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Abstract

Background: Parkinson’s disease (PD) is a neurodegenerative disorder characterized by
the degeneration of dopaminergic neurons in the substantia nigra. Exercise can delay
PD progression and improve motor symptoms. However, the underlying molecular
mechanisms remain unclear. Whether exercise exerts protective effects by reshaping
microRNA (miRNA) expression profiles remains unclear. This study aims to explore
differential miRNA expression and their targeted pathways mediated by moderate-
intensity exercise, and to reveal novel mechanisms of neuroprotection in PD.
Methods: Eight-week-old male C57BL/6 mice were randomly divided into normal
control (NC), PD model (PD), and PD exercise (PE) groups. The PE group received 8
weeks of treadmill exercise. SH-SYSY cells were treated with MPP* to establish a

cellular PD model. Motor functions were assessed using pole, hanging, and gait tests.
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Immunohistochemical staining detected the levels of the rate-limiting enzyme of
catecholamine biosynthesis Tyrosine hydroxylase (TH) and the pathological marker of
PD a-synuclein (a-syn). Immunofluorescence staining detected TH, a-syn, and the
neurogenesis markers BrdU and NeulN. Synaptic currents in the substantia nigra were
recorded by brain slice patch-clamp. Cell viability was measured by CCK-8 assay, and
mitochondrial membrane potential was assessed by JC-1 staining. RNA sequencing was
performed to screen for differentially expressed miRNAs. ATP content was determined
by biochemical assay. Dual-luciferase assay verified the interaction between miR-7 and
its target genes. Western blot detected the expression of TH, a-syn, the synaptic proteins
synaptophysin (SYN) and postsynaptic density 95 (PSD95), the mitochondrial fission
proteins dynamin-related proteinl (Drpl), phosphorylated Drpl (p-Drpl), and
mitochondria fission proteinl (FIS1), the mitophagy-related proteins PTEN induced
putative kinase 1 (PINK1), Parkin, microtubule-associated proteins 1A/1B light chain
3A/B (LC3A/B), ubiquitin-binding protein p62 (p62). qRT-PCR detected the
expression of miR-7, Drp1, PINK1, and Parkin.

Results: PD group showed improved motor coordination and gait function after 8 weeks
of treadmill exercise. Neurodegeneration was alleviated, and synaptic plasticity and
mitochondrial function were enhanced in PD group. In PD mice and MPP"*-treated
SH-SYSY cells, miR-7 expression was significantly decreased. 8 weeks of treadmill
exercise increased miR-7 expression in PD mice. Exercise regulated the Drp1/PINK1

pathway via miR-7. Overexpression of miR-7 inhibited MPP*-induced excessive
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mitochondrial fission, and alleviated mitochondrial dynamics imbalance and
mitochondrial dysfunction, and improved synaptic function.

Conclusion: 8 weeks of treadmill exercise regulates mitochondrial and synaptic
functions via the miR-7/Drp1/PINK1 pathway, thereby improving motor function and
delaying PD progression in PD mice.

Key words: Parkinson’s disease; Physical activity; mitochondrial dysfunction; miRNA;

Drpl

1. Introduction

Parkinson’s disease (PD) is a major neurodegenerative disorder, and its global
prevalence growth rate now ranks first among all neurological diseases.! The core
pathological features of PD include progressive loss of dopaminergic neurons in the
substantia nigra pars compacta (SNpc), with damaged projections to the striatum (ST),
the mesolimbic system, and the cerebral cortex. This leads to markedly reduced
dopamine levels in these regions, which in turn causes motor symptoms such as resting
tremor, rigidity, and bradykinesia. Currently, clinical treatment for PD is predominantly
pharmacological, but it cannot prevent the progressive loss of dopaminergic neurons.
Moreover, given the long latency, persistent symptoms, and slow progression of PD,
early accurate diagnosis, effective disease intervention, and long-term functional
rehabilitation remain major challenges. >

It is currently believed that progressive degeneration of dopaminergic neurons is



closely associated with mitochondrial dysfunction. Under physiological conditions,
moderate fission mediated by dynamin-related protein 1 (Drpl), a key regulator of
mitochondrial fission, can activate protective mitophagy, but abnormal activation of
Drp1 in PD disrupts mitochondrial network stability, promotes excessive mitochondrial
fragmentation, and exacerbates cell death. > The E3 ubiquitin ligase Parkin and the
ubiquitin kinase PTEN-induced putative kinase 1 (PINK1) are crucial for maintaining
mitophagy homeostasis, and mutations in either gene can directly cause early-onset PD.
* Inhibition of Drpl activity or overexpression of PINKI1/Parkin ameliorates
a-synuclein  (o-syn)-induced mitochondrial fragmentation, depolarization of
mitochondrial membrane potential, and neuronal apoptosis. > This suggests that
targeting mitochondrial dynamics and mitophagy pathways may be a potential direction
for PD therapy.

MicroRNAs (miRNAs) are a class of non-coding small RNAs with a length of 19—
24 nucleotides. Dysregulation of miRNAs may promote the onset and progression of
PD by modulating various genes and proteins associated with the disease. ® Among
them, aberrant expression of multiple miRNAs is closely linked to mitochondrial
dysfunction. 7 miR-7 (also known as miR-7a) is highly enriched in brain tissues, with
highly conserved gene structure and sequence. In the genome, its mature form is
encoded by multiple gene loci (miR-7-1, miR-7-2, and miR-7-3) located on different
chromosomes, each producing a precursor that is ultimately processed into the same

mature sequence. Similarly, in mice, miR-7a-1, miR-7a-2, and miR-7b, located on three
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different chromosomes, follow this same encoding pattern. miR-7 protects against
neuronal damage in MPTP-induced PD models by inhibiting mechanistic target of
rapamycin (mTOR) signaling and restoring B-cell lymphoma 2 (BCL-2) levels. ®
However, the specific regulatory network of miR-7 in PD pathogenesis, particularly its
direct mechanism of action on neuronal mitochondria, remains to be further elucidated.

