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Abstract. Previous studies have demonstrated that 
inflammation and disruption of the blood‑brain barrier 
(BBB) are important pathological processes during focal 
cerebral ischemia. Therefore, the present study evaluated the 
neuroprotective effects of resveratrol against brain damage, 
inflammation and BBB disruption in rats with focal cerebral 
ischemia and assessed the potential underlying molecular 
mechanisms. Sprague‑Dawley rats underwent cerebral 
ischemia/reperfusion (IR) and then received intraperitoneal 
resveratrol (10 and 100 mg/kg) 2 h following the onset of 
ischemia. Following 24 h of ischemia, neurological deficit 
scores, cerebral infarctions, morphological characteristics, 
cerebral water content, myeloperoxidase (MPO) activity and 
Evans blue extravasation were assessed. Additionally, the 
protein expression levels of Toll‑like receptor 4 (TLR4) and 
nuclear factor (NF)‑κB p65 were detected using western blot 
analyses, the mRNA expression levels of cyclooxygenase‑2 
(COX‑2) and matrix metalloproteinase‑9 (MMP‑9) were 
examined by reverse‑transcription polymerase chain 
reaction, and tumor necrosis factor (TNF)‑α and interleukin 
(IL)‑1β blood levels were determined by ELISA. Resveratrol 
significantly reduced neurological deficit scores, cerebral 
infarct sizes, neuronal injury, MPO activity and EB content. 
Cerebral ischemia increased the expression levels of TLR4, 
NF‑κB p65, COX‑2, MMP‑9, TNF‑α and IL‑1β, but all of 
these factors were reduced by resveratrol. In conclusion, the 
present data suggest that resveratrol reduces inflammation, 
BBB disruption and brain damage in rats following focal 
cerebral ischemia. Additionally, the neuroprotective effects of 
resveratrol against cerebral ischemia may be associated with 
downregulation of the TLR4 pathway.

Introduction

Brain injuries caused by transient or permanent focal cerebral 
ischemia develop according to a series of pathological mecha-
nisms that include free radical release, blood‑brain barrier 
(BBB) disruption, microglial activation, inflammation and 
neuronal apoptosis (1). Additionally, post‑ischemic inflam-
mation mediates the pathological processes associated with 
ischemic brain injury (2) Toll‑like receptors (TLRs) serve a 
central role in innate immunity and are implicated in a range 
of inflammatory diseases (3). Several studies have demon-
strated that TLR4 expression is elevated following cerebral 
ischemia (4) and that the degree of ischemic brain injury and 
neuroinflammation is significantly lower in TLR4‑deficient 
mice compared with wild‑type mice (5). Furthermore, nuclear 
factor (NF)‑κB, which is a key downstream factor of the TLR4 
signaling pathway, is activated following cerebral ischemia, to 
promote inflammatory reactions and produce inflammatory 
molecules that further aggravate ischemic brain injury (5‑7). 
TLR4 signaling is a promising therapeutic target for the treat-
ment of ischemic stroke (8) because the downregulation of 
TLR4 expression inhibits NF‑κB and reduces the expression 
of inflammatory molecules; this ultimately leads to the attenu-
ation of ischemic brain injury.

Resveratrol is a polyphenol that is abundantly expressed 
in a wide variety of plant species and has been reported to 
possess cardioprotective  (9), anticancer  (10), anti‑inflam-
matory (11) and neuroprotective properties (12). Although a 
study demonstrated that resveratrol reduces ischemia‑induced 
brain damage due to its anti‑oxidative properties  (13), its 
potential underlying molecular mechanisms remain unknown. 
Therefore, the present study investigated whether resveratrol 
downregulates activity in the TLR4 signaling pathway in a rat 
model of cerebral ischemia.

