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Abstract. Cerebral ischemic injury is a major cause of death 
and long‑term disability worldwide that leads to neurological 
and behavioral deficits, and for which successful treatments 
are still lacking. Ras homolog family member A (RhoA) and 
Rho‑associated coiled‑coil containing protein kinase (ROCK) 
are associated with the growth of neurons and the movement 
of neuronal growth cones. RhoA/ROCK inhibitors have been 
demonstrated to promote the recovery of motor function 
following nerve injury, but the underlying mechanism requires 
further investigation. The present study aimed to investigate 
the effects of the ROCK inhibitor Y‑27632 on middle cere-
bral artery occlusion (MCAO)‑induced cerebral ischemic 
injury. Rats were randomly assigned to the Control, Y‑27632, 
MCAO + Vehicle or MCAO + Y‑27632 group. Firstly, infarct 
volume, cognitive ability and cerebral injury were assessed. 
Secondly, indicators of cerebral inflammation, oxidative 
stress and apoptosis were evaluated. Finally, the expression 
of recombinant glial fibrillary acidic protein (GFAP) and 
allograft inflammatory factor  1  (AIF1) in the brain were 
measured to assess the activation of astrocytes and microglia, 
respectively. The results showed that Y‑27632 effectively 
increased the survival rate and behavioral performance of rats, 
and attenuated the cerebral injury, oxidative stress and cere-
bral inflammation levels following MCAO. The disturbance 
in hippocampal neurons caused by MCAO was also alleviated 
following treatment with Y‑27632. Neuronal apoptosis was 
also decreased following Y‑27632 treatment, as demonstrated 
by the TUNEL assay and the expression levels of Caspases‑3, 8 
and 9 and Bax/Bcl‑2 ratio. The levels of GFAP and AIF1 were 
increased by MCAO and further promoted by Y‑27632, indi-
cating the activation of astrocytes and microglia. In conclusion, 

the present study offered evidence of a protective effect of 
Y‑27632 administration on cerebral ischemia/reperfusion 
induced behavioral and hippocampal damage by activating 
astrocytes and microglia.

Introduction

Cerebrovascular disease is becoming a prominent public 
health concern. Due to its high rates of disability, morbidity 
and mortality, cerebrovascular disease not only has a strong 
impact on a patient's quality of life, but is also accompanied 
by heavy economic burdens for the patients' families and 
society (1). Currently, treatment of cerebrovascular disease 
consists in the surgical removal of blocked blood vessels in 
order to improve the blood supply in and around the lesion 
site (2). Once the blood supply improves, the infarcted area is 
prone to develop severe cerebral ischemia/reperfusion (CIR) 
injury. There are several pathological mechanisms involved 
in the process of CIR damage, including glutamate‑induced 
excitotoxicity, loss of ionic homeostasis, energy failure, 
inflammatory response, increased oxidative stress and apop-
tosis (3). The accumulation of reactive oxygen species (ROS) 
in cells can directly lead to cell necrosis and indirectly induce 
cell senescence, apoptosis and necrosis by activating oxidative 
signaling pathways (4). Local excessive inflammatory reactions 
after cerebral ischemia‑reperfusion also cause tissue damage. 
In recent years, calcium ion antagonist, radical scavengers and 
other neuroprotective drugs have been developed and used 
for the treatment of CIR injury (5). However, the possible side 
effects of these treatments, including drug resistance, cerebral 
hemorrhage and gastrointestinal irritation, may exceed the 
clinical benefits of long‑term therapy.

Ras homolog family member A  (RhoA) has GTPase 
activity and acts as a signal transducer or as a molecular switch 
in cell signaling pathways. It may also act on the cytoskeleton 
and regulates the response of actin to extracellular signals. Rho 
associated coiled‑coil containing protein kinase (ROCK) can 
catalyze the conversion of inactive RhoA to active RhoA (6). 
In neurons, activation of RhoA leads to axonal retraction; 
conversely, inactivation of RhoA or ROCK promotes the 
growth of neurons and the movement of neuron growth cones. 
Therefore, RhoA/ROCK pathway is closely associated with 
the growth of neuron and their axons (7). Y‑27632 is a type of 
synthetic pyridine complex that can be introduced in cells via 
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vectors. Y‑27632 is a cell‑permeable, highly potent and selec-
tive inhibitor of Rho‑associated, coiled‑coil containing protein 
kinase (ROCK). It binds intracellularly to the catalytic site of 
the upstream effector of the Rho protein ROCK (both ROCK1 
and 2), thereby inhibiting its kinase activity. Y‑27632 inhibits 
both ROCK1 (Ki=220 nM) and ROCK2 (Ki=300 nM) by 
competing with ATP for binding to the catalytic site. Y‑27632 
has been shown to inhibit ROCK kinase activity in epithelial 
cells, endothelial cells, smooth muscle cells and neurons (8). It 
has also been found that Y‑27632 promotes neurite outgrowth 
in PC12 cells (9). Y‑27632 has also been used in treatments 
following spinal cord injury, for it is known to promote neurite 
outgrowth and axonal regeneration in neurons (10). However, 
the effect of Y‑27632 on CIR injury needs to be studied. IR 
injury is also known to stimulate the activation and prolifera-
tion of astrocytes and microglia to protect brain tissues (11,12). 
Glial fibrillary acidic protein (GFAP), found in astrocytes 
and ependymal cells, is a type of cellular microfilament with 
multiple functions in cell activity, and its expression may be 
affected following CIR.

