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Abstract. Effect of PI3K/Akt/mTOR signaling pathway on
the expression of JNK3 in Parkinsonian rats was investigated.
A total of 200 rats were used for Parkinson's disease (PD)
modeling and 180 models were successfully established.
Rats were randomly divided into four groups including
A, B, C, and D, 45 in each group. Group A was control
group and no inhibitor was given. Group B was given PI3K
inhibitor LY294002. Group C was given rapamycin inhibitor
rapamycin; and group D was given inhibitor LY294002 and
inhibitor rapamycin. JNK3 mRNA expression was detected
by RT-qPCR and expression of p-mTOR protein and JNK3
protein was detected by western blot analysis. Expression
level of INK3 mRNA and protein in groups C and D was
significantly lower than that in group B (P<0.01). Expression
level of INK3 mRNA and protein in group D was significantly
lower than that in group C (P<0.01). Relative expression level
of p-mTOR protein in groups C and D was significantly lower
than that in group B (P<0.01). Relative expression level of JNK3
protein in group D was significantly lower than that in group C
(P<0.01). Pearson's correlation analysis showed that expression
of JNK3 mRNA was positively correlated with the expression
of JNK3 protein and Pearson's correlation coefficient was 0.98
(P<0.01). There was also a positive correlation between the
expression of JNK3 mRNA and the expression of p-mTOR
protein and Pearson's correlation coefficient was 0.95 (P<0.01).
Expression of JNK3 protein was positively correlated with the
expression of p-mTOR protein, and the Pearson's correlation
coefficient was 0.93 (P<0.01). Inhibition of PI3K/Akt/mTOR
signaling pathway is negatively correlated with the expression
of JNK3. Inhibition of PI3K-Akt-mTOR signaling pathway
leads to a decrease in the expression of JNK3, which protects
dopaminergic neurons and improves PD.
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Introduction

Parkinson's disease (PD) is a degenerative disease of the central
nervous system that primarily affects the motor system. Early
symptoms of PD include slow-motion shaking, limb stiffness,
walking difficulties, and often accompanied by mental prob-
lems such as depression, anxiety and sleep disorders (1). PD
occurs in middle-aged and elderly people, and its incidence
is positively correlated with age, and is higher in men than
in women (2). In the past 20 years, according to statistics, the
incidence of PD in China has increased by nearly 20 times (3).
This chronic, long-term progressive disease can only be
alleviated by the present medical treatment. Late stage of PD
often manifests as dementia and loss of the ability to live inde-
pendently, which brings great mental impact and economic
pressure to patients and their families (2). Approximately 60%
of PD patients progress to severe disability after 5 years of
onset, and no less than 30% of patients eventually die of PD
complications, among which acne and sepsis are two most
common types (4). Etiology of PD has not yet been elucidated,
and it may be related to age, oxidative stress, free radicals and
calcium ions and other factors. Under the combined action of
genetic and environmental factors, oxidative stress, calcium
overload, apoptosis and other mechanisms cause nigral
striatum containing melanin neurons (mainly DA neurons) to
undergo degeneration and apoptosis (5). The diagnosis of this
disease is mainly based on clinical symptoms. It can be diag-
nosed only after neurological examinations and other diseases
are excluded (6).

Phosphatidylinositol 3-kinase (PI3K) is a macromolecular
protein with serine/threonine kinase activity and plays an
important role in cell signal transduction (7). PI3K is activated
when the cells are stimulated. Activation of PI3K promotes
the conversion of PIP2 into PIP3, so as to promote recruitment
of protein kinase B (Akt). After phosphorylation by protein
kinase K (PDK), Akt directly or indirectly activates rapamycin
target protein (mMTOR) and mTOR is phosphorylated into
p-mTOR, thereby exerting a series of biological effects such
as inhibition of apoptosis and promotion of proliferation (8).
PI3K/Akt/mTOR signaling pathway plays a protective role
for nerve energy cells by participating in oxidative stress and
negatively regulating apoptosis (9,10). c-Jun amino-terminal
kinase 3 (JNK3) is a protein that regulates programmed cell
death and is mainly present in neurons in substantia nigra
pars compacta. c-Jun's apoptosis-inducing function and its
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special anatomic location make it closely related to various
neurodegenerative diseases such as Alzheimer's disease and
PD (11,12).