Materials and methods

Induction of ischemia‑reperfusion. A total of 140 adult 
Sprague‑Dawley rats weighing 250‑300 g were obtained from 
the Shanghai Laboratory Animal Center (Shanghai, China). 
All animal experiments were approved by the Institutional 
Animal Care and Use Committee of Hubei University of 
Medicine (Shiyan, China). Rats were housed in a colony room 
under controlled temperature (22˚C), a humidity of 40‑70% and 
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a 12‑h light/dark cycle, with free access to food and water. All 
surgical procedures were performed using sterile techniques 
in accordance with institutional guidelines. Following the 
induction of anesthesia with 5% isoflurane in 70/30 medical 
air/oxygen, all animals were trans‑orally intubated while a 
small rodent respirator was used to maintain adequate respira-
tion; 3% isoflurane in 70/30 medical air/oxygen was used to 
maintain anesthesia.

Next, the rats were subjected to ischemia‑reperfusion (IR), 
as described by Shi et al (14) with minor revisions. Briefly, 
the right common carotid artery, external carotid artery and 
internal carotid artery were exposed and a nylon monofilament 
suture with a distal cylinder (diameter: 0.32 mm) was inserted 
from the external carotid artery into the internal carotid 
artery and then gently advanced to occlude the origin of the 
right middle cerebral artery; the suture was withdrawn 2 h 
following occlusion. In the sham‑operated rats, the external 
carotid artery was prepared for insertion of the suture but 
it was not inserted. During the surgical procedure, rectal 
temperature was maintained at 37.0±0.5˚C with a thermostati-
cally controlled infrared lamp.

Experimental groups. The rats were separated into four groups 
as follows: i) The sham group (n=30), which was subjected to 
the sham operation; ii) the middle cerebral artery occlusion 
(MCAO) group (n=36), which was subjected to IR and treated 
with a normal saline; iii) the R10 group (n=30), which was 
subjected to IR and treated with 10 mg/kg of resveratrol [intra-
peritoneal (i.p.)] the R100 group (n=36), which was subjected to 
IR and treated with 100 mg/kg of resveratrol (i.p.). Resveratrol 
was obtained from Sigma‑Aldrich; Merck KGaA (Darmstadt, 
Germany) placed in normal saline containing 20% hydroxy-
propyl β‑cyclodextrin and intraperitoneally injected at 2 h 
following the onset of ischemia.

Assessment of neurological deficit scores. At 24 h following the 
cerebral IR procedure, neurological deficit scores were assessed 
according to the method described by Bederson et al (15) with 
minor revisions, as follows: 0=no observable deficit; 1=contra-
lateral forelimb flexion; 2=decreased resistance to lateral push 
without circling; and 3=circling to the contralateral side.

Infarct volume analysis. At 24 h following the cerebral IR 
procedure, the animals were anesthetized and sacrificed 
by rapid decapitation. The brains were removed, immersed 
in a cold saline solution for 10 min and then sectioned into 
standard coronal slices (2 mm thick) using a brain matrix 
slicer. The slices were placed in the vital dye 2,3,5‑triphe-
nyltetrazolium chloride (2% TTC; Sigma‑Aldrich; Merck 
KGaA) at 37˚C under dark conditions for 20 min. Following 
this staining procedure, infarct regions appear white, whereas 
non‑infarct regions appear red. The infarct areas in each brain 
slice were measured using ImageJ software (version 1.46; 
National Institutes of Health, Bethesda, MD, USA) and infarct 
volume was calculated according to the following formula: 
V=t x (A1 + A2 + . . . An), where ‘V’ is the infarct volume, ‘t’ is 
the slice thickness and ‘A’ is the infarct area.

Histopathological analysis. At 24 h following the cerebral IR 
procedure, the animals were anesthetized and perfused with 

4% paraformaldehyde. The brains were removed, fixed with 
4% paraformaldehyde at 4˚C for 24 h and embedded in paraffin. 
Next, coronal sections (4 µm thick) were deparaffinized with 
xylene, rehydrated with a graded alcohol series and stained 
with hematoxylin and eosin (HE) at room temperature for 
3 min. The sections were visualized with a light microscope at 
a magnification of x400.