Therefore, the present study, aimed to investigate the effects 
of the ROCK inhibitor Y‑27632 on CIR injury and to explore 
its underlying mechanism of action. The cognitive ability, 
cerebral infarct, inflammation, oxidative stress and apoptosis 
in rats with middle cerebral artery occlusion (MCAO) were 
used to evaluate the effect of Y‑27632 on CIR. The levels 
GFAP and allograft inflammatory factor 1 (AIF1) in neurons 
were assessed by western blotting to evaluate the activation of 
astrocytes and microglia in the context of CIR.

Materials and methods

Animals. A total of 310 male Sprague‑Dawley rats, weighing 
230‑250 g, were purchased from Tianjin Medical University 
animal center. Animals were housed at 25˚C with a 12‑h 
day/night cycle in the Animal Center of Baodi District People's 
Hospital with food and water available ad libitum. The proce-
dures of the present study followed international guidelines 
of animal care (NIH publication No. 92‑3415, revised 1999) 
and were approved by the Animal Care Committee in Baodi 
District People's Hospital.

Experimental protocol. The experimental protocol is summa-
rized in  Fig.  1. For biochemical evaluation, hematoxylin 
and eosin (H&E) staining, western blotting and behavioral 
assessment, 80  rats were randomly grouped into Control, 
Y‑27632, MCAO + Vehicle and MCAO + Y‑27632 groups, 
with 20 animals in each group. Rats in the Control group 
were operated on like the experimental MCAO ones, but the 
nylon filament was not introduced to the carotid artery. Rats 
in the Y‑27632 group received Y‑27632 injection and the same 
operation as Control. Rats in MCAO + Vehicle group received 
MCAO surgery and were injected with saline 120 min later. 
Rats in MCAO + Y‑27632 group received MCAO surgery 
and were injected with Y‑27632 120 min later. After MCAO, 
animals were allowed to rest for 24 h. Then, half the animals 
in each group were sacrificed and used in for biochemical, 
H&E and western blot analyses, while the remaining half 
was used for neurological deficit scoring. After 48 h, these 
animals were tested in the water maze. For survival rate 

studies, 64  rats were randomly grouped into the Control 
group (n=12), Y‑27632 group (n=12), MCAO + Vehicle group 
(n=20) and MCAO + Y‑27632 group (n=20). Survival checks 
were performed at 24, 48 h and 7 days after MCAO surgery. 
The animal health and behavior were monitored twice a day 
during the experiments. Survival checks were performed at 1, 
2 and 7 days following MCAO surgery; the inability of rats 
to right themselves in 30 sec after being placed on their side 
was considered a humane endpoint and were euthanized by 
overdose of sodium pentobarbital (150 mg/kg). All Rats were 
euthanatized with intraperitoneal injection of an overdose 
of sodium pentobarbital (150 mg/kg) at the end of the study. 
Death was verified by checking the heartbeat. Rats would 
be euthanatized if serious infection occurred and remained 
uncontrollable. However, no rat was euthanized prior to the 
end of the study due to ill health.

MCAO procedure. The MCAO procedure was similar 
to that of Yang et al  (13). Briefly, rats were anesthetized 
with ketamine (100 mg/kg, intra‑muscularly) and xylazine 
(7.5 mg/kg, intra‑muscularly) and mounted on a wooden 
plate. A 3 cm long incision was made in the center of neck 
to expose the common carotid and external carotid arteries. 
After these two arteries were ligated, a nylon filament 
(diameter, 0.25 mm) was inserted into the internal carotid 
artery and advanced for 20 mm. MCAO lasted for 60 min to 
generate ischemia, and the nylon filament was pulled out to 
allow reperfusion of the injured site. The body temperature 
of animals was kept at 37±1˚C with a heating blanket during 
the IR process.

Intracerebroventricular injection. After 30 min since reper-
fusion, rats were anesthetized with ketamine (100 mg/kg, 
intra‑muscularly) and xylazine (7.5 mg/kg, intra‑muscularly). 
After the head of each rat was mounted in a stereotaxic 
instrument, the skull was revealed by a midline incision. A 
craniotomy was drilled in the right lateral cerebral ventricle 
at the following stereotaxic coordinates relative to the 
bregma: 1.00 mm anteroposterior, 1.5 mm mediolateral and 
2.00 mm dorsoventral. In the MCAO + Vehicle group, 10 µl 
artificial cerebrospinal fluid was injected into the right lateral 
cerebral ventricle with a microinjector. In the Y‑27632 and 
MCAO + Y‑27632 groups, 10 µl Y‑27632 (10‑6 mol/l) was 
injected in the same manner. Afterwards, the incision was 
closed with a wound clip. Ampicillin (20 mg/kg, twice per 
day) and meloxicam (0.2 mg/kg, once per day) were injected 
intra‑muscularly to prevent wound infection and pain.