In the present study, effect of PI3K/Akt/mTOR pathway
on the expression of JNK3 in PD mice was studied in order
to further explain the pathogenesis of PD and provide a new
target for the treatment of PD.

Materials and methods

Test animals. A total of 200 male Sprague-Dawley rats with
a body mass of 254.7+33.9 g were purchased from Shanghai
SLAC Laboratory Animal Co., Ltd. (Shanghai, China)
[production license SCXK (Shanghai) 2012-0002]. Rats were
fed with basal diet (Shanghai SLAC Laboratory Animal Co.,
Ltd.) at a temperature of 21-25°C and a humidity of approxi-
mately 60%. Rats were allowed to access water freely. The
study was approved by the Ethics Committee of The First
Affiliated Hospital of Henan University (Kaifeng, China).

Main reagents. Rotenone (Nanjing Xinfan Biotechnology
Co., Ltd., Shanghai, China), sunflower oil (Shanghai Lisheng
Chemicals Co., Ltd., Shanghai, China), LY294002 (Cell
Signaling Technology, Inc., Danvers, MA, USA), rapamycin
(Dalian Meilun Biotechnology Co., Ltd., Dalian, China), rabbit
anti-rat INK3/p-mTOR/p-actin monoclonal antibody and goat
anti-rabbit IgG secondary antibody (cat. nos. E-AB-60615,
E-AB-63517, E-AB-30419 and E-AB-1003, respectively;
Wuhan Elabscience Biotechnology Co., Ltd., Wuhan, China),
TRIzol (Genenode, Beijing, China), RIPA lysate (Shanghai
Huzhen Biological Technology Co., Ltd., Shanghai, China),
PMSF (Nanjing Shengxing Biotechnology Co., Ltd., Nanjing,
China), BCA protein kit (Shanghai Beiyi Bioequip Information
Co., Ltd., Shanghai, China), reverse transcription kit and fluo-
rescence quantitative PCR kit (both from Guangzhou Huijun
Biotechnology Co., Ltd., Guangzhou, China). Primers were
synthesized by Sangon Biotech Co., Ltd. (Shanghai, China).

Rat PD model construction and grouping. After two weeks of
adaptive feeding, PD rat model was prepared by continuous
subcutaneous injection of low dose rotenone. Rotenone was
dissolved in sunflower oil to prepare an emulsion of 1.5 mg/ml.
Rats were weighed every morning at 9 o'clock, and emulsion
was used at a dose of 1.5 mg/kg. Once a day, every 7 days
counts as a cycle. Injection was discontinued for a day after
each cycle and a total of 3 cycles were performed. After
the completion of screening, model animals were grouped.
Criteria for successful modeling (13): Occasional paralysis
of limbs, inconvenience of walking, inability to eat, gradual
loss of ability to resist arrest, yellowing of hair and bow back.
Two rats died after 3 cycles, 18 failed to meet PD modeling
criteria, and finally 180 rats were modeled successfully. The
180 rats were randomly divided into 4 groups including A, B,
C and D, with 45 in each group. Group A was control group
and was given physiological saline. Group B was LY294002
group, LY294002 as PI3K inhibitor was used at a concentra-
tion of 10 mmol/I, and the lateral ventricle was injected at a
dose of 10 ul/kg according to the weight of each rat. Group C
was rapamycin (a specific inhibitor of mTOR protein) group
and rapamycin (0.32 ng in 4 ul) was injected into the lateral
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ventricle. Group D was LY294002 combined with rapamycin
group, and the dose and injection method were the same as
above.