Exercise has been proved to exert neuroprotective effects on PD by regulating
specific miRNA expression and improving mitochondrial function. However, whether
exercise influences mitochondrial function via miR-7, improves motor symptoms, and
exerts beneficial effects on PD neurons remains unclear. This study aims to analyze
synaptic function and mitochondrial status in PD mice after exercise, investigate
whether exercise regulates mitochondrial function, improves synaptic plasticity and
motor symptoms through the miR-7/Drp1/PINK1 pathway, and elucidate the potential
mechanisms underlying exercise-delayed PD progression, thereby providing a
theoretical basis for the prevention and treatment of neurodegenerative diseases.
2. Materials and methods
2.1. Animals and model preparation

Forty-five male C57BL/6 mice (8 weeks, 25-30 g) were obtained from the Hubei
Provincial Experimental Animal Research Center and housed under controlled
conditions (23~26°C, 40%~70% humidity, 12h light/dark) with free access to food and
water. After 1 week acclimation, mice were randomly divided into PD model group (PD

group, n=30) and control group (NC group, n=15). The PD group received daily
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intraperitoneal MPTP (25 mg/kg) for 7 consecutive days. ° The NC group received an
equal volume of saline. Three mice per group received daily BrdU (50 mg/kg) for 7
consecutive days to track neurogenesis. All animal procedures were approved by the
Ethics Committee of Wuhan Sports University.

2.2. Behavioral testing

The wire hanging test (four limbs hanging and fore limbs hanging) measured
suspension duration on a grid 50 cm above the floor; each mouse performed three trials
with 30-min intervals (max 600 s per trial).

The pole test used a vertical (90°) wooden pole (50 cm x 1 cm diameter, lower end
fixed). Mice were placed head-up on top, the times to turn downward and to reach the
bottom were recorded in three trials per mouse.

2.3. Treadmill exercise protocol

PD mice were randomly divided into PD group and PD exercise group (PE group).
PE group were familiarized with treadmill exericse (8 m/min, 30 min/day, Sdays),
rested 2days, then treadmill exercise at 12 m/min for 60 min/day (with 5-min warm-up
and cool-down at 5 m/min), 5days/week for 8 weeks. The intensity of this exercise

protocol was moderate (65-70% VO.max). '° The timeline is shown in Fig. 1.



Fig. 1. Exercise intervention flow chart

2.4. Gait analysis

Gait analysis was performed post-exercise via the ink footprint method. The fore
limb paws were painted with blue ink and the hind limb paws with red ink for distinction.
Mice walked through a transparent corridor to a dark chamber, and the recording paper
at the bottom was collected to measure the fore limb and hind limb stride length (the
distance between successive placements of the same paw in a complete stride), fore
limb and hind limb stance width (the distance between fore limb placements in a
complete stride).
2.5. Electrophysiology

After cardiac perfusion, brains were removed and coronal slices (300um) prepared.
Whole-cell patch-clamp recordings from substantia nigra (SN) neurons used standard
ACSF with 1 pM Tetrodotoxin and 10 pM Bicuculline (miniature excitatory
postsynaptic currents, mEPSCs) or 1 uM Tetrodotoxin, 10 uM CNQX and 50 uM AP-
5 (miniature inhibitory postsynaptic currents ,mIPSCs). All current signals were
recorded with AxonMultiClamp700B amplifier (voltage-clamp mode, 3kHz filter) and

analyzed with Clampfit 11.2.



2.6. Cell cultures and transfection

The human SH-SYS5Y cells (CL-0208, Procell, Wuhan, China) were cultured in
specialized medium (CM-0208, Procell, Wuhan, China) with 10% fetal bovine serum
at 37°C in a 5%CO; incubator. Cells were divided into NC group and
I-methyl-4-phenylpyridinium (MPP*, M423656, Aladdin, Shanghai, China) at 0, 0.1,
0.3, 0.5, 1, 1.3 mM or with ImM for 1, 6, 12, 24, and 48 hours before collection. For
transfection, cells seeded into 6-well plates to 70% confluence were incubated for 48-
hour with mixtures of miR-7 mimic, mimic NC, miR-7 inhibitor, inhibitor NC (Ribobio,
Shenzhen, China) plus Lipofectamine 2000 (Thermo Fisher Scientific, Waltham, MA,
USA) in Opti-MEM (PWL041, MeilunBio, Dalian, China), then used for subsequent
assays.
2.7. CCK8

Treated cells were seeded into 96-well plates. After attachment, CCKS8 solution
(MAO0218, MeilunBio, Dalian, China) was added and incubated for 2 hours, then
OD450 nm was measured.
2.8. Immunohistochemistry

Mice were anesthetized with isoflurane (R510-22-10, RWD Life Science,
Shenzhen, China) and sacrificed. Brains were fixed in paraformaldehyde,
paraffin-embedded, sectioned, dewaxed, and rehydrated. After antigen retrieval and
blocking, sections were incubated overnight with primary antibodies against tyrosine

hydroxylase (TH, ab152, Sigma-Aldrich, St. Louis, MO,USA) and a-syn (ab51253,
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Abcam, Cambridge, MA, USA), then with secondary antibodies and developed with
DAB.
2.9. Immunofluorescence

