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STAT6 Overexpression Attenuates Parkinson’s Disease
Pathology Through mTOR Activation
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Background: Parkinson’s disease (PD) is a neurodegenerative disorder that affects motor and non-motor functions. However,
the molecular mechanisms underlying PD remain unclear, and effective treatments are limited. Recent advances in single-cell
RNA sequencing provide new insights into PD. Therefore, this study aims to explore cellular and molecular changes in PD using
high-dimensional transcriptomic analysis.

Methods: This study analyzed single-cell RNA sequencing data (GSE157783) and gene expression data from the substantia
nigra (GSE20292 and GSE20333). Dimensionality reduction and clustering identified 17 cell populations, and differential gene
expression analysis identified signal transducer and activator of transcription 6 (STAT6) as a key regulator, which was further
examined in PD model cells.

Results: Single-cell analysis revealed significant differences (p < 0.05) in specific cell populations between PD and control samples.
STAT6 was identified as a key gene upregulated in both single-cell and tissue-level datasets. In vitro experiments showed that
the overexpression of STAT6 in PD model cells reduced apoptosis and o-synuclein aggregation, while improving cell viability
and migration (p < 0.05) by activating the mechanistic target of rapamycin (mTOR) signaling pathway. Conversely, STAT6
knockdown significantly increased apoptosis and aggregation of a-synuclein, and reduced cell viability and migration (p < 0.05).
Additionally, the neuroprotective effect of STAT6-overexpression was significantly inhibited by the mTOR inhibitor, Rapamycin
(p < 0.05).

Conclusion: This study highlights STAT6 as a key molecular regulator in PD, suggesting that targeting the STAT6-mTOR axis
could be a promising therapeutic strategy in managing this disease. Future research should focus on further elucidating the role
of STAT6 in the progression of PD and evaluating its therapeutic potential.
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Introduction Signal transducer and activator of transcription 6
(STAT®6) has been implicated in various neuroinflammatory
diseases [3] and is increasingly recognized for its role in the
pathogenesis of PD through modulation of microglial acti-
vation and cytokine release. As a key transcription factor,
STATG6 plays a crucial role in regulating immune responses,
particularly by promoting T helper 2 (Th2) cell activation
and modulating inflammation [4]. In the context of PD,
emerging evidence has linked STAT6 with neuroinflamma-
tion, particularly the activation of M2 microglia, which are
key mediators of neuroinflammatory responses [5]. Addi-
tionally, STAT6 influences several downstream pathways,
including those that regulate apoptosis, cell survival, and
tissue remodeling [6—8], all of which can significantly af-
fect the progression of neurodegenerative diseases such as
PD. Studies have indicated that reduced STAT6 expression
exacerbates neuronal loss and impairs cell migration [8,9].

Parkinson’s disease (PD) is a progressive neurodegen-
erative condition marked by the deterioration of dopaminer-
gic neurons within the substantia nigra. This neuronal de-
generation results in motor impairments, such as tremors,
muscle stiffness, and bradykinesia (slow movement), along
with non-motor manifestations, including cognitive impair-
ment and mood disorders, particularly depression [1]. De-
spite extensive research into its pathophysiology [1], the
precise molecular mechanisms driving PD remain incom-
pletely understood, and effective therapies targeting the un-
derlying causes are limited. Recent advances in single-cell
RNA sequencing have provided a powerful approach to ex-
amine the cellular heterogeneity within the brain and to
unravel the complex molecular landscape involved in neu-
rodegenerative diseases like PD [2].
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Hence, STAT6 is emerging as a crucial molecular regulator
of inflammatory response and cellular dysfunction in PD,
highlighting it as a promising therapeutic target to allevi-
ate neuroinflammation and prevent neuronal degeneration
in PD.

The mechanistic target of rapamycin (mTOR), a
highly conserved serine/threonine kinase, is widely ex-
pressed across mammalian cell types, where it primarily
regulates cell growth, proliferation, survival, metabolism,
protein synthesis, and autophagy [10,11]. Recent studies
have reported mTOR as a key modulator of neurodevel-
opmental processes, including neuronal maturation, main-
tenance, and phenotypic specialization, and have demon-
strated its critical role in synaptic plasticity [12]. Recent
evidence further indicates that dysregulation of mTOR sig-
naling is implicated in PD pathogenesis, whereas its proper
activation may exert neuroprotective effects [13,14].

Therefore, this study aims to elucidate cellular and
molecular changes in PD using high-dimensional transcrip-
tomic analysis. Our results show that STAT6 overexpres-
sion activates the mTOR signaling pathway, while inhibi-
tion of mTOR with Rapamycin significantly reduces cell
apoptosis and viability in PD model cells. These findings
suggest that the STAT6-mTOR axis may contribute to the
pathophysiology of PD and highlight its potential as a ther-
apeutic target.

