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Fasudil alleviates cerebral ischemia‑reperfusion 
injury by inhibiting inflammation and improving 

neurotrophic factor expression in rats
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The Rho kinase inhibitor fasudil exerts neuroprotective effects. We previously showed that fasudil can regulate M1/M2 microglia 
polarization and inhibit neuroinflammation. Here, the therapeutic effect of fasudil on cerebral ischemia‑reperfusion (I/R) injury was 
investigated using the middle cerebral artery occlusion and reperfusion (MCAO/R) model in Sprague‑Dawley rats. The effect of fasudil 
on the phenotype of microglia and neurotrophic factors in the I/R brain and its potential molecular mechanism was also explored. 
It was found that fasudil ameliorated neurological deficits, neuronal apoptosis, and inflammatory response in rats with cerebral I/R 
injury. Fasudil also promoted the polarization of microglia into the M2 phenotype, in turn promoting the secretion of neurotrophic 
factors. Furthermore, fasudil significantly inhibited the expression of TLR4 and NF‑κB. These findings suggest that fasudil could inhibit 
the neuroinflammatory response and reduce brain injury after I/R injury by regulating the shift of microglia from an inflammatory 
M1 phenotype to an anti‑inflammatory M2 phenotype, which may be related to the regulation of the TLR4/ NF‑κB signal pathway.
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INTRODUCTION

Ischemic stroke, characterized by the interruption 
of blood supply to the brain, is associated with high 
morbidity and mortality. Globally, ischemic stroke ac‑
counts for nearly 70% of total stroke patients, and this 
figure continues to rise annually. At present, therapy for 
ischemic stroke is centered on thrombolysis and neu‑
roprotection (Feigin et al., 2017), but these confer only 
limited benefits, and more treatment options are need‑
ed (Fonarow et al., 2011). It is well established that in‑
flammation plays a key role in the pathogenesis and de‑

velopment of ischemic stroke, characteristics of which 
include activation of resident microglia, infiltration of 
peripheral immune cells, and accumulation of immune 
mediators (Jayaraj et al., 2019). Microglia are innate im‑
mune cells in the central nervous system (CNS), which 
play an important role in regulating the immune and 
inflammatory response after cerebral ischemia. Mi‑
croglia/macrophages exhibit different phenotypes and 
functions in the process of ischemic brain injury (M1/
pro‑inflammation and M2/anti‑inflammation) (Qin 
et al., 2019; Jiang et al., 2020). The M1 phenotype ex‑
presses characteristic markers, including CD16/32 and 
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inducible nitric oxide synthase (iNOS), and tends to re‑
lease pro‑inflammatory mediators and neurotoxic com‑
pounds such as interleukin (IL)‑1β, IL‑6, tumor necrosis 
factor alpha (TNF‑α), reactive oxygen species, nitric ox‑
ide, and prostaglandin E2; these are important factors 
for neuronal death in cerebral ischemia. In contrast, the 
M2 phenotype, characterized by the expression of mol‑
ecules such as arginase‑1 (Arg1) and CD206, produces 
anti‑inflammatory mediators, including IL‑4 and IL‑10 
(Williams et al., 2004; Hu et al., 2012). Therefore, inhib‑
iting microglia from shifting to the M1 phenotype and/
or converting M1 microglia/macrophages to the M2 
phenotype may represent potential therapeutic options 
in cerebral ischemia‑reperfusion (I/R) injury.

As one of the critical neurotrophic factors, brain‑de‑
rived neurotrophic factor (BDNF) is involved in neuro‑
nal survival and regulates synaptic function and the 
proliferation and differentiation of neurons (Huang 
et al., 2001; Sabbaghziarani et al., 2017). BDNF can re‑
duce infarct size and improve neurological prognosis 
after cerebral ischemia through an exogenous supply 
(Schäbitz et al., 2000; 2007). Glial cell‑derived neuro‑
trophic factor (GDNF) has been shown to confer a neu‑
roprotective effect in an animal model of middle cere‑
bral artery occlusion (MCAO) (Mokhtari et al., 2017). It 
has been shown that injection of Sendai viral vectors 
containing the GDNF gene and GDNF protein into the 
brain of rats after cerebral ischemia can significantly 
reduce infarct size (Yamashita et al., 2016). In addition, 
it has been demonstrated that M2 microglia/macro‑
phages produce neurotrophic factors to play a  neuro‑
protective role (Du et al., 2017).

Fasudil, a Rho kinase (ROCK) inhibitor, is used for the 
treatment of hemorrhagic stroke in Japan and China, es‑
pecially the cerebral vasospasms that occur after sub‑
arachnoid hemorrhage (Lingor et al., 2019). It has also 
been shown to inhibit inflammation, oxidative stress, 
neuronal apoptosis, and hemodynamic dysfunction (Na‑
gata et al., 1993; Yamashita et al., 2007; Satoh et al., 2007; 
Feske et al., 2009). However, the exact mechanisms of fa‑
sudil in cerebral I/R injury remain unclear. In this study, 
we used a rat model of MCAO/reperfusion (MCAO/R) to 
explore the effect of fasudil on I/R‑induced brain injury 
and investigated its underlying mechanism.

