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Abstract. The present study investigated the effects of
nicorandil on cerebral injury following cardiopulmonary
resuscitation (CPR) in a swine model of cardiac arrest. CPR
was performed on swine following 4 min induced ventricular
fibrillation. Surviving animals were randomly divided into
3 groups: A nicorandil group (n=8), a control group (n==8)
and a sham group (n=4). The sham group underwent the same
surgical procedure to imitate cardiac arrest, but ventricular
fibrillation was not induced. When the earliest observable
return of spontaneous circulation (ROSC) was detected, the
nicorandil and control groups received injections of nicorandil
and saline, respectively. Swine serum was collected at baseline
and 5 min, 0.5, 3 and 6 h following ROSC. Serum levels of
neuron-specific enolase (NSE), S100f, tumor necrosis factor o
(TNF-a) and interleukin 6 (IL-6) were measured using ELISA.
Animals were euthanized and brain tissue samples were
collected and assessed using light and electron microscopy
6 h following ROSC. The expression of aquaporin-4 (AQP-4)
in the brain tissue was measured using western blotting.
Malondialdehyde (MDA) and glutathione (GSH) levels in the
brain tissue were determined using thiobarbituric acid and
thiobenzoic acid colorimetric methods, respectively. Serum
NSE and S100p were significantly higher in the nicorandil
and control groups following CPR, compared with baseline
(P<0.05). Additionally, NSE and S100p levels were significantly
lower in the nicorandil group compared with the control
(P<0.05). Pathological examinations and electron microscopy
indicated that nicorandil reduced brain tissue damage. TNF-a
and IL-6 levels were significantly decreased in the nicorandil
group compared with the control group (P<0.05). Furthermore,
AQP-4 expression in brain tissue 6 h following ROSC was
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significantly lower in the nicorandil group compared with the
control group (P<0.05). MDA and GSH levels in swine brain
tissue decreased and increased, respectively, in the nicorandil
group compared with the control group (P<0.05). The results
of the present study demonstrate that nicorandil exerts a
protective effect against brain injury following cardiac arrest
by reducing oxidative damage, inflammatory responses and
brain edema post-ROSC.

Introduction

Cardiac arrest is a common event in clinical practice and is
caused by a number of different factors (1). Cardiac arrest
can occur within and external to the hospital. According to
statistics, the yearly incidence of out-of-hospital cardiac arrest
is ~38/10 million, while the incidence of in-hospital cardiac
arrest is ~1-5/1,000 (2).

Ischemic heart disease resulting from coronary heart
disease is the most common cause of cardiac arrest (3).
Cardiopulmonary resuscitation (CPR) is an efficient method
to improve the survival rate of patients with cardiac arrest.
At present, the success rate of cardiopulmonary resuscitation
is ~23.8% (4). However, many patients admitted to hospital
following successful resuscitation, die of post-cardiac arrest
syndrome prior to discharge (5).

