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Abstract: Considerable evidence has been accumulated to suggest that blocking the inflammatory reaction pro-
motes neuroprotection and shows therapeutic potential for clinical treatment of ischemic brain injury. Resveratrol
(Res) has been demonstrated to exhibit neuroprotective functions in cerebral ischemia/reperfusion (I/R) injury.
However, the underlying mechanisms in this process and its contribution to the protection function remain un-
known. The current study examined the neuroprotective effects of Res after middle cerebral artery occlusion
(MCAO) in rats. MCAO for 90 min was induced in male Sprague-Dawley rats. Resveratrol (30 mg/kg) pretreatment
was injected intraperitoneally 10 days prior to I/R induction. Neurological score, pathological changes, infarct ratio,
brain edema and inflammation-related cytokines and mediators were estimated after operation. We found that Res
prevented the impairment of neurological function and decreased the infarct volume and brain edema, compared
with the sham group. The inflammation-related molecules tumor necrosis factor o (TNF-) and interleukin (IL)-6 lev-
els usually caused by (I/R) injury were significantly ameliorated by Res. Meanwhile, treatment with Res inhibited the
production of nitric oxide (NO) and prostaglandin E2 (PGE,). Finally, Res also inhibited the upregulation of nuclear
factor-kappa B (NF-kB). In conclusion, the neuroprotection of resveratrol preconditioning may be due in part to the
suppression of the inflammatory response via regulation of NF-kB signaling pathway, which provided a strong evi-
dence for a promising therapeutic agent for cerebral I/R injury through attenuation of inflammation.
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Introduction

Cerebral ischemia/reperfusion (I/R) injury is
closely related to stroke, which is a serious dis-
ease with poor blood flow to the brain. Stroke is
the second leading cause of long-term disabili-
ty and death [1], which affects 15 million peo-
ple every year worldwide [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 [4]. As brain-blood reper-
fusion is the standard treatment for stroke with
no other effective replacement, there is a com-
pelling need to develop novel therapeutic
options for IR injury.

The brain’s inflammatory responses to reperfu-
sion are characterized by a rapid activation of
resident cells (mainly microglia), production of
pro-inflammatory mediators and infiltration of
circulating inflammatory cells in the ischemic
brain region, as demonstrated in animal mod-
els [5-7] and in stroke patients [8, 9]. Recent
studies have demonstrated that nuclear factor-
kappa B (NF-kB), a well-known transcription
factor that functions in immune and inflamma-
tory responses, play pivotal roles in global cere-
bral I/R injury [10-12]. It has been reported that
pretreatment of NF-kB inhibitor peptide IKK-
NBD, ischemic preconditioning or some phar-
macological preconditioning can all reduce the
neuronal death in cerebral ischemia associated
with decreased expression of inflammatory
cytokine [13, 14]. These inflammatory respons-
es are believed to play a critical role in estab-
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lishing tolerance because inhibiting their ac-
tion or production eliminates protection. Con-
sequently, anti-inflammatory therapies are
being explored for prevention and treatment
of these diseases.

Resveratrol (trans-3,4,5-trihydroxystilbene,
Res) is a natural compound produced by a
restricted number of plants (about 31 genera),
primarily from root extracts of the oriental
plant, Polygonum cuspidatum and from red
grapes. Res is believed to have multiple bioac-
tivities including anti-cancer, prevention of car-
diovascular diseases, antioxidant and antiin-
flammatory [15-17]. The neuroprotective role of
resveratrol was recently reported against isch-
emia and other neurodegenerative diseases
[18, 19]. However, the molecular mechanisms
underlying the neuroprotective effects of Res
are not fully understood. Therefore, the major
objective of this study was to assess whether
the neuroprotection of Res pretreatment is also
related to attenuation of the inflammatory
response via regulation of NF-kB induced by
I/R injury.

Materials and methods
Animals

Adult male Sprague-Dawley (SD) rats, weighing
180 to 220 g, were obtained from Experimental
Animal Centerof ShandongLuye Pharmaceutical
Co., Ltd (Yantai, China). The animals were kept
in a controlled light room with a photoperiod
of 12 h dark and 12 h light at a temperature of
(22 + 2)°C and 55 + 5% relative humidity. All
animal experiments were approved by the
guidelines of Institute for Laboratory Animal
Research of Cangzhou Central Hospital and
were in strict accordance with US National
Institutes of Health Guide for the Care and Use
of Laboratory Animals (NIH Publications No.
85-23, revised 1985).

