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Stroke is the leading cause of disability and death. When blood flow is
restored after prolonged ischemia and hypoxia, it leads to excessive pro-
duction of reactive oxygen species (ROS), increased local inflammation,
and apoptosis, which are the cause of most cerebral ischemia reperfusion
injury (CIRI), leading to secondary brain tissue damage. Edaravone
dexborneol is a novel neuroprotective agent consisting of edaravone and
borneol. Studies have shown that it has synergistic antioxidant and anti-
inflammatory effects. However, whether Edaravone dexborneol stimulates
the Nrf2/HO-1 pathway to regulate NADPH oxidase 2 (NOX2) remains
unclear. In this study, wild-type (WT) mice and Nrf2 knockout (KO) mice
were used to investigate the antioxidant, anti-inflammatory, and anti-
apoptotic effects of Edaravone dexborneol on CIRI and its mechanism. The
cognitive function of mice was evaluated with the Morris water maze
(MWM), test and the cell structures of hippocampus were observed by
hematoxylin and eosin (H&E) staining. Nrf2, HO-1, and NOX2 proteins and
apoptosis-related proteins Bcl-2, Bax, and Caspase 3 were detected by
western blotting. Nrf2, HO-1, NOX2, and inflammatory factors TNF-a, IL-18,
IL-4, and IL-10 were detected by real-time polymerase chain reaction. The
results showed that Edaravone dexborneol treatment improved learning
and memory performance, neuronal damage, and enhanced antioxidant,
inflammation, and apoptosis in CIRI mice. In addition, Edaravone
dexborneol induced the activation Nrf2/HO-1 signaling pathway activation
while inhibiting NOX2 expression. Overall, these results indicate that
Edaravone dexborneol ameliorates CIRI-induced memory impairments by
activating Nrf2/HO-1 signaling pathway and inhibiting NOX2.
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1 | INTRODUCTION

Stroke is the second leading cause of death, including
ischemic stroke, which accounts for approximately 79%
of all strokes globally, and hemorrhagic stroke [1]. Most
ischemic strokes occur when blood flow is stopped due to
a blood clot (thrombosis or embolism) that causes
vascular insufficiency. The current available treatment is
through endovascular recanalization and intravenous
thrombolysis, which both reduce disability, but with a time
critical [2]. Cerebral ischemia reperfusion injury (CIRI)
may occur after blood flow reestablished, leading to a
series of pathological changes, such as oxidative stress,
inflammation, ionic imbalance, and bioenergetics failure
[3], and eventually ends with neuronal loss and progres-
sive learning and memory impairment, which results in
vascular cognitive impairment (VCI) [4]. Thus, improving
the pathological mechanism after recanalization is an
important means to reduce brain tissue damage.
Although the specific mechanisms of VCI have not been
completely cleared, oxidative stress plays a pivotal player
in the signaling cascade of CIRI and has been reported
as one of the important mechanisms of cerebral injury [5].

Nrf2, as a key transcription factor, involves cellular
antioxidant damage. Increased expression of NAD(P)
H-quinone oxidoreductase-1 (NQO-1), heme
oxygenase-1 (HO-1), and glutamate-cysteine ligase
catalytic subunit (Gclc) has been often used to mea-
sure Nrf2 transcription factor activation [6]. Nrf2/HO-1
plays an important role in CIRI injury, and the activation
of Nrf2/HO-1 pathway can reduce oxidative stress and
inflammation caused by ischemia reperfusion injury,
restore neurological function defects, and reduce the
volume of cerebral infarction [7]. Mitochondria and
NADPH oxidase are the main sources of reactive oxy-
gen species (ROS) [8]. A large number of studies have
confirmed that NADPH oxidase 2 (NOX2) is the main
source of ROS in the brain [9]. Wei et al. found that
Nrf2 suppresses ROS overproduction by regulating
NOX2 and may promote repair angiogenesis in ische-
mic retinopathy and other cardiovascular conditions
[10]. In addition, in vivo and in vitro studies, CIRI
models have confirmed that by mediating Nrf2, NOX4
could be regulated against oxidative stress and neuro-
nal apoptosis [11]. Therefore, antioxidant therapy
targeting Nrf2 and NOX2 may play an important role in
the treatment of CIRI-induced injury.