The incidence of clinical brain death following cardiac
arrest and the sustained return of spontaneous circulation
(ROSC) ranges from 8-16% (6). Only a minority of patients
experience optimal neurological and functional recovery
following treatment. The primary reason for this outcome
is the development of sustained brain injury. Cardiac arrest
and subsequent cardiopulmonary resuscitation is a complex
process of ischemia-reperfusion. Brain damage can occur
during ischemic and reperfusion periods, leading to severe
neurological dysfunction in patients following ROSC (7).
Patients with brain injury exhibit coma, epilepsy, muscle
spasms, varying degrees of recognition dysfunction and brain
death (8-10). These symptoms often occur within h to a days
following ROSC (11,12). Recovery of brain function is an
indicator of the success rate of CPR and therefore methods of
evaluating this and the degree of brain damage following CPR
are important for critical care practitioners. Injury and mito-
chondrial ATP-sensitive potassium channels (mitoKATPs)
have received increasing attention due to advancements into
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understanding the effects of ischemia and hypoxia in the heart
and brain. Nicorandil is a nitrate ester capable of opening
mitoKATPs, which is currently used to treat angina (13).
MitoKATPs are able to protect against myocardial ischemia
and reperfusion injury by reducing oxidative stress, preventing
calcium overload, maintaining mitochondrial function and
structural integrity, and inhibiting apoptosis (14-16). Previous
studies have revealed that neuronal cells express 6- to 7-fold
more mitoKATPs as the myocardium and it has been demon-
strated that mitoK ATPs exist in the brain tissue (17,18). Studies
assessing the protective effects of nicorandil in the brain have
demonstrated that its protective function is mediated by the
activation of mitoK ATPs (19,20). It has also been determined
that premedication with nicorandil induces a cerebroprotec-
tive effect in patients receiving liver transplants (21). However,
the protective effect of nicorandil in brain tissue following
CPR remains unknown. Therefore, the present study assessed
whether nicorandil exhibits a protective effect against cerebral
injury in a swine model of cardiac arrest.

Materials and methods

Ethical approval. All trials were conducted with the approval
of the Animal Care and Use Committee of Shandong Province
Hospital Affiliated to Shandong University (Shandong, China).
All animals received humane care in compliance with the
Guide for the Care and Use of Laboratory Animals published
by the National Institutes of Health (22).

Animal preparation. Healthy male inbred landrace domestic
pigs were obtained from Shandong laboratory animal center
(Jinan, China). A total of 20 pigs, (age, ~2 months; weight,
25+2 kg) were divided into three groups as follows: The sham
group (n=4), the control group (n=8) and the nicorandil group
(n=8). All animals were housed in the same environment for
1 week in which the room temperature was set to 26°C with a
relative humidity of 50+10% and a 12 h light/dark cycle and all
allowed free access to food and water.

The pigs were fasted overnight with ad libitum access to
water prior to surgery. Pigs then received an intramuscular injec-
tion of midazolam (0.5 mg/kg, Jiangsu Nhwa Pharmaceutical
Co., Ltd., Jiangsu, China.) followed by an intravenous (i.v.)
injection of 3% pentobarbital sodium (8 mg/kg, cat. no. P3761;
Sigma Chemical Co.; Sigma-Aldrich, Darmstadt, Germany)
in the ear vein. Anesthesia was maintained with pentobarbital
(8 mg/kg/h; iv.), which was also administered into the ear vein.

A cuffed 7 mm endotracheal tube was inserted into the
trachea and animals were mechanically ventilated using a
volume-controlled ventilator (8417801-22; Driager Medical
GmbH, Liibeck, Germany) at a tidal volume of 12 ml/kg,
with the apparatus set for synchronized intermittent manda-
tory and pressure support ventilation. Pressure support
ventilation included 10 cm H,O and 21% FiO,. End-tidal
CO, partial pressure was monitored continuously using an
infrared capnograph. Respiratory frequency was adjusted to
maintain an end-tidal CO, pressure of 35-40 mmHg. Lead
IT of the surface electrocardiograph was monitored continu-
ously throughout the present study using a Philips monitor
(M8003A; Philips Medizin Systeme Boeblingen GmbH,
Boeblingen, Germany).

The right femoral artery was dissected to insert a
fluid-filled catheter to measure mean arterial blood pressure
using a pressure transducer. Cardiac output was measured by
thermodilution using a pulse contour cardiac output monitor.
The right external jugular vein was dissected to insert a SF
catheter for the insertion of bipolar pacing electrodes into the
right ventricle to induce ventricular fibrillation (VF).

