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Background: Parkinson’s disease (PD) is marked by dopaminergic neuron loss and motor deficits. Impaired autophagy
and mitophagy contribute to PD, and a-synuclein (o-Syn) may worsen neurodegeneration by disrupting these pathways.
This study investigates «-Syn’s role in aggravating motor deficits and dopaminergic neuron loss in 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP)-induced PD mice, focusing on its inhibition of autophagy and mitophagy via mechanistic target of
rapamycin (mTOR).

Methods: The MPTP-induced PD mouse model was used to study a-Syn’s role in PD. Motor function was assessed using the
tail suspension, pole, and traction tests, while cognitive function was evaluated with the Morris water maze. o-Syn and tyro-
sine hydroxylase (TH) levels in the substantia nigra were measured using Western blotting and immunohistochemistry. Au-
tophagy and mitochondrial autophagy markers were analyzed via Western blotting. SH-SYSY cells were treated with 1-methyl-
4-phenylpyridinium ion (MPP*) to model PD in vitro, followed by interventions o-Syn and rapamycin (Rapa). Cell viability
and apoptosis were assessed using 5-ethynyl-2'-deoxyuridine (EdU) and terminal deoxynucleotidyl transferase dUTP nick end
labeling (TUNEL) staining, while autophagy and mitochondrial autophagy markers, reactive oxygen species (ROS) levels, and mi-
tochondrial/lysosomal activity were analyzed using fluorescence staining and co-localization with MitoTracker and LysoTracker.
Results: The tail suspension, pole, and traction tests showed that MPTP treatment significantly impaired motor function, with
a-Syn further exacerbating deficits (p < 0.05). However, Rapa improved motor function. The Morris water maze test revealed
increased escape latency and reduced swimming speed in the MPTP group, indicating spatial learning impairment, which wors-
ened with o-Syn but improved with o-Syn+Rapa (p < 0.05). The spatial probe test showed decreased spatial memory in the
MPTP + a-Syn group, with significant improvement in the a-Syn+Rapa group. Western blotting and immunohistochemistry
showed that a-Syn enhanced MPTP-induced dopaminergic neuron degeneration and inhibited autophagy and mitophagy (p <
0.05). In vitro, a-Syn worsened SH-SYS5Y cell viability and apoptosis, and inhibited autophagy and mitophagy by activating the
mTOR pathway (p < 0.05).

Conclusions: o-Syn induces dopaminergic neuron degeneration and worsens PD by inhibiting autophagy and mitophagy, but
Rapa can partially reverse this by restoring these processes. Targeting autophagy and mitophagy may offer a promising strategy
for PD treatment.
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Introduction a-synuclein (a-Syn) is a 140-amino-acid presynaptic
protein that plays a critical role in regulating synaptic vesi-
cle trafficking and neurotransmitter release under physio-

logical conditions [6]. However, under pathological cir-

Parkinson’s disease (PD) is a chronic neurodegenera-
tive disease primarily caused by a deficiency of dopamine,

leading to motor impairments such as tremors, rigidity, and
gait instability [1,2]. Cognitive impairment is a key symp-
tom of PD, particularly in the later stages of the disease,
where many patients experience a decline in cognitive func-
tion [3]. Cognitive impairment in PD is commonly referred
to as Parkinson’s disease dementia (PDD), and its incidence
increases with disease progression [4]. Cognitive decline
not only affects the patient’s quality of life but also exacer-
bates their mental and social burden [5].

cumstances, -Syn undergoes and abnormal aggregation
into oligomers and fibrillar structures [7]. The abnormal
accumulation of a-Syn is believed to interfere with cellu-
lar processes, including autophagy and mitophagy, both of
which are crucial for maintaining neuronal health [8,9].
The role of autophagy in PD has garnered widespread
attention, as this cellular process is responsible for degrad-
ing damaged organelles, including mitochondria and mis-
folded proteins [10]. Dysregulation of autophagy can lead
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to the accumulation of toxic proteins such as a-Syn, ex-
acerbating neuronal death [11]. Additionally, mitochon-
drial dysfunction is a prominent feature of PD, and impaired
mitochondrial function contributes to increased oxidative
stress and accelerates neurodegeneration [12]. However,
the interplay between a-Syn, autophagy, and mitochondrial
dysfunction remains unclear.

Rapamycin (Rapa) is a key regulator of autophagy and
cellular metabolism [13]. Under normal conditions, mech-
anistic target of rapamycin (mTOR) inhibits autophagy by
suppressing critical autophagy-related proteins [14]. In PD,
activation of mTOR signaling further inhibits autophagy,
promoting the accumulation of a-Syn and impairing mito-
chondrial function [15]. Conversely, inhibition of mTOR
using drugs like Rapa can enhance autophagic activity, re-
duce a-Syn aggregation, and alleviate mitochondrial dam-
age [15]. Recent studies suggest that modulating the mTOR
signaling pathway to promote autophagy offers a potential
therapeutic strategy for PD [16,17].

The  1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP) model is a well-established and widely used
experimental model in PD research [18]. This study
seeks to examine the role of a-Syn in exacerbating motor
deficits and dopaminergic neuronal degeneration in the
MPTP-induced PD mouse model, with a focus on exploring
the molecular mechanisms underlying autophagy, mito-
chondrial dysfunction, and the mTOR signaling pathway.
Additionally, we examined the therapeutic potential of
the autophagy inducer Rapa and investigated its effects
on improving PD symptoms by enhancing autophagic
activity and restoring mitochondrial function. In addition
to deciphering the role of a-Syn in the progression of
PD, this study also attempted to evaluate the potential
of autophagy regulation as a therapeutic strategy for this
debilitating disease.

