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Abstract. The aim of the present study was to evaluate the 
therapeutic potential of sesamol treatment on focal isch-
emia/reperfusion (I/R) injury in the rat brain. The results 
demonstrated that pretreatment with sesamol seven days prior 
to focal cerebral I/R injury had significant positive effects, 
including improvements in neurological deficits (P<0.05), 
and a reduction in malondialdehyde content and elevation 
of antioxidant levels (superoxide dismutase, glutathione and 
glutatione peroxidase; both P<0.05). Furthermore, levels of B 
cell lymphoma‑2 (Bcl‑2)‑associated X protein and caspase‑3 
were significantly downregulated, whereas the level of Bcl‑2 
was effectively increased. Conversely, the mRNA expression of 
proinflammatory cytokines were significantly reduced in focal 
cerebral I/R injury rats upon sesamol intervention. Therefore, 
the beneficial effects of sesamol on cerebral I/R injury may be 
due to the reduction of oxidative stress, inhibition of apoptosis 
and inflammation. The findings of the present study suggest 
that sesamol supplementation may serve as potent adjuvant in 
the treatment of focal cerebral ischemia/reperfusion injury due 
to its neuroprotective effects.

Introduction

Globally, stroke is one of the leading causes of mortality and 
a major contributing factor to adult disabilities, and therefore 
there is a great interest in finding an effective clinical treatment. 
Previous reports have suggested that several biomechanisms 

may be associated with the pathology of cerebral ischemic 
damage, such as ion imbalance, loss of ATP, increased release 
of excitatory neurochemical transmitters, increased generation 
of free radicals and apoptosis (1‑3). In the context of stroke, 
these events may induce irreversible brain damage.

Oxidative stress is the first event in a sequence leading 
to neuronal loss following cerebral ischemia reperfusion (4). 
Essential cell components, including DNA, protein and lipids, 
are subject to excessive oxidative assault, leading to cell 
injury. Antioxidant defensive molecules, such as superoxide 
dismutase, glutathione and catalase are able to ameliorate 
the elevation of oxidants and therefore reduce damage to 
tissues (5).

Apoptosis‑mediated cell death due to DNA damage is a 
major contributor to the tissue damage associated with cerebral 
ischemia (6‑9). During cerebral ischemia‑induced oxidative 
load, mitochondria release cytochrome c, which leads to the 
activation of caspase‑3 (10) and is a prelude to formation of the 
apoptosome complex, which encompasses apoptotic‑protease 
activating factor‑1, procaspase‑9 and ATP (11). Apoptosomes 
induce the activation of procaspase‑9, followed by procas-
pase‑3 (12). Finally, active caspase‑3 is associated with the 
process of DNA fragmentation that leads to cell death (11).

B cell lymphoma (Bcl)‑2 family‑related proteins are 
associated with regulation of the apoptotic process via the 
activation/inactivation of protein systems (13). Bcl‑2 inhibits 
apoptotic events in various cells and is associated with 
reducing the overexpression of proapoptotic factors (14,15) 
including Bcl‑2‑associated X protein (Bax), which serves an 
important role in inducing apoptosis (16,17).

Cerebral inflammation is important in the progression of 
ischemic stroke (18‑20). A number of preclinical reports have 
suggested that, during stroke, there is a marked elevation in 
the levels of pro‑inflammatory mediators tumor necrosis 
factor (TNF)‑α, interleukin (IL)‑1β and IL‑6 (21,22). Under 
these conditions, therapeutic agents which are able to limit the 
formation of reactive oxygen species (ROS) have been demon-
strated to ameliorate brain damage following stroke‑like 
events.

Sesamol (5‑hydroxy‑1,3‑benzodioxole or 3,4‑methylene-
dioxyphenol) is the predominant active component of sesame 
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seed oil obtained from Sesamum indicum L. Sesamol has 
previously been demonstrated to possess potent antioxidant 
activity in ultraviolet and Fe3+/ascorbate‑induced lipid peroxi-
dation in the rat brain (23). Furthermore, sesamol appears 
to act as a neuroprotective agent and exhibits a multitude of 
biological effects such as hepatoprotective, anti‑inflammatory, 
anti‑cancer and anti‑aging properties (23‑26). Based on this, 
the present study aimed to evaluate the efficacy of sesamol in 
alleviating cerebral ischemic injury in a rat model of middle 
cerebral artery occlusion (MCAO).

