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Abstract: Objective: Fasudil, a Rho kinase inhibitor, has neuroprotection in the 1-methyl-4-phenyl-1,2,3,6-tetrahydro-
pyridine (MPTP)-based Parkinson’s disease (PD). This study aims to investigate the mechanism underlying the neu-
roprotection of fasudil in the PD mice model. Methods: Female MPTP-intoxication C57BL/6 mice were treated with
normal saline or fasudil on day 15 after first administration of MPTP. Pole test was used for the behavioral analysis
of mice. Expression of interleukin-18 (IL-13) and tumor necrosis factor alpha (TNF-«) in brain tissue were detected
by ELISA. Expression of tyrosine hydroxylase (TH), p-MYPT1, p-nuclear transcription factor NF-kB, toll-like receptor
2 (TLR2), arginasel, inducible nitric oxide synthase (iNOS), bromodeoxyuridine (BrdU), glial cell line-derived neu-
rotrophic factor (GDNF), p-GSK-3b, p110-PI3K, p-Akt, WNT1, Fzd1 and B-catenin were determined by western blot
and immunofluorescence analysis. Results: Fasudil enhanced the number of TH neurons which was decreased by
MPTP treatment. Behavioral test showed that the motor performance of mice was improved after fasudil treatment.
The expression of IL-13, TNF-a, TLR2 and p-NF-kB and iNOS were lower after fasudil treatment (P < 0.05) while the
expression of arginasel was increased (P < 0.05). Further, we could observe the increase of GDNF expression in
the microglial cells. The expression of p110-PI3K, p-Akt, WNT1, Fzd1 and B-catenin were increased after fasudil
administration (P < 0.05) in MPTP-based mice model. Conclusions: Maybe fasudil protect dopamine neurons from
loss in the MPTP mice model of PD through inflammatory inhibition via activation of PI3K/p-Akt and WNT1/Fzd1/$-
catenin cell signaling pathways.
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Introduction [3, 4]. Fasudil, a Rho kinase inhibitor, has neu-
roprotective effect in the MPTP model of PD,

Parkinson’s disease (PD) is a chronic progres- which was firstly described by Ténges et al,

sive neurodegenerative movement disorder
characterized by loss of dopaminergic neurons
[1]. The prevalence of PD was higher in men
than in women [2]. Several toxin-based disease
paradigms have been widely used to establish
PD animal model. The 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP) has been
used to induce PD in animal along with the
decrease of tyrosine hydroxylase (TH)-immun-
oreactive fibres in the median forebrain bundle

demonstrating that dopaminergic cells loss was
attenuated after fasudil treatment. Besides,
they also showed that Akt survival pathway was
involved in the neuroprotection of fasudil in this
paradigm [5]. However, the mechanism underly-
ing neuroprotection of fasudil is not fully eluci-
dated in the MPTP model of PD.

Several evidences have shown that chronic
inflammation occurs in the brain regions in PD
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Figure 1. Dopamine neuronal protection by Rho kinase inhibitor fasudil in MPTP-treated mice. The expression of
p-MYPT1 (A), time of climbing pole (B), expression of tyrosine hydroxylase (TH, C) by Western blot analysis and quan-
tification of immunopositive nigral cells for TH (D) by immunofluorescence analysis were assessed in control group,
MPTP + NS group (administration of MPTP and normal saline), and MPTP + Fa group (administration of MPTP and

fasudil). "P < 0.05; P < 0.01; ""P < 0.001.

and may continue for many years in spite of the
disappearance of MPTP stimuli [6-8]. The pro-
inflammatory cytokines such as interleukin-6
(IL-6), IL-1, and tumor necrosis factor (TNF)-o
were expressed in PD patients [9, 10]. Infla-
mmatory regulators such as inducible nitric
oxide synthase (iNOS), cyclooxygenases-1 and
-2 were up-regulated in human Parkinsonism
[11]. Some anti-inflammatory agents have been
reported to inhibit the cell death in PD model
[12]. Neuroinflammation could be character-
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ized by active microglia [13] which includes
classically activated M1 phenotype (pro-inflam-
matory function) and alternatively activated M2
phenotype (anti-inflammatory) [14, 15]. The
activated microglia may produce large amounts
of potential neurotoxins and superoxide anions
thought to be responsible for the dopaminergic
cell death in PD [16, 17]. Glial cell line-derived
neurotrophic factor (GDNF, a growth factor)
which was released by activated microglia
were transplanted to a PD rat model and result-
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BrdU TH Merge

Figure 2. Administration of fasudil promotes the pro-
liferation of tyrosine hydroxylase (TH) positive cells in
midbrain nigra by immunofluorescence analysis.