Materials and Methods

Establishment and Treatment of the PD Mouse Model

Forty male C57BL/6J mice aged 8-12 weeks and
weighing 20-25 g were acquired from Shanghai Model Or-
ganisms (Shanghai, China). The mice were randomly as-
signed into four groups using a random number table: Con-
trol group, MPTP-treated group, MPTP + a-Syn recom-
binant protein-treated group, and MPTP + a-Syn + Rapa-
treated group. To establish a PD mouse model, injection
of MPTP (HY-15608, MedChemExpress, Princeton, NJ,
USA) into the animals was performed [19]. In the MPTP-
treated group, mice received an intraperitoneal injection of
MPTP solution (20 mg/kg) once daily for 7 consecutive
days. In the MPTP + a-Syn group, a-Syn recombinant pro-
tein (ab316039, Abcam, Cambridge, UK) (1 mg/kg) was
administered intraperitoneally in addition to MPTP treat-
ment, once daily for 7 days. In the MPTP + a-Syn + Rapa
group, both a-Syn recombinant protein (1 mg/kg) and Rapa
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(5 mg/kg) (S1039, Selleck, Houston, TX, USA) were in-
jected intraperitoneally along with MPTP, once daily for
7 days. The control group was injected with physiolog-
ical saline (25 mL/kg) intraperitoneally. The experiment
duration was 14 days, and at the conclusion of the study,
the mice were euthanized by intraperitoneal injection of 3%
pentobarbital sodium (110 mg/kg) (P3761, Sigma-Aldrich,
Darmstadt, Germany), and their brain tissues were har-
vested.

Tail Suspension Test

In the tail suspension test, each mouse was suspended
by its tail in a specialized testing apparatus, with the tail
typically taped at the middle to ensure the body hangs verti-
cally. The mouse usually struggles for a few seconds before
entering a motionless state. The duration of struggling and
remaining immobile during the suspension was recorded.

Pole Test

A vertical wooden pole (approximately 50 cm in
height and 1 cm in diameter) was used. The mouse was
placed at the bottom of the pole, facing upward. The time
taken for the mouse to climb to the top of the pole was
recorded. In the event of falling, the time taken for the
mouse to climb back up was recorded, or the observation
continued until the end of the experiment. Each mouse un-
derwent multiple trials (typically three), and the average
climbing time was calculated.

Traction Test

In the traction test, the mouse was positioned on a hor-
izontal bar or a grid. The mouse’s ability to grip the bar
with both its forepaws and hindpaws was observed. The
time taken for the mouse to hang on the bar before falling
was measured. The duration for which the mouse can main-
tain its grip was recorded to assess grip strength and motor
ability.

Morris Water Maze Test

The experimental environment for conducting the
Morris water maze test encompasses fixed visual cues (such
as shapes or color markers) around the pool to help the mice
with spatial navigation, and the lighting and visual cues
are kept consistent throughout the experiment. The train-
ing phase lasts for 5 consecutive days, with 4 trials per day,
where the starting positions were randomized, and each trial
lasted a maximum of 60 seconds. After finding the plat-
form, the mice must remain on it for 15 seconds to consol-
idate memory. If they fail to find the platform, the experi-
menter would guide them to it. On day 6, the platform was
taken away for the probe trial. During this trial, the duration
spent in the target quadrant and the frequency with which
the mice cross the platform’s original location are measured
to evaluate spatial memory. Evaluation metrics include es-
cape latency (time taken to find the platform), distance trav-
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eled, swimming speed, platform crossing numbers, and the
percentage of time spent in the target quadrant, all of which
provide a comprehensive assessment of the mice’s spatial
learning and memory abilities.

Immunohistochemistry

Mouse brain tissue was first fixed in 4% paraformalde-
hyde (P1110, Solarbio, Beijing, China), sectioned, de-
waxed, and rehydrated. Antigen retrieval was performed
using Tris-EDTA (C1038, pH 9.0, Solarbio, Beijing, China)
at 100 °C for 20 minutes. The tissue was blocked with
5% normal serum for 30 minutes. The tyrosine hydroxy-
lase (TH) antibody (1:500, sc-25269, Santa Cruz Biotech-
nology, Inc., Dallas, TX, USA) was incubated at room
temperature for 1 hour, followed by three washes. The
horseradish peroxidase (HRP)-conjugated secondary anti-
body (1:1000, ab6728, Abcam, Cambridge, UK) was in-
cubated for 30 minutes, and the tissue was washed three
times. 3,3’-diaminobenzidine (DAB) staining (DA1010,
Solarbio, Beijing, China) was performed for visualization.
After DAB staining, the reaction was terminated with dis-
tilled water, and the tissue was dehydrated and cleared.
The sections were mounted using neutral resin mounting
medium. TH expression was analyzed using an optical mi-
croscope (DMi8, Leica Microsystems, Wetzlar, Germany).

