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Blood–brain barrier (BBB) disruption, inﬂammation, and cell death are the pathogenic mechanisms of cerebral
ischemia/reperfusion (I/R) injury. Nicorandil protects ischemic injury via some of these mechanisms. The aim
of this study was to investigate the therapeutic effects of this drug on the brain ischemia after transient middle
cerebral artery occlusion (MCAO) and clarify the NF-jB and Nrf2-dependent mechanisms modulated by this
drug. Sixty-six rats were randomized into sham, MCAO and MCAO ? nicorandil groups with oral gavage for
3 days. Cerebral I/R injury were induced by a transient MCAO for 1 h and neurobehavioral scores were
performed for 3 days. In addition to measurement of BBB disruption and brain water content, the total and
infarct volume, density, and total number of neurons, non-neurons and dead neurons in the right cortex were
estimated by unbiased stereological methods. RT-PCR was performed to analyze the expression levels of NFjB and Nrf2. Although nicorandil treatment in the sub-acute brain ischemia did not have a prominent effect on
neurobehavioral function and number of neurons, non-neurons and dead neurons probably through up-regulation of NF-jB, it, however, improved ischemia-induced BBB disruption and brain edema and showed a
signiﬁcant reduction in the infarction volume probably through up-regulation of Nrf2.
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1. Introduction
Stroke is one of the main reason of mortality and longterm neurological disability in the world (Sarti et al.
2000). The most common human focal cerebral
ischemia occurs due to thrombotic or embolic middle
cerebral artery occlusion (MCAO) or its branches
(Durukan and Tatlisumak 2007).
Cerebral ischemia, which causes neuronal death, is due
to failure of high energy phosphate compound production
such as adenosine triphosphate (ATP). It activates a multistep ischemic mechanisms, such as local reduction of
http://www.ias.ac.in/jbiosci

oxygen or glucose, production of oxygen free radicals and
other reactive oxygen species, loss of membrane ion pump
function, glutamate-mediated excitotoxicity, loss of
blood–brain barrier (BBB) integrity, inﬂammation, cerebral edema, intracellular calcium accumulation, and
eventually DNA damage, neuronal apoptosis, and cell
death (Doyle et al. 2008; Lin et al. 2016). Therefore, the
main strategy for human stroke therapy is using methods
that reduce or prevent BBB disruption, brain edema and
cell death in the ischemic brain.
Although number of studies were conducted to
clarify the pathophysiology mechanism of cerebral
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ischemia, treatment possibilities for acute ischemic
stroke remain limited (Donnan et al. 2008). The Food
and Drug Administration (FDA) approved medication
to improve the outcome after acute ischemic stroke is
intravenous tissue plasminogen activator (tPA), if it is
administered within 3 h of stroke onset (Adams et al.
2007). This drug is relatively expensive and limited by
narrow therapeutic time windows. Furthermore, it has
contraindications for intracranial hemorrhage, internal
bleeding, etc. Therefore, it is essential to ﬁnd an
alternative drug, which is safe, inexpensive and available to treat ischemic stroke.
KATP channel plays an important role in the neuronal
excitability resistance, cell survival, modulation of
cerebral vascular tone (Liu et al. 2010), protecting
neurons
against
neurotoxin-induced
apoptosis
(Teshima et al. 2003) and intensiﬁcation of brain injury
(Kasono et al. 2004; Li et al. 2013). KATP channel
prevents neuro-inﬂammatory responses in brain diseases by reducing the release of tumor necrosis factoralpha and inﬂammatory mediators such as interleukin
(IL)-6, IL-8, IL-1b and caspase-1 levels), as well as
activating inﬂammasomes (Zhang et al. 2015). It is
well shown that KATP channel openers protect the brain
against ischemic injury in animal models (Robin et al.
2011; Shimizu et al. 2002; Watanabe et al. 2008).
Nicorandil is an ATP-sensitive potassium channel
opener that revealed to protects the heart from ischemia/reperfusion injury (Wu et al. 2015) and has antiapoptotic, anti-oxidant and anti-inﬂammatory characteristics in neurons, and exerts neuroprotective effects
on ischemic injury in the heart and brain (Kong et al.
2013; Teshima et al. 2003; Zhang et al. 2008). It also
increases nitric oxide, causing the activation of
guanylyl cyclase, modulates vascular tone and raises
cerebral blood ﬂow due to its vasodilator property
(César et al. 2014).
Nuclear factor (erythroid-derived 2)-like 2 (Nrf2)
and nuclear factor-jB (NF-jB) are the two key transcription factors in neurologic diseases such as brain
ischemia. Nrf2 is an endogenous regulator in the cellular defense against oxidative stress and brain
inﬂammation (Kensler et al. 2007). NF-jB is activated
in neurons and astrocytes during cerebral ischemia and
its activation participates in BBB disruption, inﬂammation, and contributes to neuronal cell death (Zhang
et al. 2005).
In the present study, as nicorandil are safe, inexpensive, and novel neuroprotection medicine in
ischemic brain stroke, we evaluated its potential therapeutic effects on neurobehavioral function, BBB
integrity, brain water content and histologic changes in

the sub-acute stage of brain ischemia in rats. Possible
neuroprotective mechanisms of nicorandil via Nrf2 and
NF-jB were investigated to determine whether its
therapeutic effects were associated with change in the
level of Nrf2 or NF-jB.
2. Materials and methods
2.1 Animal groups and drug administration
Animal procedures were performed in accordance with
the local Ethics Committee of Shahid Beheshti
University, Tehran, Iran. Adult male Sprague–Dawley
rats weighing 250–300 g were purchased from the
Comparative and Experimental Medical Center of
Shiraz University of Medical Sciences (SUMS), Shiraz,
Iran. Standard food pellets and water were provided
ad libitum. Rats were acclimatized for one week prior
to surgery. A total of 66 male rats were randomly
assigned into three homogeneous groups: sham
underwent surgery without MCAO or drug administration. After MCAO induction, rats were randomly
divided into MCAO and MCAO ? nicorandil groups,
receiving normal saline and nicorandil (5 mg/kg body
weight, Razavi, Mashhad, Iran) (Pithadia et al. 2017),
respectively, by oral administration for 3 consecutive
days after ischemic stroke. The ﬁrst dose was given 2 h
after reperfusion. At 2, 24, 48 and 72 h postoperative
periods, rats from each group were evaluated by neurobehavioral function test. At the end of 3rd day after
surgery, rats in each group (n = 22) were then deeply
anesthetized and then euthanized for measurement of
BBB integrity (n = 5), brain water content (n = 5),
reverse transcription quantitative real-time PCR (RTqPCR) (n = 6). The last animal brains (n = 6), after
ﬁxation, were serially and coronally sectioned, and
stained for histological and stereological studies.

