection (20,21). Though previous 
studies have suggested that Res has an anti‑inflammatory 
effect, the role of Res in mediating inflammation remains 
to be understood  (22). The present study aims to investi-
gate the role of the TLR4/NF‑κB signaling pathway in the 
anti‑inflammatory effect of Res in a rat model of MI/R.

Materials and methods

Reagents. Res and L‑NAME were purchased from Sigma‑Aldrich 
(St. Louis, MO, USA). The myeloperoxidase (MPO) assay 
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kit was purchased from Jiancheng Bioengineering Institute 
(Nanjing, China). The TNF‑α ELISA kit was purchased from 
R&D Systems (Minneapolis, MN, USA). The bicinchoninic acid 
(BCA) protein quantification kit was purchased from Bio‑Rad 
(Hercules, CA, USA). NF‑κB p65 mouse monoclonal antibody 
(L8F6) was purchased from Cell Signaling Technology, Inc. 
(Danvers, MA, USA). The anti‑TLR4 antibody (ab13556) and 
goat anti‑rabbit immunoglobulin (IgG) were purchased from 
Abcam (Cambridge, MA, USA). EnVison™ was purchased from 
Gene Tech (Shanghai, China) and the cell death detection kit 
was purchased from Roche Diagnostics (Mannheim, Germany).

Animals. Forty adult male Sprague Dawley rats (250‑300 g) 
were purchased from the Center of Experimental Animals in 
the Harbin Medical University (Harbin, Heilongjiang, 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 National Institute of Health 
(NIH publication no. 85‑23, revised 1996). All procedures were 
approved by the Committee of Experimental Animals of Harbin 
Medical University.

MI/R model and experimental protocol. Male Sprague Dawley 
rats (250‑300  g) were anesthetized intraperitoneally with 
sodium pentobarbital (Sigma‑Aldrich; 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 four experimental 
groups, with 10 rats in each group: i) sham group: silk was 
drilled underneath the LAD but the LAD was not ligated;  
ii)  MI/R group: LAD was ligated for 30  min followed by 
120 min reperfusion together with receiving vehicle (0.9% 
NaCl i.v.); iii)  MI/R  +  Res group: Res [100  µmol/l, intra-
venous (i.v)] was administered 5 min prior to reperfusion; 
iv) MI/R + Res + L‑NAME group: L‑NAME (1 mmol/l, i.v.), a 
nitric oxide (NO) synthase inhibitor, was administered 20 min 
prior to reperfusion. Res (100 µmol/l, i.v) was administered 
fifteen minutes following L‑NAME treatment.

Assay of myocardial infarct area. Following reperfusion, the 
myocardial infarct size was determined by a double‑staining 
technique and a digital imaging system (infarct area/area at 
risk x100%) (23). Following reperfusion, the coronary blood 
flow was again blocked and Evans blue (2%, 4 ml) was injected 
and rapidly distributed by the right ventricle into the body. The 
heart was then quickly removed and cryopreserved at ‑20˚C. The 
heart was cut into 1 mm slices, placed in 1% 2,3,5‑triphenyl-
tetrazolium chloride (TTC) solution, incubated for 15 min, and 
then placed in 4% formaldehyde solution overnight. The Evans 
blue (blue staining, non‑ischemic area), TTC (red staining, isch-
emic area) and non‑TTC‑stained areas (white, infarct area) were 
analyzed using a computerized digital imaging system. The 
myocardial infarct area (infarct area/area at risk%, INF/AAR%) 
was subsequently calculated.

Determination of myocardial apoptosis. Following reper-
fusion, myocardial apoptosis was analyzed by terminal 

deoxynucleotidyl transferase dUTP nick end labeling assay 
(TUNEL) using an in situ cell death detection kit. A double-
staining technique was used. TUNEL staining for apoptotic cell 
nuclei and DAPI staining for all myocardial cell nuclei were 
performed as described previously (24). The index of apoptosis 
was expressed as the number of positively stained apoptotic 
myocytes/the total number of myocytes counted x100%.