Experimental design

Rats were randomly assigned into three experi-
mental groups (n=10 for each group): sham
operation (sham) group, middle cerebral artery
occlusion (MCAO) group, Res-treated MCAO
group (Res + MCAO). Resveratrol (30 mg/kg;
Sigma-Aldrich, St. Louis, MO, USA) which was
dissolved in 2% dimethyl sulfoxide (DMSO)
(Sigma-Aldrich, St. Louis, MO, USA), was intra-
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peritoneally administered to rats of Res +
MCAO groups for consecutive 10 days. Rats of
the other three groups were injected solely with
an equal concentration of DMSO. On the elev-
enth day, the last administration was performed
1 h before surgery. Transient focal cerebral
ischemia was produced by the MCAO proce-
dure as described previously [20]. Briefly, rats
were anesthetized with chloral hydrate (400
mg/kg, i.p.). The right common carotid artery,
external carotid artery, and internal carotid
artery were isolated. A 4-0 monofilament nylon
suture (Beijing Sunbio Biotech Co. Ltd., Beijing,
China) with a rounded tip was introduced
through the internal carotid artery until a slight
resistance was felt, thereby to block the origin
of the middle cerebral artery. After a 90-minute
occlusion, the 4-0 filament was pulled out to
permit reperfusion for 24 h. During the opera-
tion, 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 occluded.

Neurobehavioral assessment

Neurological deficit was assessed on the basis
of neurological scores obtained after 24 hours
of reperfusion injury in all experimental groups
[21]. The neurobehavioral deficit scores after
ischemia were recorded on a 5-point: 0, No
neurological deficit; 1, failure to extend oppo-
site forepaw fully; 2, contralateral circling; 3, rat
lost to grip the wire meshes and fell on the con-
tralateral side of brain damage; 4, unable to
walk spontaneously; 5, death.

Measurement of cerebral infarct volume

The animals were euthanized 24 h after reper-
fusion by chloral hydrate (350 mg/kg, i.p.)
anesthesia overdose. The brains were rapidly
dissected out and the forebrains were cut into
six coronal sections (2 mm thick). The sections
were stained by incubating them in a solution of
2% 2,3,5-triphenyltetrazolium chloride (TTC,
Sigma-Aldrich) at 37°C for 30 min and then fol-
lowed by overnight immersion in 4% parafor-
maldehyde. The cross-sectional areas with or
without infarction in each brain slice were
measured using Image J analysis software
(version 1.6NIH).

Histological examination
As previously stated, the brain tissues were

obtained and prepared for histological exami-
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Figure 1. Effects of Res on neurological deficits. Data
were expressed as mean + SD; *P<0.05, **P<0.01
vs. sham group; #P<0.05, #P<0.01 vs. MCAO group.

nation. Each brain was post-fixed in a 10% for-
malin solution. After that, brain tissue was
embedded with paraffin and coronal sections
were made into 5-um thickness. To assess the
histopathological change, the sections were
further subjected to hematoxylin-eosin staining
and then examined by light microscopy.

Detection of inflammation cytokines

Each brain tissue sample was weighed using
an analytical balance, and 100 mg tissue of
each sample was homogenized at 0.01 M PBS
buffer (pH 7.2). After the homogenate was cen-
trifuged at 12,000xg for 30 min at 4°C, the
supernatant was collected and quantitatively
assayed for tumor necrosis factor o (TNF-)
and interleukin (IL)-6, using ELISA Kits
(Jiancheng Biological Engineering Institute,
Nanjing, China) according to the manufactur-
ers’ instructions.

Determination of NO and PGE,

The amount of nitrite (a stable metabolite of
NO) in the brain tissues was detected by the
Griess Reagent System (Beyotime, China)
according to the manufacturer’s recommenda-
tion. The level of PGE, in the brain tissues was
detected by commercially available ELISA kit
(Wanlei, China) according to the manufacturer’s
recommendation.

Western blot analysis

At 24 h after reperfusion, all the rats were euth-
anized and the infarct side of the cortex was
harvested. The tissues were immediately fro-
zen in liquid nitrogen and stored at -80°C. Total
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protein lysates were extracted from brain tis-
sues in NP-40 lysis buffer (Beyotime) contain-
ing 1% Triton X-100 with 1 mM PMSF. Protein
extracts were centrifuged at 12,000xg for 10
min. and the supernatants were collected.
Nuclear and cytosolic proteins were extracted
using a Nuclear and Cytoplasmic Protein
Extraction Kit (Beyotime) following the manu-
facturer’s instruction. Total protein content was
determined using BCA protein assay kit
(Beyotime). Equal amounts of protein (40 pg)
were electrophoresed and subsequently trans-
ferred onto PVDF membranes (Millipore,
Boston, MA, USA). The blotted membranes
were blocked with 5% skim dry milk for 1 h at
room temperature then incubated with the cor-
responding primary antibodies in a blocking
buffer overnight at 4°C. Blots were probed with
antibodies recognizing NF-kB (Cell Signaling
Technology, Beverly, MA, USA). The bands on
the membranes were scanned and analyzed
with an image analyzer (Labworks Software,
UVP Upland, CA, USA).

