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Abstract

Background: The precise pathological mechanisms driving Parkinson’s disease (PD) progression remain incompletely understood, and
there are currently no therapies that can modify the course of the disease. While mesenchymal stem cells (MSCs) hold therapeutic
potential for various conditions, their clinical utility is constrained by challenges in sourcing and limited availability. Methods: This
study investigated a novel therapeutic approach using trophoblast-derived mesenchymal-like stem cells (T-MSCs), which can be stably
generated from commercially available embryonic stem cells, and the small extracellular vesicles (T-MSCs-sEVs) that they secrete. We
explored the therapeutic effects against PD by inhibiting Caspase-8/Caspase-3-mediated apoptosis both in vitro and in vivo using ex-
perimental assays (e.g., flow cytometry (FCM) analysis, western blotting, and immunofluorescence staining). Results: The selected
cytokine Clusterin was validated via G-Series Mouse Cytokine Antibody Array 4000 (GSM-CAA-4000) using ELISA kits, which re-
vealed its involvement in apoptosis during the PD process. Moreover, T-MSCs and T-MSCs-sEVs could alleviate dopaminergic (DA)
neuron damage in vitro and in vivo by inhibiting the Caspase-8/Caspase-3-mediated apoptotic pathway. Conclusions: The results suggest
that T-MSCs-sEVs represent a promising biological candidate for future therapeutic strategies aimed at treating PD.

Keywords: Parkinson’s disease; dopaminergic neuron; mesenchymal stem cells; extracellular vesicles; apoptosis

1. Introduction can be divided into intrinsic (mitochondrial) and extrinsic
(death receptor) pathways [9,10]. The intrinsic apoptosis
pathway in mitochondria is regulated by pro- and antiapop-
totic proteins of the B-cell lymphoma-2 (BCL-2) family
[11,12]. In contrast, the extrinsic pathway is initiated by
ligands binding to death receptors belonging to the tumor
necrosis factor (TNF) receptor superfamily, leading to the
activation of Caspase-8 and subsequent execution of apop-
tosis [13,14]. Furthermore, excessive apoptosis can accel-
erate the progression of neurodegenerative diseases, includ-
ing PD. Current evidence identifies DA neuronal apopto-
sis as a pivotal event in PD pathology, with contributing
mechanisms involving a-syn aggregation and related pro-
cesses [15,16,17]. As highlighted by Pan et al. [18], exces-
sive nuclear translocation of a-syn within hippocampal neu-
rons has been demonstrated to induce DNA damage, which
subsequently triggers aberrant cell cycle activation and ar-
rest, which further induces hippocampal neuron apoptosis
and an inflammatory response, ultimately leading to cog-

Parkinson’s disease (PD) is a progressive neurodegen-
erative disorder that is characterized by motor impairments
such as bradykinesia, resting tremors, and postural instabil-
ity; this disease predominantly affects the elderly popula-
tion [1,2,3]. The International Parkinson and Movement
Disorder Society describes PD as “a core clinical motor
syndrome (Parkinsonism) accompanied by progressing loss
of dopaminergic (DA) neurons in the substantia nigra pars
compacta (SNpc) and a-synuclein (a-syn) protein accumu-
lation (known as Lewy bodies)” [4,5]. As the population
ages, the number of people with PD is increasing, with a
particularly steep increase in incidence after the age of 60
[6]. Moreover, the incidence, prevalence, and risk of death
are greater in men than in women, resulting in a direct and
indirect economic burden on society [7].