Materials and Methods

Data Collection and Preprocessing

Three datasets were used in this study to investigate
the role of STAT6 in Parkinson’s disease (PD) through
both single-cell transcriptomics and tissue-level gene ex-
pression analyses. The single-cell RNA sequencing dataset
GSE157783 (https://www.ncbi.nlm.nih.gov/geo/query/acc
.cgi?acc=GSE157783) was retrieved from the Gene Ex-
pression Omnibus (GEO) database, consisting of tran-
scriptomic data of 41,435 cells derived from 6 control
individuals and 5 PD patients. The tissue-level gene
expression data were obtained from two GEO datasets:
GSE20292 (https://www.ncbi.nlm.nih.gov/geo/query/acc.c
gi?acc=GSE20292) and GSE20333 (https://www.ncbi.nlm
.nih.gov/geo/query/acc.cgi?acc=GSE20333), both includ-
ing substantia nigra samples from PD patients and normal
controls. GSE20292 contains data from 15 controls and 11
PD patients, while GSE20333 includes 6 controls and 6 PD
patients.

Single-Cell RNA Sequencing Data Analysis

Single-cell transcriptomic data analysis was per-
formed using the Seurat package in R (version 4.0) for R,
maintained by the Satija Lab, New York Genome Center,
New York, NY, USA. The raw counts from GSE157783
were first processed to generate a Seurat object. Quality
control filtering excluded cells with fewer than 200 detected
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genes or with mitochondrial gene expressions greater than
10%. The data were then normalized using the Seurat func-
tion “NormalizeData” with a log-transformation method.
For dimensionality reduction, the data were scaled and sub-
jected to principal component analysis (PCA), with the first
30 principal components selected for downstream analy-
ses. Single-cell clustering was performed using the “Find-
Clusters” function at a resolution of 0.5, and t-distributed
stochastic neighbor embedding (t-SNE) was used for visu-
alizing the clusters. Cell types were annotated using the
SingleR package in R based on reference datasets for astro-
cytes, endothelial cells, and macrophages. Differentially
expressed genes (DEGs) across all clusters were identified
using the “FindMarkers” function in Seurat with an adjusted
p-value threshold of <0.05.

Tissue-Level Gene Expression Analysis

Differential expression analysis of the gene expression
data from GSE20292 and GSE20333 was conducted utiliz-
ing the DESeq?2 package in R. Raw counts were normalized
through the “DESeqDataSetFromMatrix” function, and dif-
ferential expression between PD samples and controls was
evaluated with the “DESeq” function. Genes with an ad-
justed p-value < 0.05 were identified as DEGs. Volcano
plots were created with the “ggplot2” package to visualize
significantly upregulated and downregulated genes. Over-
lapping DEGs between the two datasets were determined
using Venn diagram analysis. Additionally, to investigate
the biological processes, cellular components, and molec-
ular functions related to these genes, Gene Ontology (GO)
and Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway enrichment analyses were performed using the
“clusterProfiler” package in R.

Gene Expression Integration and STAT6 Analysis

The DEGs identified from both the single-cell and
tissue-level analyses were integrated to unveil shared al-
terations in PD. STAT6 was identified as a predominantly
upregulated gene in both datasets and was selected for fur-
ther investigation. Furthermore, protein-protein interac-
tions (PPIs) between STAT6 and other DEGs, focusing on
those related to immune response and neuroinflammation,
were assessed using the STRING database (https://string-d
b.org/).

Cell Culture and Transfection

Human neuroblastoma SH-SYS5Y cells (American
Type Culture Collection, ATCC, Manassas, VA, USA,
#CRL-2266) were cultured in Dulbecco’s modified Ea-
gle’s medium (DMEM, Gibco,11965126) supplemented
with 10% fetal bovine serum (FBS, Solarbio, China, 11011-
8611) and 1% penicillin-streptomycin at 37 °C in a hu-
midified atmosphere with 5% CO,. Cell lines were ver-
ified through short tandem repeat (STR) profiling, and
cultures screened for mycoplasma contamination. To es-
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tablish a PD cellular model, SH-SY5Y cells were treated
with 1 mM 1-methyl-4-phenylpyridinium (MPP+, Sigma,
D048) for 24 hours [15]. The effect of STAT6 overex-
pression and knockdown was investigated by transfecting
cells with either a STAT6 expression vector (for overexpres-
sion) or siRNA targeting STAT6 (for knockdown). Trans-
fection was conducted using Lipofectamine 2000 (Invitro-
gen, 11668500) following the manufacturer’s instructions,
and cells were collected 48 hours post-transfection for fur-
ther analyses. The STAT6 gene was amplified using the
following primers:

(Forward: 5'-ACCCTCGAGTCCGCCACCATGGC
TCTGTGGGGTCTG-3;

Reverse: 5'-CAGCTGGGATCGAATTCTGGGGT
TGGCCCT-3’) and was then cloned into the pDsRed2-
N1 vector (BD Biosciences Clontech) to generate an RFP-
tagged overexpression construct. Cells transfected with the
empty vector (EV) plasmids served as the control group for
STAT6 overexpression experiments. Sequences of siRNAs
are given in Table 1.

