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Protective effects of combined treatment with mild hypothermia
and edaravone against cerebral ischemia/reperfusion injury
via oxidative stress and Nrf2 pathway regulation
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Abstract. Mild hypothermia (MH) and edaravone (EDA)
exert neuroprotective effects against cerebral ischemia/reper-
fusion (I/R) injury through activation of the nuclear factor
erythroid 2-related factor 2 (Nrf2) pathway. However, whether
MH and EDA exert synergistic effects against cerebral I/R
injury remains unknown. The aim of the present study was
to investigate the effects and mechanism of action of MH in
combination with EDA in cerebral I/R injury. A rat cerebral
I/R injury model was constructed by middle cerebral artery
occlusion (MCAO) followed by reperfusion, and the mice were
treated by MH, EDA or the inhibitor of the Nrf2 signaling
pathway brusatol (Bru). It was observed that mice treated by
MCAO had higher neurological deficit scores and oxidative
stress levels, and low spatial learning and memory capacity;
moreover, the CAl region of the hippocampi of the mice
exhibited reduced neuronal density and viability, and reduced
mitochondrial dysfunction. However, MH in combination
with EDA reversed the effects of MCAQO, which were blocked
by Bru injection. The levels of glutathione (GSH), GSH
peroxidase, catalase and superoxide dismutase in rat ischemic
hemisphere tissues were reduced by Bru. Western blotting
demonstrated that the combined treatment with MH and EDA
promoted the nuclear localization of Nrf2, and increased
the levels of NAD(P)H quinone oxidoreductase and heme
oxygenase (HO)-1. In conclusion, MH combined with EDA
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exerted synergistic neuroprotective effects against cerebral
I/R injury involving changes in the Nrf2/HO-1 pathway.

Introduction

Stroke, which is characterized by loss of neurological function
caused by ischemia of the brain, intracerebral hemorrhage
or subarachnoid hemorrhage (1), is associated with high
morbidity and mortality rates (2,3). It has been demonstrated
that, by inducing excitotoxicity, cerebral ischemia/reperfusion
(I/R) injury is a critical factor responsible for poor prognosis
in patients with ischemic stroke. Stroke disrupts calcium
ion homeostasis, causes overproduction of free radicals and
inflammatory cytokines, and promotes cell apoptosis (4).
Currently, although thrombolytic, endovascular and adjuvant
novel therapies have been developed for stroke (5,6), they have
been proven insufficient in achieving the desired outcome.
Therefore, a better understanding of the mechanisms under-
lying the development of cerebral I/R injury is required.

Mild hypothermia (MH) exerts neuroprotective effects
against cerebral ischemia. It was previously reported that MH
reduces brain hemorrhage and blood-brain barrier disruption
after stroke (7), and that it may alleviate cerebral ischemic
injury in diabetic patients through promoting autophagy and
inhibiting pyroptosis (8). Researchers also demonstrated that
inhibition of Notch3 and Notch4 signaling is involved in the
protective effect of MH against cerebral ischemic injury (9).
Moreover, MH promotes long-term white matter integrity
and inhibits neuroinflammation in mice with ischemic brain
injury (10). These previous findings indicate that MH may be
of therapeutic value in cerebral I/R injury.

Edaravone (EDA; 3-methyl-1-phenyl-2-pyrazolin-5-one)
is a free radical scavenger. Evidence has indicated that EDA
protects the brain against cerebral ischemic injury, and it may
inhibit microglia-mediated neuroinflammation in rats with
cerebral ischemic injury (11). It has also been demonstrated
that EDA protects neuronal cells from ischemic injury by
inhibiting the translocation of 5-lipoxygenase to the nuclear
membrane, thereby blocking the 5-lipoxygenase signaling
pathway (12). Moreover, EDA combined with MH significantly
improves neuroprotection in rats exposed to hypoxia (13).
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Thus, it was inferred that EDA in combination with MH may
exert a synergistic effect against cerebral I/R injury.

