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Abstract. - OBJECTIVE: To investigate the
potential effect of 3-n-butylphthalide (NBP) pre-
treatment on the cerebral ischemia/reperfusion
injury in rats and the relevant mechanism.

MATERIALS AND METHODS: A total of 90
rats was divided into three groups: Sham oper-
ation group (Sham group), ischemia-reperfusion
group (I-R group), and NBP pretreatment group
(NBP group 75 mg-kg-1-d-1 gavage). Pre-treat-
ment was given once a day within 1 week be-
fore establishing the rat model of cerebral isch-
emia-reperfusion injury. The middle cerebral
artery occlusion (MACO) rat models were es-
tablished with the improved Longa-Zea method
on the 7" day after ischemia for 2 h and reperfu-
sion for 24 h in all the rats. We detected the ce-
rebral infarction, the pathologic change of brain,
the apoptosis of nerve cell, the production levels
of reactive oxygen species (ROS), the content of
malonaldehyde (MDA) and the activity of super-
oxide dismutase (SOD), the water content and
the permeability of blood-brain barriers (BBB).
In addition, we also observed the expressions of
mitogen-activated protein kinase (MAPK, p-38,
JNK, ERK1/2) and cleaved caspase-3 in the hip-
pocampus tissues.

RESULTS: Compared with Sham group, we dis-
covered that NBP significantly reduced infarction
area, cell apoptosis, BBB damage and water con-
tent. Further, we found that NBP could also de-
crease ROS and MDA, and increase SOD activity
in brain tissues of rats with a cerebral ischemia-
reperfusion injury. Moreover, results showed that
NBP also inhibited the levels p38 and JNK.

CONCLUSIONS: NBP protected the cerebral
from I/R injury, providing ideas for the expan-
sion of clinical adaptability of NBP and possible
approaches for its application.
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Introduction

Ischemic cerebrovascular disease (ICVD)
commonly and frequently occurs in the elderly
people, accounting for 80% of all strokes'. With
the arrival of an aging society, its incidence rate
is increased year by year, and tends to occur in
younger people. The disease seriously harms
human health and brings a heavy burden to pa-
tients’ families and the society. The research re-
garding the mechanism and prevention of ICVD
has always been a hot topic for neurologists. To
explore an effective treatment to strengthen the
prevention and treatment of such disease, and re-
duce its occurrence rate, disability and mortality
rate, thus improving the quality of life of patients,
has become a hot spot in medical research.

Current clinical treatments for ischemic stroke
mainly focused to re-perfuse the ischemia area
via drugs or early thrombolysis, to restore oxy-
gen and glucose supply in this area?®. However,
kinds of complex factors, such as excitatory ami-
noacid toxicity, inflammatory responses, calcium
overload and oxidative stress, will lead to a series
of pathological cascade reactions*®. These ca-
scade reactions might result in neuronal necrosis
or apoptosis and BBB damage. Then, damaged
BBB will induce the outflow of plasma proteins
and water in the blood capillary, thus leading to
hernia formation'®. At last, these series of inju-
ries consequently developed into cerebral ische-
mia-reperfusion injury (CIRI). How to reduce the
injury is not only a key part of the treatment of
ischemic stroke, but also the priority in neuro-
science research.

The study on the treatment of CIRI should be
started from its complex pathogenesis, so looking
for multi-target and multi-link drugs is imperati-
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ve. The trade name of 3-n-butylphthalide (NBP) is
Butylphthalide Soft Capsule, which is the first Ca-
tegory of State New Drug under the independent
intellectual property right of China, and is the
first innovative drug applied in ischemic stroke
around the world. The drug can improve the local
circulation of lesions and alleviate the injury of
brain tissues through a number of links, which is
the first choice for the treatment of cerebral in-
farction. Once ischemic cerebrovascular disease
occurs, it is difficult to be timely treated, thus le-
ading to poor prognosis. From the perspective of
prevention, early intervention in high-risk groups
will be an alternative option for such patients.