Hematoxylin and Eosin Staining

Hematoxylin-eosin (HE) staining kit was purchased
from Solarbio (G1120, Beijing, China). Brain tissue speci-
mens procured from the experimental mice were fixed, de-
hydrated, cleared, and embedded in paraffin. The speci-
men paraffin blocks were then sectioned into 5 pm thick
slices and placed on glass slides. The sections were de-
paraffinized and hydrated. The slides were stained with
hematoxylin solution for 10 minutes, followed by washing,
differentiation, and bluing. The sections were then stained
with eosin solution for 10 minutes, washed, dehydrated,
cleared, and mounted with neutral resin mounting medium.
The slides were observed and analyzed under an optical mi-
croscope (BX53, Olympus, Tokyo, Japan).

Cell Culture

SH-SYSY cells were cultured in Dulbecco’s Modi-
fied Eagle Medium/Nutrient Mixture F-12 (DMEM/F-12;
12400024, Gibco, Waltham, MA, USA) containing 10% fe-
tal bovine serum (FBS) and supplemented with 100 U/mL
penicillin and 100 pg/mL streptomycin to prevent contam-
ination. The cells were maintained at 37 °C in a 5% CO,
atmosphere. The cells were passaged upon reaching 80%
confluence. The SH-SYSY cells were authenticated by
STR profiling and confirmed to be free of mycoplasma con-
tamination.

Cell Treatment

SH-SYS5Y cells in the logarithmic growth phase
were used in the experiment. The cells were randomly
divided into four groups: Control group, I-methyl-4-
phenylpyridinium ion (MPPT') (0.5 mM; ab144783, Ab-
cam, Cambridge, UK) group, MPP* + a-Syn recombinant
protein (1 pM) group, and MPP* + a-Syn + Rapa (1 uM)
group. After 24 hours of treatment, cell viability was as-
sessed. In the MPP™ + -Syn recombinant protein (1 mM)
group and the MPP* + a-Syn + Rapa (5 uM) group, a-Syn
or a-Syn + Rapa intervention was administered 3 hours af-
ter MPP treatment.

Cell Counting Kit-8 (CCK-8) Assay

Cells were seeded into a 96-well plate at 10,000 cells
per well and cultured for 12 hours to allow for attachment.
According to the experimental design, different treatments
were added (reference cells), and the cells were cultured for
24 hours. Then, 10 pL of CCK-8 reagent (CA1210, Solar-
bio, Beijing, China) was added to each well, mixed, and in-
cubated at 37 °C in a 5% CO- atmosphere for 12 hours. An
additional 10 pL of CCK-8 reagent was added. Absorbance
was measured at 450 nm using a microplate reader (BioTek
Epoch 2, BioTek Instruments, Winooski, VT, USA).

Western Blotting

Cells and tissues were lysed using lysis buffer
(RO100, Solarbio, Beijing, China), followed by centrifu-
gation (12,000 xg, 4 °C for 15 minutes) to collect the
protein supernatant. Protein concentration was quanti-
fied using the BCA assay (PC0020, Solarbio, Beijing,
China). Proteins were denatured with sodium dodecyl
sulfate (SDS) (S8010, Solarbio, Beijing, China) sample
buffer and heated. Protein samples were loaded and sub-
jected to electrophoresis across the stacking and separat-
ing gels. A wet transfer system was used to transfer pro-
teins from the gel to a polyvinylidene fluoride (PVDF)
membrane (YA1701, Solarbio, Beijing, China). The mem-
brane was incubated overnight at 4 °C with primary anti-
bodies targeting a-Syn (1:1000, ab212184), TH (1:1000,
ab137869), microtubule-associated protein 1 light chain 3
(LC3, 1:1000, ab192890), sequestosome 1 (p62, 1:1000,
ab109012), PTEN-induced kinase 1 (PINKI1, 1:1000,
23274-1-AP, Proteintech, Wuhan, China), cytochrome ¢ ox-
idase subunit 4 (COX4, 1:1000, ab202554), phosphory-
lated cytochrome c oxidase subunit 4 (p-COX4, 1:1000,
PAS5-114563, Invitrogen, Carlsbad, CA, USA), phospho-
rylated AKT (p-AKT, 1:1000, ab38449), protein kinase B
(AKT, 1:1000, ab8805), phosphorylated mechanistic tar-
get of rapamycin (p-mTOR, 1:1000, ab109268), mech-
anistic target of rapamycin (mTOR, 1:1000, ab134903),
and glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
(1:1000, ab9485). The membrane was incubated with HRP-
conjugated secondary antibody (1:1000, ab6721) for 1 hour
at room temperature. After both primary and secondary
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antibody incubations, the membrane was washed. En-
hanced chemiluminescence (ECL) reagent (SW2010, So-
larbio, Beijing, China) was added, and protein bands were
observed using a chemiluminescence system (Gel Doc
XR+, Bio-Rad Laboratories, Hercules, CA, USA). ImageJ
software (version 1.5f, National Institutes of Health (NIH),
Bethesda, MD, USA) was used for quantitative analysis of
the images. Unless otherwise specified, all antibodies were
purchased from Abcam (Cambridge, UK).

EdU Staining

The cells were seeded in a culture plate and incu-
bated until they achieved 60% confluence. 5-ethynyl-
2'-deoxyuridine (EdU) solution was added to the culture
plate and incubated for 6 hours. After incubation, the
cells were fixed for 10 minutes. The cell membrane was
then permeabilized for 5 minutes using 0.1% Triton X-100.
The EdU staining was performed using the BeyoClick™
EdU-488 kit (C00718S, Beyotime, Shanghai, China) accord-
ing to the manufacturer’s instructions. 4’,6-diamidino-2-
phenylindole (DAPI) dye was added subsequently for a 5-
minute incubation to stain the nuclei. The EdU-positive
cells were observed and photographed using a fluorescence
microscope (DM6 B, Leica Microsystems, Wetzlar, Baden-
Wiirttemberg, Germany). Imagel software (version 1.5f,
NIH, Bethesda, MD, USA) was used for quantitative anal-
ysis of the images.

