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and activating Nrf2 signalling pathways in APP/PS1 mice

Wenyue Wei1,2 3*, Yuyin Wang2,3*, Jing Zhang2,3, Qingfang Gu3, Xiaoqin Liu3, Lijuan Song1,2, Zhi Chai1,2,3,  

Minfang Guo3, Jiezhong Yu1,3,4, Cungen Ma1,2,3 
1Department of Neurology, First Affiliated Hospital, Shanxi Medical University, Taiyuan, P.R. China, 2Research Center of 
Neurobiology, The Key Research Laboratory of Benefiting Qi for Acting Blood Circulation Method to Treat Multiple Sclerosis of State 
Administration of Traditional Chinese Medicine, Shanxi University of Chinese Medicine, Jinzhong 030619, P.R. China, 3Institute of 
Brain Science, Shanxi Key Laboratory of Inflammatory Neurodegenerative Diseases, Shanxi Datong University, Datong, P.R. China, 
4Department of Neurology, Datong Fourth People’s Hospital, Datong, P.R. China

*Wenyue Wei and Yuyin Wang contributed equally to this work. 

Folia Neuropathol 2021; 59 (1): 32-49� DOI: https://doi.org/10.5114/fn.2021.105130

A b s t r a c t

Alzheimer’s disease (AD) is a severe neurodegenerative disorder of the central nervous system (CNS) characterized by 
neuron loss and dementia. Previous abundant evidence demonstrates that the first critical step in the course of AD is 
the state of oxidative stress and the neuronal loss is closely related to the interaction of several signalling pathways.  
The neuroprotective efficacy of Rho-associated protein kinase (ROCK) inhibitor in the treatment of AD has been reported, 
but its exact mechanism has not been well elucidated. The purpose of this study is to investigate the therapeutic effects 
of Fasudil on amyloid precursor protein/presenilin-1 (APP/PS1) mice and to discover the potential underlying mechanism. 
Sixteen 8-month-old APP/PS1 mice were divided into model and Fasudil treatment groups and 8 wild-type mice were 
used as a normal control group. After the behavioural test, all mice were sacrificed for immunofluorescence and other 
biochemical tests. The results showed that the administration of Fasudil improved learning and memory ability, elevat-
ed the concentration of antioxidative substances and decreased lipid peroxides, as well as inhibited neuronal apoptosis  
by increasing the expression of B-cell lymphoma-2 (Bcl-2) (p < 0.05), reducing Bcl-2 Associated X (Bax) (p < 0.05) and cleaved 
caspase-3 (p < 0.05) of APP/PS1 mice. Moreover, Fasudil treatment also ameliorated the phosphorylation of p38 (p < 0.01), 
c-Jun N-terminal kinase (JNK) (p < 0.001) and extracellular regulated protein kinases (ERK) (p < 0.001), and accelerated the 
nuclear factor-erythroid 2 p45-related factor 2 (Nrf2) (p < 0.01) expression and its antioxidative downstream molecules  
(p < 0.05, p < 0.05, and p < 0.05, respectively). Data from the present study demonstrate that Fasudil significantly restored 
cognitive function, restrained oxidative stress and reduced neuronal apoptosis in the hippocampus, probably by inhibiting 
ROCK/MAPK and activating Nrf2 signalling pathways in APP/PS1 mice.
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Introduction

Alzheimer’s disease (AD) is a  common neurode-
generative disease, characterized by senile plaques 
(SP), neurofibrillary tangles (NFTs) and memory defi-
cits as well as behavioural disability [7]. According 
to the World Alzheimer Report 2016, an estimated  
46.8 million individuals suffered from AD-related 
dementia worldwide and this figure may be forecasted 
to reach 131.5 million by 2050 [26]. With the coming of 
world population aging, AD, one disease closely related 
to aging, has become a serious health and economic 
burden in the society. 

Several decades of relevant observations have 
proved that various pathological changes have occurred 
during the progression of AD including oxidative stress, 
mitochondria dysfunction, and neuronal apoptosis, 
which are likely to have the prominent roles contrib-
uting the pathogenesis of AD [17]. Even today, some 
symptomatic treatments have been taken the clin-
ically, but there is still no effective etiological therapy 
available [35]. Oxidative stress, as a  characteristic of 
the aging progress, occurs when the level of oxidation 
exceeds endogenous antioxidant defence, and caus-
es irreversible alternations to biomacromolecule. It is 
well known that oxidative stress plays a crucial role in 
pathogenesis of AD on account of its close correlation 
with the disease severity [27]. Additionally, brain is the 
most vulnerable region because of its high oxygen con-
sumption and the relatively weak antioxidant system 
[9]. Particularly, hippocampus, a  vital memory centre, 
would probably be the first brain area with cell death 
occurring in AD affected by the oxidative damage [25]. 
These studies provide a  novel approach to attenuate 
neuronal apoptosis and slow down the course of AD 
by inhibiting oxidative stress response [18]. The neu-
ral apoptosis in AD is regulated by various signalling 
pathways. Primarily, the important serine-threonine 
Rho-associated protein kinase (ROCK) participates in 
the regulation of various cellular activities, including 
proliferation, adherence, contraction, secretion, and 
apoptosis. ROCK contains two isoforms, ROCK1 and 
ROCK2, and they share quite high homology. ROCK1 is 
expressed mainly in the non-neuronal tissue, while the 
expression of ROCK2 is mainly found in the nervous sys-
tem [24]. There is considerable evidence indicating that 
ROCK2 overexpression contributes to the development 
and progression of neurodegenerative diseases, such 
as multiple sclerosis (MS), Parkinson’s disease (PD), and 
AD [6]. Thus, inhibiting ROCK2 would be a novel ther-