Edaravone, an effective free radical scavenger,
scavenges hydroxyl-free radical, peroxy-free radical,
and superoxide-free radicals, relieves cerebral edema,
inhibits oxidative damage and delayed neuronal death,
sequentially improves ischemic stroke [12—14]. The drug
has been recommended by Chinese and Japanese
stroke care guidelines for the treatment of acute
ischemic stroke (AIS) [15, 16]. (+)-Bornel, a naturally
lipid-soluble bicyclic terpene chemical, has been found
to inhibit the production of inflammatory factors and

antioxidant stress and preserve brain function in preclini-
cal investigations [17, 18]. Edaravone dexborneol
(EDB), comprised of edaravone and (+)-bornel in a 4:1
ratio, has been tested as a novel neuroprotective agent.
Pharmacological research showed that compared with
edaravone bornel alone, EDB had synergistic effects
and had more protective effects on CIRI [19]. Phase ||
and Phase Il studies on the safety and efficacy of EDB
versus edaravone in patients with AIS showed a positive
trend of improved functional outcomes when adminis-
tered of EDB within 48 h after AIS and 90 days after AIS
[20, 21]. However, so far, no study has examined the
potential efficacy of EDB on cognitive function after CIRI
treatment and whether the protective effects of EDB in
CIRI are correlated to oxidative stress.

In the current study, we investigated whether EDB
might protect CIRI-induced cognitive impairment by
improving CIRI-induced oxidative stress, inflammation,
and apoptosis. These results suggest that EDB may
have an effective therapeutic agent on CIRI injury.

2 | MATERIALS AND METHODS

21 | Animal treatments

Nrf2 knockout (KO) mice were obtained from Dr
Thomas W. Kensler laboratory (Johns Hopkins Univer-
sity, Baltimore, America). Male ICR mice (6—-8 weeks)
were purchased from Beijing Vital River Laboratory Ani-
mal Technology Co., Ltd. (China). ICR WT (Nrf2+/+)
and Nrf2 KO (Nrf2—/—) mice were obtained through
breeding of heterozygotes (Nrf2+/—). All the animals
were raised in an environment with temperature of
22 + 1°C, relative humidity of 50 + 1%, a light/dark
cycle of 12/12 h, and were allowed free access to water
and food. The experimental procedures were carried
out in accordance with the requirements and principles
of the Animal Care Management Committee of Hebei
General Hospital (license number: SCXK2016-0006).

2.2 | Chemicals

EDB, a compound preparation comprising edaravone
and (+)-borneol in a 4:1 ratio. Edaravone (Lot No. Fd-
242a-200 601) and dexborneol (Lot No. S-S044—
190102) were provided by Nanjing Xiansheng
Dongyuan Pharmaceutical Co., Ltd. (Nanjing, China).
The extract was directly diluted with saline.

2.3 |
CIRI

Establishment of a mice model of

Repeated CIRI was performed under aseptic conditions
via bilateral common carotid artery occlusion (BCCAOQ)



XU ET AL.

= | wiLEY B el e

according to the previously described method [22] with
some modifications. The mice were anesthetized with
10% chloral hydrate (300 mg/kg, ip). After being anes-
thetized, mice were placed in a supine position, the skin
was disinfected with iodine and a vertical mid-line inci-
sion was made in the neck. The bilateral common
carotid arteries of mice were exposed with a mid-line
ventral incision, carefully isolated from the vagal
nerves. The bilateral common carotid arteries were
ligated with 4-0 silk sutures for 20 min. At the end of
the occlusion period, the suture was untied to ensure
blood flow. After the blood flow had been restored for
10 min, the bilateral common carotid arteries were
ligated again for 20 min. This pattern was repeated
three times. After the operation, all the mice were kept
in cages with plenty of food and water after their vital
signs were stable. For sham-operated animals, only
bilateral common carotid arteries were isolated without
ischemia reperfusion.