2,3,5‑Triphenyltetrazolium chloride (TTC) staining. 
Following experiments, the brains of animals were collected 
for histological analysis. After 20 min freezing at ‑20˚C, 5 to 
6‑1.7 mm thick coronal sections were obtained and placed in 
2% TTC phosphate buffer solution (23.9 mM TTC in 0.05 M 
phosphate buffer solution, pH  7.5). These sections were 
stained at 37˚C for 30 min in the dark, and then images were 
capture with a digital camera. The normal tissue was stained 
red, while the infarcted tissue exhibited white coloration. The 
picture analyzed using a pathological image analysis computer 
system, and the infarct size of each layer was measured to 
calculate the infarct volume.
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Neurological deficit scoring. Neurological deficit scoring was 
performed as previously described (14). At 48 h after MCAO, 
the potential deficit points of animals were evaluated as follows: 
no nerve injury symptom, 0 points; contralateral papillary 
flexion, 1 point; reduced contralateral forepaw clenched grip, 
2 points; spontaneous movement in all directions and circle 
to the opposite side when pulling their tails, 3 points; loss of 
consciousness, 4 points.

Water maze study. The water maze study was performed at 
48 h after MCAO following the methodology described by 
Ahmadi et al (15). Briefly, a black circular tank (120 cm diam-
eter, 80 cm high) was divided into four equal quadrants and used 
as the water maze. The depth and the temperature of water were 
kept at 30 cm and 25±1˚C, respectively. A circular platform was 
placed 1.5 cm under the water in a quadrant. A video camera 
was used to track the travel path and duration of rats. Beginning 
at 48 h after MCAO, the animals were trained for five consecu-
tive days with the platform located in the same position. The 
escape latency, traveled length and mean speed of animals were 
calculated from the recorded video. There was no significant 
difference between groups in the mean speed, indicating that 
physical deficit was not caused by the MCAO procedure. On the 
sixth day, the platform was removed. The rats were allowed to 
swim in the water maze for 60 s, and the number of times they 
crossed the platform location (crosses) and the duration they 
spent in the target quadrant were recorded by the video camera.

Measurement of oxidative and pro‑inflammatory factors in 
the brain tissue. At 24 h after MCAO, animals were sacri-
ficed and brains were harvested and sliced into 1.0 mm thick 
slices. A total 100 mg brain tissue of the infarcted area was 
collected and homogenized in PBS (10 mM, pH=7.4). Next, 
they were centrifuged at 12,000 x g at 4˚C for 30 min before 
the supernatant was collected. The levels of oxidative markers 
[malondialdehyde (MDA), (8‑hydroxy‑2‑deoxyguanosine 
(8‑OHdG), 3‑nitrotyrosine  (3‑NT)] and pro‑inflammatory 
factors [tumor necrosis factor (TNF)‑α, interleukin (IL)‑1β, 
IL‑6] in the supernatant were measured using corresponding 
assay kits (Sigma‑Aldrich; Merck KGaA), following the manu-
facturer's protocol. Their concentration was calculated with 
absorbance values which were detected by a microplate reader 
(Azure Biosystems, Inc.). The protein levels were measured 
with a protein assay kit (Nanjing Jiancheng Bioengineering 
Institute) using the bicinchoninic acid method. All the 
concentrations were normalized to the protein level.

Hematoxylin and eosin (H&E) staining. A total of 24 h following 
MCAO, rats were anesthetized with ketamine (100 mg/kg, 
intra‑muscularly) and xylazine (7.5 mg/kg, intra‑muscularly) 
and perfused with cold saline containing heparin (40 mg/l) 
and 4% paraformaldehyde. After the rats were fixed on a 
wooden plate, the needle used for perfusion was inserted into 
the aortic root of the rats from the left apex. After the needle 
was fixed, the perfusion with cold saline containing heparin 
started. When no blood was seen in the perfusion solution, 
which indicated that the blood in the animal was completely 
replaced by cold saline containing heparin, the perfusion solu-
tion was changed to 4% paraformaldehyde. 1 h later, the brains 
were removed, fixed in 4% paraformaldehyde and embedded 
in paraffin at room temperature. Coronal sections (6 µm thick) 
were taken every millimeter from ‑1.3 to ‑6.3 mm relative to 
the bregma. Hippocampal sections of the ipsilateral side of 
the MCAO from eight rats in each group were collected and 
stained with H&E at room temperature for 5 min to analyze 
the neuronal injury. The numbers of nucleoli and cytoplasmic 
Nissl bodies and pyknosis‑positive neurons were compared 
within groups. A VS120 Virtual Slide Microscope (Olympus 
Corporation) and cellSens Imaging Software (version 2.2; 
Olympus Corporation) were used to capture and analyze the 
images.

Immunohistochemical (IHC) analysis. IHC analysis of neuron 
specific enolase (NSE), a marker of cerebral damage, was 
performed to evaluate CIR. Hippocampal sections of the 
ipsilateral side of the MCAO from eight rats in each group 
were collected. Dewaxing and hydration were first carried 
out with xylene and alcohol. Endogenous peroxidase activity 
was then blocked by the addition of 0.3% hydrogen peroxide 
at room temperature for 30 min, and antigen retrieval was 
performed using 0.01 M citrate buffer. Next, non‑specific 
antibodies were blocked by incubation with 5% goat serum 
(Beyotime Institute of Biotechnology) at 37˚C for 45 min. 
They were then incubated with primary antibody against NSE 
(cat. no. SAB4500768; 1:1,000; Sigma‑Aldrich; Merck KGaA) 
at 4˚C overnight and with the goat anti‑rabbit IgG secondary 
antibody conjugated to biotin (cat. no. SAB4600006, 1:5,000, 
Sigma‑Aldrich; Merck KGaA) at 37˚C for 1 h. Afterwards, 
the sections were washed with PBS three times and incubated 
with streptavidin conjugated to horseradish peroxidase (cat. 
no. 18‑152, 10 µg/ml, Sigma‑Aldrich; Merck KGaA) at room 
temperature for 1 h. The color was developed using DAB 
coloring solution, then counterstained with hematoxylin at 