The transcription factor nuclear factor erythroid 2-related
factor 2 (Nrf2) is a central modulator in multiple biochemical
processes, such as redox, protein and metabolic homeostasis.
Nrf2-based therapeutics have been developed for treating
various cardiovascular, kidney and liver diseases (14). It
was previously demonstrated that EDA protects the nervous
system from toxicity through activating the Nrf2 signaling
pathway (15). However, whether the positive effects of EDA on
cerebral I/R injury are mediated through the activation of the
Nrf2 signaling pathway remains unclear.

Therefore, in the present study, a cerebral I/R model in rats
was constructed to explore the potential synergistic effects
and the mechanism underlying the combination of EDA with
MH in I/R injury. In addition, brusatol (Bru), an inhibitor of
the Nrf2 signaling pathway, was also used to investigate the
effects of Nrf2 signaling on I/R injury.

Materials and methods

MCAO model and drug treatment. A total of 60 healthy adult
Sprague-Dawley male rats, 9-10 weeks old and weighing
300-320 g, were purchased from Vital River Laboratories Co.,
Ltd. All the animals were housed under specific pathogen-free
conditions with a 12-h dark/light cycle at 25°C, and fed standard
food and aseptic water. All the experiments were approved by
the Institutional Animal Ethics Committee of Hainan Medical
University (approval no. C2017051922A).

Focal I/R in each rat was created by middle cerebral artery
occlusion (MCAO). Briefly, the rats were anesthetized by 3%
isoflurane at 50 mg/kg body weight (1235809; Sigma-Aldrich;
Merck KGaA) administered by intraperitoneal injection, while
monitoring the heart rate. Then, the end of the common cere-
bral artery (CCA) nearer to the heart was closed by a nylon
suture. A special nylon suture with a spherical end (diameter
0.18 mm) was inserted into the brain of each rat following the
direction of the CCA and stopped when the thread entered the
middle cerebral artery (MCA). After occlusion for 120 min,
the thread was dismantled to allow reperfusion for 24 h.
The rats treated by MCAO were then randomly divided into
5 groups as follows: MCAO, MCAO + MH, MCAO + EDA,
MCAO + MH + EDA and MCAO + MH + EDA + Bru groups
(n=10 rats per group). Furthermore, 10 rats in the sham
group were treated in a similar manner but without arterial
occlusion. Immediately after MCAO, ice was placed under
the skull of the rats treated by MH, with the temperature of
the temporalis muscle maintained at 32-34°C for 2 h. EDA
(M70800; Sigma-Aldrich; Merck KGaA) and Bru (SML1868,
Sigma-Aldrich; Merck KGaA) were diluted in physiological
saline (16,17), and 3.0 mg/kg EDA or 1.0 mg/kg Bru were
immediately intraperitoneally injected into the rats after
MCAO. No rats died during the experiments. The rats were
euthanized by 3% isoflurane (150 mg/kg body weight) through
intraperitoneal injection 24 h later and, after cardiac arrest was
confirmed, their brain tissues were collected for the different
assays.

Neurological deficit score. The modified Longa's Scoring
System (18) was used to evaluate the neurological deficits
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of the rats at 24 h after reperfusion as follows: 0, no deficit;
1, inability to stretch the contralateral forelimb fully; 2, circling
to the contralateral side; 3, falling over to the contralateral
side; and 4, no spontaneous locomotor activity. A higher score
indicated a more severe neurological deficit.

Brain 2,3,5-triphenyltetrazolium chloride (TTC) staining
and infarct size calculation. The rats were euthanized and
their brain tissues were collected, cut into 3-mm sections,
and placed in a water bath with 2% TTC solution for 30 min
at 37°C in the dark. The stained sections were photographed
and then analyzed by Alphalmager HP 1.0 software (Alpha
Innotech Corp) to calculate the infarct area rates.