Materials and methods

Animals. A total of 30 male Sprague Dawley rats with a 
weight range of 170‑200 g were obtained from the animal 
facility of Shandong University (Shandong, China). Rats were 
housed under standard laboratory conditions with relative 
humidity 55±5%, temperature 25±2˚C, a 12‑h light/dark cycle. 
Rats were fed standard diet pellets and water was provided 
ad  libitum. Rats were randomly divided into three groups 
(n=10 per group): Sham group; MCAO group, rats underwent 
MCAO procedure and treated with normal saline vehicle; and 
the MCAO+sesamol group, underwent MCAO procedure and 
treated with 25 mg/kg/day sesamol. Sesamol was administered 
for seven consecutive days prior to the induction of MCAO. 
Sham‑operated and MCAO vehicle groups were administered 
saline under the same conditions.

MCAO model. Focal cerebral ischemic injuries were induced 
via an intraluminal filament surgical procedure, as previ-
ously described  (27). In brief, rats were anesthetized via 
intraperitoneal administration of 10% chloral hydrate (350 
mg; Sigma‑Aldrich; Merck Millipore, Darmstadt, Germany). 
Under aseptic conditions, a small incision was made in the 
neck and the external carotid artery (ECA) and internal carotid 
artery (ICA) were exposed and isolated. A sterile nylon thread 
(15 mm long and 0.15 mm in diameter) was introduced from 
the ECA into the ICA to occlude the origin of the left middle 
cerebral artery. The procedure was terminated when mild 
resistance was felt. Nylon thread was removed 2 h post‑surgery 
to restore blood supply for 24 h reperfusion.

Neurological evaluation. Neurological evaluation was 
performed at 24 h post‑surgery. An established scoring system 
reported by Garcia et al (28) was used, in which six individual 
tests are performed and their scores are added together. The 
six tests conducted evaluated spontaneous activity, symmetry 
in limb movement, forepaw outstretching, climbing, body 
proprioception, and response to vibrissae stimulation. 
Neurological deficits were assessed by a ‘blinded’ assessor. 
Each test was scored from 0 to 3, with a minimum neurological 
score of 0 and a maximum of 18. A lower score was considered 
to represent serious neurological deficits. All sham‑operated 
animals had a score of 18 (28).

Evaluation of oxidative stress. Following neurological evalu-
ation, rats were sacrificed via intraperitoneal administration 
of xylazine and ketamine (10 and 75 mg/kg; Sigma‑Aldrich; 
Merck Millipore). The ischemic hemispheres (n=10 per group) 
were harvested and homogenized in 4˚C Tris buffer (pH 7.4; 

Sima‑Aldrich; Merck Millipore). The homogenate was 
centrifuged at 2,000 x g at 4˚C for 15 min and the resulting 
supernatant was evaluated to determine the content of malo-
ndialdehyde (MDA), activity of superoxide dismutase (SOD) 
and glutathione peroxidase (GPx), and levels of reduced gluta-
thione (GSH) using a spectrophotometer (UV‑2600; Shimadzu 
Corporation, Kyoto, Japan) and assay kits according to the 
manufacturer's protocol (SOD, cat. no. A001‑1; MDA, A003‑1; 
GPx, A005; GSH, A006; Nanjing Jiancheng Bioengineering 
Institute, Nanjing, China).

Measurement of apoptotic protein expression using western 
blot analysis. Ischemic hemispheres (n=5 per group) were 
harvested, weighed and homogenized in radioimmunoprecipita-
tion assay buffer (Abcam, Cambridge, UK) containing 0.22% 
β‑glycerophosphate, 10% tergitol‑NP40, 0.18% sodium orthovan-
adate, 5% sodium deoxycholate, 0.38% EGTA, 1% SDS, 6.1% 
Tris, 0.29% EDTA, 8.8% sodium chloride, 1.12% sodium pyro-
phosphate decahydrate (pH 7.5), at 4˚C. The lysate was collected 
and placed in an orbital shaker for 2 h at 4˚C. Solubilised proteins 
were collected from the supernatant following centrifugation at 
16,000 x g for 20 min at 4˚C, and 20 µg samples were subjected 
to 10% SDS‑PAGE (Sigma‑Aldrich; Merck Millipore) and elec-
trotransferred to nitrocelluose membranes (pore size, 0.45 mm; 
Sigma‑Aldrich; Merck Millipore) to measure Caspase‑3, Bax 
and Bcl‑2. Membranes were blocked using 5% nonfat dry milk 
dissolved in 0.05 mol/l TBS containing 200 mmol/l (pH 7.4), 
and washed three times in TBS (30 min each). The primary 
antibodies used in the study were as follows; Caspase‑3 (1:1,000; 
cat. no. 19677‑1‑AP), Bax, (1:1,000; cat. no. 50599‑2‑Ig) and 
Bcl‑2 (1:750; cat. no. 12789‑1‑AP; all ProteinTech Group, Inc., 
Chicago, IL, USA). The blot was washed with TBS and incu-
bated for 1 h at room temperature with goat anti‑mouse antibody 
conjugated to peroxidase (1:1,500; cat. no. sc‑2005; Santa Cruz 
Biotechnology, Inc., Dallas, TX, USA). β‑actin (1:5,000; Santa 
Cruz Biotechnology, Inc.) was used as a control. Binding of the 
antibodies was detected using an ECL detection kit (Applygen 
Technologies, Inc., Beijing, China) and protein bands were visu-
alized using the Gel Doc XR system (Bio‑Rad Laboratories, 
Inc., Hercules, CA, USA) and quantified using Image J software 
(version 1.50; National Institutes of Health, Bethesda, MD, 
USA). All blots were performed in triplicate.