2.2 Middle cerebral artery occlusion procedure
Transient brain ischemia was induced using the intraluminal ﬁlament technique described by Koizumi
(1986). The rats were intraperitoneally (i.p.) anesthetized with chloral hydrate (400 mg/kg, Merck,
Darmstadt, Germany). The right common carotid artery
(CCA) was exposed through a midline incision on the
neck and then carefully dissected from the vagus nerve
and its sheath, external carotid artery (ECA), and
internal carotid artery (ICA). A heat-rounded head and
silicon coated 3–0 monoﬁlament nylon suture was
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inserted into the common carotid artery and advanced
into the lumen of the ICA until it blocked the origin of
the middle cerebral artery (MCA). One hour after
MCAO, reperfusion was performed by withdrawing
the suture. Finally, the incision was sutured sprayed
with oxytetracycline. Rats’ body temperature was
controlled and maintained at 37 ± 0.8°C with a heating lamp and electrical blanket throughout and after the
surgery.

in the same solvent and data were expressed as
microgram per gram (lg/g) of brain tissue based on wet
weight, and calculated according a standard curve. The
EB extravasation ratio was calculated by applying the
following formula: EB extravasation ratio = [right
hemisphere EB (lg) / right hemisphere weight (g)]/
[left hemisphere EB (lg)/left hemisphere weight (g)]
(Pan et al. 2017; Yang et al. 2017).

2.3 Neurological deﬁcits evaluation

2.5 Brain water content measurement

Neurological deﬁcits in rats were evaluated at 2, 24, 48
and 72 h after MCAO using the modiﬁed neurologic
severity scores (mNSS) (Zhou et al. 2011), which
includes a composite of motor, sensory (visual, tactile
and proprioceptive), reﬂex and balance tests. Neurological deﬁcits were scored on an 18-point scale: a
score of 0 indicated no neurologic deﬁcit, and the
highest score showed severe focal deﬁcit. If the animal
score was 0 or died from brain ischemia, they were
excluded from the study and were replaced with
another one.

Cerebral edema was evaluated by determining the brain water content (BWC) (Vakili et al. 2007). Brieﬂy,
at the end of 3rd day after, ischemia/reperfusion (I/R),
ﬁve rats in each group were sacriﬁced by a guillotine
and brains were carefully removed. Then, the olfactory
bulb, cerebellum and brain stem were removed, and the
hemispheres were separated. Each cerebral hemisphere
was weighed to obtain their wet weight (WW) and then
placed in an oven at 120°C for 24 h to gain dry weight
(DW). BWC percentage was calculated by using the
following formula:
½ðWWDWÞ=ðWWÞ  100:

2.4 Evaluation of BBB integrity
2.6 Cresyl Violet staining
Evaluation of the BBB permeability was performed by
quantifying the Evans blue (EB(leakage into brain tissue, according to Uyama et al. (1988). Brieﬂy, the right
femoral vein cannulation was done 48 h after MCAO
induction. EB prepared as 2% in saline, and 4 ml/kg
was injected. Under deep anesthesia, thoracic cavity
was opened at the end of 3rd day after surgery (24 h
after EB injection), and in order to remove the EB from
cerebral circulation, 250 ml saline was transcardially
perfused for 20 min to wash out intravascular EB until
colorless perfusion ﬂuid was got from the atrium. After
guillotine decapitation, the whole brain was immediately removed and brain hemispheres were separated
and weighed. The hemispheres were separately
homogenized in 2.5 ml phosphate-buffered saline
(PBS), and the samples were then mixed with 2.5 ml of
60% trichloroacetic acid (Merck, Darmstadt, Germany)
to precipitate protein, and centrifuged for 30 min at
3500 rpm. The amount of EB in the supernatants was
measured at 610 nm using an Epoch microplate spectrophotometer (BioTek Instruments, Inc., Winooski,
VT, USA). The tissue content of EB was quantiﬁed
from a standard curve derived from the known amounts
of dye. Calculations were based on external standards

At the end of 3rd day after surgery, six rats in each
group were deeply anesthetized with chloral hydrate
(400 mg/kg) and then transcardially perfused through
the left ventricle with 0.09% saline, followed by 4%
buffered paraformaldehyde. Brains were removed and
kept in the same ﬁxative overnight. The brains were
then transferred to 30% sucrose (Sigma-Aldrich Inc.,
St. Louis, USA) in a phosphate-buffered saline for 72
h. Finally, the dissected brains were swiftly frozen in
isopentane (2-methylbutane) and stored at -80°C until
further process. The brains were coronally and serially
sectioned using a cryostat (Leica Biosystems, Wetzlar,
Germany) at a thickness of 30 lm, and were immersed
into 12-well plates containing cryoprotectant solution
and maintained at –20°C until staining. Every 48 section (1.44 mm interval) was selected by a systematic
uniform random sampling method. The ﬁrst section
was 2 mm posterior to the frontal tip. An average of 8
(±1) sections per brain ﬁxed on gelatin-coated slides
and stained with Cresyl Violet. Finally, the specimens
were covered with Entellan (Merck, Germany) adhesive and slide cover. The stained slices were evaluated
by a light microscope.
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2.7 Stereological evaluations
In Cresyl Violet staining, non-ischemic zone in the
sham group and the contralateral (left or non-ischemic)
hemisphere of other groups appears in dark blue to
purple, while ischemic zone in the ipsilateral (right or
ischemic) hemisphere including cortex, striatum and
hippocampus does not stain with this color and appears
very pale blue to white (Rousselet et al. 2012). The
total and infarct volume of ipsilateral ischemic hemispheres, and its hippocampus, striatum and cortex
subﬁelds were separately obtained by means of an
unbiased estimator of volume based on the Cavalieri’s
principle (Howard and Reed 2004; Mouton 2003;
Namavar et al. 2012) using stereology software (StereoLite, SUMS, Shiraz, Iran). The volume of hippocampus, striatum and cortex (Vref) were determined
by applying the following formula: Vref = d 9 a(p) 9
RP, where, d = 1.44 mm; equals to the section interval
or distance from one section to the next.,
a(p) = 1.23076 mm2; equal to the area associated with
one point in the grid to the next, and RP is the number
of points separately hitting any part of the speciﬁed
structure (right and left total cortex, striatum, hippocampus and hemisphere and ischemic areas in them)
projected on the test grid (Abusaad et al. 1999). Furthermore, the numerical density and total number of
neurons, non-neurons and dead neurons in ipsilateral
ischemic hemisphere cortex were counted within 72 h
after reperfusion in different groups, using the optical
disector technique (Howard and Reed 2004; Mouton
2003; Namavar et al. 2012), with a high-numericalaperture (NA = 1.30) 9 40 oil-immersion objective,
connected to a video camera, which transmits the
microscopic image to a monitor, and an electronic
microcator with digital readout (MT12, Heidenhain,
Traunreut, Germany) to assess the movements in the
Z-direction. The neuronal, non-neuronal or dead neuronal numerical density is deﬁned as follow: NV = RQ/[RP 9 a(f) 9 h]. where RQ is the number of
neurons, non-neurons or dead neurons counted within
the sampling frame or disector, RP is number of disector, a(f) = 0.00105365 mm2, is the area of the
sampling frame, and h = 0.015 mm, is the height of
the sampling frame in the Z-direction. We used the key
features to identify neurons and non-neurons in Nissl
stained (Cresyl Violet) sections according to Gabbott
and Stewart (1987) (Gabbott and Stewart 1987) and
Ling et al. (1973) reports (Ling et al. 1973). The brain
cells where divided into two types: neurons and ‘‘others’’, which were termed non-neurons. The basic morphology of a normal neuron in Cresyl Violet staining