Immunofluorescence staining. Immunofluorescent staining
of NeuN was conducted to determine the neuronal density in
the ischemic hippocampi. Briefly, the rats in each group were
subjected to deep anesthesia 3 days after MCAO. The brain
tissues were isolated, exposed to 4% paraformaldehyde (PFA)
at 4°C overnight and then cryoprotected in 30% sucrose solu-
tion at 4°C overnight. When tissues sank to the bottom, they
were frozen in optimal cutting temperature compound, and
25-um brain sections were prepared using a Leica microtome
(CM3050 S; Leica Microsystems GmbH). Next, anti-rat NeuN
antibody (1:500; cat. no. PA5-78499, Thermo Fisher Scientific,
Inc.) was incubated with free-floating sections. Subsequently,
secondary antibody conjugated with Alexa Fluor® Plus 488
(cat. no. A32731, Thermo Fisher Scientific, Inc.) was then
incubated with the sections at 25°C for 2 h. The images were
captured using a confocal laser scanning microscope (CLSM;
LSM 510 META, Carl Zeiss AG), with five fields examined
for each sample (magnification, x400). Neuronal changes were
quantified against sham control or other groups.

Barnes maze task. Barnes maze task was performed to
examine the spatial learning and memory capacity of the rats.
Briefly, the tests were conducted 11 days after MCAO. During
testing, the time that each rat spent on finding the hidden
escape box was recorded as escape latency. At 12 days after
MCADO, the escape box was removed, and the time that the
rats spent on finding the target quadrant within 90 sec was
recorded as quadrant occupancy. The behavioral traces of each
rat were recorded by a camera and analyzed by ANY-maze 4.8
video tracking software (Stoelting Co.).

MitoTracker Red staining. Mitochondrial membrane potential
(MMP) was detected using MitoTracker Red staining, as
previously described (12). Briefly, MitoTracker® Red CMXRos
(50 ng/ml in 100 ul saline; C1049, Beyotime Institute of
Biotechnology) was injected via the tail vein into the rats
5 min before euthanasia. Then, the brain tissues were isolated
and fixed in 4% PFA at 4°C. Hippocampal tissue were cut into
25-um sections and stained by DAPI (D8417; Sigma-Aldrich;
Merck KGaA) at 37°C for 10 min. Images were then captured
using a Zeiss CLSM (Carl Zeiss AG), and analyzed by LSM
510 META imaging software, version 2.01 (Carl Zeiss AG).

Oxidative stress parameters. For detecting oxidative stress
parameters in rat ischemic hemisphere tissues, lipid peroxi-
dation assay kit (MAKO85; Sigma-Aldrich; Merck KGaA),
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glutathione (GSH) assay kit (CS0260; Sigma-Aldrich; Merck
KGaA), GSH peroxidase (PX) assay kit (S0058, Beyotime
Institute of Biotechnology), catalase (CAT; S0051, Beyotime
Institute of Biotechnology) and superoxide dismutase (SOD;
S0109, Beyotime Institute of Biotechnology) were purchased
and performed according to the manufacturer's instructions.
Briefly, the tissue (~10 mg) was homogenized on ice in 300 pl
cell lysis buffer (MCLI1; Sigma-Aldrich; Merck KGaA). For
the detection of malondialdehyde (MDA) content, insoluble
materials and proteins were removed from homogenized
tissues by centrifugation at 13,000 x g at 4°C for 10 min;
150 pl water containing 3 ul butylated hydroxytoluene (100X)
and 2 N perchloric acid was then added to the tissues and
vortexed at 25°C. Next, 200 ul supernatant was mixed with
600 ul thiobarbituric acid solution and incubated at 95°C
for 60 min. Subsequently, 200 ul reaction mixture were
added into a 96-well plate and the absorbance at 532 nm was
determined by a microplate reader (PLUS 384, Molecular
Devices, LLC). For the detection of GSH, 5 ul homogenized
tissue was deproteinized using 5 ul 5% 5-sulfosalicylic acid
solution. Subsequently, 10 yl mixture was mixed with 150 ul
working solution consisting of 1X assay buffer, enzyme solu-
tion and DTNB, and incubated for 5 min at 25°C. Next, 50 pl
NADPH (0.16 mg/ml) was added into the mixture at 25°C,
and the absorbance at 412 nm was detected. For the detection
of GSH peroxidase (GSH-PX), 180 ul GSH-PX buffer, 5 ul
of diluted sample, 11 ul GSH-PX working solution and 4 ul
15 mM superoxide (Cum-OOH) were added into a 96-well
plate and incubated for 20 min at 25°C, and the absorbance
at 340 nm was determined. For the detection of CAT, 10 ul
diluted sample were incubated with 10 yl 250 mM hydrogen
peroxide and 30 pl detection buffer at 25°C for 5 min, and
then the absorbance at 520 nm was read. For the detection of
SOD, 20 ul diluted sample were incubated with 160 yl NBT
solution and 20 ul reaction regent at 25°C for 30 min, and the
absorbance at 560 nm was read.