Analysis of inflammatory cytokine gene expression by reverse 
transcription‑quantitative polymerase chain reaction. RNA 
was isolated from the frozen rat ischemic hemispheres and 
purified using RNase (Sigma‑Aldrich; Merck Millipore) 
according to the manufacturer's protocol. Genomic DNA 
was removed by the addition of 10 µl 10X DNase buffer 
and 1 µl DNase I (both Sigma‑Aldrich; Merck Millipore) to 
the RNA sample (2 µl), which was subsequently incubated 
for 30 min at 37˚C. cDNA was synthesized from 1 µg of 
the purified RNA sample using oligo‑dT primers, dNTPs, 
DTT, RNase inhibitor and reverse transcriptase (all Santa 
Cruz Biotechnology, Inc.) according to the manufacturer's 
protocol. The oligonucleotide primers used are displayed in 
Table I. A total of 1 µl forward primer and 1 µl reverse primer 
were added to 10 µl MasterMix (Santa Cruz Biotechnology, 
Inc.), and diluted with water to a total volume of 15 µl. An 
additional 0.5 ml MasterMix was added followed by 1 µl 
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cDNA, and the mixture was vortexed prior to PCR. The PCR 
reactions were performed using a LightCycler 480 Real‑Time 
PCR System (Roche Diagnostics, Basel, Switzerland) and 
consisted of an initial denaturation at 95˚C for 3 min, followed 
by 35 cycles at 95˚C for 50 sec, 58˚C for 45 sec and 72˚C 
for 50 sec. The reactions were terminated via an elongation 
step at 72˚C for 7 min. The integrated densities value was 
analyzed using a computerized image analysis system (Motic 
Images Advanced 3.2; Motic Instruments, Inc., Richmond, 
BC, Canada). Data was quantified via the 2‑ΔΔCq method (29). 
All tests were performed in triplicate.

Statistical analysis. Data are presented as the mean ± stan-
dard error of the mean. Statistical analysis of the data was 
performed using SPSS, version 13.0 (SPSS, Inc., Chicago, IL, 
USA). All data was analysed by one‑way analysis of variance 
followed by the Tukey test for multiple comparisons. P<0.05 
was considered to indicate a statistically significant difference.

Results

Effect of sesamol and MCAO on neurological score. 
Neurological scores were significantly decreased in the MCAO 
group compared with the sham group (P<0.05). Following 
sesamol treatment, neurological deficits were significantly 
reduced compared with those in the MCAO group (P<0.05; 
Fig. 1).

Effect of sesamol and MCAO on lipid peroxidation. Lipid 
peroxidation in the ischemic hemisphere was quantified by 
evaluating MDA levels (Fig. 2). The brain level of MDA in rats 
from the MCAO group was significantly higher than in the 
sham rat group (P<0.05), indicating elevated in vivo oxidative 
stress in the brain. This increase was significantly decreased by 
treatment with sesamol compared with MCAO rats (P<0.05).

Effect of sesamol and MCAO on antioxidant level. In the 
present study, there was a significant decline in the level of 
antioxidants (GSH, SOD and GPx) following the induction of 
MCAO compared with the sham rats (P<0.05). Administration 
of sesamol significantly (P<0.05) increased the level of anti-
oxidants in the brain through its anti‑lipid peroxidative effect 
(Fig. 3).

Influence of sesamol on the expression of apoptosis‑related 
proteins following MCAO injury. Protein levels of Caspase‑3, 
Bax and Bcl‑2 in ischemic cortex tissues were assesed using 
western blot analysis following 24 h of reperfusion (Fig. 4A). 
A significant upregulation in protein expression of Caspase‑3 
and Bax, and a significant downregulation in Bcl‑2 protein 
expression were observed in the MCAO group (all P<0.05). 
However, rats treated with sesamol exhibited a significant 
downregulation in Caspase‑3 and Bax expression and a 
significant upregulation in Bcl‑2 protein expression (P<0.05; 
Fig. 4B‑D).