Experimental procedure. Following surgery, animals were
allowed to stabilize for 30 min to achieve constant resting levels.
Bipolar pacing electrodes were inserted into the right ventricle
and set at the esophageal output S1S2 mode (300/200 ms), 8:1
ratio and 10-ms step continuous electrical stimulation until VF
was induced using an external programmable electrical stimu-
lator (DF-5A; KaiFeng Qingtianweiye Flow Instrument Co.,
Ltd., Kaifeng, Henan, China). VF was identified by an abrupt
drop in arterial blood pressure and from the appearance of a
VF waveform on the electrocardiograph. VF was maintained
for 4 min and mechanical ventilation was attenuated during VF.

Following 4 min untreated VF, manual chest compres-
sions were performed for at least 2 min at a frequency of
100 beats/min. Compression and relaxation times were
divided evenly and the compression depth was 25% of the
anterior/posterior diameter of the chest. Following 2 min
compressions, electric defibrillation was performed (150-J
biphasic shocks) using a defibrillator (LIFEPAK?20; Medtronic,
Inc., Minneapolis, MN, USA). If VF waves persisted, CPR was
continued for a further 2 min, followed by a second electrical
defibrillation (200-J biphasic shocks). This continued until
ROSC was observed, which was defined as a mean systolic
arterial pressure >60 mmHg lasting for =10 min without
pharmacological support or manual chest compressions.
Pig mortality was determined if no observable ROSC was
measured following 15 min.

Groups and drug delivery methods. After successful resuscita-
tion, animals underwent intensive care for 6 h and mechanical
ventilation was resumed using pre-cardiac arrest settings.
Following successful resuscitation, 16 pigs achieved ROSC and
were divided randomly into nicorandil and control treatment
groups (n=8 per group). Pigs in the nicorandil group received an
i.v. infusion of nicorandil (150 pg/kg; Beijing Pharmaceutical
Co., Ltd., Beijing, China) at the onset of ROSC, followed by a
second 3 pg/kg/min infusion until reperfusion was achieved.
While pigs in the control group received an equivalent volume
of 0.9% physiological saline solution following ROSC. A total
of 4 pigs were placed into a sham group and received surgery
without VF induction. All experimental animals were eutha-
nized with i.v. pentobarbital (150 mg/kg) 6 h following ROSC.

Biochemical assay. Venous blood samples were collected
at 0, 5 min, 0.5, 3 and 6 h following ROSC. Clotted blood
was centrifuged at 4°C for 10 min at a speed of 1,760 x g.
The resulting serum was removed and stored at -80°C for
subsequent analysis. ELISA kits were utilized at room
temperature to determine the serum concentrations of
neuron-specific enolase (NSE; cat. no. ETIA06130P), S1003
(cat. no. ETA06308P), tumor necrosis factor oo (TNF-a; cat.
no. EIA06460P) and interleukin 6 (IL-6; cat. no. EIA05884P)
in 96-well plates. All ELISA kits were sourced from
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Table I. Baseline characteristics.

Characteristic Nicorandil (n=8) Control (n=8) Sham (n=4) F P-value
Heart rate (BPM) 125.60+6.54 124.80+6 .42 120.67+7.02 0.564 0.586
Weight (kg) 25.80+0.84 25.00+1.41 25.00+1.00 0.048 0.953
Temperature ("C) 37.96+0.29 38.06+0.31 37.90+0.30 0.293 0.752
Cardiac output (I/min) 4.49+0.20 4.48+0.09 4.52+0.09 0.057 0.944
MAP (mmHg) 115.20+5.45 115.80+5.31 111.33+4.16 0.769 0.489

Results are presented as the mean + standard deviation. BPM, beats per minute; MAP, mean arterial pressure; F, Statistics of one-way analysis

of variance.

Table II. Resuscitation outcomes.

Nicorandil Control
Characteristic (n=8) (n=8)
Total adrenaline dose (mg) 0.40+0.042 0.30+0.045
Time to ROSC (min) 240141 2.20+1.30
Energy of defibrillation (J)  185.00£78.26  220.00+95.85
Number of defibrillations 1.20+0.45 1.40+0.55

Results are presented as the mean + standard deviation. ROSC, return
of spontaneous circulation.