Figure 1. Experimental protocol. A total of 120 min after MCAO, rats were injected with saline or Y‑27632. Rats were allowed to rest for 24 h after MCAO, 
then half of the animals were sacrificed and used for biochemical, hematoxylin and eosin, 2,3,5‑triphenyltetrazolium chloride, immunohistochemical, terminal 
deoxynucleotidyl transferase dUTP nick end labeling and western blot analyses. The remaining rats were used for neurological deficit scoring. After 48 h, these 
animals were tested in a water maze study. Survival checks were performed at 24, 48 h and 7 days after MCAO surgery. MCAO, middle cerebral artery occlusion.
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room temperature for 10 min. Finally, the slices were dehy-
drated and sealed with xylene and alcohol. Representative 
images were taken from the hippocampal region in a total 
of four different sections per animal using a VS120 Virtual 
Slide Microscope (Olympus Corporation) at a magnification 
of x200. The number of immunoreactive signals of NSE was 
counted in four randomly selected fields per section.

Terminal deoxynucleotidyl transferase dUTP nick end labeling 
(TUNEL) staining. Hippocampal sections of the ipsilateral side 
of the MCAO from eight rats in each group were collected. 
Dewaxing and hydration were first carried out with xylene 
and alcohol. Afterwards, the paraffin sections were digested 
with 20 µg/ml proteinase K (Sigma‑Aldrich; Merck KGaA) 
at room temperature for 10 min. Next, they were incubated 
with TUNEL assay solution (Promega Corporation) at 37˚C 
for 90 min, according to the manufacturer's protocol. Finally, 
representative images were taken from the hippocampal 
region in a total of four different sections per animal using a 
VS120 Virtual Slide Microscope (Olympus Corporation) at a 
magnification of x200. Five randomly selected fields in each 
image were examined. The brown colored apoptotic cells were 
identified as ‘TUNEL positive cells’ and the percentage of the 
TUNEL positive cells were calculated.

Western blotting. A total of 100 mg infarcted cerebral cortex 
tissue was cut into small pieces, and 1 ml RIPA lysis buffer 
(Beyotime Institute of Biotechnology) and 1 ml PMSF (final 
concentration, 1 mM; Beyotime Institute of Biotechnology) 
were added to the tissue, which was then homogenized until fully 
lysed. After centrifugation at 30,000 x g for 3 min at 4˚C, the 
supernatant was collected. The protein concentration in super-
natants was determined using a standard BCA protein assay 
kit (Beyotime Institute of Biotechnology), then 40 µg protein 
in the supernatant was transferred to polyvinylidene difluoride 
(PVDF) membranes using Mini‑Protean Tetra Electrophoresis 
System (Bio‑Rad Laboratories, Inc.). Afterwards, PVDF 
membranes were blocked in 5% skimmed milk at room 
temperature for 2  h. They were incubated with primary 
antibodies against Caspase‑3 (cat.  no.  sc‑271759; 1:1,000; 
Santa Cruz Biotechnology, Inc.), Caspase‑8 (cat. no. sc‑5263; 
1:1,000; Santa Cruz Biotechnology, Inc.), Caspase‑9 
(cat. no. sc‑133109; 1:1,000; Santa Cruz Biotechnology, Inc.), 
Bax (sc‑20067; 1:1,000; Santa Cruz Biotechnology, Inc.), Bcl‑2 
(cat. no. sc‑56015; 1:1,000; Santa Cruz Biotechnology, Inc.), 
GFAP (cat. no. sc‑33673; 1:1,000, Santa Cruz Biotechnology, 
Inc.) and AIF1 (cat.  no.  sc‑32725; 1:1,000; Santa Cruz 
Biotechnology, Inc.) at 4˚C overnight. The next day, they 
were incubated with a horseradish peroxidase‑conjugated 
secondary antibody (cat.  no.  G‑21040; 1:10,000; Thermo 
Fisher Scientific, Inc.) at 37˚C for 2 h. The enhanced chemi-
luminescent substrate was applied to the blot membrane and 
incubated at room temperature for 5 min. The blot membrane 
was then placed in a chemiluminescence imager (Bio‑Rad 
Laboratories, Inc.) for image acquisition, and densitometry 
analysis was performed using ImageJ 1.43 software (National 
Institutes of Health).

Statistical analysis. Statistical analysis was performed using 
two‑way analysis of variance method followed by Turkey post 

hoc test with SPSS software 17.0 (SPSS, Inc.). Data were repre-
sented as the mean ± standard error of the mean. The number 
of experimental repeats was 12. P<0.05 was considered to 
indicate a statistically significant difference.