Statistical analysis

The data are expressed as mean + standard
deviation. SPSS statistical software (version
16.0; SPSS, Inc., Chicago, IL, USA) was em-
ployed for statistical analysis. Significant differ-
ences between the treatment and control
groups were determined using one-way analy-
sis of variance, followed by a Student-Newman-
Keuls test. P<0.05 was considered to indicate
a statistically significant difference.

Results
Res treatment attenuated neurological deficits

No neurological deficits were seen in the sham
group. The neurological deficit score was sig-
nificantly increased to 3.1 + 0.5 in the MCAO
group compared with that of the sham operat-
ed group at 24 h after reperfusion (P<0.01;
Figure 1). When pretreated with resveratrol, the
score was significantly decreased to 1.8 + 0.2
compared with that of the MCAO group (P<0.01,
Figure 1).

Res treatment reduced the cerebral infarction

TTC staining showed that pretreatment with
Res reduced the infarct volumes. Compared
with  MCAO group, Res treatment markedly
decreased the infarct volume from 43.29 +
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Figure 2. Effects of Res on infarction caused by MCAO in rats. A: Representative photographs of brain sections
stained with 2% TTC of sham, MCAO and Res + MCAO groups. B: Measurement of infarct volume. *P<0.05 com-

pared with sham group; *P<0.05 compared with MCAO group.

Figure 3. Histological examinations of cortex neurons by hematoxylin and eosin staining (x10 magnification). A:
Sham group; B: MCAO group; C: MCAO + Res group. As indicated by the arrows: in MCAO group, appearance of
shrunken cytoplasm and pyknotic nuclei and significant recovery in Res-treated group.

2.826% to 33.00 + 2.760% (P<0.05, Figure 2A,
2B).

Res alleviated the pathological damage of ce-
rebral tissue

To evaluate the effects of Res on cerebral IR
injury, histological examination in each group
was performed in HE stained sections. The
sham group showed normal neurons with no
pathological change (Figure 3A). In the MCAO
group, neuronal loss was severe and dying
neurons showed shrunken cytoplasm and
pyknotic nuclei (Figure 3B). In the MCAO + Res
group, the extent of damage was significantly
ameliorated (Figure 3C).

Res treatment ameliorates inflammatory re-
sponse

To analyze the inflammatory response in the
mice, we measured the levels of TNF-a (Figure
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4A) and IL-6 (Figure 4B) in cerebral tissue by
ELISA. Compared with the sham group, TNF-a
(P<0.01) and IL-6 (P<0.01) levels were found to
be dramatically increased in the MCAO group,
whereas Res pretreatment noticeably pre-
vented TNF-a (P<0.05) and IL-6 (P<0.05)
production.

Res inhibited the productions of NO and PGE,

To further justify the effect of Res on inflamma-
tory reactions, the inflammatory mediators pro-
ductions were detected. As shown in Figure 5,
MCAO resulted in a significant increase in NO
production in cerebral tissue compared with
sham group (P<0.01), whereas Res significantly
inhibited production of NO (P<0.05) (Figure
5A). Moreover, Res markedly inhibited I/R-
induced production of PGE, in the same man-
ner as it inhibited the production of NO in
corresponding groups (P<0.05) (Figure 5B).
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Figure 4. Effects of Res on the inflammatory cytokine. A: The level of TNF-o; B: The level of IL-6. Data were expressed
as mean * SD; *P<0.05, **P<0.01 vs. sham group; #P<0.05, #P<0.01 vs. MCAO group.
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Figure 5. Effects of Res on the productions of NO and PGE,. A: Productions of NO; B: Productions of PGE,. Data were
expressed as mean + SD; *P<0.05, **P<0.01 vs. sham group; #P<0.05, #P<0.01 vs. MCAO group.

Res decreases the expression of NF-kB

To further evaluate the anti-inflammatory me-
chanism of Res, we compared the levels of
NF-kB in cytoplasm and nucleus extracts from
rats with and without resveratrol pretreatment.
As shown in Figure 6, the level of NF-kB on
nucleus was significantly increased and in brain
tissue subjected to I/R and the level of NF-kB
in cytoplasm was evidently decreased in the
MCAO group. High level of NF-kB was observed
in rats in cytoplasm and decreased on nucleus
after Res pretreatment.