Bio-swamp Life Science Lab (Shanghai, China). The results
were calibrated with hemoglobin values as follows: Calibrated
value=(analytic result x100)/hemoglobin value (g/1).

Histopathological and ultrastructural observations of
cerebral cortex. Following the euthanasia of pigs, the cerebral
cortex was immediately removed. Samples (~1.5x1.5x0.3 ¢cm?®)
were removed and quickly fixed in 4% paraformaldehyde for
24 h at room temperature. After being processed by routine
histological procedures, the samples were cut into 4 ym
sections. Sections were then stained using hematoxylin for
5 min at40°C and eosin solution for 1 min at room temperature.
The slides were then observed using an optical microscope at
a magnification of 100x. Additionally, Brain tissue was sliced
into a tissue block of 1 mm?. Samples were then placed in 2%
glutaraldehyde overnight for fixation at 4°C, rinsed 3 times
with 0.2 mol/l phosphate buffer and fixed with 2% osmium
acid for 2 h, Samples were further rinsed with 0.2 mol/l
phosphate buffer 3 times. Degradation using a gradient of
ethanol and embedded in epoxy resin. The tissues were then
cut into 50 nm slices. Sliced sections were double stained with
uranium lead (3% uranyl acetate for 15 min and lead lemon
solution for 10 min) at room temperature and then observed
and photographed using a transmission electron microscope
(JEM-1200EX; JEOL Ltd., Tokyo, Japan). Western blotting
determination of aquaporin-4 (AQP-4) content. Segments
of brain tissue were homogenized in 10 pl/mg lysis solution
and centrifuged at 4°C at a speed of 12,000 x g for 30 min.
A small quantity of supernatant was removed for protein
quantification using a BCA protein assay kit (PO012 BCA;

Beyotime Institute of Biotechnology, Haimen, China). A total
of 100 ug protein was loaded per lane and separated using 10%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis.
Proteins were electrically transferred to a polyvinylidene
fluoride membrane. The membranes were then blocked with
5% skimmed milk with Tris-buffered saline containing
Tween-20 (TBST) for 2 h at room temperature. These were
then incubated with primary antibodies (AQP-4; 1:1,000; cat.
no. ab46182; Abcam, Cambridge, UK and GAPDH; 1:1,000;
cat. no. ab22555; Abcam) at 4°C for 13 h and washed three
times in Tris-buffered saline with Tween 20. Proteins were
then incubated with a secondary antibody (horseradish
peroxidase-labeled goat anti-rabbit; 1:5,000; cat. no. ZB-2301;
OriGene Technologies, Inc., Beijing, China) at room tempera-
ture for 1 h. The membranes were then washed and signals were
detected using an enhanced chemiluminescence (ECL-Plus)
reagent (EMD Millipore, Billerica, MA, USA). Band images
were scanned and densitometric analysis of the western blots
was performed (Tanon-5200; Tanon Science & Technology
Co., Ltd., Shanghai, China). Quantitative analysis of western
blotting was performed using ImageJ 1.41 software (National
Institutes of Health, Bethesda, MD, USA).

Determination of malondialdehyde (MDA) and glutathione
(GSH) levels in brain tissue. Animals were euthanized 6 h
post-ROSC and the cerebral cortex was immediately removed.
MDA levels were subsequently determined using the thiobar-
bituric acid colorimetric method (MDA assay kit; Nanjing
Jiancheng Bioengineering Institute, Nanjing, China) and GSH
content was determined using the thiobenzoic acid colori-
metric method (GSH peroxidase assay kit; Nanjing Jiancheng
Bioengineering Institute).

Statistical analysis. Data were analyzed using SPSS 21.0
(IBM Corp., Armonk, NY, USA). All data are expressed as
the mean + standard deviation. Comparisons between multiple
groups and times were made using one-way analysis of vari-
ance, followed by post-hoc least significant difference tests.
P<0.05 was considered to indicate a statistically significant
result.