TUNEL Staining

The cells were seeded in an appropriate culture plate.
Following fixation and permeabilization, the One-step ter-
minal deoxynucleotidyl transferase dUTP nick end label-
ing (TUNEL) Fluorescein Isothiocyanate Apoptosis De-
tection Kit (C1089, Beyotime, Shanghai, China) was uti-
lized for TUNEL staining in accordance with the manufac-
turer’s instructions. DAPI dye (C0065, Solarbio, Beijing,
China) was added for a 5-minute incubation to stain the nu-
clei. A fluorescence microscope (DM6 B, Leica Microsys-
tems, Wetzlar, Baden-Wiirttemberg, Germany) was utilized
to observe TUNEL-positive cells and capture their images.
ImagelJ software was used for quantitative analysis of the
images.

ROS Staining

The cells were seeded in a 6-well plate and cultured
until reaching 80% confluence. An appropriate amount of
DCFH-DA (10 uM; D6470, Solarbio, Beijing, China) was
added to the passaged cells and incubated at 37 °C for 20
minutes, away from the light. The cells were then washed to
remove excess probe. DAPI dye (C0065, Solarbio, Beijing,
China) was added for a 5-minute incubation to stain the nu-
clei. A fluorescence microscope (DM6 B, Leica Microsys-
tems, Wetzlar, Baden-Wiirttemberg, Germany) was used to
observe reactive oxygen species (ROS) fluorescence sig-
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nals in the cells (excitation at 488 nm, emission at 525 nm).
Image] software was used for quantitative analysis of the
images.

MitoTracker and LysoTracker Co-localization
Staining

The cells were seeded in a 6-well plate and cultured
until they achieved 70% confluence. MitoTracker dye (50
nM; M9940, Solarbio, Beijing, China) was added to the cell
culture, which was then incubated in the dark at 37 °C for
30 minutes. Subsequently, the cells were washed to remove
unbound dye. LysoTracker dye (50 nM; IF1850, Solarbio,
Beijing, China) was added to the cell culture, which was
then incubated in the dark at 37 °C for 30 minutes. Af-
terward, excess dye was removed through washing. The
cells were fixed with a cell fixation solution for 10 min-
utes. The cell membrane was permeabilized for 5 minutes
using 0.1% Triton X-100. The cells were blocked with 5%
bovine serum albumin for 1 hour. DAPI dye (C0065, Solar-
bio, Beijing, China) was added for a 5-minute incubation to
stain the nuclei. The cells were washed to remove unbound
dye. A fluorescence microscope (DM6 B, Leica Microsys-
tems, Wetzlar, Baden-Wiirttemberg, Germany) was utilized
to detect signals from different dye labels and capture co-
localization images.

Statistical Analysis

Data are presented as mean + standard error of
the mean. All statistical analyses were performed using
GraphPad Prism 9.0 (GraphPad Software, San Diego, CA,
USA). One-way analysis of variance (ANOVA) followed
by Tukey’s post hoc test was used for statistical compar-
isons between means. A p < 0.05 was considered statisti-
cally significant.

Results

a-Syn Exacerbates Motor Deficits in MPTP-Induced
PD Mice

We evaluated the effects of a-Syn and Rapa on the
motor abilities of MPTP-induced PD model mice using the
tail suspension test, pole test, and traction test. The results
of the tail suspension test (Fig. 1a) showed that a signifi-
cant reduction in struggle time was observed in the MPTP
group when compared with controls (p < 0.001). Addi-
tionally, the MPTP + a-Syn group had a much lower strug-
gle time than the MPTP group. After the administration
of Rapa, the struggle time was significantly increased (p <
0.001). The pole test results (Fig. 1b) revealed that mice in
the MPTP group exhibited a markedly longer climbing time
than those in the control group (p < 0.001). The MPTP + -
Syn group had a significantly longer climbing time than the
MPTP group (p < 0.001). However, the climbing time of
the MPTP + «-Syn + Rapa group was significantly shorter
than that of the MPTP + a-Syn group (p < 0.001). The re-
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Fig. 1. a-Syn exacerbates motor deficits in MPTP-induced PD mice. (a—c) Results of the tail suspension test (a), pole test (b), and
traction test (c), which were used to assess the motor function of the mice. (d—j) In the Morris water maze test, the movement trajectory
(d), escape latency (e), distance traveled (f), swimming speed (g), latency to the first platform crossing (h), number of platform crossings
(i), and percentage of time spent in the target quadrant (j) were recorded for each group of mice. n = 10. **p < 0.01, ***p < 0.001.
Abbreviations: a-Syn, a-synuclein protein; MPTP, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; Rapa, rapamycin; PD, Parkinson’s

disease.
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Fig. 2. a-Syn exacerbates dopaminergic neuron degeneration in MPTP-induced PD mice. (a—c) Changes in TH and a-Syn protein
levels in mouse brain tissue after different treatments. (d,e) Immunohistochemical analysis of TH protein expression in mouse brain
tissue. (f) Hematoxylin & eosin staining results of mouse brain tissue. (g) Relative number of neuronal cells. n = 10. ***p < 0.001.
Abbreviations: TH, tyrosine hydroxylase; HE, hematoxylin and eosin; GAPDH, glyceraldehyde 3-phosphate dehydrogenase.