apeutic approach against neurological disorders [28]. 
Next, the mitogen-activated protein kinase (MAPK) is 
another kind of serine-threonine kinase that general-
ly exists in eukaryotic cells, and accumulating studies 
have shown that MAPK pathway activation is closely 
related with the physiological and pathological process 
of cells [1]. MAPK is mainly composed of p38 MAPK, 
c-Jun N-terminal kinase (JNK), and extracellular regulat-
ed protein kinases (ERK) [21]. Furthermore, insufficient 
activation of nuclear factor-erythroid 2 p45-related fac-
tor 2 (Nrf2) in the nuclei has also been closely related to 
chronic neurological disorders such as AD [11]. Nrf2 is 
the most important redox-regulated transcription fac-
tor that plays a pivotal role in anti-oxidative stress via 
modulating the expression of a battery of endogenous 
redox-regulated enzymes such as hemeoxygenase-1 
(HO-1), NAD(P)H: quinone oxidoreductase 1 (NQO1), 
and superoxide dismutase (SOD) [2]. 

Fasudil, a  selective ROCK inhibitor, has been 
applied to relieve cerebral vasospasm in clinical prac-
tice since the last century [22]. Our previous results 
and other researchers’ studies also provided several 
lines of evidence that ROCK inhibitors significantly 
improved cognition in amyloid precursor protein/pre-
senilin-1 (APP/PS1) mice, combined with the reduction 
of pathological products in the whole brain, such as 
amyloid-β (Aβ) deposits, p-Tau and β-site APP-cleav-
ing enzyme (BACE). In addition, the administration 
of ROCK inhibitors boosted the synapse function 
and neurotrophic factors levels, as well as restrained 
the immune response in the central nervous system 
(CNS) by regulating the peripheral immune system 
[15,30,39]. And based on the above, Fasudil may be 
a  promising drug for CNS disorders including AD. 
However, it is still unclear whether Fasudil has antiox-
idant effects on AD as well as its exact mechanisms. 
Few studies have focused on the molecular mecha-
nism of Fasudil on AD in vivo involving modulation of 
MAPK and Nrf2 pathways. Therefore, in this study, we 
have aimed to investigate the antioxidant effects of 
Fasudil on the classic mouse model of AD, and explore 
its possible mechanisms. 

Material and methods

Animals

Male APP/PS1 double transgenic mice, three-month-
old, and age- and sex-matched C57BL/6 mice were pur-
chased from Beijing HFK Bioscience Co., Ltd. All mice 
were raised under specific pathogen-free conditions 
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of lighting (12 h/12 h light/dark cycle), temperature  
(25 ±2°C), and relative humidity (50 ±10%). The mice 
were provided with unlimited diet and water. All exper-
imental procedures were conducted according to the 
guidelines of the International Council for Laboratory 
Animal Science and were approved by the Ethics Com-
mittee of the Shanxi Datong University, Datong, China. 
The APP/PS1 double transgenic mice were randomly 
divided into two groups: Fasudil group (F group, n = 8) 
and normal saline group (NS group, n = 8). And the wild 
type mice served as a control group (WT group, n = 8).

Drug treatment

Fasudil (30 mg: 2 ml per ampoule) were obtained 
from Tianjin Chasesun Pharmaceutical Co. and dis-
solved in a sterile saline solution. Starting at the age 
of eight months, the F group mice were intraperito-
neally injected with Fasudil (25 mg/kg per day) for 
2 months, while the NS group and WT group were 
treated with equivalent normal sodium (0.9% NaCl). 
The dosage of Fasudil was selected based on our 
previous reports [38]. 

Morris Water Maze test

To evaluate spatial learning and memory abilities 
of mice, we performed the following procedure as 
described earlier [39]. The Morris Water Maze (MWM) 
is a round pool (90 cm in diameter), containing a plat-
form (5 cm in diameter) in the centre of 1/4 quadrant 
of the maze below the water surface. The tank was 
filled with water containing titanium dioxide main-
tained at around 19°C. Mice underwent training for  
5 consecutive days of twice a day in the pool before 
the formal test. If the mouse failed to arrive at the 
target within 60 seconds, it would be guided to the 
target and permitted to stop briefly around 10 sec-
onds. The movements of mice were monitored by 
the automated analysis system (SMART V3.0 system, 
Panlab, Barcelona, Spain). The escape latency, the 
distance percentage in the SW target quadrant and 
swim speed were analysed during the test. 

Y-maze test

The Y-maze test was based on the method des- 
cribed by Burrows et al. with minor modifications [4]. 
The apparatus, used to measure short-term memory,  
consisted of three symmetrical opaque arms (30 cm  
long, 8 cm wide, and 15 cm high) at a  quiet room 
under dim light. Applying the principle of randomness, 

we named three arms as the start arm, the novel arm, 
and the other arm. Different visual cues were used on 
the surrounding walls. Within 10 min, the mouse was 
placed in the maze to explore the start and the oth-
er arm accompanied by the novel arm blocked. After 
a one-hour delay, the formal trial was conducted and 
the mouse was again put into the same starting arm, 
with all three arms open for 5 min. The sawdust was 
replaced and the maze was cleaned with 70% ethanol 
to minimize the interference of smell between each 
trial. By using the automated SMART V3.0 system, 
all trials were recorded, and the percentage of time 
spent in the novel arm and alternation were mea-
sured in order to detect the exploration ability and 
spatial recognition memory. 