Assessment of cerebral water content. Briefly, 24 h following 
the cerebral IR procedure, the rats were sacrificed and the 
brains were quickly removed. The ischemic hemispheres were 
immediately weighed on an electronic balance to ascertain the 
wet weight (WW) and then dried to constant weight for 24 h 
in a 100˚C oven to obtain the dry weight (DW). Cerebral water 
content was calculated using the following equation: H2O 
(%)=(WW‑DW)/WWx100%.

Biochemical analysis. Myeloperoxidase (MPO) activity was 
assessed to determine the extent of inflammation. At 24 h 
following the cerebral IR procedure, the rats were anesthetized 
and ischemic brain samples (1.0 mm from bregma to ‑3.0 mm 
from bregma) were collected. MPO activity in the ischemic 
brain was measured with an assay kit (Nanjing Jiancheng 
Bioengineering Institute, Nanjing, China) according to the 
manufacturer's protocol; the results are expressed as U/g of 
tissue.

Measurement of BBB permeability. The BBB permeability 
was assessed using measurement of Evans blue (EB) extrava-
sation. The EB dye (2% in saline, 4 ml/kg for each rat) was 
injected into the left jugular vein at 23 h following ischemia 
(1 h prior to sacrifice) and then the rats were transcardially 
perfused with PBS to remove the intravascular dye. Next, the 
ischemic hemispheres were homogenized in a tenfold volume 
of 50% trichloroacetic acid solution to precipitate the protein 
and centrifuged for 10 min at 4˚C and 2,000 x g. The resulting 
supernatant was diluted with ethanol (1:3) and fluorescence 
was measured at 610 nm to determine the absorbance of EB; 
the results are expressed as µg/g of brain tissue.

Western blot analysis. At 24 h following the cerebral IR proce-
dure, ischemic cortical tissue samples were collected and total 
protein was extracted using a protein extraction kit (Xiamen 
Tagene Biotechnology Co. Ltd., Xiamen, China) according to 
the manufacturer's protocol. Briefly, 100 µg samples of protein 
were separated on 10% SDS polyacrylamide gels, transferred 
to nitrocellulose membranes and then blocked in 5% nonfat 
dry milk buffer for 1 h at room temperature. The membranes 
were incubated at 4˚C overnight with either a rabbit poly-
clonal antibody against TLR4 (1:1,000; cat. no. sc30002) or 
a mouse monoclonal antibody against NF‑κB p65 (1:500; 
cat. no. sc71675; both Santa Cruz Biotechnology, Inc., Dallas, 
TX, USA) and then incubated st room temperature for 2 h 
with horseradish peroxidase‑conjugated goat anti‑rabbit (cat. 
no. PV9001) mouse (cat. no. PV9002) secondary antibodies 
(1:1,000; Beijing Zhongshan Jinqiao Biotechnology Co., 
Ltd., Beijing, China). Protein expression levels were detected 
with an electrochemiluminescence detection system (Dalian 
Meilun Biotechnology Co., Ltd., Dalian, China) and exposed 
on X‑ray film. The densities of the protein bands were scanned 
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and analyzed with an image analyzer and ImageJ software 
(version 1.46).

Reverse‑transcription polymerase chain reaction (RT‑PCR). 
For the RT‑PCR procedure, the rats were deeply anaesthetized 
and transcardially perfused with ice‑cold PBS. The brains 
were quickly removed, the cortical tissues were dissected and 
the samples were stored at ‑80˚C until analysis. Total RNA 
was extracted using TRIzol reagents (Invitrogen; Thermo 
Fisher Scientific, Inc.), and then reverse‑transcribed at 42˚C 
for 60 min and at 95˚C for 5 min to obtain single‑strand cDNA 
with a Reverse Transcription System (Promega Corporation, 
Madison, WI, USA) according to the manufacturer's protocol.