Results

CPR and basic characteristics. The baseline characteristics
of the 3 groups prior to ROSC were compared (Table I).
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Figure 1. Serum concentrations of (A) NSE and (B) S1008 in the cardiac arrest swine model following ROSC. Drugs were administered intravenously at the
time of ROSC. "P<0.05 vs. sham group; “P<0.05 vs. control group. NSE, neuron-specific enolase; ROSC, return of spontaneous circulation.

Figure 2. Light microscopy of brain tissue 6 h following the return of spontaneous circulation. Light microscopic images of the (A) sham, (B) nicorandil and
(C) control groups (magnification, 100x). Neuron structures were normal in the sham group and swollen in the nicorandil group. The control group exhibited

increased swelling and lymphocyte infiltration surrounding the blood vessels.

There were no significant differences in body weight, heart
rate, mean aortic blood pressure, cardiac output or body
temperature among the 3 groups. Additionally, there were no
significant differences in the number of electrical defibrilla-
tions or doses of epinephrine administered during CPR prior
to ROSC between the nicorandil and control groups (Table II).

Serum NSE and S1008 levels. The serum levels of NSE and
S1008 were compared among the 3 groups at different times
to determine the effects of nicorandil on brain injury (Fig. 1).
There were no significant differences in the serum levels of
NSE or S100p among the three groups at baseline. However,
NSE and S100f levels in the nicorandil and control group
significantly increased at 0.5, 3 and 6 h following ROSC,
compared with the sham group (P<0.05). Control groups
were significantly increased compared with the sham group
at 5 min 0.5, 3 and 6 h following ROSC (P<0.05). Serum
NSE levels in the nicorandil group were significantly lower
than that of the control group (P<0.05) at 3 and 6 h following
ROSC. Furthermore, serum levels of S100f were significantly
decreased in the nicorandil group compared with the control
group 6 h following ROSC (P<0.05).

H&E staining and brain ultramicrostructure. Pathological
changes in brain structures were examined by performing
H&E staining (Fig. 2). At 6 h following ROSC, neuronal
structures in the sham group were normal (Fig. 2A); however,
cells from the control group exhibited lymphocyte infiltration
around the blood vessels and swelling (Fig. 2C). Cells from the
nicrorandil group also exhibited swelling but to a lesser extent
than cells from the control group (Fig. 2B).

The ultrastructure of the cerebral cortex was normal in the
sham group 6 h following ROSC, as determined by electron trans-
mission microscopy (Fig. 3). Nuclei in the nicorandil and control
groups exhibited partial dissolution, condensation and nuclear
membrane depression, although this was exhibited to a greater
extent in the control group. The nicorandil group also exhibited
mild mitochondrial edema, with clear, visible cristae ridges that
were less characteristic of necrosis. The control group exhibited
a greater severity of mitochondrial edema than the nicorandil
group; this included the loss of the mitochondrial bilayer and
cristae ridges, as well as evidence of vacuolar changes.

Serum TNF-a and IL-6 concentrations. There were no signifi-
cant differences in TNF-a and IL-6 levels in the cerebral
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Figure 3. Transmission electron microscopy of the brain tissue ultrastructure 6 h following the return of spontaneous circulation. Electron microscopic
images of mitochondria in the (A) sham, (B) nicorandil and (C) control groups. The sham group exhibited an intact mitochondrial structure with clear cristae
ridges and the nicorandil group exhibited mitochondrial swelling with internal structural disorder. Marked swelling was observed in the control group, with
damage to cristae ridges. Scale bars=0.4 ym. Electron microscope images of nuclei in the (D) sham, (E) nicorandil and (F) control groups. Nuclear structures
were normal in the sham group. The nicorandil and control groups exhibited chromatin condensation, but this was more evident in the control group. Scale

bars=1 ym.
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Figure 4. Levels of the inflammatory markers (A) TNF-o and (B) IL-6 in the cardiac arrest swine model following ROSC. Drugs were administered intra-
venously at the time of ROSC. "P<0.05 vs. sham group, ¥P<0.05 vs. control group. TNF-a, tumor necrosis factor a; IL-6, interleukin-6; ROSC, return of

spontaneous circulation.