Immunohistochemical analysis of myocardial TLR4 expres‑
sion. Prior to immunohistochemical examination, 3 µm slices 
from pretreated myocardium tissue were placed in a bathing 
solution of 3% H2O2 and 60% methanol in phosphate‑buffered 
saline (PBS) for 30  min and then treated with 0.01  mol/l 
sodium citrate buffer at 95˚C in a microwave oven for 13 min, 
for antigen retrieval. The specimens were then treated with 5% 
normal goat serum and 5% bovine serum albumin (BSA) in 
PBS. Prior to each step, the sections were rinsed three times in 
PBS. Incubation with primary TLR4 antibody was performed 
in a PBS‑based solution of 1% BSA for 12 h at 4˚C at the 
recommended dilutions. After rinsing with PBS, sections were 
incubated with the corresponding secondary biotinylated goat 
anti‑rabbit EnVison™ antibodies for 1 h at room temperature. A 
streptavidin/horseradish peroxidase complex was then applied 
as a detection system (1:100 dilution) for 1 h. Finally, staining 
was developed with 3,3‑diaminobenzidine tetra‑hydrochloride 
in 0.05 mol/l Tris‑HCl buffer and 0.1% H2O2. Negative control 
sections were incubated without the primary antibody. All the 
samples in this study were analyzed by Image Pro Plus software 
(Media Cybernetics, Inc., Rockville, MD, USA).

Western blotting analysis of myocardial NF‑κB expression. 
Proteins were extracted from heart tissue and the immunob-
lots were probed with anti‑NF‑κB antibodies overnight at 4˚C 
followed by incubation with the corresponding secondary 
antibodies at room temperature for 1 h. The blots were visu-
alized with ECL‑Plus reagent.

Determination of MPO level. Following reperfusion, the 
myocardial tissue was placed at ‑70˚C for preservation. The 
MPO test kit was used to detect the level of MPO in the 
myocardial tissue according to the manufacturer's instruc-
tions.

Detection of TNF‑α level. Following reperfusion, the levels 
of TNF‑α in the myocardial tissue homogenate and serum 
were detected according to the manufacturer's instructions. 
A BCA kit was used for quantification of the protein samples.

Statistical analysis. The data are presented as the mean ± SD. 
The significance of differences 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. P<0.05 was considered to indicate a statistically 
significant difference.

Results

Res reduces the area of myocardial infarction induced by 
MI/R. MI/R induced a significant area of infarction. As 
compared with the MI/R group, Res significantly reduced the 
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area of myocardial infarction. The effect of Res was blocked 
by L‑NAME, a nitric oxide synthase (NOS) inhibitor (Fig. 1).

Res reduces myocardial apoptosis in rat hearts subjected 
to MI/R. As shown in Fig. 2, a low level of TUNEL‑positive 
staining was detected in the sham group whereas a significant 
number of TUNEL‑positive cells were observed in the MI/R 
group (*P<0.0001). Administration of Res exerted a significant 
anti‑apoptotic effect (#P=0.0022), which was abolished by 
L‑NAME ($P=0.0025).

Res reduces TLR4 protein expression in rat hearts subjected 
to MI/R. Immunohistochemical analysis (Fig. 3) showed that 
the expression of TLR4 was markedly increased in the the 
MI/R group (P<0.00015) compared with the sham group. 
Upon administration of Res, the expression of TLR4 was 
significantly reduced (P=0.0029) and this effect was abolished 
by L‑NAME (P=0.0035).

Res decreases NF‑κB expression in rat hearts subjected to 
MI/R. The expression of NF‑κB, a downstream molecule of 
TLR4, was determined in order to further study the effects 
of Res on TLR4 mediated signaling. Western blot analysis 
(Fig. 4) indicated that the expression of NF‑κB was upregulated 
in MI/R group (0.0052). Administration of Res significantly 
decreased NF‑κB expression (#P=0.0082) and the effect of Res 
was abolished by L‑NAME ($P=0.0065).

Res inhibits neutrophil infiltration in MI/R tissue. Neutrophils 
contain a certain amount of MPO, accounting for 5% of the 
dry cell weight. The activity of MPO in the myocardium 
may therefore be considered as an indication of neutrophil 
infiltration. As shown in Fig. 5, the MPO activity in the sham 
group was relatively lower, whereas the MPO activity in the 
MI/R group was significantly increased (P<0.0001). Res 
significantly decreased myocardial MPO activity (P=0.0042), 
whereas L‑NAME attenuated the effects of Res (P=0.0175).

Res reduces TNF‑α levels in the serum and MI/R tissue. 
MI/R injury results in the production of a large amount of 
TNF‑α. Myocardial and serum TNF‑α levels were therefore 

examined. As shown in Fig. 6, as compared with the MI/R 
group, Res significantly decreased the levels of TNF‑α in both 
the myocardium and serum, and these effects were eliminated 
by L‑NAME.