sults of the traction test (Fig. 1c¢) showed that the grip time grip time was observed in the MPTP + a-Syn group rela-
of the MPTP group was notably lower than that of the con- tive to the MPTP group (p < 0.001). After the addition of
trol group (p < 0.001). A further significant decrease in ~ Rapa, the grip time of the mice was significantly increased
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related proteins LC3II/LC3I and p62 in mouse brain tissue after different treatments. (d—f) Changes in the levels of mitophagy-related
proteins PINK1, p-COX4, and COX4 in mouse brain tissue after different treatments. n =10. **p < 0.01, ***p < 0.001. Abbreviations:
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3; p62, sequestosome 1; PINK1, PTEN-induced kinase 1.

compared to the MPTP + a-Syn group (p < 0.001). In the
Morris water maze test, compared to the control group, the
MPTP group showed significantly increased escape latency
and distance traveled by the mice (p < 0.001). Significant
increases in escape latency and travel distance were also
observed in the MPTP + a-Syn group when compared with
the MPTP group (p < 0.001) (Fig. 1d—f). In contrast, the
escape latency and distance traveled in the MPTP + a-Syn
+ Rapa group were significantly lower than in the MPTP +
a-Syn group (p < 0.001) (Fig. 1d—f). These results suggest
that a-Syn exacerbated the impairment of spatial learning
inmice. Fig. 1g illustrates a marked reduction in swimming
speed in the MPTP group relative to the control group (p <
0.01), along with a further significant decrease observed in
the MPTP + a-Syn group compared to the MPTP group (p
< 0.01). Following the addition of Rapa, the swimming
speed of the mice significantly increased compared to the
MPTP + a-Syn group (p < 0.01) (Fig. 1g). Subsequently, a
spatial probe test was performed to assess the spatial mem-
ory of the mice (Fig. 1h—j). Compared to the MPTP group,

the MPTP + a-Syn group showed a significant increase in
latency to the first platform crossing (p < 0.01), a reduction
in the total number of platform crossings, and a decrease
in the percentage of time spent in the target quadrant (p <
0.01), indicating impaired memory. In contrast, the MPTP
+ a-Syn + Rapa group exhibited a significantly decreased
latency to the first platform crossing (p < 0.001), alongside
a notable rise in the number of platform crossings and the
duration spent in the target quadrant compared to the MPTP
+ a-Syn group (p < 0.001).

a-Syn Exacerbates Dopamine Neuron Degeneration
in MPTP-Induced PD Mice

Western blot results indicate that a-Syn protein ex-
pression was significantly greater in the MPTP group com-
pared to the control group (p < 0.001). After the addition
of a-Syn recombinant protein, the a-Syn protein level was
even significantly elevated in the MPTP + a-Syn group rel-
ative to the MPTP group (p < 0.001). Compared to the
MPTP + «a-Syn group, the addition of Rapa resulted in a
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significant reduction in the a-Syn protein level (p < 0.001)
(Fig. 2a,b). Fig. 2a—c shows that the TH protein level in
the MPTP group was markedly lower than that in the con-
trol group (p < 0.001), and the TH protein level in the
MPTP + o-Syn group was even lower than that in the MPTP
group. Compared to the MPTP + a-Syn group, Rapa ad-
ministration significantly increased the TH protein level in
the MPTP + a-Syn + Rapa group (p < 0.001). An immuno-
histochemical approach was also utilized to detect the ex-
pression of TH in the brain tissue of the mice (Fig. 2d,e).
The number of TH-positive neurons in the MPTP group was
significantly lower than that in the control group, and the
addition of a-Syn recombinant protein further reduced the
number of TH-positive neurons in the MPTP group. Com-
pared to the MPTP + a-Syn group, Rapa administration sig-
nificantly increased the number of TH-positive neurons (p
< 0.001). Additionally, HE staining was employed to an-
alyze changes in brain tissue structure (Fig. 2f,g). In the
control group, the neuronal cells were intact, well-formed,
with round nuclei, clear boundaries, and evenly distributed
chromatin. In the MPTP group, neuronal cells were sig-
nificantly lost, accompanied by glial cell proliferation and
inflammatory responses. The neurons showed shrinkage,
nuclear condensation, and uneven chromatin. After a-Syn
recombinant protein treatment, the brain tissue damage and
neuronal cell death in the MPTP group were further aggra-
vated. Rapa treatment significantly improved the brain tis-
sue damage and neuronal cell death induced by MPTP and
a-Syn.

a-Syn Promotes PD Progression by Inhibiting
Autophagy and Mitophagy

Next, we measured the effects of a-Syn and Rapa
on autophagy and mitophagy in PD mice by means of
Western blotting. The results in Fig. 3a—c show that after
MPTP treatment, the expression of LC3II/LC3I and p62
was significantly reduced compared to the control group
(» < 0.01). After the addition of a-Syn, the decrease in
LC3II/LC3I and p62 expression was even more pronounced
compared to the MPTP group (p < 0.001). However, fol-
lowing the addition of Rapa, the expression of LC31I/LC3I
and p62 was significantly elevated in the MPTP + a-Syn
+ Rapa group compared to the MPTP + «-Syn group (p
< 0.001). PINKI1 is an important regulatory protein in-
volved in mitophagy, participating in the clearance of dam-
aged mitochondria [20]. COX4 is a subunit of the mito-
chondrial respiratory chain complex, reflecting mitochon-
drial function. The phosphorylation status of p-COX4 may
reflect its activity regulation [21]. The results in Fig. 3d—
f show that in the MPTP group, the expression of PINK1
and p-COX4/COX4 was significantly reduced compared to
the control group (p < 0.01). After the addition of a-Syn,
the expression of PINKI1 and p-COX4/COX4 decreased
even more significantly compared to the MPTP group (p <
0.001). After the addition of Rapa, the levels of PINK1 and
p-COX4/COX4 were significantly increased in the MPTP +
a-Syn + Rapa group compared to the MPTP + a-Syn group
(p < 0.001).