Perfusion and tissue preparation

After finishing all behaviour tests, half of the 
mice in each group (n = 4) were anaesthetized and 
perfused intracardially with cold normal saline. The 
brains used for experiments were immediately isolat-
ed. And the hippocampus tissue was dissected out by 
using a  dissecting microscope and homogenized in 
RIPA buffer (KeyGEN) with protease inhibitors (Key-
GEN) and centrifuged at 12000 rpm for 10 min. The 
BCA kit (Solarbio) was used to determine the concen-
tration of the hippocampus extract. The remaining 
mice (n = 4) were perused with saline and 4% para-
formaldehyde (PFA) in phosphate buffer (PBS, 0.01 M,  
pH = 7.4). The brains were collected and frozen in 
liquid nitrogen. Consecutive coronal sections were 
sliced using a cryostat microtome (Leica) at 10 µm. 

Measurement of substances associated 
with oxidative stress

Commercial assay kits (SOD: S0101, Beyotime 
Biotechnology; GSH: A061-1, NanJing JianCheng Bio-
engineering; MDA: S0131, Beyotime Biotechnology) 
were used to measure the concentrations of superox-
ide dismutase (SOD), glutathione (GSH), and malond-
ialdehyde (MDA) in hippocampal tissue according to 
manufacturers’ instructions, respectively. 

Western Blot analysis

Total 20 μg of samples were separated by sodi-
um dodecyl sulfate-polyacrylamide gel electrophore-
sis (SDS-PAGE) and transferred onto polyvinylidene 
fluoride (PVDF) membrane (Millipore), and then 
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blocked at room temperature (RT) with 5% non-fat 
milk for 2 hours and incubated at 4°C overnight 
with the following primary antibodies: Anti-ROCK2 
(Abcam), Anti-ROCK2 (phospho S1366, Abcam), 
Anti-Bax (Abcam), Anti-Bcl-2 (Abcam), Anti-Cleaved 
Caspase3 (Abcam), Anti-p38 (phospho Y182, Abcam), 
Anti-JNK1+JNK2+JNK3 (phospho T183+T183+T221, 
Abcam), Anti-ERK (phospho Tyr204, Santa Cruze), 
Anti-Nrf2 (Abcam), Anti-HO-1 (Abcam), Anti-NQO1 
(Abcam) and Anti-SOD2 (Cell Signaling). After three 
rinses in TBST, the immunoblots were incubated at 
RT for 2 hours with HRP-conjugated secondary anti-
bodies (Cell Signaling), washed again and visualized 
by ECL (Millipore). Anti-GAPDH (Cell Signaling) was 
taken as a loading control. And Image Lab Software 
(Bio-rad Laboratories) was applied to quantify the 
intensity of the protein bands. The experiment was 
repeated three times.

Immunohistochemistry analysis

Brain slides were blocked and permeabilized 
with 0.3% Triton X-100 in 1% BSA/PBS for 1 hour 
at RT, then incubated at 4°C overnight with prima-
ry antibodies as follows: Anti-NeuN (Abcam), Anti- 
p-ROCK2 (phospho S1366, Abcam), Anti-Bax 
(Abcam), Anti-Bcl-2 (Abcam), Anti-Cleaved Caspase3 
(Abcam), Anti-p38 (phospho Y182, Abcam), Anti- 
JNK1+JNK2+JNK3 (phospho T183+T183+T221, 
Abcam), Anti-ERK (phospho Tyr204, Santa Cruze), 
Anti-Nrf2 (Abcam), Anti-HO-1 (Abcam), Anti-NQO1 
(Abcam) and Anti-SOD2 (Cell Signaling). After wash-
ing with PBS, corresponding secondary antibodies 
(1 : 1000, Cell Signaling) were applied at RT for 2 h. 
Then, the slides were coverslipped with a mounting 
medium containing 4’,6-diamidino-2-phenylindole 
(DAPI). The negative control sections were treated 
using the same protocols, but omitting the primary 
antibodies. Three consecutive sections per mouse 
were observed under a confocal microscope (Olym-
pus FV1000) in a blinded fashion. And the area (poly-
gon) of double positive cells were quantitatively ana-
lysed by Image-Pro Plus software. All sections were 
double-blindly examined.

TUNEL assay

Terminal deoxynucleotidyl transferase dUTP nick 
end labelling (TUNEL) is the sensitive and reliable way 
to examine apoptosis. A One Step TUNEL Apoptosis Kit 
(Beyotime) was used to observe neuronal in situ apop-

tosis in the hippocampus region according to the man-
ufacturer’s recommendations. Image-Pro Plus software 
was used to count the number of TUNEL+ cells.

ROCK2 activity assay

The ROCK2 activity in the supernatant of mice 
hippocampus homogenates was determined by 
a Rho kinase testing kit (GMS50184.2) according to 
the manufacturer’s instructions.

Statistical analysis

All statistics were analysed by GraphPad Prism 5.0 
software (GraphPad software, San Diego, CA), and all 
of the data were expressed as mean ± standard devi-
ation (SD). Behavioural data for escape latency were 
compared by two-way analysis of variance (ANOVA). 
Differences between the groups were compared by 
one-way ANOVA followed by Tukey’s post-hoc test. 
The statistical method was also described in the Fig-
ure legend. The p value of less than 0.05 was defined 
statistically significant.