consists of large cell body or perikaryon with neurites
(dendrites and axon) emerging from the cell body, Nissl
substance in perikaryon (and dendrites), identiﬁable
nucleus that is invariably pale or euchromatic with
discrete nucleolus (Abusaad et al. 1999; Balan et al.
2006; Siegel 1999). Dead neurons (i.e., apoptotic or
necrotic cells) display accumulation of dense globular
material in cytoplasm with evidence of nuclear fragmentation, shrunken perikarya and darkly stained
nuclei of reduced size (Atillo et al. 1983; Auer et al.
1985; Balan et al. 2006; Csordas et al. 2003; Petito and
Pulsinelli 1984).

2.8 RNA isolation and real-time PCR
At the end of 3rd day after MCAO, rats from all groups
were sacriﬁced and brains were immediately removed
and dissected, and total RNA was extracted from the
ipsilateral ischemic hemisphere cerebral cortex using
QIA Shredder and RNeasy Mini kits (Qiagen, Iran)
according to the manufacturer’s instruction. The concentration of RNA was quantiﬁed by ultraviolet spectrophotometry at 260/280 nm. Complementary DNA
(cDNA) was transcribed, using SuPrime Script RT
Premix (2X) cDNA Synthesis Kit (GeNet BIO Inc;
Daejeon, South Korea) for RT-PCR, in accordance with
the manufacturer’s instructions. Quantitative RT-PCR
was performed using the cDNA for RNA quantitation
with Power SYBR Green PCR Master Mix and a
StepOne Real-Time PCR system (Applied Biosystems,
Foster City, CA). Beta-2-microglobulin (B2M) was
used as internal control in expression studies. Relative
quantiﬁcation was measured using the comparative Ct
) method (Livak and Schmittgen 2001). Primers
(-DDCt
2
for real-time PCR were designed using the PrimerBLAST, and are listed in Table 1. The expression
levels of the messenger RNAs (mRNAs) were then
reported as fold changes vs control.

2.9 Statistical analysis
All data were analyzed by SPSS software (SPSS 18.0;
SPSS Inc., Chicago, IL, USA) and expressed as mean
± SD. Statistical differences were measured by oneway analysis of variance (ANOVA) combined with
Tukey post hoc test for multiple group comparisons.
The behavioral scores for mNSS test were analyzed
using repeated-measures ANOVA. Values of P \ 0.05
were considered signiﬁcant.
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Table 1. Primer sequences
Gene
Nrf2
NF-jB
B2M

Sequence
0

Primer efﬁciency (%)
0

Forward 5 -CACATCCAGACAGACACCAGT-3
Reverse 50 -CTACAAATGGGAATGTCTCTGC-30
Forward 50 -AGGCCATTGAAGTGATCCAG-30
Reverse 50 -GAGCTCATCTATGTGCTGTCTT-30
Forward 50 -CGTGCTTGCCATTCAGAAA-30
Reverse 50 -ATATACATCGGTCTCGGTGG-30

3. Results
At the end of 3rd day after surgery, the sham group did
not lose body weight, whereas the MCAO group that
endured brain ischemia, signiﬁcantly lost body weight,
and treatment with nicorandil retained body weight to
almost the same as sham group or before surgery (data
not shown).
3.1 Neurobehavioral function
The neurological deﬁcits score, as mentioned above,
was determined by an 18-point neurobehavioral score
test (mNSS). Since, the sham group did not have any
neurological deﬁcits, we did not consider this group for
comparison.
As shown in ﬁgure 1, the mean of neurobehavioral
scores in all MCAO groups at 2 h after brain ischemia
was 10.9 for MCAO and 9 for MCAO ? nicorandil
group, conﬁrming the success in induction of ischemia
and second, no signiﬁcant differences between groups
at 2 h after brain ischemia (day 0). Neurobehavioral
function in both brain ischemia-induced groups

98.7
92.0
92.2

improved throughout the treatment period (3 days), but
was not signiﬁcantly different between the groups,
using the analysis of variance with repeated measures
(P [ 0.05).
3.2 Assessment of BBB integrity
BBB leakage is associated with acute ischemic stroke.
To evaluate whether the therapeutic effect of nicorandil
was mediated by reducing BBB leakage in ischemic
stroke, we determined EB dye extravasation in the
ipsilateral and contralateral ischemic hemispheres 24 h
after EB injection. EB dye extravasation in the ipsilateral ischemic hemisphere was signiﬁcantly increased
in all MCAO groups when compared with the contralateral hemisphere at 72 h after MCAO (not shown).
EB extravasation ratio [ipsilateral hemisphere EB (lg/
g)/contralateral hemisphere EB (lg/g)] in the MCAO
group (1.28 ± 0.11) increased statistically in comparison with the sham group (0.87 ± 0.03) (P \ 0.05). In
addition, rats with MCAO that treated with nicorandil
during the sub-acute phase after cerebral ischemia
decreased EB extravasation ratio (1.03 ± 0.04) in
comparison with the MCAO group (1.28 ± 0.11),
however, this decrease was not statistically signiﬁcant
(P [ 0.05, ﬁgure 2). Figure 2 shows that treatment of
brain ischemia with nicorandil revealed non-signiﬁcant
difference in EB extravasation ratio with the sham
group. This may indicate that this drug relatively preserved BBB integrity in the level of sham group or
prevented from its disruption resulted from brain
ischemia.
3.3 Measurement of brain water content (BWC)

Figure 1. The improvement of neurobehavioral function
was evaluated using neurobehavioral test (mNSS) in nicorandil-treated rats with transient MCAO (MCAO ? Nicorandil) comparable to those of vehicle-treated rats (MCAO
group) on days 0, 1, 2 and 3 post-ischemia-reperfusion
injuries.