Tissues were fixed, washed, permeabilization, blocked, then incubated with
primary antibodies against BrdU (66241-1-lg, proteintech, Wuhan, China), NeuN
(Cy5515, Abways, Shanghai, China), TH, and a-syn, followed by secondary antibodies,
mounted, and observed under a fluorescence microscope.
2.10. Mitochondrial membrane potential assay

The cells were washed with JC-1 assay buffer, incubated in JC-1 working solution
(E-CK-A301, Elabscience, Wuhan, China) for 30min at 37°C, then observed under a
fluorescence microscope.
2.11. RNA sequencing

Total RNA was extracted. RNA concentration and purity (Nanodrop instrument),
integrity (agarose gel), and RQN value (Agilent 5300) were assessed. Libraries were
prepared via adapter ligation, reverse transcription, PCR, enrichment, and purification,
then sequenced on NovaSeq X Plus or DNBSEQ platform, as appropriate. After quality
control of raw reads, clean reads were mapped (HISAT2 software), assembled
(StringTie), quantified (RSEM), and differentially expressed genes ([log2F C|> 1, p
adjust<0.05) identified (DESeq?2). Library preparation and sequencing were performed
by Majorbio Biotechnology Co., Ltd (Shanghai, China), and data analyzed on the

Majorbio Cloud Platform (www.majorbio.com).
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2.12. qRT-PCR

RNA was extracted using TRIzol reagent, and DNA was extracted using FastPure
Cell/Tissue DNA Isolation Mini Kit (DC102, Vazyme, Nanjing, China). cDNA was
reverse transcribed using Mir-X miRNA First-Strand Synthesis Kit (638313, Takara,
Tokyo, Japan) and 5xSweScript All-in-One SuperMix for qPCR (G3337, Servicebio,
Wuhan, China). gPCR was run with TB Green Advantage qPCR Premix (639676,
Takara, Tokyo, Japan) and 2xUniversal Blue SYBR Green qPCR Master Mix (G3336,
Servicebio, Wuhan, China) on a Step One Plus Real-time PCR system (Applied
Biosystems Inc, Carlsbad, CA, USA), using primers for mmu/hsa-miR-7a-5p, PINK1,
Parkin, Drpl (Ribobio), and nuclear/mitochondrial DNA (Takara).
2.13. Western blot

After tissue lysis, supernatants were collected for protein quantification, mixed
with loading buffer, boiled at 100 °C for 10 min, separated by electrophoresis on 12%
SDS-PAGE, and transferred to membranes. Membranes were blocked with 5% non-fat
milk, incubated overnight with primary antibodies, then with HRP-conjugated
secondary antibodies, and detected by chemiluminescent reagents. Primary antibodies:
PINK1 (23274-1-AP, proteintech), Parkin (2132, CST, Danvers, MA, USA),
microtubule-associated proteins 1A/1B light chain 3A/B (LC3A/B, 14600-1-AP,
proteintech), ubiquitin-binding protein p62 (p62, 18420-1-AP, proteintech), Drpl
(81561-1-RR, proteintech), p-Drpl (AF8470, Affinity Bioscience, Liyang, China),

mitochondrial fission protein 1 (FIS1, 10956-1-AP, proteintech), a-syn (10842-1-AP,
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proteintech), synaptophysin (SYN, 17785-1-AP, proteintech), TH, postsynaptic density
95 (PSD95, 20665-1-AP, proteintech), and GAPDH (10494-1-AP, proteintech).
2.14. ATP detection

Tissues were lysed and centrifuged, supernatants were incubated with ATP assay
working solution (HY-K0314, MCE, Monmouth Junction, NJ, USA) in opaque 96-well
plates for 5 min ar RT, then standards/supernatants were added, shaken for 5 s to mix,
RLU measured with a multimode microplate reader.
2.15. Dual-luciferase assay

Cells transfected with miR-7-5p mimic or mimicNC were co-transfected with
either pmirGLO empty vector or pmirGLO vector containing the full-length 3'UTR of
Drpl. Luciferase activity was measured per dual-luciferase assay kit (Genecreate,
Wuhan, China).
2.16. Statistical analysis

The statistics and graphing used GraphPad Prism 8.0.2 (GraphPad Software Inc.,
San Diego, CA, USA). Data are presented as mean= SD. Statistical differences were
analyzed by one-way analysis of variance followed by Tukey’s test. Differences were
considered significant at P < 0.05.
3. Results
3.1. PD mice exhibit decreased motor function and neuronal degeneration

As shown in Fig. 2A and 2B, PD group after MPTP injection showed significantly

increased turn-down time and total time in the pole test compared with NC group (**p
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< 0.01, ***p < 0.001). The fore limbs and four limbs hanging durations were
significantly shortened (Fig. 2C and 2D) (*p <0.05, ***p <0.001). Compared with PD
group before injection, the PD mice after injection showed significantly increased turn-
down time and total pole time (****p < 0.0001), and significantly decreased fore limbs
and four limbs hanging duration (****p < 0.0001). TH staining density in SN and ST
of PD group was significantly lower than that in NC group (*p < 0.05, **p < 0.01),
whereas a-syn staining density was significantly higher (*p < 0.05, **p < 0.01) (Fig.
2E-21). Western blot (Fig. 2J-2M) confirmed higher a-syn expression (***p < 0.001) in
SN and lower TH expression in SN and ST (****p < 0.0001) in PD. These results
indicated that after MPTP injection, PD mice exhibited motor coordination impariment
and decreased muscle strength, reduced expression of the dopamine synthesis rate-
limiting enzyme TH, accompanied by abnormal a-syn aggregation and dopaminergic

neuron pathology.
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Fig.2. The results of MPTP mouse model. (A-B) Statistical results of turn-down time and total

time in the pole test of each group. (C-D) Statistical results of fore limbs and four limbs hanging

duration for each group. (E) Immunohistochemical staining of TH and a-syn for each group.