Mitochondrial dysfunction detection. Mitochondrial
dysfunction in the ischemic hemisphere tissues of the rats was
evaluated by detecting the activity of cytochrome c using a
cytochrome c apoptosis assay kit (K257-100, BioVision, Inc.).
The cytochrome c released from mitochondria was detected
by western blotting using the cytochrome c antibody in the
kit. The relative content of cytochrome c in each group was
determined against that in the sham group. Caspase-3 enzyme
activity in rat ischemic hemisphere tissues was measured
using a commercial kit (CASP3C; Sigma-Aldrich; Merck
KGaA).

Western blotting. After treatment for 24 h, the ischemic brain
tissues were separated and homogenized on ice. Nuclear
and cytoplasmic proteins were extracted using nuclear and
cytoplasmic extraction kits (SC-003, Invent Biotechnologies,
Inc.). Equal amounts of protein (50 pg) were separated on
12% SDS-PAGE and transferred onto PVDF membranes
(EMD Millipore). After blocking the membranes for 1 h in
5% non-fat milk, the bands were exposed to primary anti-
bodies against Nrf2 (1:2,000, cat. no. abl137550, Abcam),
heme oxygenase-1 (HO-1; 1:2,000; cat. no. ab13243, Abcam),
NAD(P)H quinone oxidoreductase (NQOI; 1:2,000, cat.
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no. ab28947, Abcam), 3-actin (1:5,000, cat. no. ab8226, Abcam)
and histone H3 (1:5,000, cat. no. ab1791, Abcam) at 4°C over-
night. Next, the bands were incubated with anti-rabbit IgG
(cat. no. SA00001-2, ProteinTech Group, Inc.) or anti-mouse
IgG (cat. no. SAO0001-1, ProteinTech Group, Inc.) for 2 h. The
bands were finally developed by ECL (Pierce; Thermo Fisher
Scientific, Inc.).

Primary culture of hippocampal neurons. Briefly, the CAl
region of the rat hippocampus was rapidly separated 3 days
after MCAO and sectioned, and then exposed to trypsin for
30 min at 37°C. After that, the digested cells were cultured in
DMEM (11965084; Thermo Fisher Scientific, Inc.) with 10%
FBS (10100147; Gibco; Thermo Fisher Scientific, Inc.), then
transferred to an incubator with 5% CO, at 37°C for 2 h. The
culture medium was replaced once every 2 days. After culture
for 24 h, hippocampal neurons were used for the subsequent
experiments. The purity of neurons was determined by immu-
nofluorescence staining of NeuN.

Cell viability. The viability of hippocampal neurons was
measured by MTT assay. Briefly, the neurons (2,000 cells/well)
were cultured in 96-well culture plates for 24 h. Then, MTT
solution (5 mg/ml) was added into each well at 37°C for 4 h.
Next, MTT was removed, and 150 ul DMSO were added into
the wells to solubilize purple formazan crystals. Absorbance
at 570 nm was then read using a microplate reader (PLUS 384,
Molecular Devices, LLC).

Statistical analysis. Statistical data were analyzed using
SPSS 19.0 (SPSS Inc.) and are shown as mean =+ standard
deviation. Statistical differences were analyzed by one-way
analysis of variance followed by Tukey's multiple comparisons
test. P<0.05 was considered to indicate statistically significant
differences.

