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Resveratrol alleviates nerve injury  
after cerebral ischemia and reperfusion in  
mice by inhibiting inflammation and apoptosis
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Abstract: The role of resveratrol in cerebral ischemia/reperfusion injury is not well understood. The aim of this study 
was to investigate whether resveratrol modulates inflammation and oxidative stress in cerebral ischemia/reperfu-
sion injury in mice. Rats were subjected to 2 h of transient middle cerebral artery occlusion (MCAO), followed by 24 
h of reperfusion. Rats were randomly exposed to sham operation group, MCAO group and MCAO+ resveratrol group. 
The results demonstrated that compared to I/R, resveratrol reduced cerebral infarction area, brain water content, 
neuronal apoptosis, myeloperoxidase (MPO) levels, and cerebral TNF-α production. Our results suggested that res-
veratrol has protective effects against cerebral I/R injury in rats, which may be attributed to attenuating inflamma-
tion and apoptosis induced by cerebral ischemia reperfusion. 
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Introduction

Stroke is a leading cause of death and adult 
disability worldwide [1, 2]. Ischemic stroke 
accounts for approximately 80% of all strokes, 
and occurs when a major cerebral artery is 
blocked by a thrombus or embolism [3]. This 
blockage leads to brain injury through a com-
plex series of pathophysiological events lead-
ing to neuronal cell death and subsequent neu-
rological dysfunction. Thrombolysis with intra-
venous administration recombinant tissue 
plasminogen activator (rt-PA) is the only 
approved treatment for acute stroke, but fewer 
than 5% of stroke patients are eligible for this 
therapy, primarily due to the narrow time win-
dow (< 3 h). Besides, it does not provide reper-
fusion and it increases the risk of symptomatic 
intracranial hemorrhage [4]. Thus, there is a 
compelling need to develop novel therapeutic 
options for patients with ischemic stroke.

Resveratrol (3,4,5-trihydroxy-trans-stilbene, 
Res) is a poly-phenol presented in plants,  
e.g., grapes, cranberries and peanuts, which 
possesses multiple biological qualities includ-
ing anti-inflammatory and antioxidant effects 

[5, 6]. Recently, a number of studies have  
demonstrated that Res exhibits neuroprotec-
tive effects in a variety of animal models  
of cerebral ischemic stroke [7, 8]. The neuro- 
protective mechanisms of Res may be attribut-
ed to its NO-promoting properties [9-13], in- 
hibition of excitatory synaptic transmission  
[14], or a combination of the two. However,  
the molecular mechanisms underlying the  
neuroprotective effects of Res are not fully 
understood. This study, therefore, aims to 
investigate the effect of Res on inflammation 
and oxidative stress in a rat model of middle 
cerebral artery occlusion and its underlying 
mechanisms.

Material and methods

Reagents

Resveratrol was purchased from Sigma 
Chemical Co. (St. Louis, MO, USA). MPO assay 
kit was purchased from Jiancheng Bio- 
engineering Institute (Nanjing, China). TNF-α 
ELISA kit was purchased from R&D Corporation, 
(USA). BCA protein quantification kit was pur-
chased from Bio-Rad (USA). 
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Animals

Forty adult male Sprague-Dawley rats (250-
300 g) were purchased from the Center of 
Experimental Animal in Harbin 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 pub-
lished by the United States National Institute of 
Health (NIH publication no. 85-23, revised 
1996), and all procedures were approved by 
the Committee of Experimental Animals of 
Harbin Medical University. 