cortex among the 3 groups at baseline (Fig. 4). Levels of
TNF-a were significantly higher in the nicorandil and control
groups, compared with the sham group (P<0.05) at 5 min and
0.5, 3 and 6 h following ROSC (Fig. 4A). IL-6 levels were
significantly higher in the control and nicorandil groups 0.5,
3 and 6 h following ROSC compared with the sham group
(Fig. 4B). However, TNF-a and IL-6 levels in the nicorandil
group were significantly lower than those in the control group
3 and 6 h post-ROSC (P<0.05).

AQP-4 levels in brain tissue. Levels of AQP-4 in brain tissue
were significantly higher in the nicorandil and control groups

compared with the sham group 6 h following ROSC (Fig. 5).
However, AQP-4 levels were significantly lower in the nicor-
andil group than in the control group 6 h following ROSC
(P<0.05).

MDA and GSH levels in the cerebral cortex. MDA levels in the
cerebral cortex were significantly higher in the nicorandil and
control groups compared with the sham group 6 h following
ROSC (P<0.05; Fig. 6A). However, MDA levels were significantly
lower in the nicorandil group compared with the control group.
GSH levels were significantly lower in the control and nicor-
andil groups, compared with the sham group (P<0.05; Fig. 6B).
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Figure 5. Effect of nicorandil on AQP-4 expression in the cerebral cortex of swine in the cardiac arrest model 6 h following ROSC. (A) Western blot analysis
and (B) quantification of western blot results. Drugs were administered intravenously at the time of ROSC. "P<0.05 vs. sham group, “P<0.05 vs. control group.
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Figure 6. Effect of nicorandil on (A) MDA and (B) GSH levels in the cerebral cortex of swine, 6 h following ROSC. Drugs were administered intravenously
at the time of ROSC. "P<0.05 vs. sham group, “P<0.05 vs. control group. MDA, malondialdehyde; GSH, glutathione; ROSC, return of spontaneous circulation.

Furthermore, GSH levels in the nicorandil group were signifi-
cantly higher than in the control group (P<0.05).

Discussion

The results of the present study demonstrated that cardiac
arrest followed by CPR causes significant damage to swine
brain tissue. Electron microscopy and pathological examina-
tions of the cerebral cortex and cellular ultrastructure revealed
that nerve cell mitochondria were damaged and that NSE and
S100 levels were significantly increased. However, treatment
with nicorandil attenuated the increase in NSE and S100(3
following CPR and reduced the degree of mitochondrial
swelling, indicating that nicorandil induces a protective effect
following brain injury.

Serum NSE and S100p levels were assessed to
determine their potential as neurobiochemical markers
of brain damage. NSE is localized in the neuronal and
neuroendocrine cell cytoplasm; however, it is also present
in small quantities in serum and cerebrospinal fluid. In the

event of neuronal necrosis, cells become leaky, leading to an
increase in NSE serum levels (23). S100p is an EF-hand-type
calcium-binding protein with a low molecular weight and
is abundant in brain tissue (24). In certain types of brain
injury involving damage to the blood-brain barrier, S1I00
may enter the cerebrospinal fluid and bloodstream. Various
microproteins, including S100f and NSE can therefore be
detected in the blood (25,26). Rundgren et al (27) identi-
fied that NSE and S100p predict the severity of brain injury
following CPR. The results of the current study demon-
strated that nicorandil reduces serum levels of NSE and
S100p following CPR, indicating that it serves a protective
role against brain damage.