Apoptosis and Cell Viability Assays

Apoptosis was evaluated using Annexin V/propidium
iodide (PI) staining. Following the manufacturer’s instruc-
tions, cells (1 x 105/mL) were collected, rinsed, and la-
beled with Annexin V-FITC and PI (Beyotime, C1062) for
10 minutes in the dark. Apoptotic cells were quantified us-
ing a flow cytometer (BD Biosciences, NJ, USA, 95131),
with subsequent data analysis performed through FlowJo
software (Tree Star, Ashland, OR, USA).

Cell viability was determined using the MTT as-
say. Specifically, SH-SYS5Y cells were cultured in 96-well
plates and exposed to MPP+ (1mM) for 24 hours. Af-
terward, cells were incubated with MTT reagent (Sigma-
Aldrich, St. Louis, MO, USA; #CTO01) for 4 hours, and ab-
sorbance was recorded at 490 nm using a microplate reader
(BioTek Instruments, Winooski, VT, USA, #Synergy H1).
Cell viability was calculated by normalizing the absorbance
of treated cells against that of untreated controls, after sub-
tracting background signals from the blank wells.

Table 1. Sequences of siRNAs used in generating
STAT6-knowdown construct.

iSTAT6- rward: fl AGAAGAUCUUCAAUGACAACA- /
S1 I'6 3

S 6 Forward: 5/ GGAGACCACUGGAGAGCUAGA !’
S1 AT6-2 3

i ‘AT6-3 : C GAAGAACUCAAGU- /
siS GCAG C 3

Forward: 5'-UUCUCCGAACGUGUCACGUTT-3’

Reverse: 5'-ACGUGACACGUUCGGAGAATT-3'
STAT®6, signal transducer and activator of transcription 6; siS-
TAT6, small interfering RNA targeting STAT6; siNC, negative
control siRNA.

SiNC

Western Blot Analysis

Protein expression was assessed using Western blot
analysis. Cells were harvested at 70-80% confluence, and
cell lysates were prepared using RIPA buffer supplemented
with protease inhibitors. Equivalent volumes of pro-
tein were resolved by SDS-PAGE and subsequently trans-
ferred onto PVDF membranes (MilliporeSigma, Burling-
ton, MA, USA, IPVH00010). The membranes were
blocked using 5% skim milk and then incubated with pri-
mary antibodies targeting STAT6 (1:1000, #9362), mTOR
(1:1000, #2972), phosphorylated mTOR (p-mTOR, 1:1000,
#5536), S6K (1:1000, #9202), phosphorylated S6K (p-S6K,
1:1000, #9234), 4EBP1 (1:1000, #9452), and phosphory-
lated 4EBP1 (p-4EBP1, 1:1000, #13443), all sourced from
Cell Signaling Technology. Following incubation with
horseradish peroxidase (HRP)-conjugated secondary anti-
bodies (1:1000, Cell Signaling Technology, #7074, #7076),
the protein bands were visualized using an ECL detection
kit (Thermo Scientific, #34580). p-actin (1:1000, Cell
Signaling Technology, #4967) served as the loading con-
trol. Protein bands were visualized using a commercial
chemiluminescent substrate (Pierce Biotech Inc., Rockford,
IL, USA, #32132) and captured using a ChemiDoc™ MP
Imaging System (Bio-Rad, Hercules, CA, USA, Chemi-
Doc™ MP), with subsequent densitometric analysis per-
formed using ImageJ (version 1.53) (National Institutes of
Health, USA).

Immunofluorescence Staining

For immunofluorescence analysis, cells were first
fixed with 4% paraformaldehyde (Beyotime Biotechnol-
ogy, Shanghai, China, P0099-3L), permeabilized with
0.1% Triton X-100 (Beyotime Biotechnology, Shanghai,
China, C1715), and subsequently blocked with a 5% bovine
serum albumin. Samples then underwent overnight incuba-
tion at 4 °C with primary antibodies targeting a-synuclein
(1:100, Proteintech, 10842-1-AP). The next day, samples
were incubated with Alexa Fluor 594-conjugated secondary
antibodies (1:50, Thermo Scientific, #A-11012). Nuclei
were counterstained with DAPI (1:5000, Thermo Scien-
tific, #D3571). Confocal images were acquired using an
Olympus FV3000 confocal microscope (Olympus Corpo-
ration, Tokyo, Japan, FV3000) and quantified using the Im-
age J software (Version 1.52a, NIH, Bethesda, MD, USA)
by measuring mean fluorescence intensity across at least 3
fields per sample, background subtracted, from three inde-
pendent experiments.