(F-I) Statistical results of immunohistochemistry for each group. (J) Representative images of

Western blot results. (K-L) Statistical results of TH and a-syn expression in SN and ST. ****p

<0.0001; ***p < 0.001; **p < 0.01; *p < 0.05. NC = normal control group; PD = Parkinson’s

disease; SN = substantia nigra; ST = striatum; TH = tyrosine hydroxylase; a-syn = a-synuclein.

3.2. Treadmill exercise improves motor function in PD mice

Behavioral test results showed that compared with PD group, PE group exhibited

decreased turn-down time and total time in the pole test (**p <0.01, ***p <0.001) (Fig.
13



3A and 3B), increased fore limbs and four limbs hanging durations (*p < 0.05, ****p

< 0.0001) (Fig. 3C and 3D),increased fore limbs and hind limbs stride lengths (**p <

0.01) (Fig. 3E and 3G), and decreased fore limbs stance widths (***p < 0.001) (Fig.

3F). These results indicated that PD mice showed impaired motor coordination,

significantly reduced muscle strength, and gait deficits, whereas 8-week treadmill

exercise improved motor coordination and gait function in PD mice.

Fig.3. Exercise improves motor symptoms and protects dopaminergic neurons in PD mice. (A-

B) Statistical results of turn-down time and total time in the pole test of each group. (C-D)
14



Statistical results of fore limbs and four limbs hanging duration for each group. (E-F) Statistical
results of stride length and stance width in gait test for each group. (I) Immunohistochemical
staining of TH and a-syn for each group. (J-M) Statistical results of immunohistochemistry for
each group. (N) Representative images of Western blot results. (O-P) Statistical results of TH
and a-syn expression. ****p < 0.0001; ***p < 0.001; **p < 0.01; *p < 0.05. NC = normal
control group; PD = Parkinson’s disease; PE = PD + exericse; SN = substantia nigra; ST =
striatum; TH = tyrosine hydroxylase; a-syn = a-synuclein.
3.3. Treadmill exercise ameliorates neuronal degeneration in PD mice
Immunohistochemical (Fig. 31-3M) showed that TH staining in SN and ST of PD
group was significantly lower than that in NC group (**p < 0.01, *p < 0.05), and was
significantly higher in PE group than in PD group (*p < 0.05, **p < 0.01). a-syn
staining in SN and ST of both the PD and PE groups was significantly higher than that
in NC group (**p < 0.01), whereas tht in PE group was significantly lower than that in
PD group (*p < 0.05). Western blot results (Fig. 3N-3P) showed that TH expression in
SN and ST of PD group was significantly lower than that in NC group (***p < 0.001,
*p < 0.05), and a-syn expression was significantly increased than NC group (***p <
0.001, *p <0.05). After 8-week exercise, TH expression in SN and ST was significantly
increased (*p < 0.05), and a-syn expression was slightly decreased. These results
indicate that 8-week treadmill exercise upregulated TH expression and inhibited
abnormal a-syn deposition.

3.4. Treadmill exercise improves synaptic function in PD mice

15



Synaptic transmission analysis revealed that the mEPSC frequency in SN neurons

of PD group was significantly decreased compared with that of NC group (***p <

0.001), whereas exercise increased mEPSC frequency (*p < 0.05). The PD group

showed significantly increased mIPSC frequency (*p < 0.05), and exercise reversed

this effect (****p < 0.0001). Fig. 4B, 4D, 4F and 4H display cumulative probability of

interevent interval and amplitude, showing a significantly shift in the distribution

between PD and PE groups. These results indicate that PD mice exhibit synaptic

abnormalities in SN neurons, and 8 weeks of treadmill exercise corrects this synaptic

dysfunction.

Fig.4. Exercise improves synaptic electrophysiology in PD mice. (A) Representative traces of
mEPSCs recorded from SN neurons of each group. (B) Cumulative probability of interevent

interval in mEPSC. (C) Quantitation of mEPSCs frequencies and amplitudes. (D) Cumulative
16



probability of amplitude in mEPSC. (E) Representative traces of mIPSCs recorded from SN

neurons of each group. (F) Cumulative probability of interevent interval in mIPSC. (G)

Quantitation of mIPSCs frequencies and amplitudes. (H) Cumulative probability of amplitude

in mIPSC. ****p < 0.0001; ***p < 0.001; *p < 0.05. NC = normal control group; PD =

Parkinson’s disease; PE = PD + exericse; mEPSCs = miniature excitatory postsynaptic currents;

mIPSCs = miniature inhibitory postsynaptic currents.

Immunofluorescence (Fig. SA and 5B) showed that BrdU intensity in SN and ST

was significantly lower in PD than in NC group (*p < 0.05, **p < 0.01), but

significantly higher in PE compared with PD group (**p < 0.01), indicating increased

neurogenesis after 8 weeks of exercise. Western blot results (Fig. 5C-5F) showed that

PSD95 expression in SN and ST, SYN expression, and dopamine transporter (DAT)

expression were significantly decreased in PD compared with NC group (*p < 0.05,

*#Ep < 0.001, **p < 0.01). After 8 weeks of treadmill exercise, PSD95 expression in

SN and ST of PE group was significantly upregulated (*p < 0.05), SYN expression in

ST was significantly upregulated (*p < 0.05), and DAT expression showed an

increasing trend. These results suggest that 8-week treadmill exercise promoted

neurogenesis, upregulated synaptic plasticity-related proteins, and improved synaptic

structure and function in PD mice.
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Fig.5. Exercise improves synaptic plasticity in PD mice. (A) Representative images of

immunofluorescence for each group. (B) Statistical results of BrdU-positive fluorescence

intensity for each group. (C-F) Expression results of synaptic-related protein for each group.