2.4 | Groups and animal treatments

The mice were randomly distributed into six groups:
sham (sham-operated + saline) group, CIRI
(CIRI + saline) group, CIRI 4+ EDB (CIRI 4+ 10 mg/kg of

EDB treatment model group) group, KO sham
(KO sham-operated + saline) group, KO CIRI
(KO CIRI + saline) group, KO CIRI+ EDB

(KO CIRI + 10 mg/kg of EDB treatment model group)
group. Each group was investigated 4 weeks after the
operation. EDB (dissolved with 1,2 propanediol and
saline) or saline was administered via intraperitoneal
injection everyday (24 h) after CIRI.

2.5 | Morris water maze test (MWM test)

All the mice were given the MWM test to assess their
spatial memory and learning abilities 4 weeks after sur-
gery. The water maze (Mobile Datum Information Tech-
nology Co., Ltd, Shanghai, China) consisted of a
diameter of 120 cm and a height of 45 cm. The test
water temperature was set at 23 + 1°C. The escape
platform was submerged 1 cm under the surface of the
water. Simultaneously, the camera system automati-
cally recorded the escape latency and transfer parame-
ters to an electronic image analyzer (Mobile Datum
Information Technology Co., Ltd, Shanghai, China).
The time taken to find the platform (escape latency)
was recorded for each mouse. If the mice failed to
locate the platform within the allotted time (60 s), they
were guided by an experimenter and placed on the
platform for 15 s. In this case, the escape latency was
recorded as 60 s. All experimental mice were trained
four times for five consecutive days. On the sixth day of
the MWM test, the mice entered the spatial probe test.

The platform was removed, and the experimental
mouse was released from the quadrant opposite to the
target quadrant and allowed to search for the platform
for 60 s. The time each mouse spent in each quadrant
and the number of times across the platform were
recorded.

2.6 | Pathological examination by
hematoxylin and eosin (H&E) staining

After the behavioral evaluation, mice were anesthetized
in abdominal cavity (10% chloral hydrate [300—400 mg/
kg, ip]). Rapid cardiac perfusion was first performed
with isotonic sodium chloride solution, followed by rapid
perfusion for about 2 min and slow perfusion for
approximately 8 min with 4% paraformaldehyde (PFA).
Then, the brain was decapitated, removed, and placed
in a 4% PFA solution at 4°C for 24 h. After fixation, par-
affin embedding was performed routinely. Serial coro-
nal sections approximately 8 um thick and stained with
H&E were obtained from the specimens according to
the manufacturer’s instructions. Changes in neuronal
morphology were assessed by examining H&E-stained
histological sections.

2.7 | Examination of oxidative stress
parameters (SOD and MDA)

The activities of SOD and the levels of MDA were mea-
sured by using commercial assay kits (Nanjing Jian
Cheng Bioengineering Institute, Nanjing, China).

2.8 | Western blot analysis

Following behavioral testing, mice from each group
were randomly chosen to be decapitated under deep
anesthesia, and the bilateral hippocampal tissues were
quickly dissected on the ice board. Protein was
extracted with RIPA buffer (Solar bio, Beijing, China)
following the manufacturer’s instructions. The tissues
were subjected to centrifugation at 4°C, 12 000 rpm for
10 min. Samples were separated using 12% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis and
blotted onto polyvinylidene difluoride membranes
(PVDF) (Millipore Corporation, United States). Then,
5% skim milk in 0.1% Tween 20 in TBS (TBST) was
used to block nonspecific binding for 1 h at room tem-
perature. The blots were incubated overnight at 4°C
with antibodies against Nrf2 (1:1000 Proteintech), HO-1
(1:1000 Proteintech), NOX2 (1:1000 Proteintech), Bax
(1:1000 ZEN BIO), Bcl-2(1:1000 ZEN BIO), Caspase-3
(1:1000 ZEN BIO), p-actin (1:3000 ZEN BIO) as the
loading control. On the next day, the membranes were
washed with TBST (10 min x 3) and incubated with the



CEREBRAL ISCHEMIA REPERFUSION INJURY-INDUCED OXIDATIVE STRESS,

INFLAMMATION, AND APOPTOSIS

\RWaliEEEEe WiLEy | ™

secondary antibody (goat anti-rabbit IgG, 1:3000, ZEN
BIO) for 1 h. After washing the membranes, the relative
densities of the protein bands were analyzed using an
Odyssey imaging system (Li-Cor Biosciences, Lincoln,
NE, USA) and quantified using ImagedJ analysis soft-
ware (National Institutes of Health, Bethesda, MD).