Results

Treatment with the ROCK inhibitor increases survival 
following MCAO. Survival checks were performed at 24 and 
48 h and 7 days after MCAO surgery. As shown in Table I, 
the survival rates at 24 and 48 h and 7 days in Control and 
Y‑27632 groups were 100%, suggesting that Y‑27632 alone 
did not affect overall survival. In the MCAO + Vehicle group, 
the survival rates at 24 and 48 h and 7 days were 60, 50 and 
35%, respectively, with only seven animals surviving until the 
seventh day after the MCAO surgery. In the MCAO + Y‑27632 
group, however, the survival rates at 24, 48 h and 7 days were 
significantly higher at 90, 80 and 50%, respectively, with 10 rats 
surviving until the seventh day after the MCAO surgery.

Y‑27632 reduces the MCAO‑induced infarct volume in the 
brain. To assess the effect of ROCK inhibitor Y‑27632 on the 
infarct caused by MCAO, the infarcted brain area was stained 
with TTC and compared between groups. As shown in Fig. 2, 
the infarct volume in the MCAO group was 31.5±3.6%, 
MCAO + Vehicle group was 28.3±5.1%, while the infarct 
volume in the MCAO + Y‑27632 group was 18.2±3.3%. There 
was no significant difference between MCAO group and 
MCAO + Vehicle group. The infarct size difference between 
MCAO + Vehicle and MCAO + Y‑27632 group was statistically 
significant (P<0.05).

Y‑27632 prevents neurological impairments caused by CIR. 
As shown in Fig. 3A, MCAO induced significant neurological 
deficits. The deficit score in the MCAO + Vehicle group was 
3.1±0.23 (P<0.05 compared to Control). There was no signifi-
cant difference between MCAO group and MCAO + Vehicle 
group. However, the application of the ROCK inhibitor 
Y‑27632 significantly decreased the neurological deficit score 
to 2.2±0.31 (P<0.05 compared to MCAO + Vehicle). The 
parameters evaluated with the water maze test are presented 
in Fig. 3B‑F. The mean swimming speed (Fig. 3B) was not 
different between these four groups, suggesting that the 
motor ability of rats were not altered by MCAO or Y‑27632. 
Following treatment with Y‑27632, the escape latency and 
travel length during training days (Fig. 3C and D) were signifi-
cantly decreased compared to MCAO + Vehicle (P<0.05). Rats 
in MCAO + Vehicle group on the test day (sixth day; Fig. 3E) 
crossed the hidden platform significantly less, while Y‑27632 
treated animals significantly increased the number of crosses 
(P<0.05 compared to MCAO + Vehicle). There was no signifi-
cant difference between MCAO group and MCAO + Vehicle 
group. The time rats spent in target quadrant on the test 
day (sixth day; Fig.  3F) was significantly longer in the 
MCAO + Y‑27632 group compared with the MCAO + Vehicle 
group (P<0.05). Y‑27632 alone did not affect all these behavior 
test results (P>0.05 compared to Control).

ROCK inhibitor attenuates the histological changes caused 
by CIR. The histological changes to the hippocampus across 



Molecular Medicine REPORTS  20:  3395-3405,  2019 3399

the four groups are shown in  Fig.  4. In the MCAO and 
MCAO + Vehicle groups, the brain tissue became less compact, 
the extracellular space was widened. In the MCAO + Y‑27632 
group, these observations were significantly less common.

Treatment with the ROCK inhibitor attenuates the oxidative 
injury and inflammation. The changes in oxidative injury indica-
tors across groups are displayed in Fig. 5A‑C. The levels of MDA 
and 3‑NT (Fig. 5A and C) in the MCAO + Vehicle group were 
greatly increased compared to Control, and were significantly 
inhibited by co‑treatment with Y‑27632. The levels of 8‑OHdG 
(Fig. 5B) was greatly increased compared to Control, but not 
changed by Y‑27632. The changes in inflammatory marker 
expression across groups are shown in Fig. 5D‑F. The levels of 
TNF‑α and IL‑1β (Fig. 5D and E) in the MCAO + Vehicle group 
were significantly increased compared to Control, and were 
inhibited by co‑treatment with Y‑27632 (P<0.05 compared to 
MCAO + Vehicle). The IL‑6 levels (Fig. 5F) were also increased 
compared to Control, but not significantly changed by Y‑27632. 
Y‑27632 alone did not affect oxidative injury or inflammation 
(P>0.05 compared to Control).

Y‑27632 attenuates the expression of NSE in hippocampus 
tissue. The expression of NSE, a marker of CIR‑induced 
damage, in the hippocampus of Control, Y‑27632, MCAO 

+ Vehicle and MCAO + Y‑27632 groups is shown in Fig. 6. 
Representative images of IHC staining for NSE are shown 
in Fig. 6A, while Fig. 6B shows the quantification results of 
NSE expression. The results indicated that the expression 
of NSE was significantly increased following MCAO, but 
inhibited by the treatment with Y‑27632 (P<0.05 compared to 
MCAO + Vehicle).