Wound Healing Assay

Cell migration was evaluated using a wound healing
assay. SH-SYS5Y cells were cultured at a density of 4 x 10°
cells per well in 6-well plates and transfected with either a
STAT6 overexpression vector or STAT6-targeting siRNA.
After 24 hours, a sterile pipette tip (Thermo Fisher Scien-
tific, Waltham, MA, USA, #712010) was used to create a
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wound in the cell monolayer. Cells were then cultured in
serum-free medium, and images were captured at 0 and 24
hours to measure the migration rate. The migration rate was
assessed using the following formula: Migration rate (%) =
[(Ao — A24)/Ap] x 100.

Real-Time PCR

Total RNA was isolated from cultured cells using
RNAiso Plus (TaKaRa), and 2 pg of RNA was reverse-
transcribed into cDNA using PrimeScript™ II reverse tran-
scriptase (TaKaRa). Target transcript amplification was
performed in qRT-PCR using SYBR Green (TaKaRa).
For quantitative analysis, the expression levels of STAT6,
iNOS, TNF-a, and IL-15 were normalized to [-actin and
calculated using the 2~22C algorithm. The sequences of
the qPCR primers used in this study are provided in Table 2.

Reactive Oxygen Species (ROS) Measurement

Intracellular ROS were quantified using the Cellular
ROS Assay Kit (Abcam, #ab186029). Briefly, cell suspen-
sions (200 pL, 1-1.5 x 105 cells) were incubated with 2 uL
of the ROS detection reagent in 6-well plates at 37 °C for
30 minutes in the dark. Fluorescence intensity was sub-
sequently determined at an excitation wavelength of 648
nm using a fluorescence microscope (LSM880, Zeiss, Ger-
many). Mean fluorescence intensity was quantified us-
ing Image J software (Version 1.52a, NIH, Bethesda, MD)
across at least 3 fields per sample, after background sub-
traction, from three independent experiments.

Statistical Analysis

Statistical analyses were conducted using GraphPad
Prism (version 8.0, GraphPad Software, San Diego, CA,
USA). Each experiment was independently repeated three
times. Data normality was performed using the Shapiro-
Wilk test. Results are expressed as the mean + standard
deviation (SD). Comparisons between two groups were per-
formed using Student’s 7-tests, while multiple group com-

Table 2. Sequences of primers used in qRT-PCR.
Forward: 5'-CTCGCTGGACAGAGCTACAG-3’

STAT6 Reverse: 5'-GACTTGGAGGTTGCCTCGGA-3’

INOS Forward: 5'-GCACGGCAACACATTGAA-3’
Reverse: 5'-TGAGGTTCTGAAGGCCTAAATC-3’

TNF- Forward: 5'-AGGCGGTGCTTGTTCCTCA-3’

N Reverse: 5'-AGGCGAGAAGATGATCTGACTGCC-3/
Forward: 5'-TGAAGCAGCTATGGCAACTG-3’
Reverse: 5'-CTGCCTTCCTGAAGCTCTTG-3/
Forward: 5'-GACCCAGATCATGTTTGAGA-3’
Reverse: 5'-GCTTGCTGATCCACATCTGC-3’

iNOS, Inducible Nitric Oxide Synthase; TNF-«, Tumor Necro-

sis Factor-a; IL-13, Interleukin-13; qRT-PCR, Quantitative Re-

verse Transcription Polymerase Chain Reaction.

IL-18

[B-actin
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parisons were conducted using one-way ANOVA followed
by Tukey’s post-hoc test. For non-normally distributed
data, comparison between two groups was performed using
Mann-Whitney U test. Statistical significance was defined
at a p-value of less than 0.05.