Detection of INK3 expression by RT-gPCR. TRIzol extraction
of total RNA from rat substantia nigra tissue (100 mg) was
performed according to the instructions of the kit. A total of
20 pl reaction system was prepared and cDNA was synthesized
according to the following conditions: 37°C for 15 min and
85°C for 5 sec. A total of 2 ul of reverse transcription product
was used for the PCR reaction according to the instructions of
TagMan qPCR kit (Thermo fisher, Waltham, MA, USA) and
GAPDH was used as endogenous control. Reaction conditions
were: 95°C for 60 sec, followed by 40 cycles of 95°C for 10 sec
and 60°C for 30 sec. This experiment was performed in tripli-
cate manner and data were processed using 224 method (14).
Primer sequences are listed in Table I.

Western blot analysis. Protein lysate was prepared using 10 ml
of RIPA and 100 ul of PMS protease inhibitor to extract total
protein form 100 mg rat substantia nigra tissue. BCA method
was used to measure protein concentration. A total of 50 ul
of protein was mixed with 200 ul of 5X loading buffer and
subjected to SDS-PAGE electrophoresis. After that, gel
transfer was performed at 4 mA/cm? for 1 h. Blocking with
5% BSA was performed for 1 h, followed by incubation with
JNK3 monoclonal antibody (1:1,000), p-mTOR monoclonal
antibody (1:1,000) and B-actin monoclonal antibody (1: 5,000)
for 16 h at 4°C. After washing with PBS 3 times, membrans
were washed 3 times with PBS, followed by incubation with
goat anti-IgG secondary antibody (1:5,000) at room tempera-
ture for 1 h. ECL luminescence reagent was added to develop
signals and Quantity One software (Bio Rad, Hercules, CA,
USA) was used to scan membranes. Relative expression level
of the JINK3/p-mTOR protein (grayscale) of INK3/p-mTOR
grayscale of f-actin.

Statistical analysis. SPSS 19.0 statistical package (IBM
Corp., Armonk, NY, USA) was used for all analyses. Results
were expressed as mean =+ standard deviation (SD), and were
analyzed using non-parametric K-S test according to data
distribution characteristics. Relationship between JNK3 and
p-mTOR protein expression was analyzed using Pearson's
correlation, and the significance level was a=0.05.

Results

Detection of INK3 mRNA expression by RT-gPCR. Expression
level of INK3 mRNA in experimental group B, C and D was
0.79+0.03, 0.50+0.01 and 0.17+0.01, respectively, which was
significantly lower than that in control group A (1.00+0.05;
P<0.01). Expression of JNK3 mRNA in group C and D was
significantly lower than that in group B (P<0.01), and expres-
sion level of INK3 mRNA in group D was significantly lower
than that in group C (P<0.01) (Fig. 1).

Western blot analysis of JNK3 protein. Relative expression
level of INK3 protein in experimental groups B, C and D
was 0.53+0.14, 0.45+£0.09 and 0.15+0.08, respectively, which
was significantly lower than that in control group (0.73+0.05;
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Table I. Primer sequences.
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Items Forward Reverse
GAPDH 5'-TGGTCTACATGTTCCAGTATGACT-3' 5'-CCATTTGATGTTAGCGGGATCTC-3'
JNK3 5'-CCACGCAGATCAAACAGGA-3 5'-CCACGCAGATCAAACAGGA-3'

JNK3, c-Jun amino-terminal kinase 3.
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Figure 1. Detection of JNK3 mRNA expression by RT-qPCR. Normalized
expression level of JNK3 mRNA in experimental group B, C and D was
0.79+0.03, 0.50+0.01 and 0.17+0.01, respectively, which was significantly
lower than that in control group A (1.00+0.05; P<0.01). Expression of
JNK3 mRNA in group C and D was significantly lower than that in group
B (P<0.01), and expression level of JNK3 mRNA in group D was signifi-
cantly lower than that in group C (P<0.01). “P<0.01, compared with group A.
°P<0.01, compared with group B. °P<0.01, compared with group C. “P<0.01,
compared with group D. JNK3, c-Jun amino-terminal kinase 3.
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Figure 2. JNK3 protein expression detected by western blot analysis.
Normalized expression level of INK3 protein in experimental groups B,
C and D was 0.53+0.14, 0.45+0.09 and 0.15+0.08, respectively, which was
significantly lower than that in control group (0.73+0.05; P<0.05). Relative
expression level of JNK3 protein in group C and D was significantly lower
than that in group B (P<0.01). Relative expression level of JNK3 protein
in group D was significantly lower than that in group C (P<0.01). “P<0.01,
compared with group A."P<0.01, compared with group B. °P<0.01, compared
with group C. ‘P<0.01, compared with group D. JNK3, c-Jun amino-terminal
kinase 3.