Y‑27632 attenuates neuron apoptosis caused by CIR. To 
analyze the effect of ROCK inhibition on neuron apoptosis 
caused by CIR, the apoptosis rate in the hippocampus tissue 
and the protein levels of Caspase‑3, Caspase‑8 and Caspase‑9 
and the Bax/Bcl‑2 ratio in the infarcted brain tissues were 
evaluated (Fig. 7). Representative images of the TUNEL assay 
are shown in Fig. 7A, while Fig. 7B indicates the quantifica-
tion of apoptotic numbers in the hippocampus. The rate of 
apoptosis was greatly increased by MCAO, but reduced with 
Y‑27632 treatment (P<0.05 compared to MCAO + Vehicle). 
Y‑27632 alone did not change the rate of apoptosis. As illus-
trated in Fig. 8, the protein levels of Caspase‑3, Caspase‑8 
and Caspase‑9 were also increased following MCAO, but 
reduced with Y‑27632 treatment. Furthermore, Y‑27632 
significantly decreased the Bax/Bcl‑2 ratio in infarcted brain 
tissues. Y‑27632 alone did not affect neuron apoptosis (P>0.05 
compared to Control).

Figure 2. Influence of Y‑27632 on the infarct volume. At 24 h after MCAO, rats were sacrificed, and the brains were collected for TTC staining. (A) Representative 
images of the infarct area. (B) Quantification of infarct volume of the Control, MCAO + Vehicle and MCAO + Y‑27632 groups (n=12 per group). *P<0.05 compared 
to the Control group; #P<0.05 compared to the MCAO + Vehicle group. MCAO, middle cerebral artery occlusion; TTC, 2,3,5‑triphenyltetrazolium chloride.

Table I. Effect of Y‑27632 on rat survival rate.

	 Survival
	‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
	 24 h	 48 h	 7 days
	‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑ ----‑----‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑	‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑ ---‑----‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑	‑‑‑‑‑‑‑‑‑‑‑ ---‑‑‑‑‑‑‑‑‑‑‑--‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
	 n	 %	 n	 %	N	  %

Control	 12/12	 100	 12/12	 100	 12/12	 100
Y‑27632	 12/12	 100	 12/12	 100	 12/12	 100
MCAO+Vehicle	 12/20a	 60	 10/20a	 50	 7/20a	 35
MCAO+Y‑27632	 18/20b	 90	 16/20b	 80	 10/20b	 50

n, number of survivors/number of rats in the group. MCAO, middle cerebral artery occlusion. aP<0.05 compared to Control; bP<0.05 compared 
to MCAO+Vehicle. 
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Figure 4. Influence of Y‑27632 on the histological changes caused by cerebral ischemia‑reperfusion injury. The black arrows are pointing at the whole group 
of cells in the hippocampal tissues. In the MCAO and MCAO + Vehicle groups, the brain tissue became less compact, the extracellular space was widened. In 
the MCAO + Y‑27632 group, these observations were significantly less common (n=12 per group). MCAO, middle cerebral artery occlusion.

Figure 3. Influence of Y‑27632 on the neurological impairment caused by cerebral ischemia‑reperfusion injury. (A) Results of neurological deficit tests. 
(B‑F) Results of the several parameters evaluated using the eater maze test. Each column represents the mean ± standard error of the mean of each parameter 
for animals in each group (n=12 per group). *P<0.05 compared to the Control group; #P<0.05 compared to the MCAO + Vehicle group. MCAO, middle cerebral 
artery occlusion.
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Y‑27632 increases the levels of GFAP and AIF1 following 
MCAO. To explore the effect of ROCK inhibition on astro-
cytes and microglia function, the levels of GFAP and AIF1 
were evaluated in infarcted brain tissues by western blotting. 
Representative images of western blotting for GFAP and the 
quantification of its expression are shown in Fig. 9A, while 
Fig. 9B presents representative images of AIF1 western blot 
analysisAIF1 and respective quantification of its expression. 
The results demonstrated that the protein levels of GFAP and 
AIF1 were both increased by MCAO, and the treatment of 
Y‑27632 further increased these protein levels to a higher level 
following MCAO. Y‑27632 alone did not affect GFAP and 
AIF1 protein levels (P>0.05 compared to Control).

Discussion

The present study investigated the effects of the ROCK 
inhibitor Y‑27632 on CIR injury and explored its underlying 
mechanism of action. It demonstrated that ROCK inhibition 
by Y‑27632 significantly improved the cognitive ability that 
was impaired following CIR damage. Y‑27632 also reduced 
the expression of oxidative injury and inflammation markers 
in the brain and attenuated the histological changes in the 
hippocampus caused by the injury. The level of neuronal 
apoptosis in CIR‑injured rats was also significantly decreased 
by Y‑27632 treatment. Lastly, the protein levels of GFAP and 
AIF1 were further increased following Y‑27632 exposure and 

Figure 6. Influence of Y‑27632 on the expression of NSE in the hippocampus. To investigate the effects of Y‑27632, the expression of NSE, a marker of 
cerebral damage, was evaluated in the hippocampus using immunohistochemical staining. (A) Representative images of immunohistochemical staining 
(magnification x400). (B) Quantification of NSE expression in brain slices (n=12 per group). *P<0.05 compared to the Control group; #P<0.05 compared to the 
MCAO + Vehicle group. NSE, neuron specific enolase; MCAO, middle cerebral artery occlusion.