MPTP+NS

MPTP+Fa

ed in the reduction of dopamine neuron loss
[18].

Wingless-type MMTV integration sitel (Wntl)
pathway is an essential signaling cascade regu-
lating axonal extension, neuron survival, neuro-
genesis [19, 20]. Wnt ligand binds to the seven-
pass transmembrane receptors of the Frizzled
(Fzd) family and “canonical” Wnt/3-catenin has
been reported to be involved in the cell survival
and proliferation [21]. Wnt pathway plays an
important role in regulation of inflammation
[22]. PI3K-Akt pathway has been reported to be
related with inflammation [23, 24].

In the present study, we aimed to investigate if
the neuroprotective effect of fasudil was
involved in the inflammation and signaling
pathways. MPTP was used to induce the PD
mice model and investigate the effect of fasudil.
We further explored if neuroprotective effect of
fasudil was involved in the cytokines and inflam-
matory signaling, such as IL-13, TNF-a. Then we
also investigated if the signaling pathways
(p110-PI3K/p-Akt and WNT1/Fzdl/B-catenin)
were involved in the neuroprotective effects of
fasudil in the PD mice model.

Materials and methods

Subacute MPTP mice model of PD with fasudil
treatment

All the experiments were approved by ethic
committee of Fudan University. C57BL/6 mice,
weighing 18 to 20 g, were purchased from
Beijing Vital River Laboratory Animal Technology
Co. Ltd. The age of mice was from 8 to 10
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weeks. Mice were randomly divided into 3
groups: control group, MPTP + fasudil group
and MPTP + NS (normal saline) group (n = 8 per
experimental group). Mice were intraperitone-
ally injected with MPTP every day, lasting for 7
days. On the first day, dosage was 15 mg/kg
body weight. On the second day, the dosage
was 20 mg/kg body weight. From day 3 to 7,
dosage was 30 mg/kg body weight. MPTP was
dissolved in 200 pL NS. In control group, mice
were intraperitoneally injected with 200 yL NS
every day, lasting for 7 days. In MPTP + Fa
group, mice were intraperitoneally injected with
400 pL fasudil (1 pyg/uL dissolved in NS) on day
15 after first administration of MPTP, which
was performed twice a day for 7 days. For MPTP
+ NS group and control group, mice were given
equal volume of NS on day 15 instead. Mice
were sacrificed on day 40 after first application
of MPTP.

Behavioral analysis

Behavioral analysis of mice was performed 37
days from the first MPTP treatment. Mice were
put on the top of vertical iron with 12 mm diam-
eter and 80 cm height. The time mice climbed
from top to ground was recorded. The time lon-
ger than 120 s was recorded as 120 s. The
training was performed for 2 days before test
which was then performed every day for 3 days.

Enzyme-linked immunosorbent assay (ELISA)

Mice were performed anesthesia by intraperi-
toneal injection of 10% chloral hydrate at dos-
age of 3 mL/kg body weight. The chest was
opened and perfused with warm saline through
ventriculus sinister until liver became white.
Fresh brain tissue was lysed with RIPA lysis buf-
fer (Beyotime Institute of Biotechnology, China)
on ice for 20 min and then the mixture was cen-
trifuged at 4°C for 30 min. The supernatants
were collected and frozen at -80°C for further
analysis.