Effect of MCAO and sesamol on cytokine mRNA expression 
profile. In the present study, MCAO groups exhibited a signifi-
cant upregulation in mRNA expression of the proinflammatory 
cytokines TNF‑α and IL‑6 (P<0.05), whereas inflammation 

was mitigated in rats treated with sesamol due to a significant 
downregulation of the mRNA expression of TNF‑α and IL‑6 
(P<0.05; Fig. 5A). Furthermore, the relative expression levels 
of TNF‑α and IL‑6 were significantly higher in the MCAO 
group compared with the control group (P<0.05), and sesamol 
treatment induced a significant reduction in the expression of 
proinflammatory cytokines (P<0.05; Fig. 5B).

Table I. List of primers used for reverse transcription‑quantita-
tive polymerase chain reaction.

Gene	 Primer sequence

IL‑6	 F: 5'‑ATCTGCCCTTCAGGAACAGC‑3'
	 R: 5'‑AGCCTCCGACTTGTGAAGTG 3'
TNF‑α	 F: 5'‑CTTCTC CTT CCT GAT CGT GG‑3'
	 R: 5'‑GCTGGTTATCTCTCAGCTCCA‑3'
β‑actin	 F: 5'‑GTGGGGCGCCCAGGCACCA‑3'
	 R: 5'‑GCTCGGCCGTGGTGGTGAAGC‑3'

IL‑6, interleukin‑6; TNF‑α, tumour necrosis factor‑α; F, forward;  
R, reverse.

Figure 1. Effect of MCAO and sesamol on neurological score at 24  h 
post‑surgery. The neurological assessment was performed using the 18‑point 
Garcia scale system. Values are presented as the mean ± standard error of 
the mean for each group. *P<0.05 vs. sham group, **P<0.05 vs. MCAO group. 
MCAO, middle cerebral artery occlusion.

Figure 2. Effect of MCAO and sesamol on oxidative stress marker MDA in 
ischemic cortex tissue. Values are presented as the mean ± standard error 
of the mean for 10 rats in each group. *P<0.05 vs. sham group, **P<0.05 
vs. MCAO group. MCAO, middle cerebral artery occlusion; MDA, malo-
ndialdehyde. 
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Discussion

Stroke is a leading cause of morbidity and mortality world-
wide (30,31). The reduction of blood flow to the brain that 
occurs during cerebral ischemia may aggravate the necrosis 
of neuronal and brain cells (32,33). It has been demonstrated 

that various pathological mechanisms, such as elevation of ROS 
levels, inhibition of the detoxification cascade and the loss of 
antioxidant reserve enzymes are associated with the progression 
of cerebral ischemia (34,35). Preclinical MCAO models exhibit 
an identical pattern of ischemic brain damage as is observed in 
human patients who have suffered an ischemic stroke (36). The 

Figure 3. Effect of MCAO and sesamol on antioxidant levels in ischemic cortex tissue. (A) SOD, (B) GPx and (C) GSH. Values are presented as the mean ± stan-
dard error of the mean for 10 rats in each group. *P<0.05 vs. sham group, **P<0.05 vs. MCAO group. MCAO, middle cerebral artery occlusion; SOD, superoxide 
dismutase; GPx, glutathione peroxidase; GSH, reduced glutathione.

Figure 4. Effect of MCAO and sesamol on protein expression of apoptotic markers, Bax, Bcl‑2 and caspase‑3 in the ischemic cortex tissue. (A) MCAO rats 
exhibited increased Bax and caspase‑3 expression, whereas Bcl‑2 expression was decreased. (B‑D) Sesamol significantly reduced apoptosis and restored 
marker levels to normalcy. Values are presented as the mean ± standard error of the mean for five rats in each group. *P<0.05 vs. sham group, **P<0.05 
vs. MCAO group. MCAO, middle cerebral artery occlusion; Bcl‑2, B cell lymphoma 2; Bax, Bcl‑2‑associated X protein.
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aim of the present study was to evaluate the protective impact of 
sesamol on focal cerebral ischemic reperfusion injury.

In the present study, MCAO rats exhibited a significant 
reduction in the voluntary motor activity and the flexion tests. 
This may be associated with excessive free radical generation 
in the hippocampus and cortical areas, which are responsible 
for motor activities  (37). Sesamol administration was able 
to significantly reduce the neurological deficts and restore 
the brain motor activities, which supports the findings of a 
previous report (38).