Single‑strand cDNA was amplified using PCR with a 
100  µl reaction mixture containing 50  mM KCl, 10  mM 
Tris‑HCl (pH 9.0), 2 mM MgCl2, 200 µM dNTPs, 0.5 µM 
of sense and antisense primers, and 2.5 units of Taq DNA 
polymerase (Promega Corporation). The primer sequences 
were as follows: Cyclooxygenase‑2 (COX‑2; sense: 5'‑CCA​
TGT​CAA​AAC​CGT​GGT​GAA​TG‑3'; antisense: 5'‑ATG​GGA​
GTT​GGG​CAG​TCA​TCAG‑3'; product size: 374 bp), matrix 
metalloproteinase‑9 (MMP‑9; sense: 5'‑AAG​GAT​GGT​CTA​
CTG​GCAC‑3'; antisense: 5'‑AGA​GAT​TCT​CAC​TGG​GGC‑3'; 
product size: 279 bp) and the internal standard β‑actin, (sense: 
5'‑CCC​ATC​TAT​GAG​GGT​TAC​GC‑3'; antisense: 5'‑TTT​AAT​
GTC​ACG​CAC​GAT​TTC‑3'; product size: 150 bp). The reac-
tions were initially heated at 94˚C for 4 min and then at 94˚C 
for 40 sec, 58˚C for 40 sec, and 72˚C for 50 sec over a total of 
38 cycles. The reactions were stopped at 72˚C for 7 min. The 
PCR products (10 µl) were electrophoresed in a 2% agarose gel 
containing ethidium bromide and DNA band optical density 
was measured with a UVP gel analysis system (Quantity One; 
Bio‑Rad Laboratories, Inc., Hercules, CA, USA).

ELISAs. At 24 h following the cerebral IR procedure, 1 ml 
blood samples were drawn from the rat hearts. The samples 
were centrifuged at 4˚C and 2,000 x g for 10 min and then 
the supernatants were collected. The plasma contents of 
tumor necrosis factor‑α (TNF‑α) and interleukin (IL)‑1β were 
measured using rat TNF‑α (cat. no. RTA00) or IL‑1β (cat. 
no. RLB00) ELISA kits (R&D Systems, Inc., Minneapolis, 
MN, USA).

Statistical analysis. SPSS 13.0 software (SPSS, Inc., Chicago, 
IL, USA) was used to analyze the data in the current study. 
All results are presented as the mean ± standard deviation. All 
statistical analyses were performed using analysis of variance 
followed by Student‑Newman‑Keuls test for multiple group 
comparisons. P<0.05 was considered to indicate a statistically 
significant difference.

Results

Resveratrol reduces neurological deficit scores, cerebral 
infarct size, neuronal injury and brain edema. Rats subjected 
to the cerebral IR procedure exhibited increases in neuro-
logical deficit scores, cerebral infarct size, neuronal injury and 
cerebral water content. Although there were no differences 
between the vehicle‑treated group and the 10 mg/kg resve-
ratrol group, 100 mg/kg of resveratrol significantly reduced 

the neurological deficit scores (P<0.01; Fig. 1A) and cerebral 
infarct size (P<0.01; Fig. 1B) at 24 h following cerebral IR. 
Additionally, HE staining revealed that no injured neurons 
were identified in the sham‑operated group (Fig. 2A), cere-
bral IR caused neuronal injury in the ischemic hemisphere 
(Fig. 2B). Although 10 mg/kg of resveratrol (Fig. 2C) did not 
reduce the extent of neuronal injury, 100 mg/kg of resveratrol 
did (Fig. 2D). Furthermore, 100 mg/kg of resveratrol signifi-
cantly reduced the cerebral water content in the ischemic 
hemisphere produced by cerebral IR when compared with the 
MCAO group (P<0.01; Fig. 3).

Resveratrol reduces ischemia‑induced inflammation. MPO 
enzymatic activity was assessed to determine the extent of 
inflammation in ischemic brain tissues. The experimental data 
demonstrated that MPO activity was significantly elevated at 
24 h following cerebral IR compared with the sham‑operated 
group (P<0.05). However, this elevation exhibited a significant 
decrease following treatment with 100 mg/kg of resveratrol 
(P<0.01) but not 10 mg/kg of resveratrol (P>0.05; Fig. 4A).