P<0.05). Relative expression level of JNK3 protein in group C
and D was significantly lower than that in group B (P<0.01).
Relative expression level of JNK3 protein in group D was
significantly lower than that in group C (P<0.01) (Fig. 2).
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Figure 3. Detection of p-mTOR protein expression by western blot analysis.
Normalized expression level of p-mTOR protein in the experimental group B,
C and D was 0.24+0.04, 0.12+0.02 and 0.06+0.02, respectively, which was
significantly lower than that in control group A (0.42+0.05; P<0.05). Relative
expression level of p-mTOR protein in group C and D was significantly lower
than that in group B (P<0.01). Relative expression level of JNK3 protein
in group D was significantly lower than that in group C (P<0.01). *P<0.01,
compared with group A."P<0.01, compared with group B. °P<0.01, compared
with group C. ‘P<0.01, compared with group D. mTOR, rapamycin target
protein.

Table II. Correlation analysis of JNK3 and p-mTOR protein
expression.

Pearson 's correlation JNK3 JNK3 p-mTOR
coefficient mRNA protein protein
JNK3 mRNA 1 / /
JNK3 protein 0.98 1 /
p-mTOR protein 0.95 0.93 1

JNK3, c-Jun amino-terminal kinase 3; mTOR, rapamycin target
protein.

Western blot analysis of p-mTOR protein expression. Relative
expression level of p-mTOR protein in the experimental
group B, C and D was 0.24+0.04, 0.12+0.02 and 0.06+0.02,
respectively, which was significantly lower than that in control
group A (0.42+0.05; P<0.05). Relative expression level of
p-mTOR protein in group C and D was significantly lower
than that in group B (P<0.01). Relative expression level of
JNK3 protein in group D was significantly lower than that in
group C (P<0.01) (Fig. 3).
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Correlation analysis of JNK3 and p-mTOR protein expression.
Pearson's correlation analysis showed that expression of JNK3
mRNA was positively correlated with JNK3 protein expres-
sion and Pearson's correlation coefficient was 0.98 (P<0.01).
There was also a positive correlation between the expression
of JNK3 mRNA and the expression of p-mTOR protein and
Pearson's correlation coefficient was 0.95 (P<0.01). Besides,
expression of JNK3 protein was positively correlated with the
expression of p-mTOR protein, and the Pearson's correlation
coefficient was 0.93 (P<0.01) (Table II).

Discussion

PD is the most common disabling disease in middle-aged and
elderly people. Its main pathological feature is degeneration
and necrosis of DA neurons in the nigrostriatal (15).
PI3K/AKT/mTOR signaling pathway plays an important
regulatory role in many life activities such as cell metabolism,
cell growth, biosynthesis, as well as development of cancer,
degenerative diseases, and diabetes (16,17). JNK3 is one of
the major MAPK family members in the brain. It is reported
that calcium overload and oxygen free radicals can activate
JNK3, thereby inducing the expression of apoptotic proteins
such as p53 and FasL and inducing the expression of caspases,
so as to accelerate the process of cell apoptosis (3). Therefore,
this study aimed to investigate the effect of PI3K/Akt/mTOR
signaling pathway on the expression of JNK3 in PD mice, so
as to further explain the pathogenesis of PD and provide a new
target for the treatment of PD.