29 | Real-time polymerase chain
reaction (RT-PCR)

Total RNA was isolated from hippocampus tissues
using TRIzol reagents (Shanghai Generay Biotech Co.,
Ltd) and reverse transcribed into complementary DNA
(cDNA) according to manufacturer’s instructions. The
cDNA was amplified using the Reverse Transcription
System (Promega Corporation, an affiliate of Promega
[Beijing] Biotech Co., Ltd.) and the specific primers on a
Roche Light Cycler 480Il system (Roche Diagnostics
GmbH, Mannheim, Germany). The relative abundance
of mRNA transcripts was calculated using the 2-44¢T
method. The specific primers used for the current study
are listed in Table 1.

210 | Statistical analysis

Statistical analysis was performed by the SPSS soft-
ware 22.0. All data were performed using the Gra-
phPad Prism 8.0 software package and presented as
the mean =+ standard error of the mean (SEM). Inter-
group differences in the escape latency in the MWM
training task were evaluated using repeated measures

TABLE 1 Primers sequences for RT-PCR

Primers for RT-PCR (5'-3')

Nrf2 Forward
Reverse
HO-1 Forward
Reverse
NOX2 Forward
Reverse
TNF-a Forward
Reverse
IL-1p Forward
Reverse
IL-4 Forward
Reverse
IL-10 Forward
Reverse
GAPDH Forward
Reverse

two-way analysis of variance (ANOVA), followed by
Fisher's LSD test for multi-group comparisons. The
other results were compared among groups using one-
way ANOVA. Differences were considered significant
atp <0.05.

3 |

3.1 | EDB improved learning and
memory in CIRI mice

RESULTS

The MWM test was conducted to assess recognition
memory and spatial learning and memory in mice. As
shown in Figure 1b, all mice that were tested showed a
progressive reduction in escape latency with training,
which demonstrated that the mice learned the location
where the platform had been placed. Compared with
the sham group, the escape latency of mice in the CIRI
group was significantly prolonged, suggesting that CIRI
had a negative effect on learning. The administration of
EDB mitigated the poor performances and the escape
latency of mice in the CIRI+EDB group was signifi-
cantly shortened, suggesting that this drug may
improve CIRI-induced cognitive impairment. Compared
with the KO sham group, the escape latency of KO
CIRI group was prolonged. Compared with the KO CIRI
group, the escape latency of the KO CIRI + EDB group
was shortened, but the difference was not statistically
significant. Subsequent comparisons showed signifi-
cant differences in the time target quadrant and the
number of times crossing the platform between groups
during the probe trials (Figure 1c—d). Mice in the CIRI

AAAGCACAGCCAGCACATTC
TGGGATTCACGCATAGGAGC
GAACCCAGTCTATGCCCCAC
GGCGTGCAAGGGATGATTTC

GTCACACCCTTCGCATCCAT
TCTCAAGTCAGT

CTGAGACTCATCCCAGCCAGT
GAGGATG

CTTCTGTCTACTGAACTTCGGG
CAGGCTTGTCACTCGAATTTTG
GAAATGCCACCTTTTGACAGTG
TGGATGCTCTCATCAGGACAG
CGAATGTACCAGGAGCCATATC
TCTCTGTGGTGTTCTTCGTTG
AGCCGGGAAGACAATAACTG
GGAGTCGGTTAGCAGTATGTTG
ATGTTCCAGTATGACTCCACTCACG
GAAGACACCAGTAGACTCCACGACA
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group and KO CIRI group spent less time in the target
quadrant and the number of times crossing the platform
than mice in the sham group and KO sham group. Fur-
thermore, significant improvements were observed in
the EDB-treated groups. However, differences were not
observed between EDB treated with KO mice. These
results indicated that EDB could alleviate CIRI-induced
memory impairment in mice.