Preparation of MCAO model

Rats were randomly assigned into three experi-
mental groups: sham operation group (n = 13), 
MCAO group (n = 14) and Res +MCAO group (n 
= 13). After being anesthetized with chloral 
hydrate (350 mg/kg, i.p.), the rat was placed in 
a supine position and a midline skin incision 
was made to expose the right common carotid 
artery (CCA), internal carotid artery (ICA), and 
external carotid artery (ECA). The MCAO rats 
were generated as described previously [15]. 
Briefly, a 4-0 monofilament nylon thread 
(Sunbio Biotech, Beijing, China) with a rounded 
tip was inserted into the ECA and gently 
advanced about 20 mm to block the blood flow 
of the right middle cerebral artery. After a 
120-minute occlusion, the 4-0 filament was 
pulled out to permit reperfusion for 24 h. During 
the operation, the rectal temperature of rat was 
kept at 37°C by a heating pad. Rats in sham 
groups were subjected to the same procedure, 
but the middle cerebral artery was not occlud-
ed. For the MCAO+Res group, Res was adminis-
tered at a dose of 30 mg/kg i.p. starting at 3 h 
after reperfusion and lasting for 4 days. Rats in 
the Res alone group underwent the same pro-
cedures as those in the Res +MCAO group, 
except for the occlusion of the middle cerebral 
artery. Resveratrol was dissolved in 2% dimeth-
yl sulfoxide (DMSO). Sham group and MCAO 
group rats were injected solely with an equal 
concentration of DMSO.

Neurological evaluation

Neurological deficits were evaluated by an 
observer blinded to the treatment of animals 
after 24 h reperfusion according to the meth-
ods previously described [16]. Score 0: no  
neurologic deficit; Score 1: failure to extend  

left forepaw fully; Score 2: circling to the  
left; Score 3: falling to the left; Score 4: did  
not walk spontaneously and had a depressed 
level of consciousness. Rats that did not show 
neurological deficits after reperfusion (neuro-
logical score = 0) were excluded from the 
groups.

Assay of cerebral infarct volume

The animals were euthanized 24 h after reper-
fusion (n = 10 in each group) by chloral hydrate 
(350 mg/kg, i.p.) anesthesia overdose. The 
brains were rapidly dissected out and the fore-
brains were cut into six coronal sections (2 mm 
thick). The sections were stained by incubating 
them in a solution of 2% 2,3,5-triphenyltetrazo-
lium chloride (TTC, Sigma-Aldrich) at 37°C for 
30 min. The crosssectional areas with or with-
out infarction in each brain slice were mea-
sured using Image J analysis software (version 
1.6 NIH). 

Evaluation of cerebral edema

Twenty-four hours after MCAO, cerebral edema 
was determined by measuring the brain water 
content according to the wet-dry method [3]. 
These rats were killed and brains were immedi-
ately removed and placed on a frozen plate. 
Tissue samples were dissected out from infarct 
areas in ischemic rats and from corresponding 
areas in sham-operated and non-operated ani-
mals. Samples were immediately weighed to 
obtain wet weight. Then, samples were dried in 
a desiccating oven at 110°C for 24 h and 
weighed again to obtain the dry weight. Brain 
water content was calculated as follows: brain 
water content (%) = (wet weight - dry weight) × 
100/wet weight.

Histological assessment

Twenty-four hours after reperfusion, rats (n = 
10 in each group) were anesthetized and trans-
cardially perfused with saline for 5 min, follow-
ing by 4% paraformaldehyde (PFA) in phos-
phate-buffered saline. A tissue block spanning 
from the optic chiasm to 4 mm posterior to it 
was cut and sliced into 5 μm sections until use. 
Hematoxylin and eosin staining was performed 
to assess the histological injury. The damage 
was assayed by counting the number of surviv-
ing neurons per 1 mm of cortex cells with a light 
microscope. 
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Detection of neuronal apoptosis by Western 
blotting

The expressions of caspase-3, cleaved cas-
pase3, Bcl-2, Bax, and β-actin were measured 
using Western blotting. Protein content was 
determined with BCA protein assay, and protein 
samples were separated by electrophoresis on 
SDS-PAGE and transferred to a polyvinylidene 
difluoride membrane. The membranes were 
blocked with 5% fat free milk and incubated 
overnight with the appropriate primary antibod-
ies, respectively [anti-Bcl-2 (1:200), anti-Bax 
(1:200), anti-β-actin (1:5000) (SantaCruz 
Biotechnology), anti-caspase-3 (1:1000), anti-
cleaved caspase3 (1:1000) (Cell Signaling 
Technology, Beverly, MA, USA)]. After being 
extensively rinsed with Tris-buffered saline con-
taining 0.1% Triton × -100 buffer, the mem-
branes were incubated with secondary antibod-
ies (Santa Cruz Inc, Santa Cruz, CA; 1:2000) for 
1 hour at room temperature, and then the bar 
graph depicts the ratios of semi- quantitative 
results obtained by scanning reactive bands 
and quantifying the optical density using Video 
densitometry (Bio-1D vers. 99 image software, 
Bio-Rad). 