Resveratrol reduces BBB permeability. The EB extravasa-
tion analyses were performed to assess the extent of BBB 
permeability. The experimental data demonstrated that the EB 
content was significantly elevated at 24 h following cerebral IR 
compared with the sham operation group (P<0.05). However, 

Figure 1. Resveratrol reduces neurological deficit scores and cerebral 
infarct volume following cerebral IR. (A) Neurological deficit scores were 
significantly increased at 24 h following cerebral IR (2.8±0.5) but exhibited 
significant reductions following treatment with 100 mg/kg of resveratrol 
(1.25±0.42), but not 10 mg/kg of resveratrol (2.3±0.37). (B) Cerebral infarct 
volume was significantly larger at 24 h following cerebral IR (195.4±21.5), 
but was significantly reduced following treatment with 100 mg/kg of resvera-
trol (153.8±15.4); n=12 in each group; ##P<0.01 vs. the sham operation group; 
**P<0.01 vs. the MCAO group. R10, resveratrol 10 mg/kg; R100, resveratrol 
100 mg/kg; MCAO, middle cerebral artery occlusion; IR, ischemia/reperfu-
sion.
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this elevation exhibited a significant decrease following treat-
ment with 100 mg/kg of resveratrol (P<0.01) but not 10 mg/kg 
of resveratrol (P>0.05; Fig. 4B).

Resveratrol downregulates the protein expression levels of 
TLR4 and NF‑κB. The protein expression levels of TLR4 
and NF‑κB p65 in ischemic brain tissues increased at 24 h 
following cerebral IR but were significantly downregulated by 
resveratrol (P<0.05; Fig. 5).

Resveratrol downregulates the mRNA expression levels of 
COX‑2 and MMP‑9. The mRNA expression levels of COX‑2 
and MMP‑9 mRNA in ischemic brain tissues increased at 24 h 
following cerebral IR but were significantly downregulated by 
resveratrol (P<0.01; Fig. 6).

Resveratrol reduces blood levels of TNF‑α and IL‑1β. The 
blood levels of TNF‑α and IL‑1β increased at 24 h following 
cerebral IR but were significantly reduced by resveratrol 
(P<0.05; Fig. 7).

Discussion

Stroke remains a leading cause of mortality and neurological 
disabilities in adults around the world. Currently, acute 
ischemic stroke (AIS) is treated using two major thera-
peutic strategies: Thrombolytic therapy and neuroprotective 
therapy  (16) Although tissue‑plasminogen activator is the 
only FDA‑approved therapy for AIS within a 3‑4.5 h time 
window  (17), only 1‑2% of patients have the opportunity 
to receive thrombolytic therapy due to the brevity of this 
window (18). Additionally, reperfusion followed by thrombol-
ysis may exacerbate brain injuries via a series of pathological 
mechanisms including inflammation and BBB disruption (19). 
Therefore, identification of novel potential neuroprotective 
agents targeting the pathological mechanisms underlying 
cerebral IR is necessary.

The present study demonstrated that resveratrol protected 
brains against ischemic stroke in an experimental rat model, 

Figure 2. Resveratrol reduces ischemic neuronal injury following cerebral IR. 
There were no neuronal injuries in the (A) sham‑operated group. Ischemic 
neuronal injury increased in the (B) ischemic group but not by (C) 10 mg/kg 
of resveratrol. Ischemic neuronal injury was reduced by (D) 100 mg/kg of 
resveratrol. Scale bar=50 µm. IR, ischaemia/reperfusion.

Figure 4. Resveratrol effect on cerebral inflammation and permeability. 
Resveratrol reduces (A) MPO activity and (B) BBB permeability following 
cerebral IR. MPO content was significantly elevated at 24 h following 
cerebral IR (0.455±0.046) but was significantly reduced by 100 mg/kg of 
resveratrol (0.342±0.035); n=12. Evans blue content was increased at 24 h 
following cerebral IR (18.3±2.7) but was significantly reduced by 100 mg/kg 
of resveratrol (11.9±1.2); n=5 in each group; ##P<0.01 vs. the sham opera-
tion group; **P<0.01 vs. MCAO group. R10, resveratrol 10 mg/kg; R100, 
Resveratrol 100 mg/kg; MPO, myeloperoxidase; IR, ischaemia/reperfusion; 
MCAO, middle cerebral occlusion artery; BBB, blood‑brain barrier.