In animal models, edema has been quantiﬁed as a
change in BWC percent. At the end of 3rd day after
stroke, BWC were measured in rats using the standard
wet/dry weight method (Vakili et al. 2007). The evaluation of BWC in the contralateral ischemic
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and suppressed brain edema resulted from brain
ischemia.
3.4 Histological and stereological ﬁndings

Figure 2. Quantitative analysis of Evans blue extravasation ratio (ipsilateral/ contralateral ischemic hemisphere)
from rat brain extracts at the end of 3rd day after MCAO
(n = 5 rats/group).

hemisphere showed no signiﬁcant difference in this
parameter between the MCAO-tolerated (MCAO and
MCAO ? nicorandil and sham groups (P [ 0.05, ﬁgure 3). However, in the ipsilateral ischemic hemisphere, the MCAO group showed a signiﬁcant increase
in the BWC percentage when compared with its contralateral hemisphere (3.73%, ﬁgure 3) and the sham
group (3.78%) (P \ 0.01). BWC in the ipsilateral
ischemic hemisphere of the rats with oral administration of nicorandil once a day for three consecutive days
after ischemia reduced (81.54 ± 1.69%) as compared
with MCAO group (83.46 ± 1.2%); however, this
reduction was not statistically signiﬁcant (P [ 0.05,
ﬁgure 3B). Figure 3 shows that treatment of brain
ischemia with nicorandil showed non-signiﬁcant difference with the sham group, suggesting that this drug
relatively maintained BWC in the level of sham group

Figure 3. Percentage of brain water content (BWC) was
measured at the end of 3rd day after surgery in the
contralateral and ipsilateral ischemic hemispheres by the
wet/dry weight method; Data are expressed in percentage as
mean ± SD (n = 5 per group).

In Cresyl Violet staining sections, non-ischemic zone
of brain appears in dark blue to purple (ﬁgure 4A, and
left hemisphere in the ﬁgure 4B and C), while ischemic
zone in the right ipsilateral ischemic hemisphere
including cortex, striatum and hippocampus does not
stain with this color and appears very pale blue to white
(ﬁgure 4 B and C). In microscopic level, the neuronal
cells are normal looking with recognizable nucleolus
and euchromatin nucleus and Nissl stained cytoplasm,
and dead cells were not observed in the sham group
(ﬁgure 4D and G), while numerous dead neurons with
shrunken nuclei and perikaryon were observed in the
cerebral cortex of rats, which were subjected to MCAO
and treated with vehicle (ﬁgure 4E and H). Dead
neuron reduced and swollen neurons (hypertrophied)
were observed in rats with MCAO upon nicorandil
treatment (MCAO ? nicorandil group) (ﬁgure 4F and
I).
Total volume of ipsilateral and contralateral ischemic
hemisphere and total brain volume are summarized in
table 2. Results showed that there was no signiﬁcant
difference in the total volume of ipsilateral and contralateral ischemic hemispheres and total brain volume
in sham group when compared with MCAO and
MCAO ? nicorandil groups after cerebral ischemia
(table 2, P [ 0.05). Since, there was no histological
sign of cerebral infarction in the sham group, we did
not compare this group with the other groups for infract
volume. Table 2 also shows the infarct volume of the
right cortex, striatum, hippocampus and total hemisphere. Our results showed that nicorandil reduced
infarct volume in all parts of the ipsilateral ischemic
hemisphere in comparison with the MCAO group;
however, this decrease was statistically signiﬁcant only
in the striatum (P [ 0.05, table 2).
The percentage of ischemic volume was separately
calculated for all parts of ipsilateral ischemic hemisphere, using the following formula: [Ischemic Percent
of Ipsilateral Hemisphere = (Ischemic Infarct Volume
of Ipsilateral Hemisphere/Total Volume of Ipsilateral
Hemisphere 9 100]. By comparing the percentage of
ischemia in different part of the brain, we observed that
the largest percentage of ischemic volume were
observed in the striatum (86.24 ± 12.6%) while the
cortex (71.07 ± 11.7%), and the hippocampus
(64.53 ± 37.4%), showed relatively less ischemia in
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Figure 4. Representative Cresyl Violet-stained photograph of the brain tissue sections in different groups: (A) Sham,
(B) MCAO and (C) MCAO ? nicorandil. (D and G) Sham surgery group with normal neurons (white arrow) and non-neuron
cells (white arrowhead); (E and H) Rats that were subjected to MCAO and treated with vehicle showed frequent shrinkage
and pyknotic (dead) cells (Black arrow); (F and I) MCAO ? Nicorandil group showed less dead neuron (black arrow);
however, hypertrophied neurons appeared (black arrowhead).
Table 2. The total and infarct volume (mean ± SD) of different parts of brain (mm3)
Groups
Stereological parameters
Ipsilateral ischemic hemisphere total volume
Contralateral ischemic hemisphere total volume
Total brain volume
Ipsilateral ischemic cortex infarct volume
Ipsilateral ischemic striatum infarct volume
Ipsilateral ischemic hippocampus infarct volume
Ipsilateral ischemic hemisphere infarct volume
*

Sham

MCAO

534.41 ± 51.3
527.14 ± 42.35
1061.55 ± 93.25
–
–
–
–

468.03
505.74
973.78
164.53
73.85
27.11
285.74

MCAO ? Nicorandil
±
±
±
±
±
±
±

50.34
56.32
94.43
37.86
25.72
22.31
102.58

455.01
481.62
936.63
121.27
24.86
17.88
183.22

±
±
±
±
±
±
±

71.39
82.62
150.33
30.79
13.05*
16.27
65.49

MCAO ? Nicorandil group versus MCAO group (P \ 0.01)

this MCAO model. The present study also showed that
although nicorandil reduced ischemic volume percentage in all parts of the ipsilateral ischemic hemisphere

(ﬁgure 5), this decrease was statistically signiﬁcant
only in the striatum when compared with the MCAO
group (ﬁgure 5.B).
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Figure 5. Ischemic volume percent in the ipsilateral cortex (A), striatum (B), hippocampus (C) and hemisphere (D) in
MCAO and MCAO ? Nicorandil groups. Data are expressed in % as mean ± SD.