Determination of myeloperoxidase (MPO) level

After reperfusion, cortical tissue from the pen-
umbral cortex was immediately isolated and 
stored at -80°C until use. Cortical 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. 
MPO test kit was used to detect level of MPO in 
the cerebral tissue according to manufacturer’s 
instruction. 

Detection of TNF-α level

After reperfusion, cortical tissue from the pen-
umbral cortex was immediately isolated and 
stored at -80°C until use. Cortical 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. 
The level of TNF-α in cerebral tissue was detect-
ed in strict accordance with manufacturer’s 
instructions. 

Statistical analysis

Data is presented as means ± SD. The signifi-
cance of differences among groups was evalu-
ated by a Student’s t-test for unpaired data or 
Dunnett’s t-test for multiple comparisons pre-
ceded by one-way analysis of variance (ANOVA). 
For all test, P < 0.05 was considered as statisti-
cally significant.

Results

Effects of resveratrol on neurological deficits

No neurological deficits were seen in the sham 
group. When tested at 24 after reperfusion, 
MCAO rats displayed severe neurological defi-
cits. Resveratrol treatment significantly im- 
proved the neurological score compared with 
the MCAO group (P < 0.05) (Figure 1).

Effects of resveratrol on cerebral infarct vol-
ume

No infarct area observed in the sham group, 
while in the MCAO group, a significant infarction 
was observed at 24 h after reperfusion. Under 
treatment with resveratrol, the infarct volume 
in the MCAO+Res group significantly decreased 
compared with that in the MCAO group (P < 
0.05) (Figure 2).

Effects of resveratrol on brain edema forma-
tion

Twenty-four hours after MCAO, the brain water 
content in the ischemic area of the MCAO group 

Figure 1. Effects of resveratrol on neurological defi-
cits. Resveratrol (Res) significantly improved neu-
rological recovery compared with the MCAO group 
at 24 h after reperfusion. Data were expressed as 
mean ± SD (n = 10 in each group); *P < 0.05 versus 
the sham group, #P < 0.05 versus the MCAO group.
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was significantly higher than that of the sham 
group. Pretreatment with resveratrol signifi-
cantly reduced brain edema compared with 
that in the MCAO group (P < 0.05) (Figure 3). 

Effects of resveratrol on histopathology

To evaluate the effects of resveratrol on cere-
bral IR injury, histological examination in each 

group was performed in HE stained sections. 
The sham group showed normal neurons with 
no pathological change. Compared with the 
sham and MCAO+Res group, most of the neu-
rons in the MCAO group had disappeared. In 
the MCAO group, neuronal loss was severe and 
dying neurons showed shrunken cytoplasm and 
pyknotic nuclei. In the MCAO+Res group, the 
number of surviving neurons was markedly 
increased compared with that in the MCAO 
group (P < 0.05), and the extent of damage was 
significantly ameliorated as well (Figure 4).

Effects of resveratrol on neuronal apoptosis

As shown in Figure 5, resveratrol increased 
Bcl-2 expression dramatically compare with 
MCAO group (P < 0.05). On the other hand, res-
veratrol attenuated the expression of Bax, 
cleaved caspase-3 and caspase-3 expressions 
significantly compared with MCAO group (P < 
0.05).

Effects of resveratrol on MPO activity

Neutrophil contains a certain amount of myelo-
peroxidase (MPO), accounting for 5% of dry  
cell weight. So the activity of MPO in the cere-
bral tissue can be considered as the indication 
of neutrophil infiltration. As shown in Figure 6, 
the MPO activity in the sham group was rela-
tively lower, while the MPO activity in the MCAO 
group was significantly increased (P < 0.05). 
Resveratrol significantly decreased cerebral 
MPO activity (P < 0.05).

Figure 3. Histological examinations of cortex neurons 
by hematoxylin and eosin staining (scale bar = 20 
μm). A: sham group; B: MCAO group; C: MCAO+Res 
group. Resveratrol increased the number of surviv-
ing neurons and ameliorated the extent of damage in 
the cortex. Data were expressed as mean ± SD (n = 
10 in each group). *P < 0.05 versus the sham group, 
#P < 0.05 versus the MCAO group.