The content of IL-1 and TNF-« in the brain tis-
sue were tested using ELISA method according
to manufacture’s instruction (PEPROTECH,
USA). Briefly, samples were plated in the 96-well
plate and the corresponding antibodies (anti-IL-
1B, anti-TNF-a) were added for incubation over-
night at 4°C. Then 1% BSA (bovine serum albu-
mi, Serotec, Bicester, UK) was used to block for
1 h at room temperature. Subsequently, sec-
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Figure 3. Expression of IL-10 (A), TNF-a (B), TLR-2 (C), p-NF-«kB (D-F) were detected in control group, MPTP + NS group
(administration of MPTP and normal saline), and MPTP + Fa group (administration of MPTP and fasudil) by Western
and immunofluorescence analysis. “P < 0.05; "P < 0.01.

CD11b iINOS Merge CD11b arginase1 Merge

MPTP+NS >

MPTP+Fa MPTP+NS ©

MPTP+Fa

Control

Control

©
8 4007 i D 500 5
g ok G
T} £ 400+
£ 300 +
0 $ 3001
Q 200- £
- D 200
o I ©
5 1004 s ® o0
£ o 5
- = = -
= aam o
=z 0- ﬁ% T g 0- : - T T
MPTP+N MPTP+Fa Control z MPTP+NS  MPTP+Fa CTRL
B ¥ D 3
15 20 s
deke =}
) 3 #
3 Tt T
I &
2 <
% —— 3 101
5 Q
b 3:. — — E
= —" £
i :
e © |
1 T o ) 1
MPTP+NS  MPTP+Fa Control _ MPTP+NS  MPTP+Fa Control
b
@
c

_——— L=
—— e -——

Figure 4. Expression of iNOS and arginasel in the CD11b positive microglia by immunofluorescence (A and C) and
Western blot analysis (B and D) in control group, MPTP + NS group (administration of MPTP and normal saline), and
MPTP + Fa group (administration of MPTP and fasudil). "P < 0.05; "*P < 0.01.
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Figure 5. Effect of fasudil on the expression of GDNF in the activated microglia by immunofluorescence (A) and
Western blot (B) analysis in control group, MPTP + NS group (administration of MPTP and normal saline), and MPTP
+ Fa group (administration of MPTP and fasudil). “P < 0.05; P < 0.01.

ondary antibody with biotin labeled was added
to incubate for 1 h and then 50 yL horseradish
peroxidase (HRP) for 45 min incubation at room
temperature. Finally, the plate was observed by
microplate reader at 450 nm.

Western blot

The content of protein in the samples was
determined using bicinchoninic acid (BCA)
method according to manufacture’s instruction
(Beyotime Institute of Biotechnology, China)
and was separated on a sodium dodecy! sul-
fate polyacrylamide gel electrophoresis (SDS-
PAGE). Then 40 ug protein were transferred to
nitrocellulose filter membrane and blocked by
5% defatted milk for 2 h. Then membrane was
incubated with primary antibody (anti-p-NF-kB,
anti-toll-like receptor 2 (TLR2), anti-arginasel,
anti-iNOS,anti-p110-PI3K, anti-p-GSK-3[3, anti-
p-Akt, anti-WNT1, anti-Fzd1, anti-B-catenin,
anti-GDNF) at 4°C overnight and was washed
by 1 x Tris-buffered saline/Tween 20 (TBST) for
10 min for 3 times. Then membrane was incu-
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bated with corresponding HRP-coupled sec-
ondary antibodies at 1:5000 dilution for 1 h
and was washed for 10 min by 1 x TBST for 3
times. The membrane was observed in Bio-Rad
and images were analyzed by ImagelLab soft-
ware. Glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) was used as internal control.

Immunofluorescence

Immunofluorescence detection of bromodeoxy-
uridine (BrdU) requires intraperitoneally injec-
tion of Brdu in mice every day for 3 days before
sacrifice. Brain tissue were postfixed overnight,
cryoprotected and frozen, and microtome sec-
tioned at 10 um thickness. Every tenth section
was processed for immunohistochemistry.
Frozen brain tissue were dried at room temper-
ature and washed with 1 x PBS for 5 min.
Tissue were permeabilized by 0.2% TritonX-100/
PBS and blocked by 5% BSA for 1 h, and then
incubated with primary antibody (1:100, anti-
TH, anti-Brdu, anti-GDNF, anti-NF-kB-p65, anti-
iNOS, anti-arginasel, anti-CD11b, anti-glial fib-