Discussion

The present study identified the following: i) Res attenuates 
the inflammatory reaction induced by I/R injury by inhibiting 
TLR4/NF‑κB signaling; ii) Res attenuates the inflammatory 
reaction induced by I/R injury through inhibiting neutrophil 
infiltration and TNF‑α production; iii) NO may function in the 
protective mechanism of Res.

The inflammatory reaction has an important function in 
MI/R injury (1). The release of inflammatory cytokines and 
the aggregation and infiltration of inflammatory cells are 
considered as the key steps in inflammation (25).

TNF‑α is predominantly secreted by macrophages, and is 
likely to promote an inflammatory cascade by increasing the 
release of other proinflammatory cytokines and influencing 
neutrophil recruitment (26). TNF‑α is an important cytokine 
in inflammation and functions in the initiation of the inflam-
matory response induced by MI/R (27). TNF‑α can induce the 
release of other inflammatory mediators, increase the expres-
sion of cell adhesion factors, and promote neutrophil adhesion 
to endothelial cells. In addition, TNF‑α has a negative inotropic 
effect, which can inhibit myocardial contractility, and lower 
blood pressure. TNF‑α can also induce cardiomyocyte apop-
tosis and participate in ventricular remodeling (28). Previous 
studies have suggested that the level of TNF‑α significantly 
increases following MI/R (29), whereas the administration of 
TNF‑α monoclonal antibody was shown to attenuate edema, 
and is conducive to cardiac function recovery (30).

MI/R injury is induced in part by neutrophil activation. 
The underlying mechanisms include: i) Cell damage caused by 
the release of oxygen free radicals, proteolytic enzymes, and 
cytotoxic substances; ii) the released inflammatory mediators 
cause vascular endothelial cell damage, increased vascular 
permeability, and edema; iii) additional activation of inflam-
matory cells increase further the inflammatory response (31); 
iv) neutrophil adhesion to the vascular endothelium and small 

Figure 1. Comparison of myocardial infarct. (A) Representative 2,3,5‑triphenyltetrazolium chloride‑Evans blue double staining of samples from rat ventricles 
subjected to different treatments. (B) Quantitative analysis of myocardial infarct sizes (INF/AAR%). Error bars represent the mean ± standard deviation. *P<0.05 
vs. Sham; #P<0.05 vs. MI/R; $P<0.05 vs. MI/R + L. Sham, sham group; MI/R, MI/R group; MI/R + Res, MI/R + resveratrol group; MI/R + Res + L‑NAME, 
MI/R + resveratrol + L‑NAME group; MI, myocardial ischemia; R, reperfusion; Res, resveratrol.
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blood vessel occlusion results in a no‑reflow phenomenon. 
Previous studies have identified the mechanistic link between 
neutrophil activation and I/R injury. Removal of neutrophils or 
drug inhibition of neutrophil activity has been shown to reduce 
ischemia/reperfusion injury  (32,33). In the present study, 
it was identified that neutrophil accumulation and TNF‑α 
production in the MI/R group was significantly increased. It 
was observed that Res reduced neutrophil accumulation and 
TNF‑α production, therefore indicating that Res inhibited 

neutrophil accumulation and TNF‑α production and attenu-
ated neutrophil‑mediated I/R injury.

TLRs are present in both immune and non‑immune cells, 
and their expression is rapidly altered in response to pathogens, 
cytokines, and environmental stressors (34). The functions 
of TLRs, including TLR4, are responsible for the genesis of 
various cardiovascular disorders as well as the activation of 
NF‑κB and inflammatory cytokines, including TNF‑α, which 
results in cell death (35,36). TLR4 is expressed in numerous 

Figure 3. Immunohistochemical analysis of myocardial Toll‑like receptor 4 (TLR4) expression. TLR4 is stained brown. Sham, sham group; MI/R, MI/R 
group; MI/R + Res, MI/R + resveratrol group; MI/R + Res + L‑NAME, MI/R + resveratrol + L‑NAME group; MI, myocardial ischemia; R, reperfusion; Res, 
resveratrol.

Figure 2. Apoptosis assay. (A) TUNEL staining. (B) Quantitative analysis of percentage of cardiomyocytes undergoing apoptosis. Error bars represent the 
mean ± standard deviation. *P<0.05 vs. Sham; #P<0.05 vs. MI/R; $P<0.05 vs. MI/R + L. Sham, sham group; MI/R, MI/R group; MI/R + Res, MI/R + resveratrol 
group; MI/R + Res + L‑NAME, MI/R + resveratrol + L‑NAME group; MI, myocardial ischemia; R, reperfusion; Res, resveratrol.
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tissues including the heart, where the receptor becomes 
upregulated in response to ischemia. TLR4 expression levels 
in cardiac myocytes are enhanced by either lipopolysaccharide 
or IL‑1 (37). The mechanism and function of TLR4‑mediated 
signaling has been well established, and it is considered that 
the upregulation of TLR4 results in activation of NF‑κB in 
cardiomyocytes. This can augment the release of cytokines, 
including TNF‑α, IL‑1 and MCF, as well as the infiltration of 
leukocytes (38).