Results

Single-Cell Transcriptomic Profiling of Parkinson's
Disease Using the GSE157783 Dataset

The GSE157783 dataset, comprising single-cell tran-
scriptomic sequencing data of 41,435 cells derived from 6
control individuals and 5 Parkinson’s disease (PD) patients,
was retrieved from the GEO database. Single-cell analy-
sis was conducted using the Seurat package in R to per-
form dimensionality reduction and clustering (Fig. 1A), re-
sulting in the identification of 17 distinct cell populations.
Cell types were annotated using the SingleR package in R,
yielding an annotated dimensionality reduction cluster map
(Fig. 1B). Annotation results revealed that clusters 0, 1, 2,
3,4,6,7,10, 11, 12, 13, 14, 15, and 16 corresponded to
astrocytes, clusters 8 and 9 to endothelial cells, and clus-
ter 5 to macrophages. Additionally, a heatmap of differ-
entially expressed genes across all clusters was also gen-
erated (Fig. 1C). Based on sample characteristics, the cells
were categorized into a control group (Group C) and a PD
group (Group PD), and dimensionality-reduced clustering
maps were generated for both groups (Fig. 2A). Analysis
demonstrated that certain cell populations exhibited signif-
icant differences between the two conditions, particularly
in 13 clusters where only data from normal samples were
present, with no corresponding data from PD samples. Con-
sequently, an individual-level percentage chart was gener-
ated, illustrating the proportion of each sample within each
cell population (Fig. 2B). It was noted that although these 13
clusters originated from control samples, most of the data
came from a single sample exhibiting deviation, leading to
their exclusion from further analyses. Additionally, box
plots were constructed, comparing the two groups based on
the proportion of each cell population (Fig. 2C), revealing
substantial differences in three specific clusters, 0, 2, and 5
(» < 0.05).

Differential Gene Expression Analysis of Substantia
Nigra Tissue in PD Using the GSE20292 and
GSE20333 Datasets

Substantia nigra matrices gene expression tissue as-
sociated with PD, specifically GSE20292 (15 normal con-
trols and 11 PD cases) and GSE20333 (6 normal controls
and 6 PD cases), were retrieved from the GEO database.
Differential expression analysis was conducted using the
“DESeq2” package in R, and volcano plots illustrating find-
ings were generated with the “ggplot2” package (Fig. 3A
for GSE20292, Fig. 3B for GSE20333). Intersection analy-
sis across the two datasets yielded 29 co-upregulated genes
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Fig. 1. Single-Cell Transcriptomic Analysis of Parkinson’s Disease (PD) and Control Samples. (A) Dimensionality reduction and
clustering of the GSE157783 single-cell transcriptomic dataset using the Seurat package in R, resulting in the identification of 17 distinct
cell populations. (B) Annotated dimensionality-reduced cluster map of the cell populations, where clusters 0, 1, 2, 3, 4, 6, 7, 10, 11, 12,

13, 14, 15, and 16 correspond to astrocytes, clusters 8 and 9 to endothelial cells, and cluster 5 to macrophages. (C) Heatmap showing the
DGE (Differential Gene Expression) across all 17 clusters.
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Fig. 2. Comparison of Single-Cell Populations Between PD and Control Groups. (A) Dimensionality-reduced clustering map com-
paring PD and control groups, highlighting the significant differences in cell populations between the two conditions. (B) Individual-level
percentage chart illustrating the proportion of each sample within each cell population, showing the deviation in one normal sample that
was excluded from further analysis. (C) Box plots comparing the proportion of each cell population between PD and control groups,
with significant differences observed in clusters 0, 2, and 5.
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Fig. 3. Differential Gene Expression Analysis of Substantia Nigra Tissue in PD. (A) Volcano plot illustrating the differential gene
expression results for the GSE20292 dataset (15 normal controls and 11 PD cases). (B) Volcano plot for the GSE20333 dataset (6 normal
controls and 6 PD cases). (C) Venn diagram displaying the 29 upregulated and 26 downregulated genes that are shared between both
datasets. (D) Venn diagram of the intersected downregulated genes between the two datasets. (E-H) Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway analysis of the 55 differentially expressed genes, showing the biological processes

(GO-BP, E), cellular components (GO-CC, F), molecular functions (GO-MF, G), and enriched pathways (KEGG, H).
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Fig. 4. Identification of Differentially Expressed Genes and the Role of STAT6 in PD Pathogenesis. (A—C) Integration of DEGs
from single-cell analysis and tissue-level sequencing. (D) STRING PPI analysis showing interactions between PDGFRB, CSFIR, STAT6,
and PPARD, with STATG6 at the center, suggesting its key role in PD pathogenesis. (E,F) Box plots comparing the expression of STAT6
between the PD and control groups in the GSE20292 (E) and GSE20333 (F) datasets. CSF1R, Colony-Stimulating Factor 1 Receptor;
PDGFRB, Platelet-Derived Growth Factor Receptor Beta; PPARD, Peroxisome Proliferator-Activated Receptor Delta.

and 26 co-downregulated genes (Fig. 3C Venn diagram of
upregulated; Fig. 3D Venn diagram of downregulated). Ad-
ditionally, Gene Ontology (GO) and Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway analyses were per-
formed on these 55 differentially expressed genes (Fig. 3E
for GO-BP; Fig. 3F for GO-CC; Fig. 3G for GO-MF; and
Fig. 3H for KEGG). Additionally, correlation analysis re-
vealed an association between STAT6 and genes within the
mTOR signaling pathway (Supplementary Fig. 1A,B) (p
< 0.05).