Int J Clin Exp Pathol 2015;8(3):2354-2364
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rillary acidic protein (GFAP)) at 4°C overnight.
PBS was used as negative control. After that,
tissue was incubated for 60 min at room tem-
perature with fluorescence secondary antibody
(1:2000). Positive cells were counted in a total
of 5 sections for each brain. The total number
of positive cells in the 5 sections for each brain
was the presented value. The sections were
observed under fluorescence microscope (Oly-
mpus, Japan) and immunofluorescence images
were analyzed by Image-Pro Plus 6.0 software.
Number of TH immune positive cells was count-
ed in the substantia nigra region; number of
Brdu positive cells was counted in the ventricu-
lar zone; the number of GDNF, NF-kB-p65, iNOS
and arginasel positive cells was respectively
counted in the striatum region.

Statistical analysis

Data were presented as mean = SEM. One-way
analysis of variance was applied for compari-
son between two groups using GraphPad v5.0
(La Jolla, CA). ELISA results were analyzed by
unilateral t test. "P < 0.05, P < 0.01 and ""P <
0.001 were represented as significance.

Results

Effect of fasudil on the dopamine neurons in
MPTP mice model of PD

We fist studied the neuroprotection effects of
fasudil in the MPTP induced model. Fasudil was
treated for MPTP model of PD on the day 15
after the first administration of MPTP. Western
blot analysis showed that the expression of
p-MYPT1 was higher in MPTP + NS group com-
paring with control group and its expression
was decreased after fasudil administration (P <
0.01, Figure 1A). Figure 1B showed that the
time spent climbing was shorter in MPTP + Fa
group (18.96 + 1.224 s) comparing with MPTP
+ NS group (15.58 + 1.088 s, P < 0.05). The
content of TH in the substantia nigra signifi-
cantly decreased after MPTP application com-
pared with control group (P < 0.01) and
increased after fasudil treatment (P < 0.05,
Figure 1C). The immunofluorescence analysis
showed that number of TH immune positive
cells increased after fasudil administration
comparing with MPTP + NS group (5638 %
564.9 vs. 3239 + 245.9 cells, P < 0.01, Figure
1D). Analysis of BrdU* cells in combination of
TH* cells demonstrated that the number of TH*
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cells in the ventricular zone was increased after
fasudil treatment (Figure 2). Thus, fasudil con-
fer dopaminergic neuron protection from the
MPTP induced intoxication in mice.

Cellular survival after fasudil is mediated the
inhibition of inflammatory response

We further studied the inflammatory response
to the fasudil treatment in MPTP mice model of
PD. In the brain tissue, the expression of inflam-
matory cytokines IL-13 and TNF-a were
decreased (328.0 + 16.56 pg/mL and 356.8 +
20.73 pg/mL) by fasudil treatment comparing
with the NS treatment (435.1 + 51.23 pg/mL
and 465.1 + 18.43 pg/mL, Figure 3A and 3B).
Besides, the expression of TLR2 (toll-like recep-
tor 2) and p-NF-kB were both decreased in the
MPTP + Fa group comparing with the MPTP +
NS group (Figure 3C and 3D). Analysis of p-NF-
kB expression in combination with CD11b
which is a marker for the microglia population
revealed that p-NF-kB positive cells were
increased after MPTP treatment and decreased
following fasudil administration (Figure 3E),
which were consistent with the number of p-NF-
kB positive astrocytes after fasudil treatment
(GFAP as marker of astrocyte, Figure 3F).
Analysis of inducible nitric oxide synthase
(INOS) and arginasel expression in combina-
tion with CD11b demonstrated that iNOS posi-
tive cells were decreased and arginasel posi-
tive cells increased following fasudil treatment
(Figure 4A and 4B). Western bolt analysis con-
firmed the results that fasduil inhibited the
expression of iINOS and increased the expres-
sion of arginasel (Figure 4C and 4D). Western
blot and immunofluorescence analysis showed
that GDNF was highly expressed after fasudil
administration in the microglial cells in the sub-
ventricular zone (Figure 5). In addition, western
blot analysis showed that the expression of gly-
cogen synthase kinase-3B (p-GSK-3B) was
decreased after fasudil treatment (Figure 6A).