Results

Fasudil ameliorated cognitive 
impairment in APP/PS1 mice

The MWM and Y-maze tests were performed to 
assess the beneficial effects of Fasudil on the cog-
nitive function in APP/PS1 mice after two-month 
treatment. Figure 1A has shown the schematic dia-
gram of 8-zone MWM test and representative path 
tracking of each group. There was no significant 
difference in the time taken by mice to locate the 
hidden platform between groups during the five-day 
initial training session of the MWM test (p > 0.05) 
as shown in Figure 1B. However, we have observed 
significant differences in the subsequent formal 
tests. Compared with the control WT mice, escape 
latency in the NS group was significantly prolonged  
(p < 0.01, Fig. 1C) and the distance percentage in 
the SW zone exhibited partial reduction (p < 0.01, 
Fig. 1D), representing that the APP/PS1 transgenic 
mice had a  typical cognitive dysfunction. However, 
this dysfunction was partly reversed by Fasudil treat-
ment, with shorter escape latency and longer dis-
tance in the SW zone when compared with the NS 
group (p < 0.05, and p < 0.05, respectively), and there 
was no significant change in the Fasudil group when 
compared with those of the WT group (p > 0.05, 
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Fig. 1. Fasudil improved learning and memory ability of APP/PS1 mice. Eight-month-old APP/PS1 mice 
received Fasudil (n = 8) or saline (n = 8) by intraperitoneal injection for 2 months. C57BL/6 mice of the same 
age and gender (n = 8) were taken as control mice, injected with normal saline (NS). The Morris water maze 
(MWM) and Y-maze tests were used to evaluate learning and memory ability, and assess the exploratory 
activities of mice. A) The schematic diagram of 8-zone MWM test and representative path tracking of each 
group. B) The time spent by mice from the starting point to the submerged platform on the five consecutive 
days for daily tests (two-way ANOVA). C) The time spent searching for the target during the formal test.  
D) The percentage of distance in the SW zone during the formal test. E) The swim speed during the formal test. 
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Fig. 1. Cont. F) The schematic diagram of Y-maze and tracing of movement of each group. G) The percentage 
of time spent in the novel arm assessing the exploratory activities of mice. H) The definition of alterna-
tion is the consecutive entries into all three arms. Spontaneous alternation is the ratio of the number of 
alternations to the total possible alternations, which reflects spatial working memory. Results were shown 
as mean ± SD of 8 mice per group. Significant differences between groups were presented as *p < 0.05,  
**p < 0.01, ***p < 0.001, one-way ANOVA followed by Tukey’s post-hoc test.
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and p > 0.05, respectively). Additionally, there were 
no differences in mean swim speed among three 
groups (p > 0.05, Fig. 1E), revealing that observed 
differences were not caused by the physical handi-
cap of mice. Besides the MWM trial, we further con-
ducted Y-maze test to assess the level of explorato-
ry activity and the spatial working memory of the 
mice. The time spent in the novel arm was signifi-
cantly shorter (p < 0.01, Fig. 1G) and the percentage 
of the spontaneous alteration was lower (p < 0.01,  

Fig. 1H) in NS vehicle-treated APP/PS1 mice than in the 
wild type mice, and the Fasudil treatment increased the 
time in the novel arm (p < 0.05) and the spontaneous 
alteration (p < 0.05) in APP/PS1 mice and even similar 
to the levels in the WT group (p > 0.05). Hippocampus is 
well known as the memory region which is closely asso-
ciated with cognition in the brain. Therefore, these data 
showed that the Fasudil administration could rescue 
the function of hippocampus and has a great influence 
on both learning and memory in APP/PS1 Tg mice. 
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Fasudil attenuated oxidative stress  
in APP/PS1 mice

There has been a  huge amount of researches 
demonstrating that the effects of oxidative stress 
plays a vital role in the course of AD, involving exces-
sive oxidative damage and impaired antioxidant abil-
ity [31]. In order to confirm the antioxidant properties 
of Fasudil in APP/PS1 mice, we measured the levels 
of oxidative stress-related characteristic biomark-
ers, such as SOD, total glutathione (T-GSH), oxidized 
glutathione (GSSG), GSH, and MDA. As shown in Fig- 
ure 2A, the concentrations of SOD (p < 0.001), T-GSH  
(p < 0.001), GSSG (p < 0.001), and GSH (p < 0.001) were 
obviously decreased in the APP/PS1 group as com-
pared with those of the WT group. But these changes 
were all significantly reversed by Fasudil treatment  
(p < 0.01, p < 0.01, p < 0.01, and p < 0.01, respec-
tively). Although the levels of SOD were declined  
(p < 0.01) in the Fasudil treatment group, there were 

no significant differences in the levels of T-GSH, GSSG, 
and GSH, when compared to the WT group (p > 0.05). 
Moreover, a  higher level of MDA (p < 0.05, Fig. 2B) 
was observed in the APP/PS1 group compared with 
the WT group, while Fasudil administration dramat-
ically inhibited the elevation of this lipid peroxida-
tion marker (p < 0.001) even more than in the WT 
group (p < 0.05). All of the results showed that Fasudil 
strengthened the antioxidant system and suppressed 
oxidative stress response in APP/PS1 mice.

Fasudil reduced neuronal apoptosis  
in APP/PS1 mice

Our previous results showed that Fasudil had neu-
roprotective effects [10]. Therefore, we evaluated the 
effects of Fasudil on neurons by detecting apoptot-
ic markers and apoptosis-related proteins, such as 
TUNEL positive neuronal cells and the level of Bax, 
Bcl-2, and cleaved caspase-3 in APP/PS1 mice. 