Figure 5. Influence of Y‑27632 on the oxidative injury and inflammation markers following cerebral ischemia‑reperfusion injury. (A‑C) Levels of MDA, 
8‑OHdG and 3‑NT. (D‑F) Levels of TNF‑α, IL‑1β and IL‑6. Each column represents the mean ± standard error of the mean of each parameter for animals in 
each group (n=12 per group). *P<0.05 compared to the Control group; #P<0.05 compared to the MCAO + Vehicle group. MDA, malondialdehyde; 8‑OHdG, 
8‑hydroxy‑2'‑deoxyguanosine; 3‑NT, 3‑nitrotyrosine; MCAO, middle cerebral artery occlusion.
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Y‑27632 significantly increased the survival rates at 24, 48 h 
and 7 days after CIR.

ROCK is an important kinase involved in cell mitosis, 
adhesion, cytoskeleton regulation, muscle cell contraction, 
tumor cell infiltration/migration and other cell functions (16). 
ROCK participates in the signaling pathway that regulates the 
presence of its respective receptors in the cytoplasm and is also 
involved in the regulation of the cytoskeletal structure (17). In 
recent years, ROCK has been increasingly studied in context 
of IR injury (18‑20). The pretreatment of heart tissue with 
fusadil may prevent the endothelial dysfunction and signifi-
cantly reduce the degree of myocardial infarction (21). In the 

early stages of reperfusion, upregulation of Rho expression in 
the ischemic myocardium activates ROCK (22). To evaluate 
the potential beneficial effect of ROCK inhibition on CIR, rats 
with MCAO were treated with the ROCK inhibitor Y‑27632 
and their survival rates and neurological performance were 
examined. The survival rate of animals treated with MCAO 
and Vehicle at 24, 48  h and 7  days was 60, 50 and 35%, 
respectively. In contrast, MCAO animals treated with Y‑27632 
group exhibited significantly higher survival rates (90, 80 and 
50% at 24 and 48 h and 7 days respectively). Furthermore, 
Y‑27632 significantly decreased the neurological deficit score 
and enhanced the performance of rats in the water maze tests 

Figure 7. Influence of Y‑27632 on the neuron apoptosis caused by CIR. To measure the influence of Y‑27632 on neuron apoptosis caused by CIR, the hippo-
campal tissues from Control, Y‑27632, MCAO + Vehicle, MCAO + Y‑27632 groups were stained using the TUNEL method. (A) Representative images of 
TUNEL staining (magnification x400). (B) Percentage of TUNEL‑positive cells in each treatment group (n=12 per group). *P<0.05 compared to the Control 
group; #P<0.05 compared to the MCAO + Vehicle group. CIR, cerebral ischemia‑reperfusion injury; MCAO, middle cerebral artery occlusion; TUNEL, 
terminal deoxynucleotidyl transferase dUTP nick end labeling.

Figure 8. Influence of Y‑27632 on the expression of apoptotic proteins. (A) Representative bands of Caspase‑3, Caspase‑8, Caspase‑9, Bax and Bcl‑2 in each 
group. (B‑E) Relative levels of Caspase‑3, Caspase‑8, Caspase‑9 Bax/Bcl‑2 ratio. Each column represents the mean ± standard error of the mean of expression 
values for each treatment group (n=12 per group). *P<0.05 compared to the Control group; #P<0.05 compared to the MCAO + Vehicle group. MCAO, middle 
cerebral artery occlusion.
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compared to MCAO + Vehicle animals. These results indi-
cated that ROCK inhibition may effectively prevent death and 
the neurological impairment caused by CIR.

Different factors, including ischemia, hypoxia, hyper-
glycemia and infection, may activate tyrosine kinases and 
G protein‑coupled receptors, which in turn activate RhoA. 
Activation of the RhoA/ROCK signaling pathway may 
have detrimental effects during IR. Firstly, activation of the 
RhoA/ROCK signaling pathway in the vascular endothelium is 
known to inhibit P13K/AKT activation, decrease nitric oxide 
synthase 3 phosphorylation and nitric oxide production, which 
may reduce regional cerebral blood flow following CIR (23). 
Secondly, activation of RhoA/ROCK signaling pathway may 
increase blood flow viscosity. The exact mechanism remains 
unclear, but is hypothesized to be associated with erythrocyte 
deformability  (24). Thirdly, activation of the RhoA/ROCK 
signaling pathway promotes the expression of serpin family E 
member 2 in vascular endothelial cells and worsens intracapil-
lary circulation (25). Phosphorylation of myosin light‑chain in 
vascular endothelial cells can lead to a decrease in tight junctions 
between cells and increased endothelial cell permeability (26). 
Lastly, activation of the RhoA/ROCK signaling pathway may 
increase the infiltration of inflammatory (neutrophils) into 
ischemic tissue, aggravating the inflammatory response during 
IR, and reducing the integrity of the blood‑brain barrier (27). 
The mechanism underlying fusadil's protection against cere-
bral infarction includes increased local cerebral blood flow 
by vasodilation and reduced inflammatory response  (28). 
To evaluate the effect of ROCK inhibition on inflammatory 
response induced following CIR injury, rats with MCAO were 
treated with Y‑27632 and the levels of pro‑inflammatory factors 
TNF‑α, IL‑1β and IL‑6 in the infarcted brain tissue were exam-
ined (29‑30). The levels of TNF‑α and IL‑1β in MCAO + Vehicle 
group were significantly increased compared to Control, and 
treatment with Y‑27632 significantly inhibited their increase, 
suggesting the involvement of ROCK signaling pathway in the 
inflammatory response induced by CIR. MCAO also induced 
significant histological changes in the hippocampus, and these 

were significantly attenuated following treatment with the 
ROCK inhibitor. Overall, these results indicated that Y‑27632 
may have directly attenuated the inflammatory response and 
reduced hippocampal injury induced by CIR.