Signaling pathways involved in the neuron pro-
tection of fasudil

The protein expression of the p110-PI3K, p-Akt,
WNT1, B-catenin and Fzd1 were demonstrated
by the western blot analysis. After MPTP admin-
istration, the expression of p110-P13K and
Fzd1 were significantly decreased (Figure 6B
and 6F). The expression of all the proteins was

Int J Clin Exp Pathol 2015;8(3):2354-2364



A 3- . B
§ *
[=] I
l.“I-p A
=l
g B I
o | B e
E HE ! —
w o .
(4] .
& " E | :
MPTP+NS MPTP+Fa  Control
=y
% - | Emm—m
) — — — —
‘Il w
é | ——— -——
<
&
D 2o0- n E
*
)
£ 19 T
z 2
& 1.0- e
g o
z SR
z 0.5' ;ﬁ ﬁ e ::-:g.
= S e
e
0.0 S alele :
MPTP+NS MPTP+Fa Control
=
L i —
=
= d
e e
o
x
I}

Fasudil and Parkinson’s disease

s
T

o
s

p110-PI3K /GAPDH (fold)

GAPDH PI3K-p110

e
=]
1

1
(=2}
1

B -catenin/GAPDH (fold)
o o
b3

e
(=]
1

GAPDH B-catenin

. T

T
MPTP+NS MPTP+Fa Control

—— e W —————

@]

p-Akt/GAPDH (fold)

-n

Fzd1/GAPDH (fold)

1.0

0.5+

o
?

GAPDH p-Akt

- - N
o 3 o
1 1 1

e
T

0.

o
1

GAPDH Fzd1

*k

T
Control

e
e

e
=2

MPTP+NS MPTP+Fa  Control

Figure 6. The expression of p-GSK-3p (A), PI3K-p110 (B), p-Akt (C), WNT1 (D), B-catenin (E) and Fzd1 (F) were analyzed by Western blot analysis in control group,
MPTP + NS group (administration of MPTP and normal saline), and MPTP + Fa group (administration of MPTP and fasudil). P < 0.05; P < 0.01.

2361

Int J Clin Exp Pathol 2015;8(3):2354-2364



Fasudil and Parkinson’s disease

significantly increased after fasudil treatment
comparing with normal saline (Figure 6B-F).

Discussion

The Rho kinase inhibitor fasudil has the neuro-
protection in the MPTP based mice model [5],
however the mechanism is not fully elucidated.
In this study, we could observe that expression
of TH increased after fasudil treatment in the
MPTP-based mice model of PD. Further, the
expression of proteins involved in the inflam-
matory response were increased following
administration of fasudil.

C57BL/6 mice were intraperitoneally adminis-
trated with MPTP, which induced the decrease
of TH expression and number of TH immune
positive cells, and both of them were signifi-
cantly increased after fasudil administration on
day 15 after first administration of MPTP. In
addition, analysis of BrdU* cells in combination
of TH* cells demonstrated that the number of
TH* cells in the midbrain nigra was increased
after fasudil treatment. Besides, the time of
climbing the pole was shorter after fasudil
treatment. Li et al demonstrated that number
of TH-immunoreactive fibres in the median
forebrain bundle significantly decreased, fol-
lowed by dopaminergic neuron demise [3]. It
has been reported that MYPT1 was phosphory-
lated by Rho-kinase [25, 26]. In this study,
p-MYPT1 was inhibited by fasudil, demonstrat-
ing that the activity of Rho kinase was inhibited
by fasudil. In Tonges’ report, MPTP-based mice
model was used to investigate the neuroprotec-
tive effect of fasudil, showing that the number
of TH was higher and motor performance was
improved after fasudil treatment [5]. Thus,
fasudil, a Rho kinase inhibitor, has the neuro-
protection effect in the MPTP intoxication mice
model of PD.