METHODS

Animal

Healthy male Sprague‑Dawley rats, weighing 250‑280 g, 
were purchased from Beijing Vital River Laboratory Ani‑
mal Technology Co., Ltd. All experiments conformed to 
the guidelines of the International Council for Laboratory 

Animal Science and were approved by the Ethics Commit‑
tee of Shanxi Datong University, Datong, China.

Focal cerebral I/R model

After 1  week of adaptive feeding, all rats were 
randomly divided into sham operation group (Sham 
group), model group (I/R group), or fasudil‑treated 
group (Fasudil group), with 12 rats in each group. Fa‑
sudil was obtained from Tianjin Chasesun Pharmaceu‑
tical Company, and the dosage of fasudil (25  mg/kg) 
was selected based on our previous experiments (Guo 
et al., 2020). An MCAO model was used for the rats’ I/R 
injury according to the methods described previously 
(Zhang et al., 2020). Briefly, rats were deeply anesthe‑
tized. A  2‑cm incision was made in the middle of the 
neck, and the right common carotid artery (CCA), ex‑
ternal carotid artery (ECA), and internal carotid artery 
(ICA) were separated in turn. A  monofilament coated 
with a silicon tip was inserted and slowly pushed into 
the ICA until a  slight resistance was felt. After being 
in place for 2  h, the monofilament was pulled out to 
restore blood perfusion for 24 h. During and after the 
operation, until the rats were awake, they were placed 
on a heating pad. Fasudil was intraperitoneally injected 
once at the onset of reperfusion in rats belonging to 
the Fasudil group at a dose of 25 mg/kg. The same vol‑
ume of normal saline was intraperitoneally injected in 
the sham group and the I/R group rats.

Twenty four hours after I/R injury, neurological defi‑
cits (n=12 in each group) were scored according to the 
classical Zea Longa method (Longa et al., 1989). 0 = no 
neurological deficits; 1 = the contralateral forelimb can‑
not be straightened when the tail is lifted; 2 =  turning 
to the hemiplegic side when walking; 3 = falling to the 
hemiplegic side when walking; and 4 = no spontaneous 
walking and loss of response to stimulation.

2,3,5‑triphenyltetrazolium chloride (TTC) staining was 
employed to test the infarct volume (n=6 in each group). 
The staining results showed that the infarcted area ap‑
peared white and the noninfarcted region appeared deep 
red. The size of infarct regions was expressed as the per‑
centage of infarct volume to total brain volume. Infarct 
areas were quantified by Image‑Pro Plus software. Infarct 
volumes (%) = infarct area/total area × 100%.

Nissl staining and TUNEL assay

Rats (n=3 in each group) were anesthetized and per‑
fused with saline and 4% paraformaldehyde. Frozen brain 
sections (10 μm) were prepared. Nissl stainings were made 
according to the manufacturer’s protocol (Beyotime Bio‑
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technology, China). Finally, the sections were observed 
with an optical microscope (Olympus, Japan).

Cell apoptosis was detected by TUNEL assay (Beyo‑
time Biotechnology, China). The sections were washed 
with PBS and permeabilized with 0.3% Triton X‑100 
for five minutes. Then TUNEL detection solution was 
added to the sample and incubated in the dark at 37°C 
for 60  min. Nuclei were stained with 4’,6‑diamidi‑
no‑2‑phenylindole (DAPI; 1 μg/mL) for 10  minutes. 
Sections were observed with a  confocal laser scan‑
ning microscope (CLSM, Olympus, Tokyo, Japan). One 
section per animal was used, and each section used 
three fields to calculate the average value.

ELISA assay

RIPA lysis buffer (Beyotime Biotechnology, China) 
was utilized to extract proteins from the ischemic brain 
tissue of rats (n=3 in each group). Pro‑inflammatory 
factors (IL‑6, TNF‑α, IL‑1β) and an anti‑inflammatory 
factor (IL‑10) in the protein extract from the brain were 
measured by an ELISA kit (PeproTech) according to the 
manufacturer’s instructions. Briefly, coated antibody 
working solution was added to a 96‑well plate and left 
overnight at 4°C, then washed and blocked with 1% bo‑
vine serum albumin (BSA) at room temperature for 1 h. 
The plate was washed, and standard diluent or protein 
extracted from the brain was added, and it was incu‑
bated at room temperature for 2 h. Then, the samples 
were washed, and antibody detection working solution 
was added, followed by incubation at room tempera‑
ture for 1 h. Finally, HRP‑labeled avidin working solu‑
tion and termination solution were added. The levels 
of inflammatory factors were determined by measuring 
the optical density (OD) at 450  nm using a  quantified 
microplate reader.