LY294002 is a specific inhibitor of PI3K, and rapamycin
is a specific inhibitor of mTOR. Both of them can inhibit
PI3K/Akt/mTOR signaling pathway. In this study, the relative
expression levels of INK3 mRNA and JNK3 protein were
decreased when LY294002 and rapamycin were administered,
and the combination of the two inhibitors resulted in the
lowest expression level, indicating that both PI3K inhibitor and
rapamycin inhibitor can inhibit the expression of JNK3, and
the inhibitory effect is enhanced when they are used together.
At the same time, the relative expression level of p-mTOR
protein was also decreased after inhibiting PI3K and/or mTOR,
indicating that mTOR indeed participates in the PI3K/Akt/
mTOR signaling pathway. Heras-Sandoval er al (18) also
found that PI3K/AKT pathway can regulate mTOR activity in
Alzheimer's disease and PD, and this signaling pathway can
protect neuronal cells by regulating autophagy. This regulatory
effect has also been reported by Singh et al (19). Correlation
analysis showed that JNK3 mRNA expression was positively
correlated with JNK3 protein expression, which was in line
with the central law. There was a positive correlation between
the expression of INK3 mRNA and the expression of p-mTOR
protein. The positive correlation between the expression of
JNK3 protein and expression of p-mTOR protein indicates
that the inhibition of PI3K/Akt/mTOR signaling pathway can
downregulate the expression of JINK3. Expression of JNK3
decreased with inhibition degree of PI3K-Akt-mTOR signaling
pathway. Expression level of INK3 mRNA in group C was
always lower than that in group B, indicating that the inhibi-
tory effect of LY294002 was better than that of rapamycin.
This may be because mTOR is a downstream effector gene
of PI3K. Although mTOR was inhibited in group C but PI3K
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was not inhibited, PI3K may exert its inhibitory action through
other pathways. Therefore, JNK3, PI3K, Akt, and mTOR are
all expected to become therapeutic targets for PD.

One of the advantages of this study is that the PD rat model
prepared by the rotenone method is similar to the natural
progression of human PD. Rotenone can poison cells by
inhibiting nerve cell respiration and disrupting the chain of
oxidative phosphorylation (20). Betarbet ez al (21) was the first
to successfully establish rotenone-induced PD model. This
model has been studied and shows a high degree of consis-
tency with humans in behavioral changes and pathological
features. In contrast to mice, we chose rats for model construc-
tion. Due to its larger brain volume, it is more conducive to the
nigrostriatal localization and the extraction of substantia nigra
tissue. Regarding drug administration, continuous injection of
low doses not only reduces the death of rats, but also mimics
the chronic progression of PD.

Our study also has some limitations. Pathogenesis of PD is
still unclear and it is hard to mimic the damage of other brain
regions outside the substantia nigra (22). Although JNK3 mRNA
expression was positively correlated with JNK3 protein expres-
sion, JINK3 mRNA expression was positively correlated with
p-mTOR protein expression and JNK3 protein expression was
positively correlated with p-mTOR protein expression, Pearson's
coefficient alone cannot explain the causal relationship between
them. Although numerous studies (23,24) have demonstrated
that mTOR is a downstream target of Akt, the PI3K/Akt/mTOR
signaling pathway is one of the most widely studied signaling
pathways involved in cell growth and apoptosis. Raha er al (25)
also found that activation of MAPK family can inhibit
PI3K/Akt/mTOR signaling pathway by inducing autophagy,
and JNK3 is also a member of MAPK family, so JNK3 may
also act on mTOR. However, whether this interaction is direct or
indirect is unknown. In this study, inhibition of PI3K/Akt/mTOR
signaling pathway indeed downregulated JNK3 expression.

In conclusion, inhibition of the PI3K/Akt/mTOR signaling
pathway leads to a decrease in expression level of JNK3.
Expression level of JNK3 decreases with increase in degree
of inhibition of PI3K-Akt-mTOR signaling pathway, thereby
protecting dopaminergic neurons and improving PD.
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