https://www.discovmed.com/

2560

a-Syn Promotes PD via mTOR Signaling
Pathway-Mediated Autophagy and Mitophagy
Inhibition

The results in Fig. 4a—c show that in the MPTP group,
MPTP treatment significantly increased the relative expres-
sion of p-AKT/AKT and p-mTOR/mTOR compared to the
control group. The addition of a-Syn further enhanced
the expression levels of p-AKT/AKT and p-mTOR/mTOR
in the MPTP + «-Syn group relative to the MPTP group.
Compared to the MPTP + a-Syn group, the expression of
p-AKT/AKT and p-mTOR/mTOR in the MPTP + a-Syn +
Rapa group was significantly decreased (p < 0.001).

a-Syn Suppresses Viability of MPP -Induced
SH-SY5Y Cells

EdU fluorescence staining results show (Fig. 5a,b) that
compared to the control group, the MPP* group exhibited a
significant reduction in the percentage of EdU-positive cells
following 0.5 mM MPP™ treatment (p < 0.001). Such a de-
crease was further exacerbated when MPP™ was adminis-
tered in combination with -Syn (1 mM), marked by a more
significant reduction in the percentage of EdU-positive cells
compared to the MPP™ group (p < 0.001). In the MPPT +
a-Syn + Rapa group, the addition of 5 uM Rapa signifi-
cantly increased the proportion of EdU-positive cells com-
pared to the MPP* + a-Syn group (p < 0.001).

Fig. 5¢,d shows that MPP treatment significantly in-
creased the proportion of apoptotic cells, with a notable
increase in TUNEL-positive cells compared to the control
group (p < 0.001). In the MPP™ + -Syn group, the pro-
portion of apoptotic cells further increased following a-Syn
treatment, as compared to the MPP™ group (p < 0.001). In
the MPP™ + a-Syn + Rapa group, the addition of Rapa sig-
nificantly reduced the proportion of TUNEL-positive cells,
as compared to the MPP* + a-Syn group (p < 0.001).

Additionally, assessment of ROS levels in SH-SYSY
cells by means of fluorescence staining was conducted. The
results in Fig. 5e,f show that when compared to the control
group, the MPP™ group exhibited a significant increase in
ROS fluorescence intensity (p < 0.001). In the MPP* +
a-Syn group, the ROS fluorescence intensity was further
enhanced after a-Syn treatment, as compared to the MPPT
group (p < 0.001). Our results also showed that the addi-
tion of Rapa significantly decreased the ROS fluorescence
intensity in the MPP* + «-Syn + Rapa group compared to
the MPPT + a-Syn group (p < 0.001).

a-Syn Promotes PD Progression by Inhibiting
Autophagy and Mitophagy in SH-SY5Y Cells

Next, we assessed the effects of a-Syn and Rapa on
autophagy and mitophagy in SH-SY5Y cells through West-
ern blotting. The results in Fig. 6a—c show that compared
to the control group, the MPP group displayed signifi-
cantly decreased expression of LC3II/LC3I and p62 (p <
0.001). The addition of a-Syn further reduced the expres-

sion of LC3II/LC3I and p62 in the MPP™ + a-Syn group
compared to the MPP™ group (p < 0.001). In the MPPT +
«a-Syn + Rapa group, the expression of LC31I/LC31 and p62
was restored, as compared to the MPP™ + a-Syn group (p <
0.001). Fig. 6d—f shows that compared to the control group,
the MPP treatment group exhibited significantly lower ex-
pression of PINK1 and p-COX4/COX4. The expression
of PINK1 and p-COX4/COX4 was further reduced in the
MPP™ + a-Syn group relative to the MPP™ group (p <
0.001). However, the levels of PINK1 and p-COX4/COX4
significantly increased in the MPP™ + a-Syn + Rapa group
compared to the MPP™ + a-Syn group (p < 0.001).
Additionally, we measured the fluorescence intensity
and colocalization of MitoTracker and LysoTracker in SH-
SYSY cells by using immunofluorescence. The results in
Fig. 6g show that compared to the control group, the MPP*
group demonstrated significantly lower fluorescence inten-
sity of Mito Tracker and Lyso Tracker, as well as a lower
degree of colocalization. This suggests a reduction in au-
tolysosomes. The MPP* + a-Syn co-treatment resulted
in further decrease of the fluorescence intensity of Mi-
toTracker and LysoTracker, further decimating autolyso-
somes. In contrast, in comparison to the MPP™ + @-Syn
group, the MPP™ + «a-Syn + Rapa group displayed en-
hanced fluorescence intensity of MitoTracker and Lyso-
Tracker, as well as an increased number of autolysosomes.

a-Syn Promotes PD Progression by Inhibiting
SH-SY5Y Cell Autophagy and Mitophagy by
Activating mTOR Signaling Pathway

The results in Fig. 7a—c show that in the MPP™
group, the relative expression of p-AKT/AKT and p-
mTOR/mTOR was significantly increased compared to that
observed in the control group. The expression levels of p-
AKT/AKT and p-mTOR/mTOR were further enhanced in
the MPPT + -Syn group compared to the MPP™ group.
However, the MPPT + «a-Syn + Rapa group exhibited
significantly reduced expression of p-AKT/AKT and p-
mTOR/mTOR compared to the MPP* + «-Syn group (p
< 0.001).