Histology and immunohistochemistry

The prepared frozen sections were taken out and 
dried at room temperature for 1 h, washed with PBS 
for 5  min, and blocked with phosphate buffer saline 
(PBS) containing 0.3% Triton X‑100 and 1% BSA. Then 
the following primary antibodies were added: an‑
ti‑ionized calcium binding adaptor molecule 1 (Iba1)/
CD16/32 (Abcam/eBioscience), anti‑Iba1/iNOS (Ab‑
cam), anti‑Iba1/Arg1 (Abcam/Cell Signaling Technol‑
ogy), anti‑Iba1/toll‑like receptor 4 (TLR4) (Abcam/
Cell Signaling Technology), anti‑microtubule associ‑
ation protein‑2 (MAP2) (Cell Signaling Technology), 
anti‑neuron‑specific nuclear protein (NeuN) (Abcam), 
anti‑GDNF (Cell Signaling Technology) and anti‑BDNF 

(Cell Signaling Technology). After incubating over‑
night at 4°C, the slices were washed with PBS 3 times 
for 5  min each wash. Sections were then incubated 
with Alexa Fluor 488‑conjugated secondary antibod‑
ies and/or Alexa Fluor 594‑conjugated secondary 
antibodies (Cell Signaling Technology) at room tem‑
perature for 2 h. Sections were observed with a con‑
focal laser scanning microscope. The fluorescent 
area (polygon) of positive cells was analyzed with 
Image‑Pro Plus software. One section per animal was 
used, and each section used three fields to calculate 
the average value.

Western blot analysis

Equal amounts of protein (50 μg) extracted from 
brain in each group of rats (n=3 in each group) were 
separated by 10% sodium dodecyl sulfate (SDS)‑poly‑
acrylamide gel electrophoresis (PAGE) gels. Protein 
samples were transferred onto a  0.22‑μm polyvi‑
nylidene fluoride (PVDF) membrane (Immun‑Blot, BD) 
after electrophoresis. Membranes were blocked with 
5% nonfat milk at room temperature for two  hours. 
Then the following primary antibodies were added 
and left overnight at 4°C: anti‑iNOS (Abcam), anti‑Arg1 
(Cell Signaling Technology), anti‑Bcl2 (Abcam), an‑
ti‑Bax (Abcam), anti‑TLR4 (Cell Signaling Technology), 
anti‑nuclear factor kappa‑B (NF‑κB) (Cell Signaling 
Technology) and anti‑GAPDH (Cell Signaling Technol‑
ogy). The membranes were washed three  times with 
PBST for 5  min each wash. The secondary antibody, 
labeled with horseradish peroxidase, was added and 
the membrane was incubated at room temperature 
for 2 h. The membranes were washed three times with 
PBST, and then chemiluminescence (ECL) solution was 
added and visualized under the ECL system (Bio‑rad, 
Hercules, CA, USA). Image Lab Software (Bio‑rad, Her‑
cules, CA, USA) was used to analyze the bands. The 
amount of the protein of interest was determined by 
normalizing with GPADH and was calculated as the 
densitometric density.

Statistical analysis

All statistical analyses employed GraphPad Prism 
5.0 (Graph‑Pad Software, San Diego, CA). Data are pre‑
sented as mean ± SEM. One‑way analysis of variance, 
followed by Dunnett’s post hoc test, was used to com‑
pare data between the groups. The confidence level of 
the Type I error was defined as 95 percent. Statistical 
significance was assumed at P<0.05.
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RESULTS

Fasudil attenuated neurological deficits 
and decreased infarction volume

In order to investigate the effect of fasudil on I/R 
brain injury, neurological deficits were assessed after 
24 h of reperfusion. As displayed in Fig. 1A (F(2,35)=207.6, 
P<0.0001), compared with the sham group, neurological 
scores of the I/R group were significantly increased. 
Fasudil treatment markedly attenuated neurological 
deficits, decreasing neurological scores compared with 
those of the I/R group. TTC staining results showed 
that there was no infarcted tissue in the sham group, 
while the infarct volume of the I/R group was signifi‑
cantly larger. Compared with the I/R group, the infarct 
volume of the fasudil group was significantly reduced 
(F(2,17)=117.5, P<0.0001) (Fig.  1B). These results suggest 
that fasudil can improve cerebral I/R injury.

Fasudil reduced the neuronal loss in MCAO rats

Nissl staining indicated that the morphology of neu‑
rons in the sham group was normal. In the I/R group, 
the number of neurons in the ischemic region of the 
cerebral cortex was significantly reduced. Neurons ap‑
peared loose and disordered, and Nissl bodies were sig‑
nificantly reduced with nuclear pyknosis. Fasudil treat‑
ment significantly increased the number of surviving 
neurons in the ischemic region of the cerebral cortex, 
cell morphology was significantly improved, and Nissl 
bodies were increased (Fig. 2A).

In TUNEL analysis, the rate of neuronal apop‑
tosis was increased significantly in the I/R model 
group compared with the sham group, while fasudil 
treatment reduced the apoptosis rate (F(2,8)=88.40, 
P<0.0001), indicating that fasudil treatment signifi‑
cantly inhibited neuronal apoptosis in MCAO rats 
(Fig. 2B).