Identification of Differentially Expressed Genes and
the Role of STATG6 in PD Pathogenesis

Single-cell analysis demonstrated significant differ-
ences in cell populations 0, 2, and 5 between normal indi-
viduals and PD patients. Therefore, DEGs from these popu-
lations were integrated with those identified through tissue-
level sequencing (Fig. 4A—C). Specifically, the downreg-
ulated genes included PRKACB, KIF24, SRPK2, CHNI,
ALDHIAI, GBE1, ZMYM4, and UBE2K, whereas the up-
regulated genes comprised CD22, RYRI, PABPNI, PALM,
PDGFRB, SMTN, CSFIR, STAT6, and PPARD. STRING-
based protein-protein interaction analysis showed that
PDGFRB, CSFIR, STAT6, and PPARD formed a network,
with STAT6 occupying a central position (Fig. 4D). Subse-
quently, comparison of STAT6 expression between normal

individuals and PD patients in these datasets revealed sig-
nificantly increased STAT6 levels in PD patients (Fig. 4E,F,
p < 0.05), suggesting that STAT6 plays a pivotal role in PD
pathogenesis.

In Vitro Validation of STAT6 Overexpression and
Knockdown in PD Model Cells

To further elucidate the role of STAT6 in PD, we con-
ducted a series of in vitro cellular experiments. We se-
lected the SH-SY5Y neuroblastoma cell line, commonly
employed in neurodegenerative disease research. Initially,
STAT6 expression was assessed in an MPP+-induced PD
cell model, and cell viability was evaluated after MPP+ in-
duction. The results demonstrated a significant reduction
in cell viability in the MPP+ group, confirming successful
establishment of the PD model (Fig. 5A) (p < 0.05). Sub-
sequent JPCR and Western blot analyses revealed upregu-
lated STAT6 expression in the PD model group compared
to controls (Fig. 5SB,C) (p < 0.05). Based on these observa-
tions, ImM-induced SH-SY5Y cells were used for subse-
quent experiments. STAT6 knockdown and overexpression
were then established in PD model cells, and the efficiency
of these manipulations was determined (Supplementary
Fig. 1C,D) (p < 0.05). Hence, siSTAT6-1 was selected
for downstream experiments as it demonstrated the highest
knockdown efficiency.
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Fig. 5. In Vitro Validation of STAT6 Overexpression in PD Model Cells. (A) Cell viability in MPP+-induced PD cells was measured
using the MTT assay (N = 3). (B,C) The mRNA and protein levels of STAT6 were assessed using qPCR and Western blot analyses in
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MTT assay in STAT6-overexpressing SH-SYSY cells compared to the empty vector (EV) group (N = 3). (E) a-Synuclein expression
was evaluated using immunofluorescence staining (N = 3). (F) The apoptosis rates were assessed in the STAT6 overexpression group
compared to the EV group using Annexin V/PI double staining (N = 3). (G) Cell scratch assay (N = 3). **p < 0.01, ***p < 0.001, ****p

< 0.0001.

Further assessment using the MTT proliferation assay
revealed that SH-SY5Y cells overexpressing STAT6 exhib-
ited significantly increased viability compared to the con-
trol group (Fig. 5D) (p < 0.05). Immunofluorescence stain-
ing showed a significant decrease in a-synuclein expres-
sion, a crucial pathological marker of PD, in the overex-
pression group (Fig. 5E) (p < 0.05). Apoptosis analysis
through Annexin V/PI double staining revealed a signifi-
cantly lower apoptotic rate in STAT6-overexpressing cells
compared to controls (Fig. 5F) (p < 0.05). Additionally, a
cell scratch assay demonstrated increased migration capa-
bility in STAT6-overexpressing cells (Fig. 5G) (p < 0.05).
Overall, these findings suggest that elevated STAT6 expres-
sion in the PD cell model alleviates PD-related pathological
phenotypes and exerts a protective role.

We further investigated the impact of STAT6 knock-
down on PD model cells. Specifically, SH-SYSY cells
were transfected with siRNA to suppress STAT6 expres-
sion. Annexin V/PI double staining indicated a signifi-
cantly higher apoptosis rate in the STAT6 knockdown group
compared to the control groups (Fig. 6A) (p < 0.05). MTT
assays showed a substantial decrease in cell viability in the
STAT6 knockdown group compared to the control group
(Fig. 6B) (p < 0.05). Additionally, immunofluorescence
analysis revealed a significant increase in a-synuclein lev-
els in the STAT6 knockdown group relative to the control
groups (Fig. 6C) (p < 0.05).