The numerical density and total number of neurons
in the brain right cortex of MCAO group signiﬁcantly
decreased compared with sham group (ﬁgure 6A and
B, P \ 0.05). Nicorandil administration did not signiﬁcantly change the density and total number of
neurons in the right cerebral cortex in comparison with
the MCAO group (ﬁgure 5A and B). In addition,
density and total number of non-neurons in the right
cerebral cortex of MCAO and MCAO ? nicorandil
groups non-signiﬁcantly increased compared with
sham group (P [ 0.05, ﬁgure 6C and D). Moreover,
numerous dead neurons in the right cerebral cortex of
MCAO groups (MCAO and MCAO ? nicorandil)

were signiﬁcantly appeared and MCAO ? nicorandil
decreased density and total number of dead neurons
when compared with MCAO group, however, this
decrease was not statistically signiﬁcant (P [ 0.05,
ﬁgure 6E and F).
3.5 Analysis of mRNA levels by RT-PCR and realtime PCR
First, we determined mRNA levels of Nrf2, a therapeutic target against brain inﬂammation and oxidative
stress. Our results showed that ischemic stroke in a rat

Figure 6. Comparison of the density and total number (mean ± SD) of neurons (A and B), non-neurons (C and D) and dead
neurons (E and F) between groups.
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Figure 7. The expression of Nrf2 (A) and NF-jB (B) in the cerebral cortex of ipsilateral ischemic hemisphere at the end of
3rd day after 1 h MCAO in sham, MCAO and MCAO ? Nicorandil rats (n = 6 rats/group).

model of MCAO did not signiﬁcantly change Nrf2
expression. Furthermore, nicorandil treatment for 3
days after MCAO induction signiﬁcantly up regulated
Nrf2 expression at day 3 post-ischemia compared to
MCAO group as control-treated and also normal
uninjured (sham) brains (P \ 0.01) (ﬁgure 7A).
Then, we analyzed the expression level of NF-jB, as
an acute response to injury in stroke that participates in
blood–brain barrier disruption, inﬂammation, and
contributes to neuronal cell death. Our data showed
that NF-jB expression in MCAO group signiﬁcantly
increased when compared to sham group that showed
brain ischemia signiﬁcantly increased NF-jB expression (P \ 0.001). The NF-jB mRNA levels were also
signiﬁcantly increased at the end of 3rd day, after
ischemia in MCAO ? nicorandil group compared to
sham group (P \ 0.001, ﬁgure 7B). These results
suggest that increase in the level of NF-kB in the
MCAO ? nicorandil group can be mainly because of
stroke per se not the therapeutic effects of nicorandil.

4. Discussion
In the present study, for the ﬁrst time, nicorandil
treatment in sub-acute phase of ischemic stroke was
evaluated. MCAO with the intraluminal ﬁlament
method developed by Koizumi (Koizumi 1986) was
selected for simulating human ischemic stroke (Fluri
et al. 2015). Also, to improve MCAO modeling, we
used monoﬁlament nylon suture with a heat-blunted tip
and silicone-coated that increased infarct volume and
neurological disorder (Lourbopoulos et al. 2008; Shimamura et al. 2006).
After acute ischemic stroke using MCAO method,
the evaluation of neurobehavioral function, BBB permeability, BWC and the total volume of ipsilateral and

contralateral ischemic hemispheres and stereological
parameters were performed. Cell death rate resulting
from cerebral ischemia was also considered based on
the normal neuronal and dead neuronal number or
density. Furthermore, inﬂammatory reactions including gliosis can be compared between different groups
through calculating non-neuronal number or density.
Moreover, molecular mechanisms that link the Nrf2
and NF-jB expression with MCAO and treatment with
nicorandil were also studied.
Nicorandil as a potassium channel opener is a novel
therapeutic treatment targets for neuroprotection in
ischemic brain stroke. Since, its effect mechanism on
stroke is unknown; we examined Nrf2 and NF-jB
levels, two key transcription factors that regulate cellular responses to oxidative stress and inﬂammation,
respectively, in brain ischemia-induced animal model
after treatment with nicorandil. Numerous experimental
and clinical studies have shown that nicorandil releases
nitric oxide (NO), opens ATP-dependent K (KATP)
channels and exerts a signiﬁcant protective effect
against ischemic heart injury (Akao et al. 2002; Kim
et al. 2005). Recently, ATP sensitive potassium channel
openers, such as nicorandil was reported to be effective
in preventing neural death in cerebral ischemia (Robin
et al. 2011; Watanabe et al. 2008), through anti-apoptosis (Wang et al. 2011), antioxidant stress (Busija
et al. 2008), anti-inﬂammatory (Zhang et al. 2008)
properties and reducing calcium overload (Liu et al.
2010).
Our ﬁndings showed that nicorandil treatment for 3
days improved non-signiﬁcantly MCAO model-induced neurobehavioral deﬁcits (ﬁgure 1). These ﬁndings are in contrast to some recent studies where KATP
channel opener signiﬁcantly improved behavioral outcomes (Zhang et al. 2007). Particularly, Pithadia et al.
(2017) have used nicorandil (5 mg/kg) for 3 days
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(largely similar to our study), reported that ischemia/
reperfusion (I/R) normal and diabetic Wistar Albino
rats which received this drug, showed signiﬁcant
decrease in neurobehavioral scores compared with I/R
control and I/R diabetic animals (Pithadia et al. 2017).
First, they evaluated behavioral outcomes only by a
four-score clinical test, which was simpler than the
battery-operated of mNSS (18 score test) in the current
study. Second, this difference can be also attributed to
the way of drug administration (i.p. vs. orally) or animal strain (Wistar vs. Sprague Dawley). In the current
study, the route of administration was oral (as the only
available form of drug in use in clinical practice at the
present time) which could increase the metabolism of
drug by the ﬁrst pass effect and consequently decreased
its bioavailability and efﬁcacy compared to the other
routes of administration. However, the oral administration of nicorandil can be the advantage of the current
study and make our results more reliable for future
clinical trial according to the currently available form
of drug. Accordingly, the higher doses may increase the
drug effects and improve the functional outcome as
well as neurogenesis. However, the harmful hypotensive side effects with the higher doses should be considered and refused, especially in the acute and subacute phase of stroke studies. Non-signiﬁcant effect of
our dose on neurobehavioral tests, can be also attributed somehow to environmental factors such as light
intensity, temperature, time of behavioural evaluation,
associated with individual factors such as weight loss,
stress, and infection (Lipsanen and Jolkkonen 2011;
Safari et al. 2017). We have tried to minimize the
effects of these factors by recording weight, controlling
body temperature and checking the sign of infection at
the site of surgery, evaluating neurobehavioral tests in
standard situation and timing and decreasing stress by
separation of animals.
Nevertheless, there is no enough evidences for this
drug in this neurobehavioral evaluation and further
investigations, particularly effects of long-term use and
different dosage of nicorandil on the brain ischemia,
are highly recommended.
BBB leakage, a dynamic interface between the
peripheral circulation and the brain for the normal
function of the central nervous system, is an important
event in the pathogenesis of acute ischemic stroke that
leads to transmigration of inﬂammatory cells and large
toxic particles into the brain parenchyma, resulting in
cerebral edema and hemorrhagic transformation (Hamann et al. 1996; Sandoval and Witt 2008). Several
methods have suggested to evaluate the qualitative
integrity of BBB in animal models (Gotoh et al. 1985;