100 Acta Neurobiol Exp 2023, 83: 97–110
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Fig. 1. Fasudil protects rats against brain damage after I/R. (A) Neurological function scores, n=12. (B) Quantification of infarct volume, n=6. The graphed 
data are expressed as the mean ± SEM. ***P<0.001. 
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Fig. 2. Effect of fasudil on neuronal injury in rat cerebral cortex. (A) Representative photomicrographs of Nissl staining. (B) Representative confocal images of 
TUNEL staining. (C) Representative confocal images of MAP2 immunohistochemistry. (D) Representative confocal images of NeuN immunohistochemistry. 
(E) Western blot to detect the expression of Bax and Bcl‑2. (F) Quantification analysis of Bax protein. (G) Quantification analysis of Bcl‑2 protein. Data are 
expressed as the mean ± SEM, n=3. *P<0.05, **P<0.01, ***P<0.001.
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MAP‑2 is used as a marker for dendrites and axons. 
NeuN is one of the markers of mature neurons. The re‑
sult of immunofluorescence staining revealed obvious 
dendritic and axonal damage and neuronal loss in the 
I/R group relative to the sham group, with the expres‑
sion of MAP‑2 and the number of NeuN‑positive cells 
decreased significantly. Fasudil increased MAP‑2 ex‑
pression (F(2,8)=70.59, P<0.0001) and the number of NeuN 
positive cells (F(2,8)=32.50, P=0.0006) relative to the I/R 
group (Fig. 2C, D).

We further detected the expression of apoptosis‑re‑
lated proteins, such as Bax and Bcl‑2. Western blot 
analysis showed an increase in Bax and a  decrease in 
Bcl‑2 in the I/R group compared with the sham group. 
Fasudil treatment reduced the expression of Bax 
(F(2,8)=32.50, P=0.0008) and increased the expression 
of Bcl‑2 (F(2,8)=32.50, P=0.0017) compared with the I/R 
group (Fig. 2E). These results indicate that fasudil may 
reduce cell death in the ischemic region of the cerebral 
cortex and reduce brain injury.

Fasudil inhibited the inflammatory response 
in MCAO rats

We explored the effect of fasudil on the inflammato‑
ry response with an ELISA assay. As shown in Fig. 3, the 
levels of pro‑inflammatory factors (IL‑6, TNF‑α, IL‑1β) 
were significantly increased in the I/R group compared 
to the sham group. Fasudil treatment inhibited levels of 
IL‑6 (F(2,8)=62.54, P<0.0001), TNF‑α (F(2,8)=51.05, P<0.0001) 
and IL‑1β (F(2,8)=111.30, P<0.0001), while increasing the 
levels of IL‑10 (F(2,8)=127.9, P<0.0001).

Fasudil inhibited the activation of microglia 
in the brain of MCAO rats

We performed histology and immunohistochemical 
analysis to examine the expressions of the microglia/
macrophage‑specific marker Iba1. Expression of Iba1 
was significantly increased in MCAO rats compared to 
the sham group. Fasudil treatment significantly de‑
creased the expression of Iba1 compared with the I/R 
group (F(2,8)=28.72, P=0.0008) (Fig. 4). This suggests that 
fasudil can inhibit the activation of microglia, which 
may be one mechanism by which it inhibits neuroin‑
flammation.

Fasudil promoted M2 microglial polarization 
after MCAO

To confirm whether fasudil affects microglial polar‑
ization, double immunofluorescence labeling was used 
to detect the expression levels of M1 phenotype mark‑
ers (CD16/32, iNOS) and M2 phenotype markers (Arg1). 
Western blot was used to detect the expression levels 
of iNOS and Arg1. In comparison with the sham group, 
the I/R group showed higher expression of CD16/32 
(F(2,8)=64.96, P<0.0001) and iNOS (F(2,8)=50.11, P<=0.0002; 
F(2,8)=130.9, P<0.0001) (Fig.  5A, B, D). Fasudil‑treated 
rats showed lower expression of M1 markers relative 
to the I/R group and higher expression of M2 markers 
(F(2,8)=50.38, P=0.0002; F(2,8)=50.53, P=0.0002) (Fig.  5A‑D). 
These results indicated that fasudil could exert its pro‑
tective effects by modulating microglial polarization 
toward an M2 type.

103Acta Neurobiol Exp 2023, 83: 97–110

Fig.  3. Fasudil inhibited the inflammatory response in rat cerebral cortex. The level of inflammatory factors was measured with ELISA kits. Data are 
expressed as the mean ± SEM, n=3. *P<0.05, ***P<0.001.
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Fasudil promoted the secretion  
of neurotrophic factors

We used immunohistochemistry to detect wheth‑
er fasudil affected the expression of BDNF and GDNF. 
Compared with the sham group, the expression of 
BDNF and GDNF was significantly decreased in the 
I/R group; however, fasudil treatment successful‑
ly increased BDNF (F(2,8)=21.423, P=0.0019) and GDNF 
(F(2,8)=136.2, P<0.0001) expression relative to the I/R 
group (Fig. 6A, B).