3.2 | EDB significantly attenuated
pathological change in the CA1 region of
the hippocampus

Representative H&E staining was shown in Figure 2.
The results revealed that the pyramidal neurons in the
CA1 region of the hippocampus of mice were highly
ranked in order, clearly stained, and moderate in size
with normal micro structure in the sham group and KO
sham group. Mice in the CIRI group and KO CIRI group
showed obvious pathological changes, with loose
arrangement of neurons and shallow staining, as well
as obvious atrophy and loss of neurons. The adminis-
tration of EDB reversed these morphological changes,
but there were no notable changes in neuronal mor-
phology in the KO CIRI + EDB group.

3.3 | EDB alleviated oxidative damage in
the hippocampus of mice with CIRI

To further evaluate the efficacy of reducing oxidative
stress after EDB treatment, we measured the biochemi-
cal markers of oxidative stress parameters, including
MDA level and SOD activity. As shown in Figure 3, the
level of MDA was significantly increased, and the activity
of SOD was significantly decreased in the hippocampus
of the CIRI group compared to those in the hippocam-
pus of the sham group, so oxidative stress injury was
induced by CIRI treatment. Treatment of EDB showed a
significant decrease in the level of MDA, meanwhile the
activity of SOD was significantly increased in the EDB
group compared with those in the CIRI group. In con-
trast, the improvement of SOD activity and MDA level
was suppressed by Nrf2 KO. The level of MDA was sig-
nificantly increased and the activity of SOD was signifi-
cantly decreased in the hippocampus of the KO CIRI
group compared to those in the hippocampus of the KO
sham group. However, there is no significant difference
between the KO CIRI group and the KO CIRI + EDB
group. All the above results demonstrated that EDB had
anti-antioxidant activity and was able to reduce the oxi-
dative damage induced by CIRI. Moreover, Nrf2 is
involved in the regulation of oxidative stress.
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3.4 | EDB prevents CIRI-induced
inflammation

We tested mRNA levels of pro-inflammatory cytokines
(TNF-a and IL-18) and anti-inflammatory cytokines (IL-4
and IL-10) by RT-PCR in the hippocampus of WT and
Nrf2 KO mice. Overall, the mRNA levels of TNF-a and
IL-1p were increased, and the mRNA levels of IL-4 and
IL-10 were decreased in the hippocampus during CIRI,
which could be reversed after EDB treatment
(Figure 4a—d). In the deletion of Nrf2, the mRNA levels
of TNF-a and IL-1p in the KO CIRI group were
increased. Conversely, the mRNA levels of IL-4 and IL-
10 were significantly decreased, but there was no sig-
nificant  improvement  after EDB  treatment
(Figure 4a—d). This suggested that EDB treatment
might not improve CIRI-induced inflammation in the
Nrf2 deficiency.

3.5 | EDB attenuated CIRI-induced cell
apoptosis

To explore the mechanism of EDB on CIRI-induced
apoptosis, the anti-apoptotic protein Bcl-2 and pro-

FIGURE 2 Hematoxylin and
eosin (H&E) staining shows the effect
of EDB on morphological changes in
the mice hippocampus CA1 area.

(a) Sham group. (b) CIRI group.

(c) CIRI + EDB group. (d) KO sham
group. (e) KO CIRI group. (f) KO
CIRI + EDB group (magnification,
x400)
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apoptotic protein Bax, Caspase 3, which played crucial
roles in regulating cell apoptosis were analyzed by
western blot (Figure 5). In the CIRI group, the protein
expression of Bcl-2 was markedly lower compared to
sham group, while the protein levels of Bax and
Caspase 3 were significantly higher, and all of which
were reversed by treatment with EDB. Furthermore,
the effects of EDB on cell apoptosis may be related to
Nrf2 KO. The KO CIRI group obviously decreased
Bcl-2 level and increased Bax and Caspase 3 levels,
while there was a tendency for the KO CIRI + EDB
group to show improvements compared with the KO
CIRlI group, but no statistical significance was
achieved. Overall, these data demonstrated the
hypothesis that the EDB played an essential role in
apoptosis induced by CIRI mice, and the apoptotic
effect may be related to Nrf2.