Kassner and Merali 2015; Wolman et al. 1981). A
commonly used method is the Evans blue (EB) intravenous (IV) injection (Latour et al. 2004), which binds
to serum albumin that used in the present study. Serum
albumin does not cross the BBB under normal physiologic condition. Spectrophotometric measurement of
EB dye extravasation into the brain is done to analyze
the extent of ischemic BBB breakdown (Ballabh et al.
2004). Our results indicated that cerebral ischemia
increased EB extravasation that is in line with previous
studies (Benardais et al. 2013; Fernández-López et al.
2012). Nicorandil decreased EB extravasation in
comparison with the MCAO group, although this
decrease was not statistically signiﬁcant. This study, for
the ﬁrst time, evaluated the effect of nicorandil treatment on BBB permeability after induction of ischemic
stroke by MCAO method and there is no other study to
compare. Although, nicorandil did not signiﬁcantly
affect MCAO-induced BBB leakage, our results also
showed that this drug relatively maintained BBB
integrity in the level of sham group (ﬁgure 2), indicating that this drug could stabilize the BBB. Cerebral
ischemia causes post-ischemic cerebral edema as a
result of abnormal accumulation of ﬂuid within the
cerebral parenchyma, which is mainly caused by disruption of the Blood–brain barrier (BBB). Furthermore,
the increased intracranial pressure is caused by the
increased brain volume and induces adverse events
including reduction of cerebral blood, hypoxia and
pressure on the cerebral tissue and deﬁciency of nerve
function. An intervention in stroke is to reduce this
cerebral edema (Nag et al. 2009; Raboel et al. 2012).
Cerebral ischemia in the present study increased brain
edema or BWC in the ipsilateral ischemic (right)
hemisphere which is in line with other studies (ﬁgure 3) (Gerriets et al. 2004; Zhao et al. 2015). After
ischemic stroke, brain edema initially is cytotoxic,
which is the result of disturbances in cell membrane
and cellular swelling. Later, vasogenic edema establishes due to disruption of BBB and there is a massive
inﬁltration of activated immune cells into the brain,
causing secondary brain injury that affects the severity
of neurological deﬁcit (Dostovic et al. 2016). Pillai
et al. (2009) by using serial MRI detected the biphasic
nature of BBB permeability following I/R injury and
showed that the ﬁrst phase of differential permeability
characteristics at the BBB lasting up to 24 hours led to
progressive edema, whereas the second phase (after 24
h) did not contribute to edema formation and might
facilitate edema decrease (Pillai et al. 2009). Lee et al.
(2005) reported the protective effects of nicorandil
against
myocardial
ischemia
by
inhibiting
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inﬂammation (Lee et al. 2005), and also in this study
the effect of nicorandil treatment on brain edema after
induction of ischemic stroke by MCAO surgery were
evaluated, and showed that nicorandil non-signiﬁcantly
reduced the BWC of the ipsilateral ischemic hemisphere in comparison with MCAO group; however,
this decrease was not statistically signiﬁcant (ﬁgure 3).
Figure 3 also suggests that treatment of ischemic stroke
with this drug showed non-signiﬁcant difference in
BWC percentage in the ipsilateral ischemic hemisphere
with the sham group, suggesting that this drug can
suppress brain edema resulted from brain ischemia and
relatively maintained BWC in the level of sham group.
Lack of the signiﬁcant decrease in BWC after treating
brain ischemia with nicorandil can be attributed to the
time of sacriﬁce or duration of treatment (72 h after
MCAO) or drug dosage. The higher dose or long-term
treatment duration of this drug is recommended for
future studies.
Our data regarding the comparison of ipsilateral and
contralateral ischemic hemisphere volume based on
Cavalieri’s principle is in line with our BWC results
(table 2). Cerebral ischemia increased BWC and the
mean of ipsilateral ischemic hemisphere total volume
in the ipsilateral ischemic compared with contralateral
hemisphere, however, there was no signiﬁcant difference between total volume of each hemispheres or
whole brain in different groups. Also, nicorandil
treatment of brain ischemia during the sub-acute phase
reduced infarct volume of cortex, striatum, hippocampus and hemisphere in ipsilateral ischemic hemisphere
in comparison with MCAO group (table 2 and ﬁgure 5). However, this decrease is only statistically
signiﬁcant in striatum ischemic volume that is in line
with previous study (Kobayashi et al. 1992). Therefore,
we suggest that nicorandil can effectively reduce the
ischemic size in this part of the brain (table 2).
Regarding nicorandil, there is not enough studies to
compare, but our ﬁndings are in line with a three-day
treatment of cerebral ischemia in normal and diabetic
Wistar Albino rats (Pithadia et al. 2017) and also pretreatment of MCAO (Wang et al. 2008) with nicorandil
(5 mg/kg and 10 mg/kg intraperitoneally, respectively),
showing that both treatment reduced the infarct size.
Under the present computer-assisted stereology analysis, which is unbiased, we observed that the largest
percentage of ischemia occurred in the striatum and it
is likely that striatum was within the ischemic core
(ﬁgure 5). These observations might support ﬁndings
that cerebral blood ﬂow (CBF) in cortical branches
returns to normal values within 120 min of reperfusion,
whereas CBF values in the striatum remain densely
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ischemic in MCAO model with reperfusion (Takagi
et al. 1995). Thus, in MCAO striatal infarction is an
ischemic core and this study is in line with previous
study that the striatum and cortex are the predominant
brain regions effected during MCAO (Carmichael
2005).
Brain cells die by both necrotic and apoptotic cell
death during I/R. Necrosis is thought to occur in the
ischemic core, whereas apoptotic like cell death is
unmasked in the surrounding penumbra (Lipton 1999).
Alternatively, several evidences for functional neuronal
replacement were reported in cerebral ischemia.
Endogenous neurogenesis can occur in response to
cerebral ischemia, which might help to improve neurological deﬁcits (Niv et al. 2012; Shin et al. 2008). In
this study, we showed that cerebral ischemia signiﬁcantly reduced neuronal number or density and
increased dead neuronal number or density in the
ipsilateral ischemic hemisphere cortex. This data
proved cell loss in the MCAO-induced brain ischemia
(ﬁgure 6A, B, E, F). Treatment with nicorandil
revealed no signiﬁcant changes in the density and total
number of neurons and dead neurons in the right cortex
when compared to MCAO group although it remained
neuronal density at the sham level (ﬁgure 6A, B, E, F).
In this study, necrosis or apoptosis were not separately
evaluated by exact methods such as TUNEL, and cell
death were only assessed based on Cresyl Violet
staining (Balan et al. 2006). In the acute phase after
ischemia, a rapid cell swelling occurs due to excessive
Na? and Ca2? inﬂux via cation channels/receptors and
water ﬂood into intracellular space (Song and Yu
2014). Nicorandil-treated animals showed more neuronal density, less dead cells and a few hypertrophied
cells. This result shows that nicorandil prevented from
cell death and at least retained cells in the ﬁrst stage of
ischemia (cell swelling) (ﬁgure 4F and I). Therefore,
we propose that nicorandil may have its effect on
neuron density mostly through preventing cell death
until its effect on neurogenesis. The time for neurogenesis effect might not be enough in the existing study
(a three-day course) and also we did not directly
evaluated neurogenesis. Neurogenesis study regarding
this drug is recommended in future studies.
In the present study, we also estimated the density
and total number of non-neuronal cells by unbiased
stereological methods for the ﬁrst time. The nonneuron cells in the brain, including glial cells and
endothelial cells. Endothelial cells comprise of about
25% non-neuronal cells (von Bartheld et al. 2016).
However, we did not use speciﬁc methods to identify
glial cells, and we used non-neuronal terminology
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instead of glial cells. The existing study indicated that
ischemic stroke, despite decreasing neuronal number,
increased non-signiﬁcantly non-neuronal number in
the ischemic brain cortex (ﬁgure 6C and D) which
somewhat shows gliosis and inﬂammation after stroke
that is in line with other studies. For instance, Yao
et al. (2016) reported that brain tissue sections
obtained from mice 72 h after transient MCAO
increased astrocytosis and microgliosis in control
group (Yao et al. 2016). Other studies have showed
that gliosis, is strongly stimulated in the infarct area
of the ischemic brain and this gliosis act as inhibitors
of axonal regeneration after cerebral ischemia injury
(negative aspect) (McKeon et al. 1995; Persson et al.
1989). Furthermore, Aldskogius and Kozlova (1998)
proposed that increases in the total numbers of
microglia/macrophages in these damaged regions are
necessary to remove cellular debris of the dying cells
after stroke (positive aspect). Reactive astrocytes also
appeared in the damaged ischemic brain (Aldskogius
and Kozlova 1998). Nicorandil did not signiﬁcantly
change non-neuronal number or density when compared with MCAO group (ﬁgure 6C and D). Basis on
our stereological study, it seems that this drug might
have their effects mostly through reducing the
ischemic size not changing in neuronal and glial cells
number or density, although proving this suggestion
requires more investigation.
Oxidative stress is a principal mediator of cell death
in the acute ischemic stroke involved in the formation
of reactive oxygen species/reactive nitrogen species
(ROS/RNS) through multiple mechanisms, such as
mitochondrial inhibition, Ca2? overload and inﬂammation (Coyle and Puttfarcken 1993). Nrf2 is an
endogenous regulator in the cellular defense against
oxidative stress that regulates antioxidant response
element-mediated expression of phase II detoxifying
and antioxidant enzymes working together to remove
ROS/RNS (Ishii et al. 2000; Kensler et al. 2007;
Nguyen et al. 2009). We showed that brain ischemia by
MCAO method did not signiﬁcantly change Nrf2
expression (ﬁgure 7A). Our results is in contrast to Shi
et al. (2015) ﬁndings (Shi et al. 2015). We have also
observed for the ﬁrst time, that nicorandil signiﬁcantly
increased the expression of Nrf2 in the cortical ischemia induced by MCAO method (ﬁgure 7A). There is
no published data that evaluated changes of this gene
mRNA expression levels after treatment with nicorandil in brain ischemia. It appears that the effects of
MCAO on Nrf2 activity might be dependent on brain
injury severity, time course and region of brain that
evaluates the Nrf2 levels following MCAO. This