Furthermore, wound healing assays showed that
STAT6 knockdown impaired the migration capacity of the
cells relative to controls (Fig. 6D) (p < 0.05). To exam-
ine the impact of STAT6 on oxidative stress, we performed
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Fig. 6. In Vitro Validation of STAT6 Knockdown in PD Model Cells. (A) The apoptosis rates in the STAT6 knockdown group
compared to the siNC group were measured through Annexin V/PI double staining (N = 3). (B) The cell viability was determined using

the MTT assay (N = 3). (C) a-Synuclein expression was detected through Immunofluorescence staining (N = 3). (D) Wound healing

assay (N = 3). (E) Fluorescence-based reactive oxygen species (ROS) detection was performed to measure oxidative stress levels in the

PD cell model (N = 3). (F) qRT-PCR analysis of pro-inflammatory cytokine expression levels in PD cell models under conditions of
STATG6 overexpression or knockdown (N = 3). Data are presented as mean + SD, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Fig. 7. STAT6 Modulates Mechanistic Target of Rapamycin (mTOR) Signaling in PD Model Cells. (A) Western blot analysis
showing the expression of mTOR, S6K (Ribosomal protein S6 kinase), and 4EBP1 (Eukaryotic Translation Initiation Factor 4E-Binding

Protein 1) in STAT6-overexpressing SH-SYSY cells compared to the control group (N = 3). (B) Western blot analysis demonstrating
the phosphorylation levels of mTOR, S6K, and 4EBP1 after STAT6 knockdown (N = 3). (C) Western blot analysis indicating the
phosphorylation of mTOR, S6K, and 4EBP1 following Rapamycin treatment (N = 3). (D) Cell viability was assessed using MTT assay

(N=3). *p < 0.05, ***p < 0.001, ****p < 0.0001.

fluorescence-based ROS detection. The results showed that
STAT6 overexpression significantly reduced intracellular
ROS levels, whereas STAT6 inhibition led to a marked in-
crease in ROS levels (Fig. 6E) (p < 0.05).

To further investigate the role of STAT6 in neuroin-
flammation, we quantified the expression of key inflam-
matory cytokines, including iNOS, TNF-«, and IL-1/3, in
PD model cells using qRT-PCR. The findings revealed that
STAT6 overexpression significantly downregulated the ex-
pression of these inflammatory markers, whereas STAT6
inhibition significantly increased their levels (Fig. 6F) (p <
0.05). These results indicate that STAT6 plays a crucial role

in modulating neuroinflammatory responses in PD. Collec-
tively, these findings suggest that STAT6 knockdown en-
hances neuronal apoptosis, oxidative stress, and inflamma-
tion in PD model cells.

STAT6 Modulates mTOR Signaling in PD Model
Cells

In SH-SYS5Y cells, STAT6 overexpression was suc-
cessfully achieved through transfection with an expression
vector harboring the STAT6 gene (Supplementary Fig.
1D). Western blot analysis revealed that the phosphory-
lation levels of mTOR, S6K (Ribosomal protein S6 ki-
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nase), and 4EBP1 (Eukaryotic Translation Initiation Fac-
tor 4E-Binding Protein 1) were significantly elevated in
the STAT6-overexpressing group compared to the control
group (Fig. 7A) (p < 0.05), indicating enhanced activa-
tion of the mTOR signaling pathway. These findings sug-
gest that STAT6 overexpression may positively modulate
the mTOR signaling cascade.

To further elucidate the role of STAT6 in mTOR
signaling, we employed siRNA-mediated knockdown of
STATG6 expressions. The results demonstrated a significant
reduction in the phosphorylation levels of mTOR, S6K, and
4EBP1 following STAT6 knockdown (Fig. 7B) (p < 0.05),
which is consistent with the effects observed in STAT6
overexpression, thereby underscoring the crucial role of
STAT6 in regulating the mTOR pathway. Given the po-
tential interplay between STAT6 and mTOR signaling, we
investigated the impact of the mTOR inhibitor Rapamycin
on PD model cells. Western blot analysis demonstrated that
Rapamycin treatment substantially diminished the phos-
phorylation levels of mTOR, S6K, and 4EBP1 (Fig. 7C)
(»p < 0.05). Additionally, MTT assays showed that Ra-
pamycin exposure significantly reduced cell viability in PD
model cells (Fig. 7D) (p < 0.05). Collectively, these results
indicate that the increased phosphorylation of mTOR medi-
ates, at least in part, the effects of STAT6 overexpression in
the PD cell model.