Figure 3. Resveratrol reduces cerebral water content following cerebral IR. 
Representative images of rat brains from (A) a MCAO rat and (B) a 100 mg/kg 
resveratrol‑treated rat. (C) Quantification of cerebral water content. Cerebral 
water content was significantly elevated at 24  h following cerebral IR 
(86.43±3.61%) but was significantly reduced by 100 mg/kg of resveratrol 
(79.25±3.13%); n=6; **P<0.01 vs. the MCAO group. NIS, non‑ischemic brain; 
IS, ischemic brain; IR, ischaemia/reperfusion; MCAO, middle cerebral 
artery occlusion.
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which is consistent with a previous study (20). Several studies 
have investigated the potential mechanisms underlying the 
neuroprotective capabilities of resveratrol. For example, 

Sinha et al  (21) demonstrated that resveratrol protects rat 
brain tissues against focal cerebral ischemia by reducing 
oxidative stress, while Tsai et al (22) demonstrated that resve-
ratrol downregulates the expression of inducible nitric oxide 
synthase (NOS) and upregulates the expression of endothelial 
NOS, which may explain how resveratrol protects rat brains 
against focal cerebral ischemia. Additionally, Li et al (23) 
reported that resveratrol attenuates ischemic brain injury and 
that these effects may be associated with the inhibition of 
neuronal apoptosis via the upregulation of hippocampal Bcl‑2.

Another previous study demonstrated that resveratrol 
is neuroprotective against cerebral ischemia injury via 
anti‑oxidant and anti‑inf lammatory mechanisms  (24). 
Although specific reports demonstrated that resveratrol 
does not have beneficial effects on memory and cognitive 
dysfunction (25), these differences may be attributed to the 
use of different disease models. Therefore, additional studies 
will be required to clarify these discrepancies. The present 
study demonstrated that resveratrol decreased the enzymatic 
activity of MPO, which suggests that resveratrol possesses 
anti‑inflammatory properties that are beneficial following 
ischemic stroke. It is also possible that the neuroprotective 
effects of resveratrol against ischemic stroke may be associ-
ated with its anti‑inflammatory activities.

TLRs serve critical roles in the induction of innate and 
adaptive immunity (26). Additionally, these receptors possess 
leucine‑rich repeats in their extracellular region, which are 
responsible for the recognition of pathogen‑associated molec-
ular patterns and endogenous ‘danger’‑associated molecular 
patterns and a Toll IL‑1 receptor domain in the intracel-
lular region that is required for the initiation of intracellular 
signaling (27). Of the TLR family, TLR4 has been of particular 
interest because it is the primary receptor recognizing bacte-
rial infections and endogenous ligands released following 
tissue injury. Endogenous ‘danger signals’, including high 
mobility group box protein 1 and heat shock proteins activate 
TLR4 signaling. The activation of TLR4 stimulates IκB‑α 
phosphorylation and degradation, which results in the nuclear 
translocation of NF‑κB. Subsequently, NF‑κB activation 

Figure 5. Resveratrol downregulates the expression levels of TLR4 and 
NF‑κB p65 following cerebral IR. Representative protein expression bands 
from western blot analyses of (A) TLR4 and NF‑κB p65. (B) Summary of 
the experimental data; n=12 in each group; ##P<0.01 vs. the sham operation 
group; *P<0.05 and **P<0.01 vs. the MCAO group. R10, resveratrol 10 mg/kg; 
R100, resveratrol 100 mg/kg; NF‑κB, nuclear factor‑κB; IR, ischaemia reper-
fusion; TLR, toll‑like receptor; MCAO, middle cerebral occlusion artery.