Results

Effects of MH, EDA and Bru on neuronal survival in the CAl
region of the rat hippocampus after MCAO. The neurological
deficits were evaluated by the five-point scale 24 h after I/R,
and the results revealed that the neurological deficit score
of the rats subjected to MCAO was higher compared with
those in the sham group (P<0.001, Fig. 1A). The neurological
deficit scores of the rats treated by MH or EDA were reduced
compared with those in the MCAO group (P<0.01, Fig. 1A).
The neurological deficit score was the lowest in rats treated by
MCAO, MH and EDA, whereas the protective effects of MH
and EDA on the nervous system of rats injected with the Nrf2
pathway inhibitor Bru were significantly reduced (P<0.001,
Fig. 1). Furthermore, immunofluorescence staining and a
neuronal cell marker, NeuN, were used to analyze neuronal
survival in the CAl region of the rat hippocampus after
MCAQO. As shown in Fig. 1B and C, the number of surviving
neurons was reduced in the MCAO group, but was increased in
the MCAO + MH and MCAO + EDA groups (Fig. 1B and C).
In addition, the rats co-treated with MH and EDA exhibited
a more marked recovery of neuronal number after I/R, while
Bru reversed the protective effects of MH and EDA (P<0.001,
Fig. 1B).
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Figure 1. Effects of MH, EDA and Bru on neuronal survival in the CAl region of the hippocampi after MCAO. (A) The neurological deficit scores of the rats
in different groups were evaluated by a five-point scale 24 h after reperfusion. 10 mice were in each group. (B) Quantitative analyses of neuronal survival in
the hippocampal CA1 pyramidal layer. The density of the surviving neurons was quantified as percentage changes against the sham control group. ““P<0.001
vs. sham. #*P<0.001 vs. MCAO. ""P<0.01 and """P<0.001 vs. MCAO + MH + EDA. (C) Representative images of immunofluorescence labeling for NeuN in the
ischemic hippocampus at day 3 after MCAO; n=10 mice per group. Scale bar: 40 ym. Magnification, x40. MCAO, middle cerebral artery occlusion; MH, mild

hypothermia; EDA, edaravone; Bru, brusatol.

Effects of MH, EDA and Bru on spatial learning, memory and
mitochondrial function of the rats after MCAO treatment.
The escape latency and quadrant occupancy were evaluated by
performing the Barnes maze task to explore the effects of MH,
EDA and Bru on spatial learning and memory capacity of the
rats after MCAO treatment. It was observed that the rats in the
MCAO group spent a longer time on finding the hidden escape
box (escape latency) compared with those in the sham group
(P<0.001, Fig. 2A), whereas treatment with MH or EDA alone,
or combined treatment with MH and EDA, could significantly
shorten the escape latency compared with rats in the MCAO
group (P<0.001, Fig. 2A). In addition, Bru injection increased
the escape latency in rats treated by MH and EDA (P<0.001,
Fig. 2A). The rats in the MCAO group spent a shorter time
(quadrant occupancy) in the target quadrant compared with
those in the sham group (P<0.001, Fig. 2B). However, MH and
EDA increased the quadrant occupancy of the rats (P<0.001,
Fig. 2B), and Bru injection blocked the effect of co-treatment
with MH and EDA (P<0.001, Fig. 2B). MitoRed fluorescence
staining was performed to detect the MMP, and the data
indicated that MCAO reduced the fluorescence intensity of
MMP, which indicated mitochondrial depolarization and
collapse of the MMP, whereas MH and EDA increased the

fluorescence intensity. Additionally, co-treatment with MH
and EDA caused a more significant increase of fluorescence
intensity compared with either treatment alone (P<0.001,
Fig. 2C and D), which, however, was reduced by Bru injection
(P<0.001, Fig. 2C and D).