In this study, a CIRI model was established
using the suture method. The changes after CIRI
were explored by observing brain tissue infar-
ction size and neuron morphological changes. To
provide a basis for the mechanism study, ROS le-
vels, SOD activity, MDA content, the permeabi-
lity of BBB, the expression of mitogen-activated
protein kinases (M APKs) and neuronal apoptosis
were also measured. Based on these finding, we
aimed to provide a more reliable theoretical and
experimental basis for the clinical application of
NBP in the prevention of the ischemic cerebrova-
scular disease.

Materials and Methods

Materials

The synthesized dl-3-n-butylphthalide (NBP)
was provided by Weifang Yidu Central Hospi-
tal (Weifang, China). It was dissolved in normal
saline. The content of MDA and the activity of
SOD were detected with ELISA detection Kkits
provided by Beyotime Institute of Biotechnolo-
gy (Shanghai, China). The antibodies of MAPK
and cleaved Caspase-3 were purchased from the
Cell Signaling Technology (Danvers, MA, USA).
All other chemicals and materials were purchased
from Sigma-Aldrich (St. Louis, MO, USA)

Model Establishment and Screening

The study was approved by the Animal Ethi-
cs Committee of Weifang Yidu Central Hospital
Animal Center. 90 healthy adult Sprague-Dawley
(SD) rats, weighing range from 180-220 g, were
fed for 1 week in ventilated cages at 18-22°C and
30-50% humidity with free food and water to
adapt to the feeding environment. In our study,
90 rats were divided into three groups: Sham ope-
ration group (Sham group), ischemia-reperfusion
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group (I-R group) and NBP pretreatment group
(I-R+NBP group) randomly. The rats in [-R+NBP
group were pre-treated with gavage administra-
tion of the NBP at 75 mg/kg once a day for 7 days,
rats in the other two groups were treated with the
same amount of saline. 24 h after the last admini-
stration, rats from the I-R group and the I-R+NBP
group were inflicted to focal cerebral ischemia/
reperfusion injury via occlusion of the middle
cerebral artery using the improved Longa-Zea
method". In brief, the animals were incised in the
midline of the neck and the soft tissues were re-
tracted. The right common carotid artery (CCA)
was 1dentified, and it was followed toward the ro-
stral portion, which bifurcated into the external
carotid artery (ECA) and the internal carotid ar-
tery (ICA). The intraluminal embolus was inser-
ted past the ECA stump into the ICA (17-19 mm)
until a slight resistance was felt. At this moment,
the embolus was blocked by the origin of the right
MCA. After 2 h, the embolus was removed care-
fully to allow MCA reperfusion for 24 h. Rats in
Sham group suffered the same procedure but did
not receive embolus insertion.

Measurement of Brain Water Content

The brain water content was determined to ac-
cess the brain edema, which is according to the
wet-dry method™. In brief, the brains of rats were
immediately acquired after the reperfusion. A neu-
tral filter paper was used to absorb and remove
blood stains from the brain. The hemispheres were
dissected, an electronic scale was used to detect the
wet weight of the tissue (wet weight). Subsequently,
tissues were dried overnight in a desiccating oven
and adapted to the dry weight. The brain water
content was calculated with the formula: brain wa-
ter content (g) = (wet weight - dry weight).

Measurement of Infarct Volume

After the brains were harvested, they were
sliced into 1-mm coronal sections after 24 h re-
perfusion. The cortical infarct volume was me-
asured by 2,3,5-triphenyltetrazolium chloride
(TTC) according to manufacturer’s instructions;
briefly, the sections were staining with 2% TTC
in phosphate-buffered saline (pH 7.4) at 37°C for
20 min. After they were stored by formalin, the
cross-sectional area of the TTC-unstained region
was determined.