Figure 2. Resveratrol (Res) reduces the infarct volume in middle cerebral artery occlusion model. A: Representative 
pictures of stained cerebral sections in each group. The normal tissue stained dark red, while the infarct tissue was 
white; B: Quantitative analysis of infarct volume. Data were expressed as mean ± SD (n = 10 in each group). *P < 
0.05 versus the sham group, #P < 0.05 versus the MCAO group.
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Effects of resveratrol on cerebral TNF-α level

The cerebral I/R injury results in production of 
large amount of TNF-α. Thus, cerebral TNF-α 
level was examined. In Figure 7, compared with 
the MCAO group, resveratrol significantly 
decreased the level of TNF-α in cerebral tissue 
(P < 0.05).

Discussion

The major findings in the present study are: (1) 
Resveratrol attenuates cerebral I/R injury 
through inhibiting neutrophil infiltration and 
TNF-α production. (2) Resveratrol attenuates 
cerebral I/R injury by attenuating neuronal 
apoptosis. 

Accumulating evidence suggested that post-
ischemic inflammation contributes to the devel-
opment of neuronal injury and cerebral infarc-
tion. In the inflammation, endogenous media-
tors (cytokine and chemokines) and recruit-
ment of circulating leukocytes are involved. 
Cytokines play a key role in the attraction  
of leukocytes as potent inducers of chemo-
kines. Therefore, cytokines act as primary 

mediators and chemokines act as secondary 
mediators to attract leucocytes in the condition 
of inflammation [17]. In addition, activated 
astrocytes and microglia produced cytokines 
and chemokines [18]. These molecules appear 
to be responsible for the accumulation of 
inflammatory cells in injured brain tissue. TNF-
α, IL-1β, and IL-6 are the potential cytokines 
which initiate inflammatory mediator and 
inflammatory reactions and induce expression 
of other cytokines after ischemia–reperfusion 
injury [19, 20]. The ischemic brain was observed 
with increased levels of TNF-α, IL-6, and IL-1β. 
They are considered as a part of tissue damag-
ing response in ischemia and reperfusion in- 
jury [19, 20]. In this study, our results suggest 
that resveratrol has cerebroprotective action 
through anti-inflammatory effect, such as de- 
creasing the level of TNF-α. 

In summary, our data indicate that resveratrol 
has protective effects against cerebral IR injury 
in rats, and the neuroprotective effects may be 
attributed to inhibiting inflammation and atten-
uating oxidative stress. The findings provide 
further insight into the mechanism by which 

Figure 4. Resveratrol (Res) ameliorates 
oxidative stress after cerebral isch-
emia/reperfusion (IR) injury. A: Res 
significantly decreased the content of 
malondialdehyde (MDA); B: Res signifi-
cantly enhanced superoxide dismutase 
(SOD) activity; C: Res significantly en-
hanced glutathione peroxidase (GSH-
PX) activities. Scale bar = 20 μm. Data 
were expressed as mean ± SD (n = 
10 in each group). *P < 0.05 versus 
the sham group, #P < 0.05 versus the 
MCAO group.
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Figure 5. The effect of resveratrol on apoptotic signaling pathway. A: Bcl-2 expression; B: Bax expression; C: Cleaved 
caspase-3 expression; D: Total caspase-3 expression. Data were expressed as mean ± SD (n = 10 in each group). 
*P < 0.05 versus the sham group, #P < 0.05 versus the MCAO group.

Figure 6. The comparison of MPO activity in each 
group. Compared with MCAO group, the MPO activity 
in MCAO+Res group reduced significantly. Data were 
expressed as mean ± SD (n = 10 in each group). *P 
< 0.05 versus the sham group, #P < 0.05 versus the 
MCAO group.

Figure 7. The comparison of levels of TNF-α in ce-
rebral tissue in each group. Compared with MCAO 
group, resveratrol reduced TNF-α level significantly 
in MCAO+Res group. Data were expressed as mean 
± SD (n = 10 in each group). *P < 0.05 versus the 
sham group, #P < 0.05 versus the MCAO group.
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resveratrol exerts its neuroprotection and sug-
gest that resveratrol might be of therapeutic 
value for the treatment of ischemic stroke.
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