3.6 | Regulation of NOX2 by EDB is
achieved partially through activating the
Nrf2/HO-1 pathway

Western blot and RT-PCR were used to detect the
expressions of Nrf2, HO-1, and NOX2 (Figure 6).
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FIGURE 3 Effect of EDB on the expression of SOD and MDA in the hippocampus in mice with cerebral ischemia reperfusion injury
evaluated. "P < 0.05; “P < 0.01; ns no statistical significance. N = 12 mice per group
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Compared with the sham group, the expressions of
Nrf2 and HO-1 in the hippocampal of CIRI group were
increased, and these two proteins were further
increased after EDB treatment (Figure 6c¢, d, f, and g).
On the contrary, CIRI induced a significant increase in
NOX2 protein, which was alleviated after EDB treat-
ment (Figure 6e,h). Moreover, we determined that com-
pared with KO Sham group, Nrf2, HO-1, and NOX2
proteins in hippocampal tissues of KO CIRI group
increased, and the expression of NOX2 was further
increased compared with the wild-type CIRI group.
After EDB treatment, Nrf2 and HO-1 proteins further
increased, while NOX2 protein was decreased, but
there was no statistical significance.

4 | DISCUSSION

After the stage of ischemia reperfusion, blood flow of
the ischemic tissue restores, and ROS production
increases, causing oxidative stress [23], promoting
local inflammatory response, DNA damage, and further

(@) -
4\"3‘(\ o o\?~\x
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HO-1 — —

NOX2 v  am— a—

B-actin G- G —

damaging cell structure and leading to cell death [24,
25]. Therefore, the ability to control oxidative stress and
inflammation would be highly beneficial. Studies have
confirmed that Nrf2 plays a significant role in regulating
ROS and inflammation.

Edaravone—an antioxidant drug—has been shown
to improve the outcomes of ischemic stroke through
scavenging hydroxyl-, peroxyl-, and superoxide-free
radicals, reducing ROS production, oxidative stress
and cognitive impairment after stroke [14, 26]. How-
ever, using edaravone, a neuroprotective drug, is far
from satisfactory [27], and multitarget therapy strategies
with antioxidant and anti-inflammatory effects are
urgently needed in clinical stroke management. More
recently, (+) -bornel, a naturally occurring terpene and
dicyclic organic compound, has been tested in preclini-
cal models and shown to have powerful neuro-
protective effects through multiple molecular pathways
in ischemia reperfusion injury, such as reduction of
ROS, improved of NO signaling pathway, inhibition of
inflammatory process and apoptosis, alleviated the
blood brain barrier [28]. Using an ischemia/reperfusion
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rat model, the researchers found that the expression of
pro-inflammatory mediator iINOS and TNF-a and the
level of free radical ONOO— were significantly
decreased with EDB treatment [19]. In our country for a
multicenter, randomized, double-blind, comparative,
the phase Il and phase lll clinical trials, they found,
when EDB or edaravone was administered within 48 h
after AlS, compared with edaravone, 90-day good func-
tional outcomes favored in EDB group, especially in
female patients [20, 21]. The pathophysiological mech-
anism of CIRI is complex, involving factors such as free
radicals, inflammatory response, apoptosis, and blood—
brain barrier damage [29]. It is theoretically believed
that using two different agents to target different steps
of ischemic injury may be superior to a single agent in
preventing ischemia [30]. It is concluded that EDB may
be more effective than any single drug in treating CIRI.
The purpose of this study was to further explore the
neuroprotective mechanism of synthetic drug EDB
on CIRI.