*#*%p < 0.001; **p < 0.01; *p < 0.05. NC = normal control group; PD = Parkinson’s disease;

PE = PD + exericse; SN = substantia nigra; ST = striatum; PSD95 = postsynaptic density 95;

SYN = synaptophysin; DAT = dopamine transporter.

3.5. Treadmill exercise regulates the mitochondrial respiratory chain in PD mice

Fig. 6A showed ATP content was significantly lower in both PD and PE group than

in NC group (***p < 0.001, **p < 0.01), with PE group slightly higher than PD group.
18



Western blot results (Fig. 6B-6E) showed that cytochrome c expression in SN and ST
of PD group was significantly reduced compared with NC group (*p < 0.05), and
cytochrome ¢ oxidase subunit IV (COXIV) and translocase of outer mitochondrial
membrane 20 (TOM20) in SN were also reduced (*p < 0.05, **p <0.01). After 8 weeks
of treadmill exercise, cytochrome c expression in SN was significantly upregulated (*p
< 0.05), TOM20 expression in ST was significantly upregulated (**p < 0.01), and
COXIV slightly increased over PD group. These results suggest 8 weeks of treadmill
exercise upregulated key mitochondrial respiratory chain proteins in PD neurons, while

restoration of ATP levels may require longer intervention.

Fig.6. Exercise regulates the mitochondrial respiratory chain in PD mice. (A) Statistical results
of ATP content for each group. (B-E) Expression results of the mitochondrial respiratory chain-
related protein for each group. ****p < 0.0001; ***p < 0.001; **p < 0.01; *p < 0.05. NC =
normal control group; PD = Parkinson’s disease; PE = PD + exericse; SN = substantia nigra;
ST = striatum; COXIV = cytochrome ¢ oxidase subunit IV; TOM20 = outer mitochondrial

membrane 20.
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3.6. Treadmill exercise improves mitochondrial function in PD mice

Western blot (Fig. 7A-7H) showed that Drp1 expression in SN and ST of PD group

was significantly higher than that in NC group (****p < 0.0001, **p < 0.01), and p-

Drpl expression was higher than NC group (***p <0.001, *p < 0.05). FIS1 expression

in the ST was significantly higher than that in NC group (*p < 0.05). PINK1 and Parkin

expression were significantly decreased compared with NC group (****p <(0.0001, *p

< 0.05, ***p < 0.001). LC3A/B and p62 expression were significantly decreased

compared with NC group (****p < 0.0001, ***p < 0.001, *p < 0.05). After 8 weeks of

treadmill exercise, Drpl decreased in SN and ST (***p < 0.001), p-Drpl expression

was slightly reduced, and FIS1 decreased in ST compared with PD group (**p < 0.01).

PINK1 and Parkin expression were significantly increased (*p < 0.05, **p < 0.01),

LC3A/B expression was slightly increased, and p62 expression significantly increased

in SN (*p < 0.05). mRNA analysis showed Drpl mRNA expression in PD group was

significantly higher than that in NC group (*p < 0.05), PINK1 and Parkin mRNA

expression were significantly lower (***p < 0.001, *p < 0.05). In PE group, PINK1

mRNA expression was significantly increased compared with PD group (***p <0.001).

These results suggest that 8-week treadmill exercise alleviated abnormal mitochondrial

fission and improved the mitochondrial fission-mitophagy imbalance in PD mice.
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Fig.7. Exercise regulates Drpl/PINK1 pathway in PD mice. (A-H) Expression results of

mitochondrial fission-and mitophagy-related protein for each group. (I-K) Expression results

of Drpl, PINKI1, Parkin mRNA. #***p < (0.0001; ***p < 0.001; **p < 0.01; *p < 0.05. NC =

normal control group; PD = Parkinson’s disease; PE = PD + exericse; SN = substantia nigra;

ST = striatum; Drpl = dynamin-related proteinl; p-Drpl = phosphorylated Drpl; FIS1

mitochondria fission proteinl; PINK1 = PTEN induced putative kinase 1; LC3A/B

microtubule-associated proteins 1A/1B light chain 3A/B; p62 = ubiquitin-binding protein p62.

3.7. Treadmill exercise regulates miRNA expression in SN of PD mice

Differential expression analysis (Fig. 8A-8F) revealed 81 significantly

upregulated and 72 significantly downregulated miRNAs in PD group compared with

NC group, and 7 upregulated and 7 downregulated miRNAs in PE group compared

with PD group. Summarized comparison of all differential miRNAs and verified
21



through PCR revealed that miR-7a-5p was significantly upregulated in PD group and
significantly downregulated in PE group (Fig. 8H). GO analysis identified functions
including cellular process, biological regulation, metabolic process, cellular component,
and binding (Fig. 8G). GO enrichment analysis of differential target genes revealed

biological processes including mitophagy and mitochondrial disassembly (Fig. 81).
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Fig.8. RNA sequencing and miR-7a-5p expression results. (A-B) Clustering heatmap of

differential miRNAs between three groups. (C-D) Volcano plot of differential miRNAs between

three groups. (E) Venn diagram of differential miRNAs among the three groups. (F) Bar chart
23



showing the number of differential miRNAs in each group. (G) GO annotation analysis of target
genes of differentially expressed miRNAs. (H) miR-7a-5p expression results in each group. (I)
GO enrichment analysis of target genes of differentially expressed miRNAs. ****p < 0.0001.
NC = normal control group; PD = Parkinson’s disease; PE = PD + exericse.
3.8. miR-7 regulates Drp1/PINK1 pathway in MPP*-treated cells