Fasudil inhibited the activation of TLR4/NF‑κB 
signaling in the brain of MCAO rats

TLR4 is involved in the activation of microglia and 
is a key regulator involved in the inflammatory process 
(Rodríguez‑Gómez et al., 2020). To clarify the molecu‑
lar mechanisms of M1/M2 microglia transformation in 
MCAO after fasudil treatment, we detected the expres‑
sion of TLR4 and NF‑κB by immunohistochemistry and 
Western blot. The results showed that the expression 
of TLR4 (F(2,8)=13.86, P=0.0056; F(2,8)=84.71, P<0.0001) and 
NF‑κB (F(2,8)=61.93, P<0.0001) were upregulated in the 
I/R group, and fasudil treatment attenuated the expres‑
sion of these molecules (Fig. 7). These results highlight 
that fasudil suppressed the inflammatory response by 
inhibiting the activation of microglia through the inhi‑
bition of TLR4/NF‑κB activation.

DISCUSSION

Previous studies have demonstrated the potential 
neuroprotective effects of fasudil by mechanisms main‑

ly relating to the reduction of inflammation, oxidation, 
apoptosis, and blood‑brain barrier permeability, as well 
as the promotion of neurotrophic factor secretion (Yan 
et al., 2019). Our study provides further evidence that 
fasudil was able to improve neurological deficits of ce‑
rebral infarction in rats with I/R, and as well as demon‑
strates that fasudil could promote the transformation 
of microglia from an M1 to M2 phenotype after cerebral 
I/R, to inhibit the neuroinflammatory response.

Under physiological conditions, microglia carry out 
a surveillance role, monitoring the microenvironment 
in order to maintain brain homeostasis. Upon sensing 
endogenous injury or exogenous stimulation, microg‑
lia are rapidly activated and migrate to the injured 
area (Jiménez Fernández et al., 2015). Microglia/mac‑
rophages present two different phenotypes and have 
different functions in the process of cerebral ischemic 
injury. M2 microglia promote the survival of cortical 
neurons by clearing cell debris and releasing nutrition‑
al factors. Although M1 microglia are involved in the 
clearance of cell debris in the early stage of stroke, they 
may also produce neurotoxic substances and may exac‑
erbate brain injury under conditions of unregulated or 
chronic activation (Hu et al., 2015). During the patho‑
logical process of cerebral ischemia, the phenotype of 
microglia/macrophages changes dynamically. In the 
early stage of cerebral ischemia, microglia/macro‑
phages present as an M2 phenotype, but are gradually 
replaced by the M1 phenotype. In the late stage, the M1 
phenotype predominates (Hu et al., 2012). The fate of 
microglial/macrophage differentiation into M1 or M2 
depends largely on signals in the microenvironment. 
However, the mechanisms regulating M1 or M2 microg‑
lial polarization have not been clarified.

Studies have shown that inhibiting M1 and/or in‑
ducing M2 microglial activation in the ischemic pen‑

104 Acta Neurobiol Exp 2023, 83: 97–110

Fig.  4. Fasudil inhibited the activation of microglia in rat cerebral cortex. Representative confocal images of Iba‑1 immunohistochemistry. Data are 
expressed as the mean ± SEM, n=3. *P<0.05, ***P<0.001.
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Fig. 5. Fasudil promoted M2 microglial polarization in rat cerebral cortex. (A) Immunofluorescence image of microglia (Iba1, green) and CD16/32 (red). 
(B)  Immunofluorescence image of microglia (Iba1, red) and iNOS (green). (C) Immunofluorescence image of microglia (Iba1, red) and Arg1 (green). 
(D) Western blot to detect the expression of iNOS and Arg1. (E) Quantification analysis of iNOS protein. (F) Quantification analysis of Arg1 protein. Data are 
expressed as the mean ± SEM, n=3. *P<0.05, **P<0.01, ***P<0.001.
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umbra is beneficial in the early stages of brain I/R 
injury. Our previous studies showed that fasudil could 
reverse microglia/macrophages from the M1 to the 
M2 phenotype, suggesting a  possible mechanism of 
action in neurodegenerative diseases such as Alzhei‑
mer’s disease and multiple sclerosis (Liu et al., 2013; 
Guo et al., 2020), However, whether fasudil has a ben‑
eficial effect on cerebral ischemia by shifting microg‑
lia/macrophage M2 polarization has not been studied. 
The results of the present study showed that fasudil 
could significantly improve neurological function and 
neuronal injury and reduce the volume of cerebral 
infarction after I/R injury. Moreover, we showed that 
fasudil treatment inhibited the expression of the char‑
acteristic M1 markers iNOS and CD16/32 and promot‑

ed the expression of the M2 marker Arg 1. The ELISA 
results further confirmed that levels of the pro‑in‑
flammatory cytokines TNF‑α, IL‑1β, and IL‑6, secreted 
by M1 microglia/macrophages, were decreased after 
fasudil treatment, while the level of the anti‑inflam‑
matory cytokine IL‑10, secreted by M2 microglia/mac‑
rophages, was increased. These data suggest that fa‑
sudil treatment could promote the transformation of 
microglia/macrophages from M1 to M2 phenotype in 
the ischemic brain.