ﬁnding is in line with He et al. (2018) that revealed
pretreatment with nicorandil signiﬁcantly improved
cardiac function following coronary microembolization
by increasing Nrf2 mRNA expression levels. Furthermore, El-Kashef (2018) also reported that nicorandil
can improve pulmonary inﬂammation and ﬁbrosis in a
rat model of silicosis by up regulating Nrf2 (El-Kashef
2018). NF-jB is a director of cell death or survival that
regulates expression of both pro-inﬂammatory and
apoptosis-related genes (Mattson and Camandola 2001;
Schneider et al. 1999). It is activated in the brain after
reperfusion (Schneider et al. 1999, 2000). NF-jB is
activated in neurons and astrocytes during cerebral
ischemia and that NF-jB activation in neurons contributes to cell death (Zhang et al. 2005). It is reported
that NF-jB may contribute in neurodegeneration in the
most experiments of cerebral ischemia (Ridder and
Schwaninger 2009). In the current study we showed
that cerebral ischemia by MCAO method signiﬁcantly
increased NF-jB levels (ﬁgure 7B) and it is in line to
previous studies that showed NF-jB was over-expressed following cerebral ischemia (Berger et al.
2002; Raza et al. 2013). We evaluated the effect of
nicorandil administration on the expression of NF-jB
after MCAO injury for the ﬁrst time, and our data
showed that nicorandil promotes the expression of NFjB and increase in the level of NF-kB can be mainly
because of stroke per se not the therapeutic effects of
nicorandil (ﬁgure 7B). Regarding nicorandil, our result
is in contrast with report of El-Kashef (2018) that
showed nicorandil signiﬁcantly decreased NF-jB
expression in a rat model of silica-induced lung
inﬂammation and ﬁbrosis (El-Kashef 2018) and also in
contrast to Abdel-Raheem et al. (2013) observation that
the level of NF-jB p65 protein expression signiﬁcantly
decreased after nicorandil treatment against doxorubicin-induced cardiotoxicity in rats (Abdel-Raheem
et al. 2013). The explanation for this controversy may
be attributed to type of disorder, dose of drug or
technique of evaluation. These ﬁndings indicate that
nicorandil may have their beneﬁcial effects on brain
ischemia through Nrf2 pathways. However, increasing
the expression of NF-jB by nicorandil may neutralize
these effects and it may to somewhat be the reason for
prevent improving of brain ischemia.
The current study has some limitations which have to
be pointed out. For example, the molecular results
should be conﬁrmed with the downstream genes level
of NF-jB or Nrf2 by RT-PCR (for instance, pro-inﬂammatory cytokines for NF-jB and HO-1/NQO for
Nrf2) or lack of access to the intraoperative Doppler
ultrasonography during the surgery.
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5. Conclusions
Although brain ischemia treatment in sub-acute phase
with nicorandil did not have prominent effect on neurobehavioral functions and count of neurons, non-neurons
and dead neurons, it prevented BBB disruption and brain
edema and also showed a signiﬁcant reduction in the
infarction volume, especially in the striatum. Furthermore, it seems that its positive effects may be through upregulation of Nrf2 expression and because of up-regulation of NF-jB by this drug at this dose, it is not effective
enough in some aspects for the sub-acute stage of stroke.