Discussion

The pathophysiology of PD is complex and involves
oxidative stress, mitochondrial dysfunction, neuroinflam-
mation, and impaired protein degradation pathways [22,
23]. This study aims to investigate the role of a-Syn in
exacerbating motor deficits and dopaminergic neuronal de-
generation in the MPTP-induced PD mouse model and ex-
plore the underlying molecular mechanisms, with a partic-
ular focus on autophagy, mitochondrial function, and the
mTOR signaling pathway. Our findings indicate that a-
Syn plays a critical role in amplifying MPTP-induced PD
pathology, and autophagy regulation, especially through
Rapa, holds potential therapeutic benefits.
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This study demonstrates that the motor deficits in-
duced by MPTP treatment are closely associated with
the degeneration of dopaminergic neurons, consistent with
pathological mechanisms of PD [24]. Motor dysfunction
is a core clinical manifestation of PD, primarily caused by
the loss of dopaminergic neurons in the substantia nigra.
We observed significant motor impairments in the MPTP-
treated mice, likely due to the loss of dopaminergic neuron
function in the nigrostriatal pathway [25]. MPTP-induced
PD mice exhibited significant motor deficits, which were
further exacerbated by a-Syn. However, Rapa partially re-
versed these impairments by restoring autophagy and mi-
tophagy activity, thereby improving motor function. In
addition, a-Syn worsened spatial learning and memory
deficits in the mice, while Rapa significantly restored these
cognitive functions. Mechanistic analysis indicated that a-
Syn disrupted normal autophagy and mitophagy processes,
leading to neuronal degeneration, whereas Rapa alleviated
this damage by activating the autophagy pathway. The ag-
gregation of a-Syn may accelerate dopaminergic neuronal
degeneration through direct toxicity or by exacerbating ox-
idative stress and neuroinflammation, leading to further de-
terioration of motor function [26,27]. Interestingly, the use
of Rapa, an autophagy inducer, significantly improved the
motor performance of mice in the MPTP + a-Syn treatment
group. This aligns with existing research indicating that en-
hancing autophagy can alleviate motor deficits in PD mod-
els [28]. We observed an improvement in motor function
following Rapa treatment, which may be attributed to its
ability to restore autophagic flux and clear damaged pro-
teins, such as a-Syn aggregates, thereby reducing neurotox-
icity and promoting neuronal survival. These findings high-
light the potential therapeutic role of autophagy enhancers
in alleviating PD-related motor deficits.

The degeneration of dopaminergic neurons is a hall-
mark of PD and the primary cause of motor dysfunction
[29]. This study demonstrates that MPTP treatment signif-
icantly reduced the expression of TH, a key marker pro-
tein of dopaminergic neurons. This reduction in TH levels
is a recognized hallmark of dopaminergic neuronal degen-
eration in PD models. The addition of a-Syn further ex-
acerbated the decline in TH expression, indicating that a-
Syn plays a critical role in promoting the loss of dopamin-
ergic neurons. Previous research has shown that a-Syn
aggregates directly impair dopaminergic neuronal function
and accelerate their degeneration [30]. Furthermore, -
Syn may enhance neuroinflammation and oxidative stress,
further accelerating neuronal death. In this investigation,
administration of Rapa significantly increased TH expres-
sion in the mice treated with MPTP and a-Syn, provid-
ing mechanistic evidence for a previous study suggesting
that activation of autophagy can reduce dopaminergic neu-
ronal loss in PD models [31]. This finding implies that
autophagy may exert protective effects by clearing a-Syn
aggregates, alleviating oxidative stress, and reducing in-
flammation, thereby preserving the function and survival of
dopaminergic neurons. Thus, regulating autophagy, partic-
ularly through Rapa, could be an effective strategy to miti-
gate dopaminergic neuronal degeneration in PD.

Autophagy is a cellular process responsible for the
degradation and recycling of damaged proteins and or-
ganelles, including misfolded proteins and dysfunctional
mitochondria [32]. In PD, impaired autophagic flux leads to
the accumulation of toxic proteins, such as a-Syn, resulting
in neuronal damage and disease progression. Our results
show that MPTP treatment reduced the expression of key
autophagy markers, LC3II/LC3I and p62, consistent with
the previous study indicating autophagic dysfunction in PD
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models [33]. We further found that a-Syn exacerbates this
autophagic dysfunction, as evidenced by a more significant
decrease in LC31I/LC3I and p62 levels in the MPTP + «-
Syn group. This finding supports the hypothesis that a-Syn
aggregates inhibit autophagic flux, leading to the accumula-
tion of toxic proteins, thereby exacerbating neuronal dam-
age. These results are consistent with previous research,
which indicates that a-Syn aggregates directly hinder the
autophagic degradation of misfolded proteins, thereby pro-
moting neurodegeneration [33]. It is noteworthy that treat-
ment with Rapa, an autophagy inducer, significantly re-
versed these autophagic defects. In the MPTP + a-Syn +
Rapa group, the LC3II/LC3I levels increased, while the p62
levels decreased. This suggests that enhanced autophagy
can restore the capacity of a-Syn aggregate clearance and
alleviate associated neurotoxicity. This finding is consis-
tent with other research that indicates autophagy activation
can promote the degradation of a-Syn, thereby reducing its
toxic effects in PD [34].