It is considered that NO is closely associated to MI/R 
induced inflammation  (39). Endothelial‑derived NO can 

inhibit cell adhesion factors, such as P‑selectin and ICAM‑1 
levels, thereby inhibiting leukocyte adhesion and inward 
membrane migration  (40). Endothelial‑derived NO can 
inhibit the expression of TNF‑α and other pro‑inflammatory 
factors. In addition, endothelial‑derived NO can increase 
the expression levels of IL‑10 and other anti‑inflammatory 
factors, and indirectly inhibit aggregation of inflammatory 
cells during local inflammation, thereby reducing the inflam-
matory response (41). In the present study, administration of 
L‑NAME, a nitric oxide synthase inhibitor, abolished the 
protective effect of Res. This suggested that NO functions in 
the protective role of Res. Similarly, when methylene blue, a 
cGMP inhibitor, was added, the protective action of Res was 
blocked, indicating that cGMP pathway also functions in the 
protective role of Res.

Previous research has shown that SIRT1 confers 
protection in various models of cardiovascular oxidative 
stress  (42‑44). SIRT1 plays a critical role in endothelial 
homeostasis through regulation of the endothelial NOS 
(eNOS). Endothelial‑derived NO regulates blood vessel 
relaxation and provides atheroprotective effects. Res, a poly-
phenolic activator of SIRT1, has been shown to increase the 
expression of eNOS (45) and the combination of Res with the 
HMG‑CoA reductase inhibitors (statins) increased the acti-
vation of eNOS resulting in an increased functional recovery 

Figure 4. Effect of resveratrol on NF‑κB expression. (A) NF‑κB expression 
detected by western blotting. (B) Quantitative analysis of NF‑κB. Error 
bars represent the mean ± standard deviation. *P<0.05 vs. Sham, #P<0.05 
vs. MI/R, $P<0.05 vs. MI/R + L. Sham, sham group; MI/R, MI/R group; 
MI/R + Res, MI/R + resveratrol group; MI/R + Res + L‑NAME, MI/R + res-
veratrol + L‑NAME group; MI, myocardial ischemia; R, reperfusion; Res, 
resveratrol.

Figure 6. Comparison of expression levels of TNF‑α in the myocardium 
and serum in each group. As compared with the MI/R group, resveratrol 
reduced TNF‑α expression levels significantly. L‑NAME abolished the 
effects of resveratrol. Error bars represent the mean ± standard deviation. 
*P<0.05 vs. Sham, #P<0.05 vs. MI/R. Sham, sham group; MI/R, MI/R group; 
MI/R + Res, MI/R + resveratrol group; MI/R + Res + L‑NAME, MI/R + res-
veratrol + L‑NAME group; MI, myocardial ischemia; R, reperfusion; Res, 
resveratrol.

Figure 5. Comparison of MPO activity in each group. As compared with 
MI/R group, the MPO activity in MI/R + Res group reduced significantly. 
L‑NAME eliminated the effect of resveratrol. Error bars represent the 
mean ± standard deviation. *P<0.05 vs. Sham, #P<0.05 vs. MI/R. Sham, 
sham group; MI/R, MI/R group; MI/R + Res, MI/R + resveratrol group; 
MI/R + Res + L‑NAME, MI/R + resveratrol + L‑NAME group; MI, myocar-
dial ischemia; R, reperfusion; MPO, myeloperoxidase.
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in a model of acute myocardial infarction (46). Additionally, 
chronic Res treatment improved endothelium‑dependent 
relaxation in spontaneous hypertensive rats; however, it did 
not increase eNOS expression  (47). The role of SIRT1 in 
the cardioprotective process of Res remains controversial 
following recent reports that have suggested that Res is not a 
direct activator of SIRT1 (48). The underlying mechanisms by 
which Res enhances SIRT1 activity remains poorly defined 
and requires further study (49).

In conclusion, the present study demonstrated that Res can 
attenuate inflammation induced by MI/R injury through the 
TLR4/NF‑κB signaling pathway. The protective effects of Res 
are closely associated with the increase of NO production, the 
inhibition of neutrophil infiltration and TNF‑α production.
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