Effects of MH, EDA and Bru on the levels of oxidative stress
biomarkers, neuronal viability, cytotoxicity and caspase-3
activity. Oxidative stress is involved in cerebral I/R. Thus,
oxidative stress was further assessed by detecting the levels of
MDA, GSH, GSH-PX, CAT and SOD in ischemic hemisphere
tissues (Fig. 3D and E). The results demonstrated that the level
of MDA was increased in the MCAO group compared with that
in the sham group, while MH or EDA treatment, or MH and
EDA co-treatment, could partly reverse the increase in MDA
content caused by MCAO (P<0.001, Fig. 3A). Additionally,
Bru treatment reversed the effect of co-treatment with MH
and EDA on MDA levels (P<0.001, Fig. 3A). Furthermore,
the levels of GSH, GSH-PX, CAT and SOD in rat ischemic
hemisphere tissues were reduced by MCAO, but increased
by MH and EDA treatment or co-treatment (P<0.001,
Fig. 3B-E). Additionally, the levels of GSH, GSH-PX, CAT
and SOD in rat ischemic hemisphere tissues were reduced in
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the MCAO + MH + EDA + Bru group compared with those
in the MCAO + MH + EDA group (P<0.001, Fig. 3B-E).
The primary hippocampal neurons were collected from the
tissues of the rats in different groups, and the cell viability
was measured by the CCK-8 assay. The result demonstrated
that MCAO reduced the viability of primary hippocampal
neurons, which, however, was increased by MH and EDA
treatment or their co-treatment. Moreover, it was observed
that Bru injection suppressed the effects of MH and EDA
(P<0.05, Fig. 3F). Furthermore, the activity of cytochrome
¢ oxidase and caspase-3 in the mitochondrial fraction was
detected, and the data demonstrated that MCAO increased the
levels of cytochrome ¢ oxidase and caspase-3, while MH and
EDA weakened the effect of MCAQO; moreover, Bru treatment
blocked the effects of MH and EDA on cytochrome c oxidase
and caspase-3 activities (P<0.001, Fig. 3G and H).

Effects of MH, EDA and Bru on the Nrf2/HO-1 pathway. The
Nrf2 pathway is known to act protectively against oxidative
stress. The expressions of cytoplasmic Nrf2 (cNrf2), nuclear
Nrf2 (nNrf2), and those of its downstream genes HO-1 and
NQOI in rat ischemic hemisphere tissues were measured by
western blotting. The data demonstrated that MCAO signifi-
cantly increased the expression of cNrf2 (P<0.001) and slightly
increased the expressions of Nrf2, HO-1 and NQO1 (P<0.01
or P<0.001, Fig. 4A-E). In addition, MH and EDA markedly
increased the levels of HO-1, NQOI1 and nNrf2, and simultane-
ously reduced the level of cNrf2, as compared with the MCAO
group (P<0.001, Fig. 4A-E). The combined treatment with MH
and EDA enhanced the effects caused by treatment with either
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Figure 2. Effects of MH, EDA and Bru on spatial learning, memory and mitochondrial function in rats subjected to MCAO. (A and B) The escape latency
and quadrant occupancy of the rats were evaluated by Barnes maze task on day 12 after MCAO; n=10 mice per group. (C and D) Representative confocal
microscopy images and statistical analysis of MitoRed fluorescence staining. Scale bar: 20 pm. Magnification, x400. ““P<0.001 vs. sham. #P<0.001 vs.
MCAO. ""P<0.001 vs. MCAO + MH + EDA. MCAO, middle cerebral artery occlusion; MH, mild hypothermia; EDA, edaravone; Bru, brusatol.

MH or EDA alone on the Nrf2/HO-1 pathway, whereas these
effects were reversed by Bru treatment (P<0.05 or P<0.001,
Fig. 4A-E).