Fig. 2. Fasudil increased the contents of antioxidant enzymes and attenuated the oxidative related factors in 
the hippocampus of APP/PS1 mice. Mice were sacrificed after finishing all behaviour tests and the brains were 
isolated for subsequent analysis. A) The levels of antioxidants, including SOD, GSH, GSSG, and T-GSH, in the 
supernatant of hippocampus homogenates among three groups were measured by commercial kits. B) A repre-
sentative bar graph showed the content of MDA in the hippocampus lysate, which represented the production 
of lipid peroxide. The graphs were expressed as the mean ± SD, n = 4 per group. Significant differences between 
groups were presented as *p < 0.05, **p < 0.01, ***p < 0.001, one-way ANOVA followed by Tukey’s post-hoc test.
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As shown in Figure 3A, the number of TUNEL-pos-
itive neuronal cells was increased (p < 0.001) and 
pathological changes of neurons occurred in APP/PS1 
mice in immunofluorescence staining of hippocampus 
tissue compared with the normal control group. The 
neurons in the model group showed irregular arrange-
ment and severe degeneration, including swelling, 
necrosis, pyknosis and karyorrhexis. In addition to 
these pathological changes, as shown in Fig. 3B and C,  
our Western blot analysis and immunofluorescence 
staining indicated the increases in Bax (p < 0.001, 
and p < 0.001, respectively), the ratio of Bax to Bcl-2  
(p < 0.001), and cleaved caspase-3 (p < 0.001, and  
p < 0.05, respectively) and the decrease in Bcl-2  
(p < 0.05, and p < 0.001, respectively) in the APP/
PS1 mice compared with WT mice. Fasudil adminis-
tration increased the expression of Bcl-2 (p < 0.05, 

and p < 0.05, respectively) and reduced the expres-
sion of cleaved caspase-3 (p < 0.05, and p < 0.05, 
respectively) compared with APP/PS1 mice and 
the levels were similar to the results of WT mice  
(p > 0.05). And although the number of TUNEL-pos-
itive cells (p < 0.01), the level of Bax (p < 0.05, and 
p < 0.05, respectively) and the ratio of Bax to Bcl-2  
(p < 0.01) were slightly increased compared with 
those of the WT group, the levels were signifi-
cantly decreased compared with the NS group  
(p < 0.001, p < 0.01, p < 0.001, and p < 0.001, respec-
tively). These results suggested that Fasudil exerts 
powerful anti-apoptotic effects on AD through ini-
tiating apoptotic signalling cascades, reducing 
the expression of pro-apoptotic Bax and cleaved 
caspase-3, and improving the level of anti-apoptotic 
Bcl-2. 

Fig. 3. Fasudil inhibited hippocampus neuron apoptosis. A) Representative confocal images of TUNEL+ cells in the 
CA1 region of hippocampus showed the severity of neuronal apoptosis (40×, Scale bar: 100 μm). B) Western blot 
bands and statistical results showed the changes of the levels of apoptosis-related proteins such as Bax, Bcl-2, 
and cleaved caspase-3. GAPDH was used as an internal loading control.
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Fig. 3. Cont. C) The representative images of Bax+, Bcl-2+, and cleaved caspase-3+ (red) in neurons (green) of 
three groups by double immunofluorescence and quantitative analysis (40×, Scale bar: 100 μm). Data were 
expressed as mean ± SD, n = 4 per group. Significant differences between groups were presented as *p < 0.05, 
**p < 0.01, ***p < 0.001, one-way ANOVA followed by Tukey’s post-hoc test.
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Fasudil down-regulated expression  
and activity of ROCK2 in APP/PS1 mice

During the past decade, a  large number of 
studies demonstrated that ROCK2, which is main-
ly expressed in the brain, played a vital role in the 
pathological process of AD [8]. In the current study, 
compared with WT mice, we discovered that the 
level of p-ROCK2 (S1366) was enhanced in APP/PS1 
mice, which was identified by both Western blot  
(p < 0.01, Fig. 4A) and immunofluorescence staining 

(p < 0.01, Fig. 4C). Besides, the results of Western 
blot and the activity assay showed that the ROCK2 
protein expression (p < 0.05, Fig. 4A) and activity  
(p < 0.01, Fig. 4B) of APP/PS1 mice were also mark-
edly increased. As expected, the elevated expression 
of ROCK2 (p < 0.01, Fig. 4A), p-ROCK2 (p < 0.01, and 
p < 0.05, respectively) and ROCK2 activity (p < 0.001, 
Fig. 4B) were largely reversed by Fasudil treatment. 
When compared with that of WT mice, the results 
showed ROCK2 expression was slightly declined in 
the Fasudil treatment group, but there was no sig-
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Fig. 4. Fasudil restrained the activity and expression of Rho kinase. A) The levels of ROCK2 and p-ROCK2 
(S1366) were detected by Western blot analysis. The levels of quantitative proteins were normalized to the 
levels of GAPDH. B) The activity of ROCK2 was measured by a kit. C) p-ROCK2 (S1366) (red) positive neu-
rons (green) in CA1 zone of the hippocampus in mice of three groups by double immunofluorescence (40×, 
Scale bar: 100 μm). The area (polygon) of NeuN+ p-ROCK (S1366)+ cells in the hippocampus was analysed 
quantitatively by Image-Pro Plus software. Data were expressed as mean ± SD, n = 4 per group. Significant 
differences between groups were presented as *p < 0.05, **p < 0.01, ***p < 0.001, one-way ANOVA followed 
by Tukey’s post-hoc test.
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Fig. 5. Fasudil attenuated the phosphorylation level of MAPKs. A) The Western blot results and correspond-
ing quantitative analysis for p-p38 (Y182), p-JNK (T183+T183+T221), and p-ERK (Tyr204) in hippocam-
pus tissue homogenate. GAPDH was used as an internal loading control. B) The expression area of p-p38 
(Y182), p-JNK (T183+T183+T221), and p-ERK (Tyr204) (red) positive neurons (green) in CA1 or DG zone of 
the hippocampus by double immunofluorescence and quantitative analysis (40×, Scale bar: 100 μm). Data 
were expressed as mean ± SD, n = 4 per group. Significant differences between groups were presented as 
*p < 0.05, **p < 0.01, ***p < 0.001, one-way ANOVA followed by Tukey’s post-hoc test.