To further explore the effects of miR-7 on neurons, SH-SY5Y cells were exposed
to MPP" at different concentrations. CCK8 assay (Fig .9A) showed that treatment with
I mM and 1.3 mM MPP* significantly reduced cell viability compared with the 0 mM
(**p <0.01, ***p <0.001). miR-7-5p expression decreased at all tested concentrations
of MPP* (****p < (0.0001), and over time it first increased then declined (Fig. 9C).
Based on these results, cells treated with 1 mM MPP* for 24 hours were selected for

subsequent experiments.

Fig.9. Effects of different concentrations of MPP* on cells. (A) Cell viability after treatment
with different concentrations of MPP*. (B) miR-7-5p expression results after treatment with
different concentrations of MPP*. (C) miR-7-5p expression results after treatment with 1 mM
MPP* for different durations. ****p < (0.0001; ***p < 0.001; **p < 0.01; *p < 0.05.

To further verify the direct interaction between miR-7 and Drpl, dual-luciferase

reporter assays were performed (Fig.10A and 10B), the results showed that miR-7
24



overexpression inhibited Drp1 activity (****p < 0.0001). In MPP*-treated cells, miR-7
was significantly lower than NC group (****p < (0.0001). Drpl mRNA expression was
significantly higher (***p < 0.001), PINKI and Parkin mRNA expression were
significantly lower than NC group (*p < 0.05, ****p <0.0001). Overexpressing miR-7
increased miR-7 (****p < 0.0001), while Drpl mRNA expression was slightly
decreased compared with the MPP* group, PINK1 mRNA expression was slightly
increased, and Parkin mRNA expression was significantly increased compared with the
MPP* group (**p < 0.01). And miR-7 inhibition significantly increased Drpl
expression (*p < 0.05) and significantly decreased Parkin expression (¥p < 0.05).
PINK1 expression was significantly decreased in both MPP* group and miR-7 inhibitor
group (¥****p < 0.0001), miR-7 overexpression slightly decreased Drpl, and slightly
increased PINK1 and Parkin compared with MPP* group. These results suggest that

miR-7 may regulate PINK1/Parkin by targeting Drpl.
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Fig.10. In vitro validation of miR-7/Drp1/PINK1 pathway. (A-B) Dual-luciferase reporter assay
results. (C) miR-7-5p expression results in each group of cells. (D-F) Drp1, PINK1, and Parkin
mRNA expression results in each group of cells. (G-J) Drpl, PINKI1, and Parkin protein
expression results in each group of cells. ****p < (0.0001; ***p < 0.001; **p < 0.01; *p < 0.05.
NC =normal control group; Drp1 = dynamin-related protein1; PINK1 = PTEN induced putative
kinase 1.

3.9. Overexpression of miR-7 reduces PD-related phenotypes in MPP*-treated
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cells

To further verify the role of miR-7 in MPP* cells, immunofluorescence staining
was performed to detect the fluorescence intensity of TH and o-syn after miR-7
overexpression (Fig. 11A-11C). TH fluorescence intensity was significantly lower in
MPP* group than NC group (***p <0.001), while a-syn was significantly higher (***p
<0.001). Overexpressing miR-7 raised TH intensity (***p < 0.001) and lowered a-syn
intensity (***p < 0.001). Cell viability was significantly reduced in MPP* group (*p <
0.05), and slightly recovered after miR-7 overexpression. SYN and DAT expression in
MPP* group were significantly lower than in NC group (***p < 0.001), and were
slightly increased after miR-7 overexpression. These results indicate that MPP* induced
PD-like pathological, and miR-7 overexpression effectively reversed the abnormal
expression of TH and a-syn, with trends toward improved cell viability and synaptic

plasticity.
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Fig.11. Expression of PD-related and synaptic-related proteins in each group of cells. (A-C)

Immunofluorescence results for TH and a-syn in each group of cells. (D) CCKS8 assay results

in each group of cells. (E-G) Expression results for SYN and DAT in each group of cells. ****p

<0.0001; ***p <0.001; **p < 0.01; *p < 0.05. TH = tyrosine hydroxylase; a-syn = a-synuclein;

SYN = synaptophysin; DAT = dopamine transporter.

3.10. Overexpression of miR-7 improves mitochondrial function in MPP*-treated

cells

As shown in Fig. 12A and 12B, mitochondrial membrane potential was assessed

by JC-1 staining, the red/green fluorescence intensity ratio in MPP* group was

significantly lower than that in NC group (****p < (0.0001), indicating a marked
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decrease in mitochondrial membrane potential. The ratio was significantly increased
after miR-7 overexpression (*p < 0.05). ATP content was significantly decreased in
MPP* group than in NC group (****p < 0.0001), and was significantly increased after
miR-7 overexpression (***p <0.001). mtDNA copy number was significantly lower in
MPP* group than both NC group and miR-7 overexpression group (*p < 0.05). COXIV
and TOM20 expression in the MPP* group were significantly lower than those in NC
group (**p < 0.01, ***p < 0.001), and were slightly increased after miR-7
overexpression. Collectively, these results indicate that miR-7 overexpression
alleviated MPP*-induced mitochondrial dysfunction, enhanced energy production, and
increased mitochondrial membrane potential, mtDNA copy number, and ATP content,

with partial restoration of mitochondrial respiratory chain.
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Fig.12. Expression of mitochondrial function-related indicators in each group of cells. (A)