Mitochondrial dysfunction is a core feature of PD, as
impaired mitochondrial quality control leads to the accu-
mulation of damaged mitochondria, contributing to oxida-
tive stress and neuronal death. In this study, we observed
that MPTP treatment reduced the expression of PINK 1 and
COX4, both of which are key proteins in maintaining mi-
tochondrial health and function. PINK1 is a mitochondrial
kinase that plays an essential role in the clearance of dam-
aged mitochondria through mitophagy. COX4 is a sub-
unit of mitochondrial respiratory complex IV, reflecting
mitochondrial function. We found that a-Syn further de-
creased the expression of PINK1 and COX4, suggesting
that a-Syn exacerbates mitochondrial dysfunction and in-
hibits mitophagy. The addition of Rapa significantly in-
creased the expression of PINK1 and COX4 in the MPTP +
a-Syn + Rapa group, suggesting that enhanced autophagy
can restore mitochondrial function and mitophagy. This is
consistent with previous studies that highlight the crucial
role of autophagy in maintaining mitochondrial quality con-
trol and preventing neurodegenerative diseases [35,36]. By
promoting mitophagy, Rapa may facilitate the clearance of
damaged mitochondria, reduce oxidative stress, and protect
neurons from damage [37].

The mTOR signaling pathway is a key regulator of
autophagy and cellular metabolism. In our study, we
found that MPTP treatment increased the phosphorylation
of AKT and mTOR, which is indicative of the mTOR path-
way activation. «-Syn further enhanced this activation,
suggesting that a-Syn may inhibit autophagy through the
mTOR signaling pathway. Existing studies have shown
that o-Syn is more likely to activate the mTOR pathway
through indirect mechanisms rather than direct interaction.
For example, some reports suggest that a-Syn can induce
ROS accumulation and mitochondrial dysfunction, which
subsequently activate the PI3K/AKT pathway, leading to
mTOR activation [38]. In our in vitro experiments, we
observed increased ROS levels and decreased mitochon-

drial membrane potential in the MPP™ + a-Syn group, pro-
viding validation to the proposed mechanism. Addition-
ally, it has been demonstrated that a-Syn may regulate the
TSC1/2 complex, thereby indirectly relieving the inhibition
onmTORCI [39]. Our research findings are consistent with
previous research, indicating that mTOR inhibition can pro-
mote autophagy and protect against neurodegeneration in
PD models [40].

The MPTP model, while widely used in PD research,
has several limitations: MPTP induces PD-like symptoms
in mice and primates, but its effects do not fully repli-
cate the complex pathophysiology of PD in humans. For
instance, MPTP primarily targets dopaminergic neurons,
whereas human PD involves a broader range of neurode-
generative processes. MPTP causes acute toxicity and rapid
degeneration of dopaminergic neurons, whereas PD in hu-
mans typically develops gradually over years. Therefore,
the unique attributes of the MPTP model in the disease de-
velopment make it challenging to study the chronic aspects
of PD progression. In addition, Lewy bodies—a hallmark
of PD—do not form in the MPTP model. This limits the
model’s ability to replicate all aspects of PD pathology.
MPTP-induced motor deficits in animals primarily reflect
motor dysfunction but do not fully encompass the cognitive
and psychiatric symptoms often observed in human PD pa-
tients. While non-human primates show symptoms similar
to human PD, the MPTP model in rodents does not fully
replicate the human disease. Rodents, for example, exhibit
less severe motor deficits and may not develop the same
cognitive impairments seen in humans. MPTP treatment
typically causes acute damage, and long-term studies are
often limited in scope. The model does not naturally encap-
sulate the long-term effects of PD that evolve over decades
in humans.

In addition to animal experiments, we also used the
SH-SY5Y neuroblastoma cell line in the present study to
further investigate the role of @-Syn and Rapa in PD pathol-
ogy. Similar to the animal studies, we found that a-Syn
exacerbated MPP ™ -induced inhibition of cell proliferation,
apoptosis, and ROS generation. These results are consis-
tent with previous research, suggesting that a-Syn aggre-
gates induce cell apoptosis through oxidative stress [41].
Moreover, Rapa treatment reversed these effects, improv-
ing cell survival and attenuating oxidative stress. This sug-
gests that autophagy enhancers may exert neuroprotective
effects by alleviating oxidative stress, promoting the clear-
ance of damaged proteins, and inhibiting neuronal apopto-
sis.

Conclusions

This study suggests that a-Syn plays a crucial role in
exacerbating MPTP-induced PD pathology, particularly in
worsening motor deficits and dopaminergic neuronal de-
generation. «-Syn exacerbates the pathological progres-
sion of PD by inhibiting autophagy and promoting mito-


https://www.discovmed.com/

chondrial dysfunction. The use of autophagy inducers such
as Rapa can reverse these effects, improve motor function,
reduce neuronal loss, and restore mitochondrial function.
Therefore, autophagy inducers such as Rapa offer a poten-
tial therapeutic strategy to alleviate PD symptoms and delay
disease progression.
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