Measurement of BBB Permeability
The blood-brain barrier (BBB) integrity was
detected by using Evans Blue injection'. In brief,
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after 24 h of reperfusion, the animals were imme-
diately anesthetized and injected with 2% Evans
Blue solution (4 mL/kg) by intravenous injection
into the jugular vein. After incubation with Evan
Blue solution for 30 min, the brains were remo-
ved, separated, and homogenized in dimethyl sul-
foxide (DMSO). The samples were centrifuged at
12,000 g for 30 min, the supernatants were adap-
ted and measured.

Measurement of ROS level

The Reactive oxygen species (ROS) was me-
asured with oxidation-sensitive 2,7-dichlorodihy-
drofluorescein diacetate (DCFH-DA) dye. After
24 h of perfusion, the brains were removed and
cut into coronal sections at the same level (2 um).
Preparation for total lysis buffer with protease
inhibitor cocktail, 300 pL of lysis buffer/100 mg
of sample, was added. The samples were homo-
genized and centrifuged at 12,000 g for 15 min at
4°C and the supernatant was collected. A volume
of 50 pL of the supernatant was placed in a 96-
well plate and incubated with 10 uL of DCFH-DA
solution for 25 min in the dark. The samples were
measured by using a fluorescent microplate rea-
der at an absorbance of was 450 nm to calculate
the ROS level.

Detection of MDA Content and SOD
Activity

After, the brain was removed and homoge-
nized in ice-cold normal saline. The samples
were centrifuged at 3000 rpm for 20 min. The
supernatants were collected to determine the
levels of malondialdehyde (MDA) and supe-
roxide dismutase (SOD) by using the MDA and
SOD ELISA kit.

Histopathological Examination

Hematoxylin eosin (HE) staining was used
to exhibit the morphological features of injured
neurons in the cerebral cortex. After reperfusion,
tissue samples were fixed in 4% paraformaldehy-
de, embedded in paraffin and sectioned. Then, the
sections were counterstained with hematoxylin-e-
osin, and photographed with microscope.

Measurement of Cell Apoptosis

The apoptosis was detected by TUNEL assay
according to the manufacturer (Roche, Switzer-
land). Horseradish peroxidase (HRP)-mediated dia-
minobenzidine reaction was used to visualize the
TUNEL-positive cells. Following the counterstain,
fields were photographed and randomly selected.

The number of TUNEL-positive cells was expres-
sed as a percentage of the total number of nuclei.

Western Blot Analysis

The brain tissues were collected and homoge-
nized on ice. Then lysis buffer was added to the
samples. Protein centration was measured by
bicinchoninic acid (BCA) method. Sodium do-
decyl sulphate-polyacrylamide gel electrophore-
sis (SDS-PAGE) was used to separate the tissue
lysates. Primary antibodies against p38 MAPK,
phospho-p38 MAPK, ERK, phospho-ERK, JNK,
phospho-JNK, and cleaved caspase-3 antibodies
were purchased from Abcam (Cambridge, MA,
USA). The samples were incubated with primary
antibodies at 4°C overnight and, then, incubated
with secondary HRP-conjugated antibodies for
1 h. The membrane was, then, incubated with
enhanced chemiluminescence (ECL) (Millipore,
Billerica, MA, USA) for luminescence genera-
tion. The proteins were visualized and detected.
B-actin was served as internal control.

Statistical Analysis

All results are presented as the means + stan-
dard deviation (SD). The statistical analyses
were performed using both GraphPad Prism 6.02
(GraphPad Software, La Jolla, CA, USA) and
PASW Statistics 18.0 (SPSS Inc., Chicago, IL,
USA). One-way ANOVA was used to compare
differences among groups. An unpaired z-test was
used for comparisons between 2 groups. A value
of p<0.05 was considered statistically significant.

Results

Effects of NBP on the Brain Water
Content After I/R

To evaluate brain edema, brain water content
was determined. Results showed that brain water
content significantly increased in the I-R groups
compared with the Sham group. In contrast, NBP
pre-treatment significantly decreased brain water
content (Figure 1A).