Discussion

The present study demonstrated that treat-
ment with Res in rat model with cerebral I/R
injury could alleviated the pathological damage
of cerebral tissue, attenuated cerebral infarc-
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tion and inhibited the release of inflammatory
cytokines and mediators, showing profoundly
impact on the severity of cerebral I/R injury. To
shed light on the underlying mechanisms, we
focused on the NF-kB pathway. Our results
showed that Res significantly inhibited the acti-
vation of NF-kB in cerebral tissue from MCAO
challenged. These results indicated that the
anti-inflammatory effects of Res act at least in
part through inhibition the activation of NF-kB
signaling pathway.

In basic sciences, middle cerebral artery occlu-
sion (MCAO) followed by reperfusion is a widely
accepted animal model of focal cerebral isch-
emia; it resembles the scenario of human isch-
emic stroke and has been widely used to study
ischemia mechanisms and potential interven-
tions [22]. Cerebral damage was assessed by
the examination of percentage of infarction in
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Figure 6. Representative the protein expression of
NF-kB in cytoplasmic and nuclear following global
cerebrall/R. B-actin and Histone were used as a load-
ing control.

the injured brain, an important determinant in
assessing the consequences of cerebral isch-
emia which leads to neurological impairment
[23]. In the present study, we noticed a signifi-
cant increase in percentage of infarction in I/R
rats. In contrast, significant decreased infarc-
tion percent was noticed in resveratrol treated
rats. Meanwhile, pretreatment with Res signifi-
cantly reduced brain edema compared with
that in the MCAO group. What’s more, patho-
logic abnormalities were observed in the MCAO
group. These changes were diminished in res-
veratrol-treated rats. These results suggest
that resveratrol has neuroprotection by limiting
the cerebral infarction and brain edema.
Therefore, we assumed that resveratrol has
neuroprotection effect.

Accumulating evidence suggested that post-
ischemic inflammation contributes to the devel-
opment of neuronal injury and cerebral infarc-
tion [24]. The release of inflammatory cytokines
and the aggregation and infiltration of inflam-
matory cells are the key steps in inflammation.
TNF-a, IL-1B, and IL-6 are the impotent cyto-
kines which initiate inflammatory mediator and
inflammatory reactions and induce expression
of other cytokines after ischemia-reperfusion
injury [25, 26]. The ischemic brain was observed
with increased levels of TNF-«, IL-13, and IL-6.
They are considered as a part of tissue damag-
ing response in ischemia and reperfusion injury
[25, 26]. In the present study, we noticed that
the IL-6 and TNF-a levels were significantly
increased in rats with I/R injury. In contrast, the
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levels of TNF-a and IL-6, were significantly
decreased a significantly increased in resvera-
trol treated rats. Based on the above outcome,
we demonstrated that resveratrol may be hav-
ing neuroprotection action through anti-inflam-
matory effect.

NO is derived from the oxidation of L-arginine,
which is catalyzed by nitric oxide synthase
(NOS). After ischemia-reperfusion injury, the
expression of inducible nitric oxide synthase
(iNOS) induced by inflammatory mediators and
cytokines is significantly increased in immuno-
cytes, such as neutrophils and macrophages.
In the present study, the production of NO was
significantly increased in MCAO group, which
was suppressed by the treatment of Res. PGE,
is an important inflammatory mediator and
plays an important role in the inflammatory
response. Similarly, in our study, the production
of PGE, was significantly increased in MCAO
group and was suppressed by the treatment of
Res. we further verified that Res exerts these
anti-inflammatory effects on cerebral I/injury.

It has been shown that NF-kB mediates the
transcription of a large number of genes, such
as TNF-a, IL-1B, IL-6 and iNOS, the products of
which are known to play important roles in the
pathogenesis of cerebral ischemia [12, 27]. In
the cytoplasm, NF-kB is bound to inhibitor kB
(IkB) when inactive; however, when cells are
stimulated, NF-kB translocates to the nucleus
by separating from IkB, functioning as a tran-
scription activity factor for the target gene.
Therefore, we investigated whether resveratrol
can protect the brain through inhibiting NF-kB
activated after global ischemic insult. As
expected, we have found that resveratrol
blocked post-ischemic reduction of NF-kB in
the cytoplasm and attenuated the increase of
NF-kB level in the nucleus, which suggesting
that resveratrol prevented translocation of
NF-kB from the cytoplasm to the nucleus and
thereby reduced NF-kB activation.

Taken together, our data indicate that Res
may significantly ameliorate cerebral I/R injury
through limiting the cerebral infarction and
brain edema, inhibited the release of inflamma-
tory cytokines and mediators, suggesting that
Res has a protective effect on cerebral I/R inju-
ry. This neuroprotection may be due to its anti-
inflammatory properties. We also provide evi-
dence that the mechanism of action may be
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through the inhibition of the NF-kB signaling
pathway. These results provide evidence that
resveratrol preconditioning induces its effect in
the protection against ischemic brain injury
with a more complex mechanism that also
involves anti-inflammatory properties.
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