Expression of cytokines (IL-13, TNF-a and TLR2)
and nuclear factor p-NF-kB which were both
released in response to inflammation were
decreased after administration of fasudil. It has
been reported that activation of IL-13 and TLR
led to the degeneration of dopamine neurons in
the substantia nigra pars compacta [8]. The
expression of TNF-a was increased in the brain
from parkinsonian patients [10] and expression
of TLR2 was elevated in the mice model of PD
[22]. It has been reported that p-NF-kB was
activated in astrocyte in the mice with trigemi-
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nal neuropathic pain [20]. In Parkinson, NF-kB
death pathway was activated following microg-
lia activation which resulted in the increase of
dopamine neurons [8]. PD can be characterized
by accumulation of microglia cells and the pro-
teins released by activated microglia including
NF-kB, iINOS and arginasel [8]. The number of
p-NF-kB positive cells in the CD11b activated
microglia and in GFAP activated astrocyte were
both decreased after fasudil administration in
this study. Immunofluorescence analysis
showed that number of iINOS positive cells was
decreased and number of arginasel positive
cells was increased, in the CD11b* activated
microglia following fasudil treatment comparing
with normal saline administration. The iINOS
was as the indicator of proinflammatory M1
phenotype microglia activation and arginasel
was as the indicator of immunomodulatory M2
phenotype microglia as previous report [27].
Microglial activation and associated induction
of INOS and arginasel have been well docu-
mented in Parkinson’s disease [28, 29]. Hou et
al demonstrated that the therapeutic effect of
fasudil in the chronic-progressive experimental
autoimmune encephalomyelitis in B6 mice was
through inhibition of p-NF-kB, IL-1, TNF-&, and
enhancement of arginase/iNOS ratio [21]. The
GDNF positive microglia cells were highly
expressed in the fasudil group comparing with
NS group. In the injured striatum, GDNF is pro-
duced by activated microglia [25] and plays
neuroprotection role after spinal cord injury
[26]. In PD, lentiviral delivery of GDNF prevent
nigrostriatal degeneration and induce regener-
ation in MPTP-treated monkeys [28]. There
were many other studies reporting the effective
treatment of GDNF for PD [29-31]. Thus, we
conclude that the administration of fasudil may
be involved the expression of GDNF in activat-
ed microglia for neuroprotection. The activated
astrocytes, microglia and inflammatory pro-
cesses have been reported to be tightly related
to the pathogenesis of PD [32]. In summary,
fasudil may reduce TH loss through inhibition of
inflammatory response and promotion of GDNF
release in MPTP-based PD mice model.

GSK-3p is activated by the phosphorylation of
tyrosin216 residue [33] and the inhibition of
GSK-3[ has been shown to protect dopaminer-
gic neurons from MPTP toxicity [34]. Wang et al
showed that GSK-3[ was activated by phos-
phorylation of tau in TH positive cells after

Int J Clin Exp Pathol 2015;8(3):2354-2364
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MPTP treatment [34]. In this study, the expres-
sion of p-GSK-3pB (phosphorylation of tau) was
increased after MPTP administration and
decreased after fasudil treatment. Thus, fasudil
may paly the neuroprotection role involving the
inhibition of p-GSK-3[. The expression of p110-
PI3K, p-Akt, WNT1, Fzdl and B-catenin were
increased after fasudil administration. PISK/
Akt has been reported to be neuroprotecive for
the substantia nigra pars compacta dopamine
neurons in rats model of PD [35]. Dopamine
neurons could be activated by caffeine which
prevented the MPTP induced apoptosis in PD
model of SH-SY5Y cells [36]. Similarly, it has
been reported that phosphorylated Akt levels
were elevated after fasudil treatment in the
MPTP mice model of PD [5]. Wnt1/Fzd1/catenin
signaling pathway participates in the protective
response in PD when exposure to MPTP [37].
Thus, in the MPTP induced PD model, the neu-
roprotection of fasudil may be involved in the
activation of p110-PI3K/Akt and WNT1/Fzd1/
B-cateninsignaling pathways.

In summary, the Rho inhibitor fasudil has the
neuroprotection for the mice with PD induced
by MPTP. Fasudil inhibited the Rho kinase pos-
sibly involving the inhibition of inflammatory
response via p110-PI3K/Akt and WNT1/Fzd1/
B-catenin signaling pathways, thereby promot-
ing the proliferation of dopaminergic neurons.
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