The ROS generated during cerebral ischemia are able to 
oxidize biomolecules such as lipids, which further increases 
cell toxicity and brain dysfunction. The detrimental effects 
of free radicals on lipids lead to the formation of the final 
lipid peroxidation product MDA, which is a toxic adduct that 
induces neuronal cell death and loss of brain activity (39). 
In the present study, sesamol treatment was able to reduce 
MDA levels in MCAO rats, which may be due to the inhibi-
tory effect of sesamol on oxidative damage (40). GSH, a vital 
intracellular non‑protein thiol, acts as a scavenger of free 
radicals (41). Previous studies have demonstrated that cere-
bral ischemia mediated lipid peroxidation is concurrent with 
GSH depletion in brain tissue (42‑44). Furthermore, it has 
previously been suggested that antioxidant enzymes such as 
SOD and GPx may serve a key role in the regulation of redox 
homeostasis in tissues (45,46). In the present study, MCAO 
groups displayed significant reductions in, SOD and GPx 
levels in the brain ischemic tissue, compared with a sham 
group. Treatment with sesamol was able to restore depleted 
antioxidant levels due to its potent antioxidant activity and 
anti‑lipid peroxidative effect. The effect of sesamol may 
be attributed to the presence of free phenolic hydroxyl 
groups (47).

The levels of proinflammatory cytokines such as TNF‑α 
and IL‑1β are markedly higher during ischemic stroke, which 
also contributes to brain damage associated with stroke (48,49). 
Furthermore, elevated levels of proinflammatory cytokines 
are able to augment the expression of intracellular adhesion 

molecule‑1 and E‑selectin in leukocytes, and enhance the 
adhesion and transendothelial migration of leukocytes (19). 
These mechanisms induce an inflammatory cascade, which 
leads to a loss of blood‑brain barrier integrity and induces fluid 
accumulation in the brain, resulting in neuronal cell death (50). 
In the present study, MCAO rats exhibited an upregulation in 
TNF‑α and IL‑1β mRNA expression in ischemic brain tissue. 
These results are corroborated by previous studies, which 
reported that exacerbated TNF‑α and IL‑1β levels may be 
important factors in reperfusion injury following transient 
brain ischemia (51); however, sesamol treatment significantly 
downregulated the expression of proinflammatory cytokines 
via its anti‑inflammatory activity (52,53).

Apoptosis serves an important role in the etiology of 
cerebral ischemia reperfusion injury via activating the 
apoptotis‑related protein cascade located within apop-
totic cells  (54,55). Bcl‑2 family‑related proteins are also 
associated with the regulation of major apoptotic signal 
transduction pathways and are able to cause irreversible 
cell damage (56,57), and the Bcl‑2/Bax ratio is important 
in the regulation of apoptotic cell death (58). Furthermore, 
Caspase‑3 is the primary protein associated with apoptosis 
and is vital for inducing DNA fragmentation and apop-
tosis‑related cell morphology changes (59,60). In the present 
study, MCAO rats exhibited an upregulation in Caspase‑3 and 
Bax expression, and a downregulation in Bcl‑2 expression in 
ischemic tissue. Sesamol treatment was able to restore the 
expression of apoptotic markers to normal levels and there-
fore prevent apoptosis from occurring. The anti‑apoptotic 
activity of sesamol has been suggested by previous 
results (61,62).

In conclusion, the results of the present study suggest 
that the neuroprotective effect of sesamol on cerebral tissue 
exposed to MCAO‑reperfusion and ischemic damage in rats is 
mainly due to the inhibition of neurological deficits and lipid 
peroxidation, the restoration of antioxidants and the mitigation 
of inflammation and apoptosis responses. Based on the results 
of the present study, sesamol may be a suitable candidate for 

Figure 5. Reverse transcription‑quantitative polymerase chain reaction analysis of pro‑inflammatory cytokines in ischemic cortex tissues with β‑actin as an 
internal control. (A) Following MCAO, mRNA expression of TNF‑α and IL‑6 was upregulated and this effect was reduced by sesamol treatment. Lane 1, 
Sham; Lane 2, MCAO; Lane 3, MCAO + sesamol. (B) Relative mRNA expression of TNF‑α and IL‑6. Values are presented as the mean ± standard error of 
the mean for five rats in each group. *P<0.05 vs. sham group, **P<0.05 vs. MCAO group. MCAO, middle cerebral artery occlusion; TNF‑α, tumour necrosis 
factor‑α; IL‑6, interleukin‑6.
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the clinical treatment of various brain ischemic conditions 
resulting from oxidative stress. Furthermore, future research 
into the molecular mechanisms of sesamol may reveal the 
extent of its anti‑stroke effect.
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