Cardiac arrest affects the central nervous system and results
in whole-brain structural injury and functional damage, the
severity of which directly affects patient prognosis. Despite
the implementation of CPR, further brain damage may occur
in the reperfusion phase of cardiac arrest, due to the accumula-
tion of free radicals, the systemic inflammatory response and
mitochondrial damage (28,29).
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The results of the present study demonstrated that TNF-a
and IL-6 levels in pigs increased rapidly following resuscita-
tion in VF cardiac arrest and remained elevated during the
initial 6 h following ROSC. TNF-a and IL-6 are upregulated
following cerebral ischemia and it has been demonstrated that
transient global ischemia, induced by cardiac arrest, increases
IL-6 and TNF-a levels in rat hippocampi (30). In the current
study, the serum levels of these pro-inflammatory cytokines
were significantly reduced following treatment with nicor-
andil, indicating that it exhibits protective effects against brain
injury.

AQPs are channels located in the cell membrane that trans-
port water to regulate intra- and extracellular environments.
Intracerebral AQP-4 is primarily expressed in capillary endo-
thelial cells and in the foot process of astrocytes located on
the blood-brain barrier (BBB). Previous studies have therefore
speculated that AQP-4 may serve an important role in medi-
ating the transport of water across the BBB (31,32). It has been
demonstrated that AQP-4 expression is upregulated following
cardiac arrest and CPR in rats (33). Furthermore, a positive
association between cerebral edema and AQP-4 expression
has been identified, indicating that AQP-4 is involved in isch-
emic brain damage and edema formation (34). The results of
the present study demonstrated that nicorandil reduces AQP-4
expression in brain tissue, which may have protected the brain
by reducing the degree of edema following CPR.

The brain is a lipid-rich organ, in which oxidation and
antioxidation are maintained in a balanced state. However,
ischemia, hypoxia or ischemia-reperfusion brain injury
produces large quantities of oxygen free radicals, which
induce oxidative stress and brain damage (35). MDA is
a major metabolite of lipid peroxidation that is induced
by reactive oxygen species and therefore may indicate the
degree of oxidative stress present. GSH is also an important
antioxidant and scavenger of free radicals (36). In the present
study, levels of GSH and MDA in the 3 experimental groups
were assessed. It was demonstrated that nicorandil increases
GSH and decreases MDA levels, indicating that it reduces
oxidative damage and thus exerts a protective effect in the
brain.

Neurons contain two types of ATP-sensitive potassium
channels: MitoKATPs and intima-ATP-sensitive potassium
channels (18,37). MitoK ATPs maintain the mitochondrial K*
balance, thus controlling volume changes in the mitochondrial
matrix (18). It is also involved in K* reuptake, compensating
for the charge transfer in oxidative phosphorylation generated
by proton pumps, thus maintaining the stability of the pH
gradient and transmissive potential difference (38). Nicorandil
is a selective mitoK ATP agonist (13). It has been demonstrated
in vitro that nicorandil protects the brain from oxidative stress
by activating mitoKATPs (19). In addition, nicorandil has
been revealed to function as a nitrate ester (39). Therefore,
its protective effects may be associated with its vasodilator
activity in the brain.

The present study demonstrated that nicorandil exerts a
protective effect against brain injury by reducing oxidative
damage, the inflammatory response and brain edema in a
swine model of cardiac arrest. However, there were several
limitations of the present study. There are numerous physi-
ological differences between healthy experimental animals

and human patients, making it difficult to extrapolate the
results of this swine model to the relevant clinical situations.
Furthermore, the results of the present study were limited by
the small quantity of animals utilized. Therefore, large-scale
studies in animal models and human subjects are required for
future studies.

In conclusion, the results of the present study demonstrated
that nicorandil exerts a protective effect against brain injury
following cardiac arrest by reducing the oxidative damage, the
inflammatory response and brain edema that occur post-ROSC.
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