Discussion

It has been demonstrated that MH used together with other
drugs or treatments may enhance the protective effects
of MH against cerebral I/R injury. For example, a recent
research revealed that MH with bone mesenchymal stem cell
transplantation improved the prognosis of rats with cerebral
ischemia (19). Combined therapy with phenothiazines and MH
also enhanced neuroprotection in ischemic rats through regu-
lating the PI3K/Akt pathway (20). It has also been reported
that the Notch inhibitor DAPT combined with MH exerted a
synergistic effect on post-stroke seizures (21). It was reported
that MH in combination with phenothiazine drugs achieved
a better long-term motor performance after acute stroke (22).
Moreover, MH used with hydrogen sulfide treatment
suppressed apoptosis and pathological injury of hippocampi
of rats with cerebral I/R injury (23). These findings indicated
that MH combined with other treatments may be a promising
therapy in the management of cerebral I/R injury. The present
study demonstrated that the neurological deficit score was
significantly reduced and neuronal density was increased in
the CA1 region of the rat hippocampi, suggesting that EDA
combined with MH exerted a synergistic effect against I/R
injury.

Although neurological deficit score evaluation and
Barnes maze task test were performed, it may be a limitation
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Figure 3. Effects of MH, EDA and Bru on the levels of oxidative stress indicators, neuronal viability, cytotoxicity and caspase-3 activity. (A-E) The levels of
MDA, GSH, GSH-PX, CAT and SOD in rat ischemic hemispheres tissues were determined by colorimetric methods; n=10 mice per group. (F) The viability of
neurons from the CAl region of hippocampi was determined by the MTT assay. (G and H) Cytochrome ¢ and caspase-3 in the mitochondrial fractions from
each group was detected by ELISA. ““P<0.001 vs. sham. “P<0.1, #*P<0.01 and "*P<0.001 vs. MCAO. "P<0.1, "'P<0.01 and "*"P<0.001 vs. MCAO + MH + EDA.
MCAO, middle cerebral artery occlusion; MH, mild hypothermia; EDA, edaravone; Bru, brusatol; MDA, malondialdehyde; GSH, glutathione; GSH-PX,

glutathione peroxidase; CAT, catalase; SOD, superoxide dismutase.

that the TTC dying method was not used to assess the
brain infarct area. The hippocampus is responsible for
spatial learning and memory (24), which may be disturbed
when the hippocampus sustains cerebral I/R injury (25).
Therefore, the Barnes Maze task that helps evaluate spatial
learning and memory ability was performed in the present
study, and it was observed that EDA combined with MH
could improve the spatial learning and memory ability of
rats with cerebral I/R injury. MitoRed fluorescence staining
was used to evaluate MMP. Under normal physiological
conditions, mitochondria with high MMP can be marked
by Mito-Tracker Red CMXRos, while MMP is reduced
in mitochondrial dysfunction and therefore cannot be
marked by Mito-Tracker Red CMXRos under pathological
conditions or when cell apoptosis occurs. The present
study demonstrated that mitochondrial dysfunction in rat
hippocampi was induced by MCAO, but was significantly
restored by the combined therapy of EDA with MH.

The CAT, SOD, GSH and GSH-PX enzymes are involved
in the antioxidant defense system against cell oxidative
stress (26), and MDA is indicative of IR-induced mitochon-
drial oxidative damage (27). In the present study, it was
observed that MDA was increased, but CAT, SOD, GSH and
GSH-PX were reduced in rats subjected to MCAO, suggesting
that mitochondrial oxidative damage was induced by cerebral
I/R injury. Importantly, restoration of dysregulated MDA,
CAT, SOD, GSH and GSH-PX levels was detected in rats
treated by MCAO and in those treated by combined EDA and
MH. Thus, it may be inferred that EDA combined with MH
alleviated the mitochondrial dysfunction induced by cerebral
I/R.