Representative images of JC-1 staining in each group. (B) Statistical results of JC-1

fluorescence intensity in each group. (C) ATP content in each group. (D) Statistical results of

the copy number of mtDNA in each group. (E-G) Expression results of mitochondria-related

proteins in each group. ****p < (0.0001; ***p < 0.001; **p < 0.01; *p < 0.05. mtDNA =

mitochondrial DNA; COXIV = cytochrome c oxidase subunit IV; TOM20 = outer

mitochondrial membrane 20.
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4.Discussion
4.1 Treadmill exercise regulates motor function and dopaminergic neurons in PD
Exercise is purposeful, planned, and repetitive physical activity for health
improvement, with fewer side effects compared with pharmacotherapy. !! Long-term
exercise may delay the onset of PD in at-risk populations and reduce its incidence. '
Aerobic exercise alleviates motor symptoms, effectively reduces the incidence of falls,
improves quality of life, and lessens the burden on families and society in PD patients.
13 Running training notably improves lower-limb mobility in PD patients. '* Animal
studies confirm that gait-impaired rats have shortened stride length and increased stance
width, 15 whereas exercise significantly improves gait speed, stride length, and stance
width, limits dopaminergic neuron loss, and upregulates TH and BDNF expression. ¢
MPTP-treated mice show prolonged pole test times and shortened hanging durations,
17 whereas exercised MPTP mice show reduced turn-down and total pole times. '® In
the present study, intraperitoneal MPTP induced tremor and rigidity in mice. After
7days of injection, mice exhibited slower climbing speed, shorter hanging durations,
decreased stride length, and increased stance width, indicating motor coordination
impairment and reduced limb strength. TH decreased and a-syn aggregated in SN and
ST, confirming successful PD modelling. After 8 weeks of treadmill exercise, PD mice
showed improved motor coordination, normalized gait, increased TH expression, and
reduced a-syn accumulation. Thus, treadmill exercise limits dopaminergic neuron loss

and restores motor function in PD mice.
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4.2 Treadmill exercise regulates synaptic plasticity and synaptogenesis

EPSC and IPSC are key electrical signals for neuronal communication. mEPSCs
and mIPSCs reflect excitatory and inhibitory postsynaptic currents, respectively. In this
study, PD group showed a significantly decreased mEPSC frequency and a significantly
increased mIPSC frequency than NC group, indicating reduced excitatory input drive
and increased inhibitory neurotransmitter release to dopaminergic neurons. These
changes implied impaired synaptic function, reduced neural network activity, and
restricted dopaminergic firing, lead to motor initiation difficulties and reduced
movement fluency in PD. After 8 weeks of treadmill exercise, these synaptic
abnormalities were effectively reversed. PE group showed significantly increased
mEPSC frequency and significantly decreased mIPSC frequency compared with PD
group, suggesting reversal of excitatory weakening, relief of excessive inhibition of
dopaminergic neurons, and enhanced synaptic plasticity.

Study established PD model by injecting a-syn into the mouse striatum and found
decreased striatal synaptic currents, reduced dendritic spine density, decreased TH
expression, and impaired motor and cognitive function in mice. ' SYN (a synaptic
vesicle phosphoprotein) and PSD95 (a postsynaptic scaffold) are markers of synaptic
abundance and structure. Singh et al. reported shortened dendritic length and reduced
SYN and PSD95 in PD rats, 2° and exercise restored these in MPTP-treated mice. 2! In
the present study, BrdU-positive neurons density in MPTP mice was significantly

decreased compared with NC group. 8 weeks of treadmill exercise increased
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BrdU-positive neuron numbers and upregulated PSD95 and SYN expression in MPTP
mice. These findings suggest that 8 weeks of treadmill exercise promotes neuronal
synaptogenesis in PD.
4.3 Treadmill exercise mediates the protective effects of the Drp1/PINK1/Parkin
pathway on neuronal mitochondria

Synaptic transmission is a complex and energy-demanding process, and
mitochondria, as the energy factories, supply ATP for synaptic function. 22
Mitochondrial dysfunction is a key factor in PD pathogenesis. >*** Mitochondrial
fission is essential for biogenesis, transport, distribution, and quality control, but
excessive fission links to mitophagy. Dysregulation of this fission-mitophagy axis may
may underlie PD neuron vulnerability. Drpl binds FIS1 and mitochondrial fission
factor (Mff) to drive mitochondrial membrane constriction and fission, 2 and inhibiting
excessive Drpl activation normalizes fission. 2* PINKI-deficient dopaminergic
neurons reduces mitochondrial respiratory capacity, increased expression of
Parkin-interacting substrate (PARIS), and reduced numbers of newly generated
mitochondria, indicating the key role for PINK1 in regulating mitochondrial biogenesis
via PARIS/PGC-1a. ?’ Overexpression PINK 1/Parkin reduces reactive oxygen species

(ROS) and sustains mitophagy. 2%

Damaged mitochondria are cleared by
macroautophagy and mitophagy through PINK1/Parkin signaling pathway, a process

activated by exercise. 2*3° Experimental has shown treadmill exercise upregulates