Effects of NBP on the BBB
Permeability After I/R

Evans Blue extravasation was used as an indi-
cator for the BBB breakdown. Compared with the
Sham group, EB contents in brain tissues were
increased significantly in I-R groups. Meanwhile,
pretreated with the NBP, significant decrease of
EB contents was also observed (Figure 1B).
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Figure 1. Effect of NBP pretreatment on brain water content (4), Evans Blue content (B), infarct volume (C) and oxidative
indices (E-F) in rats with cerebral ischemia-reperfusion injury. Data are expressed as the mean + SD in each group. Differences
among groups were compared using one-way analysis of variance, and paired comparisons between the two groups were perfor-
med using the least significant difference test. ("p<0.01, *"p<0.001, vs. sham group; “p<0.05, *p<0.01, vs. I-R group, respectively).

Effects of NBP on the Cerebral Infarction
After I/R

The detection by TTC showed that the percen-
tage of infarct volume was found to have increa-
sed in the I-R groups, while NBP could reduce the
infarct volume significantly compared to the I-R
group (Figure 1C).

Effects of NBP on the Level of ROS, SOD
Activity and MDA Content After I/R

By comparing with the Sham group, the ROS
level and MDA content was increased remar-
kably and the SOD activities decreased in the
I-R groups. NBP treatment significantly reduced
ROS and MDA, and increased SOD activity. The-
refore, NBP could remarkably remit the oxidative
stress (Figure 1D-F).

Effect of NBP on Morphology Change
After I/R

HE staining results showed that the neurons in
the cerebral cortex in the sham group were uni-
formly distributed and well organized. However,
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in the I-R groups, the neurons were arranged irre-
gularly, exhibiting deeply colored and condensed
nuclei. While treatment with NBP could signifi-
cantly alleviate these neuronal changes (Figure 2).

Effect of NBP on Cell Apoptosis After I/R

As detection by Western blot, we could see
the release level of cleaved caspase-3 was signi-
ficantly increased in I[-R groups in comparison
with Sham group. Cleaved caspase-3 is a cha-
racteristic sign of apoptosis!*. Intervention with
NBP prevented cleaved-Caspase-3 activation.
TUNEL staining was performed for further
evaluation. Results showed that NBP treatment
markedly reduced neurons apoptosis compared
with the Sham group (Figure 3).

Effect of NBP on MAPK Phosphorylation
After I/R

The MAPK family comprises the following
3 primary subfamilies: ERK1/2, JNK, and p38.
The phosphorylation of p38 and JNK levels
were both gained in I-R groups compared with
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Sham I-R I-R+NBP

Figure 2. Effect of NBP on histopathology in rats with cerebral ischemia-reperfusion injury. HE-stained cerebral cortex of
I/R brain 24 h after reperfusion (20x).

Sham. However, ERK was not affected in this Discussion

series of interventions. NBP administration

prevented the increases in p38 and JNK pho- With the continuous improvement of CIRI re-
sphorylation (Figure 4). search, more and more data show that effects of
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Figure 3. Effect of NBP on cell apoptosis in rats with cerebral ischemia-reperfusion injury. The apoptosis of neural cell was
detected by TUNEL assay and protein expression of caspase-3. Both TUNEL staining and the cleaved Caspase-3 expression
analysis indicated that apoptosis level of neural cell increased in I-R groups than Sham groups. Compared with I-R group,
the apoptosis level reduced in I-R+NBP group. (¥***p<0.001, vs. sham group; #p<0.05, ##p<0.01, vs. I-R group; respectively).
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the oxidative stress in ischemic cerebrovascular
disease cannot be underestimated'>'¢. In the early
stage of cerebral ischemia, especially after reper-
fusion, oxygen free radicals, reactive oxygen spe-
cies (ROS) are significantly increased, which can
quickly attack molecules of other compounds to
produce new free radicals due to its strong chemi-
cal activity. Then new free radicals produce more
radicals by this way, which is called the free radi-
cal chain reaction'”.