B

Th
e 

N
eu

N
+  

p-
p3

8+  
fo

ci
  

in
 t

he
 C

A
1 

ar
ea

 (
×1

03  
µm

2 )

Th
e 

N
eu

N
+ 

p-
JN

K+  
fo

ci
  

in
 t

he
 C

A
1 

ar
ea

 (
×1

03  
µm

2 )

1.5

1.0

0.5

0.0

1.5

1.0

0.5

0.0

WT	 NS	 F

WT	 NS	 F

	 DAPI	 NeuN	      p-p38	 Merge

	 DAPI	 NeuN	      p-JNK	 Merge

F	
N

S	
W

T
F	

N
S	

W
T

**

**
*** **

  WT     NS     FA
p-p38

p-JNK

p-ERK

GAPDH

p-
p3

8/
G

A
PD

H

p-
JN

K/
G

A
PD

H

p-
ER

K/
G

A
PD

H

1.5

1.0

0.5

0.0

2.5

2.0

1.5

1.0

0.5

0.0

1.5

1.0

0.5

0.0
WT	 NS	 F WT	 NS	 F WT	 NS	 F

**

**

** **
***

***
* *

*



43Folia Neuropathologica 2021; 59/1

Therapeutic effects of Fasudil in APP/PS1 mice

nificant difference (p > 0.05). Our results confirmed 
that Fasudil can remarkably restrain the activity of 
Rho kinase and might be a potentially pharmacolog-
ical target related to neurodegenerative disorders. 

Fasudil inhibited MAPK pathway  
in APP/PS1 mice

There has already been a lot of studies focusing 
on the MAPK pathway and the importance of MAPK 
in AD has become widely accepted in recent years 
[29]. In Figure 5, we showed Western blot analysis 
and immunofluorescence staining of p-p38 (Y182), 
p-JNK (T183+T183+T221), and p-ERK (Tyr204) 
among three groups. The significant increases of 
p-p38 (p < 0.01, and p < 0.05, respectively) and 
p-JNK (p < 0.001, and p < 0.001, respectively) were 
observed in the hippocampal CA1 area of APP/PS1 
mice as compared with those in WT mice. Similar-
ly, the phosphorylation level of ERK (p < 0.001, and  
p < 0.001, respectively) was also much higher than 
that of the WT group, especially in the hippocam-
pal DG area. However, Fasudil effectively inhibited 
the phosphorylation of p38 (p < 0.01, and p < 0.01, 
respectively), JNK (p < 0.05, and p < 0.01, respective-
ly) and ERK (p < 0.01, and p < 0.01, respectively). 
There were no significant changes in p-p38 expres-

sion (p > 0.05, Fig. 5A) and immunofluorescence  
(p > 0.05, Fig. 5B) in the Fasudil treated group when 
compared with the wild type mice, although the 
expression of p-JNK (p < 0.01, and p < 0.01, respec-
tively), and p-ERK (p < 0.05, and p < 0.05, respective-
ly) were decreased which did not reach the normal 
levels. These data indicated that the mechanism of 
Fasudil could have inhibited the MAPK signalling 
pathway.

Fasudil activated Nrf2 pathway  
in APP/PS1 mice

As a  key transcription factor, Nrf2 regulates its 
downstream molecules expression related to the 
anti-oxidative stress response, hence controls the cel-
lular defence mechanism [20]. Among the protein ex- 
tracts of hippocampus in APP/PS1 Tg mice, the expres-
sion of Nrf2 (p < 0.01, Fig. 6A) and its downstream 
products including HO-1, NQO1, and SOD2 (p < 0.01, 
p < 0.01, and p < 0.01, respectively, Fig. 6A) were 
obviously decreased compared with WT mice. Sim-
ilar results were observed by using immunofluores-
cence staining analyses (p < 0.05, p < 0.05, p < 0.01,  
and p < 0.01, respectively, Fig. 6B). After Fasudil treat-
ment, the results of Western blot and immunofluo-
rescence staining showed that Nrf2 was translocated 

Fig. 5. Cont. B) The expression area of p-p38 (Y182), p-JNK (T183+T183+T221), and p-ERK (Tyr204) (red) 
positive neurons (green) in CA1 or DG zone of the hippocampus by double immunofluorescence and quan-
titative analysis (40×, Scale bar: 100 μm). Data were expressed as mean ± SD, n = 4 per group. Significant 
differences between groups were presented as *p < 0.05, **p < 0.01, ***p < 0.001, one-way ANOVA followed 
by Tukey’s post-hoc test.
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into neuron nucleus leading to the nuclear accumu-
lation of Nrf2 (p < 0.01, and p < 0.01, respectively) 
to facilitate the production of numerous antioxidant 
enzymes such as HO-1 (p < 0.05, and p < 0.05, respec-
tively), NQO1 (p < 0.05, and p < 0.05, respectively), 
and SOD2 (p < 0.05, and p < 0.05, respectively). How-
ever, these increases did not reach the normal levels 
as shown in Figure 6A and B, in which there were no 
significant changes observed (all p > 0.05) in Nrf2, 
HO-1, NQO1, and SOD2 in Fasudil treated APP/PS1 
mice compared with the WT group. These results 

suggest that Fasudil could have strongly activated  
the Nrf2 signalling pathway in APP/PS1 mice.