Discussion

In this study, we identified STAT6 as a key media-
tor in PD progression, highlighting its potential role in reg-
ulating neuroinflammation and cellular dysfunction. Our
findings align with the growing body of evidence impli-
cating inflammatory pathways in the pathophysiology of
PD. We observed that STAT6 overexpression protects crit-
ical pathological features of PD, including neuronal apop-
tosis, a-synuclein accumulation, and impaired cell migra-
tion. In contrast, STAT6 knockdown worsens these patho-
logical changes, suggesting that STAT6 plays a protective
role against neuronal damage in PD. Notably, these effects
were linked to the activation of the mTOR signaling path-
way, a crucial regulator of cell survival, protein synthesis,
and autophagy.

In ischemic stroke, STAT6 deficiency has been re-
ported to impair the phagocytosis of apoptotic neurons, ag-
gravate neuroinflammation, expand cerebral infarction vol-
ume, and cause persistent neurological dysfunction [16].
Using single-cell transcriptomic analysis, we identified sig-
nificant differences in cell populations between normal in-
dividuals and PD patients, particularly within astrocytes
and macrophages, both of which are involved in neuroin-
flammation. STAT6 was found to be a key upregulated gene
across both single-cell and tissue-level datasets, supporting
its role in modulating the inflammatory microenvironment
in the PD brain [17,18]. Previous research has emphasized
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the significance of pro-inflammatory cytokines driving neu-
rodegeneration [19,20], and through its regulation of im-
mune responses, STAT6 may influence this activation, po-
tentially contributing to PD progression.

MPP+-treated SH-SY5Y cells are widely used as a
standard in vitro cellular model for PD [21]. Furthermore,
our in vitro experiments using the SH-SYSY PD cell model
showed that STAT6 overexpression led to decreased apop-
tosis and enhanced cell viability, both of which are charac-
teristic features of neurodegeneration in PD [22,23]. Con-
versely, STAT6 knockdown increased apoptosis, reduced
cell survival, and impaired cell migration, suggesting its po-
tential as a therapeutic target. These findings are consistent
with studies revealing that modulating STAT6 may protect
against neuroinflammation and neuronal death in neuroin-
flammatory diseases [16,18,24].

The mTOR signaling pathway regulates diverse
cellular processes, including autophagy, apoptosis, and
metabolism [25-27]. The connection between STAT6
and the mTOR pathway offers additional insights into the
molecular mechanisms underlying PD [28]. A previous
study has reported that STAT6 can negatively regulate
mTOR, potentially through hypoxia-induced stimulation by
HIF-1a (Hypoxia-Inducible Factor 1-alpha subunit), a key
regulator of mTOR [29]. Our results show that STAT6 over-
expression activates the mTOR signaling cascade, which is
critical for regulating cellular metabolism, growth, and sur-
vival. Under the hypoxic conditions in glioma, STAT6 in-
hibits mTOR by directly binding to Rheb to suppress tumor
progression. Conversely, in the neuroinflammatory envi-
ronment of PD, STAT6 activates mTOR to promote neu-
ronal survival and reduce the toxicity of a-synuclein. Con-
sistently, inhibition of mTOR signaling with Rapamycin in-
creased apoptosis and reduced cell viability in PD model
cells, suggesting that mTOR mediates the protective effects
of STAT6 in PD. Emerging evidence suggests that restoring
disrupted mTOR signaling in PD models can inhibit neu-
ronal cell death [14,30], highlighting the therapeutic poten-
tial of targeting the STAT6-mTOR axis to modulate neu-
roinflammation and protect against neuronal damage in PD.

It is crucial to acknowledge the limitations of this
study. First, although SH-SYS5Y cells are commonly uti-
lized as a cellular model for PD, they may not completely
mirror the intricate pathophysiology of PD within the hu-
man brain. Second, while our results demonstrate the ef-
fects of STAT6 modulation in vitro, additional in vivo in-
vestigations are necessary to validate these findings and
to evaluate the therapeutic potential of STAT6-targeted ap-
proaches in animal models of PD. Additionally, the exact
mechanisms by which STAT6 affects mTOR signaling and
its subsequent downstream outcomes remain incompletely
understood. Future research should focus on elucidating the
molecular pathways that directly link STAT6 to mTOR and
their impact on PD pathology.
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Conclusion

In conclusion, our study emphasizes STAT6 as a key
modulator in PD pathology. Knockdown of STAT6 exacer-
bates neuroinflammation and neurodegeneration, whereas
its overexpression offers neuroprotective effects. Our find-
ings further suggest that the STAT6-mTOR axis could be
a promising therapeutic target for alleviating PD progres-
sion. However, further research is required to fully under-
stand the complex interactions between STAT6, mTOR, and
other signaling pathways involved in PD.
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