Lipid peroxidation and MDAs deposition mi-
ght be the results of this reaction, which may con-
sequently lead to neuronal abnormal metabolism,
membrane receptors damage and even cell dea-
th'®. Under physiological conditions, there are a
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series of free radicals in the body that can clear
radical enzymes such as SOD. When the amount
of the generated free radicals is small, they will
be quickly removed by the free radical scaven-
ging system without causing tissue cell damage;
during the cerebral ischemia reperfusion, ROS is
significantly increased, and SOD and other sca-
venger enzymes are excessively consumed, resul-
ting in decreased activity and causing oxidative
stress injuries of tissue cells”.

Apoptosis, also known as the programmed
cell death, is a “waterfall” activation process
regulated by endogenous genes, enzymes and
signal transduction pathways?, and it is consi-
dered as the main way of the delayed neuronal
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Figure 4. Effects of NBP on the phosphorylation of kinase in MAPK signal pathways (including p-38, JNK and ERK). NBP
administration prevents the p38 and JNK phosphorylation. Representative Western blots and densitometry data for the levels
of phospho-p38/p38, phospho-ERK/ERK, and phospho-JNK/INK in each group, PFC administration prevented the increases
in p38 and JNK phosphorylation. However, cerebral ischemia-reperfusion injury did not induce the phosphorylation of ERK.
("p<0.01, ™" p<0.001, vs. sham group; “p<0.05, #p<0.01, vs. I-R group, respectively).
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death after cerebral ischemia-reperfusion. Sin-
ce apoptosis has been testified to be involved in
the process of pathological injuries of ischemic
cerebrovascular disease, apoptosis has become
the focus of people’s attention, and antagoni-
stic apoptosis has brought new hope for the
treatment of ischemic cerebrovascular disease.
MKPK is an important transmembrane signa-
ling pathway, mainly including three important
MAPK cascade reactions: p38, extracellular si-
gnal-regulated kinase 1/2 (ERK1/2) and c-Jun
N-terminal kinase (JNK), which are involved
and play an important role in cell growth, proli-
feration and apoptosis processes. p38, ERK1/2
and JNK are sensitive to ROS stimulation?"*.
Recent experiments have shown that ROS can
activate MAPK and lead to apoptosis®*?*. Be-
sides, our experimental results prove the same
outcome, confirming that ROS produced by
ischemia-reperfusion can activate MAPK pa-
thway and further induce the activation of
apoptosis protein caspase-3, thus leading to
neuronal apoptosis.

Brain edema is a serious complication of brain
tissue ischemia-reperfusion, which can aggravate
the symptoms of cranial hypertension, lead to en-
cephalopathy in severe cases, and even threaten
life*. CIRI-induced cerebral edemas are mostly
angiogenic cerebral edemas, characterized by the
accumulation of edematous fluid in the extracel-
lular space caused by the increased permeability
of BBB?*. The increased BBB permeability will
enable water molecules, plasma and other ingre-
dients to enter into brain tissues, leading to brain
edema, and some inflammatory factors will di-
rectly damage the neurons through BBB, aggra-
vating cerebral ischemic injuries?’.

Effects of NBP have been widely demonstra-
ted in the treatment of ischemic cerebrovascular
diseases. However, it is hard for patients to recei-
ve timely medical treatments. These patients mi-
ght suffer serious sequelae, which not only affect
their quality of life, but also burden their families
and the society. Therefore, our research on the
prevention of neurological disease has far-rea-
ching significance. NBP was preventively applied
for CIRI to investigate its effect on the lesion.

Conclusions
The results of this study provide a practical cli-

nical significance for the prevention and treatment
of ischemic cerebrovascular disease, which bring

immeasurable economic and social benefits, thus
providing ideas for the expansion of clinical adap-
tability of NBP and possible approaches for the
application of new drugs.
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