Apoptosis and neuroregeneration have risen to 
prominence in I/R injury research. Following cerebral 
ischemia, cells within the central area of cerebral in‑
farction die, while those at the ischemic penumbra, 
still metabolically active, are in a  state of reversible 
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Fig. 6. Fasudil promoted the secretion of neurotrophic factors. (A) Representative confocal images of BDNF immunohistochemistry. (B) Representative 
confocal images of GDNF immunohistochemistry. Data are expressed as the mean ± SEM, n=3. *P<0.05, **P<0.01, ***P<0.001.
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Fig. 7. Fasudil inhibited the activation of TLR4/NF‑κB signaling. (A) The expression of TLR4 (red) positive microglia (green) by double immunofluorescence. 
(B) Western blot to detect the expression of TLR4 and NF‑κB. (C) Quantification analysis of TLR4 protein. (D) Quantification analysis of NF‑κB protein. Data 
are expressed as the mean ± SEM, n=3. *P<0.05, **P<0.01, ***P<0.001.
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apoptosis (Radak et al., 2017). Therefore, preventing 
these apoptotic neurons from reaching a state of irre‑
versible apoptosis by the promotion of regeneration is 
of particular interest in clinical neuroscience. In addi‑
tion to releasing anti‑inflammatory cytokines, M2 mi‑
croglia/macrophages can also alleviate cell apoptosis 
and promote tissue repair by releasing neurotroph‑
ic factors such as GDNF, BDNF, NGF, and NT3 (Du et 
al., 2017). In this study, it was found that fasudil led 
to a  significant decrease in the rate of apoptosis, as 
well as a significant decrease in the expression of the 
pro‑apoptotic protein Bax and a  significant increase 
in the expression of the anti‑apoptotic protein Bcl‑2. 
Furthermore, expression of BDNF and GDNF were in‑
creased after fasudil treatment. These results suggest 
that fasudil may have a  protective effect on cerebral 
I/R injury, which may be conferred through the inhi‑
bition of apoptosis by promoting the secretion of neu‑
rotrophic factors.

Toll‑like receptors (TLRs) are important recogni‑
tion receptors of the innate immune system. TLR4, one 
of the most important members of the TLR family, is 
activated by many internal and external danger sig‑
nals, leading to the activation of the myeloid differ‑
entiation factor 88 (MyD88) signaling pathway, leading 
to the activation of NF‑κB, and giving rise to an in‑
flammatory response (Aravalli et al., 2007). It has been 
found that TLR4 plays an important role in the inflam‑
matory response of ischemic brain injury (Pascual 
et al., 2021). In the CNS, TLR4 is widely expressed in 
microglia, astrocytes, neurons, and endothelial cells, 
and the TLR4/NF‑κB signal pathway is involved in the 
inflammatory activation of microglia (Rodríguez‑Gó‑
mez et al., 2020). Our previous studies have shown that 
fasudil can inhibit the neuroinflammatory response by 
inhibiting the TLR4/NF‑κB signaling pathway (Guo et 
al., 2020). The results of the present study showed that 
the expression of TLR4 and NF‑κB in the brain of ce‑
rebral I/R rats was decreased after fasudil treatment, 
which further confirms that the mechanism by which 
fasudil inhibits the cerebral ischemic inflammatory re‑
sponse may be through regulation of the TLR4/NF‑κB 
signaling pathway.

CONCLUSION

The present study provides further evidence of 
a treatment that can alleviate inflammation and confer 
a neuroprotective effect in cerebral I/R injury. Fasudil 
appears to inhibit the activation of the M1 microglial/
macrophage phenotype and/or the switch from the M1 
to the M2 phenotype, which may be achieved through 
the modulation of TLR4/NF‑κB signaling.

ACKNOWLEDGMENTS

This work was supported by research grants from 
the National Natural Science Foundation of China 
(82004028), the Basic Research Project of Shanxi Prov‑
ince (20210302123476), the Basic Research Project of 
Shanxi Province (20210302123478), the Basic Research 
Project of Shanxi Province (20210302123337), The Open 
Fund of the Shanxi Key Laboratory of Innovative Drugs 
for the Treatment of Serious Diseases Based on Chronic 
Inflammation, Shanxi University of Chinese Medicine 
(2021sxcxyw12), The Open Fund of The Key Research 
Laboratory of Benefiting Qi for Acting Blood Circulation 
Method to Treat Multiple Sclerosis of State Adminis‑
tration of Traditional Chinese Medicine (2021‑KF‑04T), 
Young Scientists Cultivation Project of Shanxi Univer‑
sity of Chinese Medicine (2021PY‑QN‑09), China Post‑
doctoral Science Foundation (2020M680912), Shanxi 
Applied Basic Research Project (201901D211538), Lead‑
ing Team of Medical Science and Technology, Shanxi 
Province (2020TD05), and the Cardiovascular special 
fund project of the National Regional Traditional Chi‑
nese Medicine Medical Center of the Affiliated Hospital 
of Shanxi University of Traditional Chinese Medicine in 
2021 (XGZX202115).