Neurogenesis may be enhanced under pathological condi-
tions, including cerebral ischemic injury, and it promotes
repair of brain injury after stroke. It was demonstrated that
neurogenesis can be suppressed by EDA in rats with cerebral
I/R injury (28). However, it has also been shown that EDA
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Figure 4. Effects of MH, EDA and Bru on the activation of the Nrf2/HO-1 pathway. (A-E) Western blot analyses of expressions of ¢cNrf2, HO-1,NQOI, f3-actin,
nNrf2 and histone H3 in rat ischemic hemisphere tissues; n=10 mice per group. “P<0.01 and “"P<0.001 vs. sham. #P<0.001 and ##P<0.001 vs. MCAO. "P<0.1,
"P<0.01 and """P<0.001 vs. MCAO + MH + EDA. MCAO, middle cerebral artery occlusion; MH, mild hypothermia; EDA, edaravone; Bru, brusatol; Nrf2,
nuclear factor erythroid 2-related factor 2; cNrf2, cytoplasmic Nrf2; nNrf2, nuclear Nrf2; HO-1, heme oxygenase-1; NQO1, NAD(P)H quinone oxidoreductase.
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Figure 5. Working model of the protective effects of MH/EDA on
MCAO-induced cognitive deficits (red arrow, effect of MCAO; green arrow,
effect of MH/EDA). MCAO caused cognitive deficits through promoting
mitochondrial dysfunction and increasing the oxidative stress level. The
Nrf2/HO-1 pathway was activated as protection against oxidative stress. The
promoting effect on mitochondrial dysfunction and oxidative stress induced
an increase in cytochrome c and caspase-3 levels, thereby inducing cell
apoptosis and neuronal death. Combined therapy with MH and EDA play a
protective role through promoting the activation of the Nrf2/HO-1 pathway,
thereby reducing the oxidative stress and mitochondrial dysfunction. MCAO,
middle cerebral artery occlusion; MH, mild hypothermia; EDA, edaravone;
Nrf2, nuclear factor erythroid 2-related factor 2; HO-1, heme oxygenase-1.

protects hippocampal neurons pre- and post-treatment and
enhances neurogenesis after global cerebral ischemia (29).

In the present research, the viability of neurons separated
from the CAI region of the hippocampus was increased by
MCADO, but was suppressed by MH and EDA. In addition,
the increased activities of cytochrome c and caspase-3 were
partially reversed by the combination of MH with EDA in rats
with cerebral I/R. I/R induces dysfunction of mitochondria
and reduces cytochrome c oxidase activity in rat hippocampal
neurons (30,31). Increased activity of cytochrome c¢ increases
oxidative stress and cell apoptosis. Caspase-3 is considered to
be a cell apoptosis marker; thus, it was inferred that MCAO
may promote neurogenesis and increase the levels of apop-
tosis-associated factors, whereas MH and EDA may inhibit
this process. It should be noted that the effect of the combined
therapy with MH and EDA on cell apoptosis require further
investigation.

Nrf2 is a regulator of endogenous antioxidant defense and
may be a potential target for oxidative stress in stroke (32).
Nrf2 induces HO-lexpression and release of GSH to resist
oxidative stress (33). It was reported that BRCAL1 protects
neurons from cerebral I/R injury through activating the
Nrf2-associated antioxidant pathways (34). It has been
reported that EDA enhances the oxidant defense capacity in
brain tissue through promoting Nrf2/HO-1 signaling (35).
MH was also reported to protect cerebral cortex and
hippocampus neurons from cerebral I/R injury through the
Nrf2/ARE pathway (36). In the present study, by injecting the
Nrf2 pathway inhibitor Bru into rats treated by MH combined
with EDA, it was observed that the protective effect of
MH combined with EDA is linked to the Nrf2 pathway. A
previous study demonstrated that nuclear-translocated Nrf2
binds to ARE and p300/CBP to promote the transcription
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of downstream target genes, such as HO-1 (37). The present
study revealed that nuclear location of Nrf2 was increased
and the expression of the Nrf2 downstream genes NQOI1 and
HO-1 was upregulated in the treated by MH combined with
EDA.

In conclusion, arat cerebral ischemia model was constructed
in the present study, and demonstrated that combined treat-
ment with MH and EDA improved rat neurological function
and increased neuronal survival. In addition, the Nrf2 pathway
inhibitor, Bru, could block the protective effect of MH and
EDA. These findings indicated that MH combined with EDA
exert a synergistic effect against cerebral I/R injury through
the Nrf2/HO-1 pathway. However, a limitation of the present
study was that there was no detection of more indicators of
oxidative stress, and further research on these findings is
required.
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