Acknowledgements
The authors wish to thank Mr. H Argasi at the Research
Consultation Center (RCC) of Shiraz University of
Medical Sciences for his invaluable assistance in editing this manuscript. The present article was extracted
from a PhD thesis was written by MO, and was
ﬁnancially supported by Shahid Beheshti University,
Tehran, Iran.
References
Abdel-Raheem IT, Taye A and Abouzied MM 2013
Cardioprotective effects of nicorandil, a mitochondrial
potassium channel opener against doxorubicin-induced
cardiotoxicity in rats. Basic Clin. Pharmacol. Toxicol.
113 158–166
Abusaad I, MacKay D, Zhao J, Stanford P, Collier DA, et al.
1999 Stereological estimation of the total number of
neurons in the murine hippocampus using the optical
disector. J. Comp. Neurol. 408 560–566
Adams Jr HP, Del Zoppo G, Alberts MJ, Bhatt DL, Brass L,
et al. 2007 Guidelines for the early management of adults
with ischemic stroke: a guideline from the American
Heart Association/American Stroke Association Stroke
Council, Clinical Cardiology Council, Cardiovascular
Radiology and Intervention Council, and the Atherosclerotic Peripheral Vascular Disease and Quality of Care
Outcomes in Research Interdisciplinary Working Groups:
the American Academy of Neurology afﬁrms the value of
this guideline as an educational tool for neurologists.
Circulation 115 e478–e534
Akao M, Teshima Y and Marban E 2002 Antiapoptotic
effect of nicorandil mediated by mitochondrial atpsensitive potassium channels in cultured cardiac myocytes. J. Am. Coll. Cardiol. 40 803–810
Aldskogius H and Kozlova EN 1998 Central neuron-glial
and glial-glial interactions following axon injury. Prog.
Neurobiol. 55 1–26

Page 13 of 16

49
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temporal evolution of hypoglycemic brain damage.
Acta Neuropathol. 67 13–24
Balan IS, Fiskum G, Hazelton J, Cotto-Cumba C and
Rosenthal RE 2006 Oximetry-guided reoxygenation
improves neurological outcome after experimental cardiac
arrest. Stroke 37 3008–3013
Ballabh P, Braun A and Nedergaard M 2004 The blood–
brain barrier: an overview: structure, regulation, and
clinical implications. Neurobiol. Dis. 16 1–13
Benardais K, Pul R, Singh V, Skripuletz T, Lee DH, et al.
2013 Effects of fumaric acid esters on blood–brain barrier
tight junction proteins. Neurosci. Lett. 555 165–170
Berger R, Garnier Y and Jensen A 2002 Perinatal brain
damage: underlying mechanisms and neuroprotective
strategies. J. Soc. Gynecol. Investig. 9 319–328
Busija DW, Gaspar T, Domoki F, Katakam PV and Bari F
2008 Mitochondrial-mediated suppression of ROS production upon exposure of neurons to lethal stress:
mitochondrial targeted preconditioning. Adv. Drug Deliv.
Rev. 60 1471–1477
Carmichael ST 2005 Rodent models of focal stroke: size,
mechanism, and purpose. NeuroRx 2 396–409
César IC, Godin AM, Araujo DP, Oliveira FC, Menezes RR,
et al. 2014 Synthesis, antinociceptive activity and pharmacokinetic proﬁles of nicorandil and its isomers. Bioorg.
Med. Chem. 22 2783–2790
Coyle JT and Puttfarcken P 1993 Oxidative stress, glutamate,
and neurodegenerative disorders. Science 262 689–695
Csordas A, Mazlo M and Gallyas F 2003 Recovery versus
death of’’ dark’’(compacted) neurons in non-impaired
parenchymal environment: light and electron microscopic
observations. Acta Neuropathol. 106 37–49
Donnan GA, Fisher M, Macleod M and Davis SM 2008
Stroke. Lancet 371 1612–1623
Dostovic Z, Dostovic E, Smajlovic D, Ibrahimagic OC and
Avdic L 2016 Brain edema after ischaemic stroke. Med.
Arch. 70 339
Doyle KP, Simon RP and Stenzel-Poore MP 2008 Mechanisms of ischemic brain damage. Neuropharmacology 55
310–318
Durukan A and Tatlisumak T 2007 Acute ischemic stroke:
overview of major experimental rodent models, pathophysiology, and therapy of focal cerebral ischemia.
Pharmacol. Biochem. Behav. 87 179–197
El-Kashef DH 2018 Nicorandil ameliorates pulmonary
inﬂammation and ﬁbrosis in a rat model of silicosis. Int.
Immunopharmacol. 64 289–297
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