REFERENCES

Aravalli RN, Peterson PK, Lokensgard JR (2007) Toll‑like receptors in de‑
fense and damage of the central nervous system. J Neuroimmune Phar‑
macol 2007: 297–312.

Du L, Zhang Y, Chen Y, Zhu J, Yang Y, Zhang HL (2017) Role of microglia in 
neurological disorders and their potentials as a therapeutic target. Mol 
Neurobiol 54: 7567–7584.

Feigin VL, Norrving B, Mensah GA (2017) Global burden of troke. Circ Res 
120: 439–448.

Feske SK, Sorond FA, Henderson GV, Seto M, Hitomi A, Kawasaki K, Sasaki Y, 
Asano T, Liao JK (2009) Increased leukocyte ROCK activity in patients af‑
ter acute ischemic stroke. Brain Res 1257: 89–93.

Fonarow GC, Smith EE, Saver JL, Reeves MJ, Bhatt DL, Grau‑Sepulveda MV, 
Olson DM, Hernandez AF, Peterson ED, Schwamm LH (2011) Timeli‑
ness of tissue‑type plasminogen activator therapy in acute ischemic 
stroke: patient characteristics, hospital factors, and outcomes associ‑
ated with door‑to‑ needle  times within 60  minutes. Circulation 123: 
750–758.

Guo MF, Zhang HY, Li YH, Gu QF, Wei WY, Wang YY, Zhang XJ, Liu XQ, 
Song  LJ, Chai Z, Yu JZ, Ma CG (2020) Fasudil inhibits the activation of 
microglia and astrocytes of transgenic Alzheimer’s disease mice via the 
downregulation of TLR4/Myd88/NF‑κB pathway. J Neuroimmunol 346: 
577284.

Hu X, Li P, Guo Y, Wang H, Leak RK, Chen S, Gao Y, Chen J (2012) Microglia/
macrophage polarization dynamics reveal novel mechanism of injury 
expansion after focal cerebral ischemia. Stroke 43: 3063–3070.

Hu X, Leak RK, Shi Y, Suenaga J, Gao Y, Zheng P, Chen J (2015) Microglial 
and macrophage polarization‑new prospects for brain repair. Nat Rev 
Neurol 11: 56–64.

Huang EJ, Reichardt LF (2001) Neurotrophins: roles in neuronal develop‑
ment and function. Annu Rev Neurosci 24: 677–736.

109Acta Neurobiol Exp 2023, 83: 97–110

https://pubmed.ncbi.nlm.nih.gov/18040848/
https://pubmed.ncbi.nlm.nih.gov/18040848/
https://pubmed.ncbi.nlm.nih.gov/18040848/
https://pubmed.ncbi.nlm.nih.gov/25385337/
https://pubmed.ncbi.nlm.nih.gov/25385337/
https://pubmed.ncbi.nlm.nih.gov/11520916/
https://pubmed.ncbi.nlm.nih.gov/11520916/
https://pubmed.ncbi.nlm.nih.gov/11520916/


Guo et al.

Jayaraj RL, Azimullah S, Beiram R, Jalal FY, Rosenberg GA (2019) Neuroin‑
flammation: friend and foe for ischemic stroke. J Neuroinflammation 16: 
142.

Jiang CT, Wu WF, Deng YH, Ge JW (2020) Modulators of microglia activation 
and polarization in ischemic stroke. Mol Med Rep 21: 2006–2018.

Jiménez‑Fernández D, Lamkanfi M (2015) Inflammatory caspases: key reg‑
ulator of inflammation and cell death. Biol Chem 396: 193–203.

Lingor P, Weber  M, Camu  W, Friede T, Hilgers R, Leha A, Neuwirth C, 
Günther R, Benatar M, Kuzma‑Kozakiewicz M, Bidner H, Blankenstein C, 
Frontini R, Ludolph A, Koch JC (2019) ROCK‑ALS: Protocol for a random‑
ized, placebo‑controlled, double‑blind phase IIa trial of safety, tolerabili‑
ty and efficacy of the Rho kinase (ROCK) inhibitor Fasudil in amyotrophic 
lateral sclerosis. Front Neurol 10: 293.

Liu C, Li Y, Yu J, Feng L, Hou S, Liu Y, Guo M, Xie Y, Meng J, Zhang H, Xiao B, 
Ma C (2013) Targeting the shift from M1 to M2 macrophages in experi‑
mental autoimmune encephalomyelitis mice treated with fasudil. PLoS 
One 8: e54841.

Longa EZ, Weinstein PR, Carlson S, Cummins R (1989) Reversible mid‑
dle cerebral artery occlusion without craniectomy in rats. Stroke 20: 
84–91.

Mokhtari T, Akbari  M, Malek F, Kashani IR, Rastegar T, Noorbakhsh F, 
Ghazi‑Khansari  M, Attari F, Hassanzadeh G (2017) Improvement of 
memory and learning by intracerebroventricular microinjection of T3 in 
rat model of ischemic brain stroke mediated by upregulation of BDNF 
and GDNF in CA1 hippocampal region. Daru 25: 4.