Discussion

Alzheimer’s disease is well known as one of 
the common clinical diseases which has a  rapidly 
increasing rate of incidence and death year by year, 
but its pathogenesis has not been completely eluci-
dated so far and there is no effective drug for pre-
vention and treatment. Hence, to find effective and 
safe agents has become necessary in recent years.

WT	 NS	   F

WT	 NS	   F

Fig. 6. Cont. B) The hippocampal CA1 neurons were subjected to double immunofluorescence staining by anti-
Nrf2, anti-HO-1, anti-NQO1 anti-SOD2 (red), and anti-NeuN (green) (40×, Scale bar: 100 μm). Quantitative data 
were expressed as mean ± SD, n = 4 per group. Significant differences between groups were presented as *p < 
0.05, **p < 0.01, ***p < 0.001, one-way ANOVA followed by Tukey’s post-hoc test.

Th
e 

N
eu

N
+  

SO
D

2+  
fo

ci
  

in
 t

he
 C

A
1 

ar
ea

 (
×1

03  
µm

2 )

Th
e 

N
eu

N
+  

N
Q

O
1+  

fo
ci

  
in

 t
he

 C
A

1 
ar

ea
 (

×1
03  

µm
2 )

5

4

3

2

1

0

2.0

1.5

1.0

0.5

0.0

	 DAPI	 NeuN	      SOD2	 Merge

	 DAPI	 NeuN	      NQO1	 Merge

F	
N

S	
W

T
F	

N
S	

W
T

**

**

*

*



46 Folia Neuropathologica 2021; 59/1

Wenyue Wei, Yuyin Wang, Jing Zhang, Qingfang Gu, Xiaoqin Liu, Lijuan Song, Zhi Chai, Minfang Guo, Jiezhong Yu, Cungen Ma

Oxidative stress emerges at the earliest stage 
of AD before symptoms appear and plays an 
important role. It is generally accepted that, in 
AD, the antioxidant system breaks down and lipid 
peroxidation accumulates. Mitochondrion is both 
the major source of oxidative products and the 
main impaired organelle attacked by these prod-
ucts [43]. The imbalance between proapoptotic 
proteins (Bax) and antiapoptotic protein (Bcl-2) is 
also responsible for the abnormal mitochondria 
permeability and the activation of the final exec-
utor of apoptosis, caspase-3, finally leading to the 
widespread apoptosis of neurons in the hippo-
campus. Neuronal apoptosis is an essential factor 
for neuronal death, which is closely related to the 
progression of AD. In the present study, Fasudil 
inhibited oxidative stress and alleviated neuro-
nal apoptosis. This was in line with our previous 
reports about the effect of Fasudil on the MPTP-
mouse model of Parkinson’s disease [41]. 

ROCK is an important target which is closely relevant 
to several physiological and pathological processes of 
many diseases. Nowadays, it is widely acknowledged 
that abnormal activation of ROCK has been regarded 

as an important factor which accelerates the occur-
rence and development of AD. ROCK activation increas-
es Aβ production [42], decreases neurite outgrowth of 
neurons and causes other pathological changes [36]. 
As we reported previously, Fasudil inhibited the expres-
sion of ROCK2 and reduced typical pathological chang-
es of AD, such as Aβ deposition and Tau protein phos-
phorylation, regulated the peripheral immune system, 
inhibited the inflammatory responses and increased 
the neurotrophic factors in vivo [37-39]. In another  
in vitro study, we found that Fasudil treatment attenu-
ated Aβ1-42-induced apoptosis by regulating the MAPK 
pathway in primary cultures of hippocampal neurons 
[13]. In addition, there is evidence that the activation 
of ROCK not only elevates the level of oxidative stress 
[19,23], but also can be caused by the status of oxi-
dative stress, reinforcing a vicious cycle and ultimate-
ly causing neuronal death [34]. Our results reported in 
both this study and the previous reports [41] suggest-
ed that ROCK inhibitors have potent anti-oxidant and 
anti-apoptotic effects. 

Recent investigations showed that the increased 
ROCK activity was required for neurodegeneration 
and then triggered several downstream pathways. 

Fig. 7. Schematic diagram of the hypothesized signalling pathways summarizing the therapeutic effects 
of Fasudil against AD. Fasudil exhibited strong beneficial effects which may be mainly due to effectively 
suppressing the activity of ROCK and subsequently regulating MAPK signalling as well as accelerating the 
accumulation of nuclear Nrf2, eventually leading to relief of oxidative damage and neuronal apoptosis.
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Oxidative stress emerges at the earliest stage 
of AD before symptoms appear and plays an 
important role. It is generally accepted that, in 
AD, the antioxidant system breaks down and lipid 
peroxidation accumulates. Mitochondrion is both 
the major source of oxidative products and the 
main impaired organelle attacked by these prod-
ucts [43]. The imbalance between proapoptotic 
proteins (Bax) and antiapoptotic protein (Bcl-2) is 
also responsible for the abnormal mitochondria 
permeability and the activation of the final exec-
utor of apoptosis, caspase-3, finally leading to the 
widespread apoptosis of neurons in the hippo-
campus. Neuronal apoptosis is an essential factor 
for neuronal death, which is closely related to the 
progression of AD. In the present study, Fasudil 
inhibited oxidative stress and alleviated neuro-
nal apoptosis. This was in line with our previous 
reports about the effect of Fasudil on the MPTP-
mouse model of Parkinson’s disease [41]. 