Free oxygen radicals are an important product in IR 
injuries. These may increase the activity of arginase in endo-
thelial cells through Protein kinase C‑activated RhoA/ROCK 
signaling pathway, reduce the production of nitric oxide, 
increase superoxide production and disturb normal endothelial 
function (31). Moreover, the RhoA/ROCK signaling pathway 
has been shown to reduce the production of free oxygen radi-
cals following cerebral infarction (32). As the present study 
showed, the levels of MDA and 3‑NT in MCAO + Vehicle 
group were greatly increased compared to Control, and treat-
ment of Y‑27632 prevented this increase. This result indicated 
that the protective effect of Y‑27632 against CIR injury may 
also be associated with reduced oxidative stress.

When the central nervous system is injured, astrocytes 
will transform from a resting state to an activated state (and 
are hence termed ‘reactive astrocytes’). Reactive gliosis results 
in the hypertrophy of glial cells and in the proliferation of 
microglia (33). The response of astrocytes to injury is thought to 
promote the protection of the nervous system and the isolation 
of the injury area from the surrounding healthy tissue. After 
the injury, activated astrocytes and microglia may increase 
the secretion of neurotrophic factors (including nerve growth 
factor, neurotrophin‑3, brain‑derived neurotrophic factor), 
which can maintain the survival of neurons and accelerate 
the growth of neurites (34). The release of these factors also 
allows activated glial cells to provide neurons with ‘scaffolds’ 
that help restore disrupted neural connections. In the infarcted 
area, the expression level of a variety of growth factors secreted 
by astrocytes increases significantly, which provides direct 
nutritional support for neurons and oligodendrocytes and limits 
secondary damage (35). Hypoxia, inflammatory response and 
trauma can promote activated astrocytes to secrete vascular 
endothelial growth factor (VEGF). VEGF may also protect 
neurons and promote angiogenesis and formation of new 

Figure 9. Influence of Y‑27632 on the levels of GFAP and AIF1 following cerebral ischemia‑reperfusion injury. (A) GFAP and (B) AIF1 expression results 
and quantification. Each column represents the mean ± standard error of the mean of expression values for each treatment group (n=12 per group). *P<0.05 
compared to the Control group; #P<0.05 compared to the MCAO + Vehicle group. GFAP, glial fibrillary acidic protein; AIF1, allograft inflammatory factor 1; 
MCAO, middle cerebral artery occlusion.
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blood vessels, which is beneficial for the repair of damaged 
areas (36). By eliminating glial cells or by selectively blocking 
a signal pathway, a study has demonstrated that the key to 
barrier remodeling is to activate proliferation and migration of 
astrocytes (37). Therefore, to explore the potential role of astro-
cytes and microglia in the Y‑27632‑mediate protection against 
CIR injury, the protein levels of GFAP (a marker of astrocyte) 
and AIF1 (a marker of microglia) in the infarcted area were 
evaluated. The results demonstrated that the protein levels of 
GFAP and AIF1 were greatly increased by CIR, as expected 
considering the damage caused to the neuronal tissue. However, 
the treatment of Y‑27632 further increased these protein levels. 
These results confirmed that astrocytes and microglia would 
are more active in response to CIR. It also revealed that Y‑27632 
may stimulate their response and exert protective effects via 
activation of both astrocytes and microglia. Previous studies 
have found that the inhibition of the ROCK pathway attenu-
ated methylmercury‑induced astrocyte death (38). It was also 
revealed that ROCK inhibitors Y‑27632 and fasudil promote 
microglial migration in the spinal cord via the ERK signaling 
pathway (39). Consistent with these studies, the present study 
confirmed that activation of astrocytes and microglia may be 
a possible mechanism by which ROCK inhibition may protect 
brain tissue against CIR injury.

However, the present study had some limitations. Firstly, 
multiple mechanisms may be associated with Y‑27632‑induced 
protection against CIR. The present study focused on the 
activation of astrocytes and microglia, but this may not be the 
only mechanism. Secondly, this is a primary animal study on 
the protective effect of Y‑27632 in CIR injury. Many factors 
should be investigated when considering its clinical applica-
tion against CIR, including, but not limited to, its effects on 
human beings, toxicity and dosage. Thirdly, further mecha-
nism should be investigated in future studies, such as how 
Y‑27632 regulates the activation of astrocytes and microglia or 
the interaction between ROCK and astrocytes and microglia. 
Finally, the study would be more perfect if the formation of the 
glial scar was shown by immunohistochemical examination, 
but because of the limitation of time and the technology, we 
are unable to perform it.

In conclusion, the present study confirmed that Y‑27632, 
a ROCK inhibitor, effectively increased the survival rate and 
behavioral performance of rats with CIR damage. It also 
decreased the oxidative stress, cerebral inflammation, neuron 
apoptosis and hippocampal damage in animals with MCAO. 
The activated proliferation of astrocytes and microglia may be 
responsible for this beneficial effect.
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