Nagata K, Kondoh Y, Satoh Y, Watahiki Y, Yokoyama E, Yuya H, Hirata Y, 
Shishido F, Hatazawa J, Kanno I (1993) Effects of fasudil hydrochloride 
on cerebral blood flow in patients with chronic cerebral infarction. Clin 
Neuropharmacol 16: 501–510.

Pascual  M, Calvo‑Rodriguez  M, Núñez  L, Villalobos C, Ureña J, Guerri C 
(2021) Toll‑like receptors in neuroinflammation, neurodegeneration, 
and alcohol‑induced brain damage. IUBMB Life 73: 900–915.

Qin C, Zhou LQ, Ma XT, Hu ZW, Yang S, Chen M, Bosco DB, Wu LJ, Tian DS 
(2019) Dual functions of microglia in ischemic stroke. Neurosci Bull 35: 
921–933.

Radak D, Katsiki N, Resanovic I, Jovanovic A, Sudar‑Milovanovic E, 
Zafirovic  S, Mousad SA, Isenovic ER (2017) Apoptosis and acute brain 
ischemia in ischemic stroke. Curr Vasc Pharmacol 15: 115–122.

Rodríguez‑Gómez JA, Kavanagh E, Engskog‑Vlachos P, Engskog MKR, 
Herrera AJ, Espinosa‑Oliva AM, Joseph B, Hajji N, Venero JL, Burguillos MA 
(2020) Microglia: Agents of the CNS pro‑inflammatory response. Cells 9: 
1717.

Sabbaghziarani F, Mortezaee K, Akbari M, Kashani IR, Soleimani M, Moini A, 
Ataeinejad N, Zendedel A, Hassanzadeh G (2017) Retinoic acid‑pretreat‑
ed Wharton’s jelly mesenchymal stem cells in combination with triiodo‑
thyronine improve expression of neurotrophic factors in the subventric‑
ular zone of the rat ischemic brain injury. Metab Brain Dis 32: 185–193.

Satoh S, Toshima Y, Ikegaki I, Iwasaki M, Asano T (2007) Wide therapeutic 
time window for fasudil neuroprotection against ischemia‑induced de‑
layed neuronal death in gerbils. Brain Res 1128: 175–180.

Schäbitz WR, Steigleder T, Cooper‑Kuhn CM, Schwab S, Sommer C, 
Schneider Am, Kuhn HG (2007) Intravenous brain‑derived neurotrophic 
factor enhances poststroke sensorimotor recovery and stimulates neu‑
rogenesis. Stroke 38: 2165–2172.

Schäbitz WR, Sommer C, Zoder W, Kiessling M, Schwaninger M, Schwab S 
(2000) Intravenous brain‑derived neurotrophic factor reduces infarct 
size and counterregulates Bax and Bcl‑2 expression after temporary fo‑
cal cerebral ischemia. Stroke 31: 2212–2217.

Williams L, Bradley L, Smith A, Foxwell B (2004) Signal transducer and 
activator of transcription is the dominant mediator of the anti‑in‑
flammatory effects of IL‑10 in human macrophages. J Immunol 172: 
567–576.

Yamashita K, Kotani Y, Nakajima Y, Shimazawa  M, Yoshimura S, 
Nakashima S, Iwama, T, Hara H (2007) Fasudil, a Rho kinase (ROCK) in‑
hibitor, protects against ischemic neuronal damage in vitro and in vivo 
by acting directly on neurons. Brain Res 1154: 215–224.

Yamashita T, Abe K (2016) Recent progress in therapeutic strategies for 
ischemic stroke. Cell Transplant 5: 893–898.

Yan Y, Yu J, Gao Y, Kumar G, Guo M, Zhao Y, Fang Q, Zhang H, Yu J, Jiang Y, 
Zhang HT, Ma CG (2019) Therapeutic potentials of the Rho kinase in‑
hibitor Fasudil in experimental autoimmune encephalomyelitis and the 
related mechanisms. Metab Brain Dis 34: 377–384.

Zhang C, Chen S, Zhang Z, Xu H, Zhang W, Xu D, Lin B, Mei Y (2020) Asiatico‑
side alleviates cerebral ischemia‑reperfusion injury via NOD2/mitogen‑ 
activated protein kinase (MAPK)/nuclear factor kappa B (NF‑kappaB) 
signaling pathway. Med Sci Monit 26: e920325.

110 Acta Neurobiol Exp 2023, 83: 97–110

https://pubmed.ncbi.nlm.nih.gov/31291966/
https://pubmed.ncbi.nlm.nih.gov/31291966/
https://pubmed.ncbi.nlm.nih.gov/2643202/
https://pubmed.ncbi.nlm.nih.gov/2643202/
https://pubmed.ncbi.nlm.nih.gov/2643202/
https://pubmed.ncbi.nlm.nih.gov/27823556/
https://pubmed.ncbi.nlm.nih.gov/27823556/
https://pubmed.ncbi.nlm.nih.gov/27823556/

	_GoBack