TOM?20 expression, protects mitochondrial integrity, and activates mitochondrial
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biogenesis, thereby alleviating cerebral ischemia-induced neuronal damage. !> MPTP
impairs clearance of dysfunctional SN mitochondria, while exercise restores network
balance via mitophagy. 3> However, existing studies report conflicting findings
regarding the direction of exercise-induced regulation of the PINK 1/Parkin pathway in
PD. Hwang et al. found PINK1/Parkin elevated in MPTP-treated mice and lowered by
exercise. * Chuang et al. reported that PINK1 increased but Drp1/Parkin decreased in
PD rats, and exercise reversed this abnormal expression pattern. ** Additional evidence
showed that inhibiting Drpl upregulates striatal TH, enhances PINKI1/Parkin, and
improves mitochondrial ultrastructure. * Similarly, the present study found Drp1 and
p-Drpl in PD mice were significantly increased, PINK1 and Parkin were significantly
decreased, and autophagy-related proteins LC3A/B and p62 were significantly
decreased. After 8 weeks of exercise, Drpl protein expression decreased, p-Drpl and
FIS1 showed a decreasing trend, PINK1 and Parkin protein expression increased, and
PINK1 mRNA and p62 protein expression increased. These findings suggest that
exercise may promote the clearance of dysfunctional mitochondria, restore
mitochondrial homeostasis by inhibiting pathological mitochondrial fission, and
supports synaptic regeneration, delaying dopaminergic neuron degeneration in PD.
4.4 Treadmill exercise regulates miR-7 to improve synaptic function in PD
miRNAs can participate in the development and progression of PD by negatively
regulating gene expression, and thus targeting PD-related miRNAs holds potential

therapeutic value. *® For example, miR-34b/c downregulates SNCA, causing o-syn

34



deposition and neuronal death, ¥’ while miR-29a reduces ROS and inflammation.

Furthermore, exercise has been shown to influence neuronal function by modulating
various miRNAs. Exercise may inhibit miR-382-3p, upregulate BDNF and improve
cognitive impairment in diabetic mice. ¥ In this study, RNA sequencing and
intersection with exercise-altered miRNAs identified miR-7a as a key miRNA.
However, the specific mechanisms remain to be further validated.

Studies have shown that miR-7 levels are significantly decreased in the brain
tissues of PD patients and PD animal models, * correlating with o-syn deposition and
dopaminergic neuron loss. In the present study, miR-7a was significantly decreased in
PD group compared with NC group, and similar changes were observed in
MPP*-treated cells. MPP* decreased cell viability, reduced TH, SYN and DAT
expression, increased o-syn accumulation. miR-7 mimic reversed these changes,
raising TH and lowering a-syn fluorescence intensity, with improving trends in cell
viability and synaptic proteins. These results suggest that miR-7 protects against
MPP*-induced dopaminergic neuronal injury, and exercise may influence PD by
regulating miR-7.

4.5 miR-7/Drp1/PINK1 pathway modulates neuronal mitochondrial function

Balanced mitochondrial fission and fusion are essential for maintaining cell
function and viability. Drpl regulates fission and mitophagy, but its hyperactivity
disrupts morphology, elevates oxidative stress, and dysregulates apoptosis and

mitophagy, contributing to neurodegeneration. *! Experimental evidence showed that
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Drpl were significantly increased in PD patients and PD transgenic mice. ** In recent
years, the regulatory role of miRNAs in mitochondrial function has gained increasing
attention. In vitro studies showed that miR-128-3p reduces Drpl-mediated fission and
restores membrane potential. ** while miR-455-3p upregulates PINK 1, Parkin, PSD95,
and SYN and improves cognition in Alzheimer’s disease mice. ** A review summarized
that exercise can positively influence mitochondrial function by modulating miRNAs.
For example, miR-499, miR-181a, and miR-133a improve mitochondrial biogenesis
and affect muscle mass, and exercise such as swimming and running increases
miR-181a expression. *° Studies noted that miR-7 regulates dopaminergic neuron
generation, “® and hippocampal synaptic plasticity by targeting selenoprotein P (SEPP1)
and nuclear receptor subfamily 4 group A member 3 (NR4A3). 78 To further explore
the targeting relationship between miR-7 and Drpl, as well as the role of the
miR-7/Drpl in PD mitochondrial function, dual-luciferase assays were performed in
the present study to verify that miR-7 directly targets Drpl. miR-7 mimic in
MPP*-treated SH-SY5Y cells reduced Drpl activity, increased Parkin mRNA, restored
membrane potential, ATP, mtDNA, and trended up COXIV/TOM?20. These findings
further indicate that miR-7 attenuates abnormal mitochondrial fission and repairs
mitochondrial respiratory chain function by targeting and inhibiting Drpl, thereby
exerting a protective effect against PD-related mitochondrial damage.

In summary, this study systematically elucidates a complete molecular regulatory

axis of “exercise - miR-7/Drp1/PINK1 - mitochondrial function - synaptic plasticity -
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PD symptoms” (as shown in Fig .13), providing a new theoretical basis for
understanding the mechanisms by which exercise improves PD. However, this study
has certain limitations. The upstream regulatory mechanisms by which exercise
modulates miR-7 remain unclear and require further investigation. The experiments
were performed only in PD mice and cells, lacking evidence from human studies.
Future studies may incorporate genetically modified animal models, both sexes, and
clinical samples to further deepen the understanding of the neuroprotective mechanisms

of exercise.

Fig.13. Schematic diagram of the exercise-mediated miR-7/Drp1 pathway.
S.Conclusion

The results of this study indicate that 8 weeks of treadmill exercise may exert
neuroprotective effects on PD by regulating miR-7/Drp1/PINK1 pathway, which
inhibits excessive mitochondrial fission and activates mitophagy, enhances synaptic
plasticity, delays dopaminergic neuron degeneration, and thereby improves motor
function.
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