Figure 7. Resveratrol decreases the expression levels of TNF‑α and IL‑1β 
following cerebral IR. Blood levels of proinflammatory cytokines (TNF‑α 
and IL‑1β) were significantly increased at 24 h following cerebral IR but 
were significantly reduced by resveratrol; n=12 in each group; ##P<0.01 
vs. the sham operation group; *P<0.05 and **P<0.01 vs. the MCAO group. 
R10, resveratrol 10 mg/kg; R100, resveratrol 100 mg/kg; MCAO, middle 
cerebral artery occlusion; IR, ischaemia/reperfusion; IL, interleukin; TNF, 
tumor necrosis factor.

Figure 6. Resveratrol downregulates the expression levels of COX‑2 and 
MMP‑9 following cerebral ischaemia reperfusion. (A) Representative mRNA 
expression bands of COX‑2 and MMP‑9. (B) Summary of the experimental 
data; n=12 in each group, ##P<0.01 vs. the sham operation group; *P<0.05 and 
**P<0.01 vs. the MCAO group. R10, resveratrol 10 mg/kg; R100, resveratrol 
100 mg/kg; MMP, matrix metalloproteinase; COX, cyclooxygenase; MCAO, 
middle cerebral artery occlusion.
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regulates the expression levels of inflammatory genes that are 
involved in innate immune responses and lead to the initiation 
of inflammation (28).

The TLR4 and NF‑κB signaling pathways are widely 
considered to mediate ischemic brain injury processes and to 
be a promising therapeutic target for ischemic stroke (29,30). 
Neurological dysfunction scores and cerebral infarction scores 
in TLR4‑deficient mice are significantly lower compared with 
those of wild‑type mice, and the present study demonstrated 
that resveratrol downregulated the expression of TLR4 and 
inhibited the activation of NF‑κB. The low expression of TLR4 
following resveratrol administration could weaken activation 
of the TLR4/NF‑κB signaling pathway and attenuate inflam-
mation, which in turn would reduce the ischemic brain injury 
induced by inflammation.

Zhao et al  (31) reported that ischemic stroke leads to 
enhanced expression of COX‑2, which results in progres-
sive ischemic brain injury. Nimesulide, a selective COX‑2 
inhibitor, attenuates COX‑2 activity and ameliorates 
cerebral ischemia injury (32), which indicates that COX‑2 
may be an important therapeutic target for AIS. MMP‑9, a 
proteolytic enzyme, degrades important structures in the 
microvascular wall to increase microvascular permeability 
and BBB disruption (33). During cerebral ischemia, MMP‑9 
expression is upregulated, which leads to the degradation 
of occludin that, in turn, causes BBB leakage, brain edema, 
brain hemorrhages and secondary brain damage (34). In the 
present study, resveratrol downregulated the mRNA expres-
sion levels of COX‑2 and MMP‑9 following cerebral IR in 
rats; this suggests that resveratrol attenuated inflammatory 
reactions and BBB disruption, and furthermore that these 
activities may be associated with the inhibition of COX‑2 
and MMP‑9.

During cerebral ischemia, the TLR4/NF‑κB pathway regu-
lates the expression levels of inflammatory cytokines, including 
TNF‑α and IL‑1β, which propagates the inflammatory cascade 
reaction and eventually increases brain damage. The blood 
levels of TNF‑α and IL‑1β are increased following cerebral 
ischemia, but are decreased by curcumin (29). In the present 
study, the blood levels of TNF‑α and IL‑1β were elevated, but 
were lowered by resveratrol treatment. These findings suggest 
that the anti‑inflammatory properties of resveratrol may 
be attributable to inhibition of the TLR4/NF‑κB signaling 
pathway.

In conclusion, the present study demonstrated that resvera-
trol reduced neurological dysfunction, neuronal injury, cerebral 
infarction and BBB permeability in a rat model of focal cere-
bral ischemia, and demonstrated that these activities may be 
associated with the downregulation of inflammatory processes 
and the TLR4 signaling pathway. These experimental results 
suggest that the TLR4 signaling pathway may be an important 
therapeutic target for and resveratrol a promising neuroprotec-
tive agent against, ischemic stroke.
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