In the current study, we confirmed the beneficial
effects of EDB treatment against CIRI, and an interest-
ing and striking point is that Nrf2 plays a key role in
CIRI. Mice showed significant memory and learning
disabilities after CIRI, but their memory and learning
improved significantly after treatment with EDB. It is
shown that compared with KO CIRI mice, symptoms
were relieved after EDB treatment, but there was no
significant statistical significance. In addition, H&E
staining is the most widely used technique in pathology.
The results showed that the brain tissues of CIRI group
and KO CIRI group showed obvious pathological
changes, with obvious atrophy and loss of neurons.
After EDB treatment, the cortical and hippocampal
structures of wild-type mice were intact, and the num-
ber of neurons was increased, but the KO group was
not significantly improved after EDB treatment. These
results strongly suggest that EDB may have a neuro-
protective role, and the critical role underlying Nrf2 in
CIRI, helping to reduce neuronal damage and improve
learning and memory disorders.

Oxidative stress plays a key role in secondary brain
injury induced by reperfusion [23, 31]. In CIRI oxidative
stress injury, MDA is one of the products of lipid per oxi-
dation, which can reflect the degree of lipid per oxida-
tion [32]. SOD is a component of the antioxidant
defense mechanism and facilitates the removal or
reduction of peroxides [33]. Yan et al. [5] confirmed that
Astaxanthin could reduce oxidative stress in CIRI
model by downregulating MDA level and upregulating
SOD level, which was consistent with our research
results. The excessive production of inflammatory
mediators induced by CIRI oxidative stress can further
accelerate brain damage. Inhibition of CIRI-induced
activation of pro-inflammatory cytokines TNF-a and IL-
1B, and enhancement of anti-inflammatory cytokines
IL-4 and IL-10 can improve neuronal excitability and

neuronal survival, which may improve functional recov-
ery after cerebral ischemia injury [34, 35]. In addition,
CIRI oxidative stress induces excess levels of ROS
production and induces apoptosis through the mito-
chondrial pathway [36—38]. Inhibition of apoptosis pro-
tein expression has been shown to protect neurons
from CIRI [39, 40]. In this study, we found that EDB
improves nerve injury by regulating oxidative stress
levels, inflammatory cytokines, and apoptosis levels.

The Nrf2/HO-1 pathway has been reported to play a
vital role in regulating oxidative stress, inflammation,
and the apoptosis of neurons [41-43]. Nrf2 regulates
ROS production by mitochondria and NADPH oxidase
[44]. In addition, activation of Nrf2 has been demon-
strated to attenuate oxidative stress and neuro inflam-
mation by inhibiting the NF-xB pathway [45—47]. Nox2,
a member of the NADPH oxidase family, is a major
contributor to ROS production and ischemic stroke [48].
Previous studies have shown that inhibition of NOX2
can prevent CIRI-induced oxidative stress and apopto-
sis by inhibiting ROS production [9, 49]. Studies have
suggested that there is a relationship between Nrf2 and
NOX2, Nrf2 KO exhibited a significant exacerbation of
NOX2 induction in oxygen-induced retinopathy [10].
Combined regulation of Nrf2 and NOX2 genes
improves motor and cognitive function and decreased
traumatic brain injury [50]. However, whether the neuro-
protective effect of EDB on CIRlI is related to the molec-
ular mechanism of Nrf2-mediated NOX2 remains to be
further explored. In our study, we found that EDB regu-
lates NOX2 protein in CIRI models by activating Nrf2/
HO-1 signaling pathway. Furthermore, Nrf2 KO could
block the inhibitory effects of EDB on oxidative stress,
inflammation, and apoptosis in CIRI mice. These data
strongly suggest that EDB inhibited the NOX2 expres-
sion by stimulating Nrf2/HO-1 signaling pathway.

In summary, the current study proves that EDB has
a significant protective effect on CIRI-induced nerve
injury in mice, which may regulate NOX2 protein
through the Nrf2/HO-1 pathway, regulate oxidative
stress, and inhibit inflammation and cell apoptosis.
These findings provide novel prospects for EDB as a
potential treatment for use in the treatment of ischemic
stroke.
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