ROCK is an important target which is closely relevant 
to several physiological and pathological processes of 
many diseases. Nowadays, it is widely acknowledged 
that abnormal activation of ROCK has been regarded 
as an important factor which accelerates the occur-
rence and development of AD. ROCK activation increas-
es Aβ production [42], decreases neurite outgrowth of 
neurons and causes other pathological changes [36]. 
As we reported previously, Fasudil inhibited the expres-
sion of ROCK2 and reduced typical pathological chang-
es of AD, such as Aβ deposition and Tau protein phos-
phorylation, regulated the peripheral immune system, 
inhibited the inflammatory responses and increased 
the neurotrophic factors in vivo [37-39]. In another  
in vitro study, we found that Fasudil treatment attenu-
ated Aβ1-42-induced apoptosis by regulating the MAPK 
pathway in primary cultures of hippocampal neurons 
[13]. In addition, there is evidence that the activation 
of ROCK not only elevates the level of oxidative stress 
[19,23], but also can be caused by the status of oxi-
dative stress, reinforcing a vicious cycle and ultimate-
ly causing neuronal death [34]. Our results reported in 
both this study and the previous reports [41] suggest-
ed that ROCK inhibitors have potent anti-oxidant and 
anti-apoptotic effects. 

Recent investigations showed that the increased 
ROCK activity was required for neurodegeneration 
and then triggered several downstream pathways. 
The MAPKs, p38, JNK and ERK, were identified as 
the downstream substrates of ROCK [32]. Several 

lines of evidence showed that some external stimuli 
including the elevated ROCK activity could activate 
these MAPK molecules by facilitating their phos-
phorylation, finally rise up to oxidative stress [12,14] 
and cell apoptosis [33]. In the present vivo trial, we 
further demonstrated that Fasudil effectively inhib-
ited the activation of p38, JNK, and ERK in APP/PS1 
transgenic mice. Therefore, we believed that Fasudil 
may protect neurons by decreasing the activation of 
the MAPK signalling pathway in vivo. 

Oxidative stress is very strongly related to the 
occurrence of aging and age-related disorders. Nrf2 
is a  critical transcription factor which is correlated 
with the expression of several cyto-protective target 
genes such as HO-1, NQO1 and SOD2, allowing to 
relieve oxidative stress and maintain cellular homeo-
stasis. It was previously reported that Aβ-induced 
oxidative damage in SH-SY5Y cells could be reduced 
by activating the Nrf2 signalling pathway [40]. In 
accordance with our previous reports, Fasudil was 
found to lead to the upregulation of Nrf2 and induc-
tion of antioxidant molecules in primary cultures of 
hippocampal neurons [13], so it was believed that 
Fasudil may exert neuroprotective effects through 
activating the Nrf2 signalling pathway which pro-
motes the anti-apoptosis ability of the brain. Here, 
as revealed by our present study, Fasudil also upreg-
ulated the expression of Nrf2 and facilitated Nrf2 
being translocated into the nuclei in APP/PS1 mice. 
Furthermore, the increase in ROCK activity leads to 
the overproduction of free radicals and results in the 
oxidative stress [5,19,23] that will trigger the acti-
vation of Nrf2 by feedback response [3,16]. And the 
most important is that the elevated level of Nrf2 
could induce the partial reduction of the aberrant 
activation of ROCK [34]. 

In the study, APP/PS1 double transgenic mice 
were used as a dementia model in order to exam-
ine the antioxidative effects of Fasudil and investi-
gate related cytological and molecular mechanisms. 
Based on the results of Western blot and immu-
nofluorescence, we found that Fasudil treatment 
improved the cognitive function, inhibited oxidative 
stress and reduced hippocampus neuronal apopto-
sis in APP/PS1 mice which may be mediated by the 
ROCK, MAPK and Nrf2 signalling pathways. More-
over, the phosphorylation levels of p38, JNK, and 
ERK were dramatically suppressed by Fasudil treat-
ment. Meanwhile, the expression of anti-apoptotic 
protein Bcl-2 was enhanced while the expression 
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of pro-apoptotic protein Bax and cleaved caspase-3 
were decreased. Thus, our results provided fur-
ther evidence that the selective inhibitor of ROCK, 
Fasudil, might be a promising drug candidate to deal 
with AD-related damage by inhibiting ROCK/MAPK 
and activating Nrf2, as shown in Figure 7. 

Although the data shown here are some of the 
first to report that Fasudil protects against AD possi-
bly via the inhibition of ROCK/MAPK and the activa-
tion of Nrf2 signalling pathway, the evidence is still 
very preliminary and limited. Further research and 
pre-clinical studies are needed to determine the role 
of Fasudil in the clinical management of AD. 

Conclusions

In conclusion, our present data have shown that 
Fasudil might improve cognitive function, restrain 
oxidative stress, and suppress neuronal apoptosis 
via inhibiting ROCK/MAPK and activating the Nrf2 
pathway in AD mice. Fasudil appears to have tremen-
dous potential to prevent or treat AD in the future. 
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