Apoptosis, a type of programmed cell death, is pri-
marily characterized by cell shrinkage, chromatin conden-
sation, and DNA fragmentation [8]. In general, apoptosis
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nitive decline in mice. Additionally, research indicates that
a-syn aggregation exacerbates neuroinflammation and neu-
ronal apoptosis via the IL6ST-AS/STAT3/HIF-1a axis [19].
Subsequently, it was found that a-syn could promote ab-
normal cell cycle initiation and induce DA neuron apopto-
sis by regulating Cyclin D1 [20]. To elucidate the mecha-
nisms underlying the effects on neuronal apoptosis, He S et
al. [21] utilized chlorogenic acid (CGA) to alleviate oxida-
tive stress by modulating the Akt/Erk1/2 signaling pathway,
thus inhibiting neuronal apoptosis in PD. It has also been
shown that telmisartan could control mitochondrial func-
tion, gait, and neuronal apoptosis in a 1-Methyl-4-phenyl-
1,2,3,6-tetrahydropyridine hydrochloride (MPTP)-induced
PD model through activation of the Akt/GSK3B/PGCla
pathway [22]. Meanwhile, rubusoside, which is the pri-
mary component of Chinese sweet leaf, was confirmed to
mitigate neuroinflammation and cellular apoptosis by in-
hibiting the JNK/p38 MAPK/NF-«kB signaling pathway in
PD [23]. Hence, to elucidate the mechanisms underlying
DA neuron loss in PD, it is essential to understand the var-
ious programmed cell death pathways, including apoptosis
and autophagic cell death.

Clusterin is a secreted chaperone protein expressed in
various tissues, including the heart, brain, and kidneys, and
participates in processes such as lipid transport, apoptosis,
oxidative stress, and the inflammatory response [24,25,26].
Its expression and function differ across different disease
states, including cancer, neurodegenerative diseases, car-
diovascular diseases and kidney diseases, exhibiting dis-
tinct patterns of alteration [27]. A study has demonstrated
elevated clusterin levels in the cerebrospinal fluid of PD pa-
tients, suggesting CSF clusterin levels might serve as a po-
tential marker for PD [28]. However, further exploration is
required to elucidate how Clusterin regulates apoptosis in
PD pathogenesis.

Mesenchymal stem cells (MSCs) are non-
hematopoietic, pluripotent cells obtained from several
tissues. They have the potential for self-renewal, regula-
tion of immune function, and anti-inflammatory abilities
[29,30,31]. MSCs are well known to mediate antiapop-
totic effects across various organs through two principal
pathways. First, the secretion of multiple growth factors
facilitates cell regeneration and tissue repair. Second, by
inducing transcription or transferring mRNA or miRNA
associated with cell proliferation to damaged cells, the
expression of regenerative/antiapoptotic genes can be
promoted. It has been reported that exosomes derived
from human umbilical cord mesenchymal stem cells
(hucMSCs-Exos) could be used to suppress the initiation
of apoptosis in 6-OHDA-stimulated SH-SYSY cells [32].
Similarly, exosomes isolated from GA pretreated Whar-
ton’s Jelly-derived mesenchymal stem cells (WJMSCs)
could reduce the expression of apoptosis-related proteins
induced by 6-OHDA, further improving mitochondrial
dysfunction and resulting in neuroprotective effects [33].

In addition, hucMSCs-Exos loaded with brain-derived
neurotrophic factor (BDNF-EXO) have been found to
effectively suppress 6-OHDA-induced apoptosis and
ferroptosis in SH-SYSY cells [34]. Despite their extensive
use in preclinical research for various human diseases,
the clinical application of MSCs has been limited by
their scarce availability and insufficient quantities. Our
previous report confirmed that special mesenchymal-like
stem cells (T-MSCs) obtained from the trophoblast stage of
commercially available embryonic stem cells can display
the characteristics of multipotent MSCs [35]. Furthermore,
after purification and identification, the small extracellular
vesicles secreted by T-MSCs (T-MSCs-sEVs) can cross the
blood-brain barrier (BBB) and be taken up by DA neurons
in an endocytic manner, demonstrating the antioxidant
effect on PD through the Keapl-Nrf2-SOD pathway.
Thus, we investigated whether T-MSCs contributed to
antiapoptotic molecular mechanisms involving small
extracellular vesicles in PD.

Currently, no Food and Drug Administration (FDA)-
approved disease-modifying therapies are available for PD.
This study evaluated the recovery of DA neuron damage
and apoptosis in the PD model following treatment with T-
MSCs or T-MSCs-sEVs. The data showed that T-MSCs or
T-MSCs-sEVs had therapeutic effects on PD by inhibiting
Caspase-8/Caspase-3 signaling-mediated apoptosis both in
vitro and in vivo. The findings indicate that T-MSCs-sEVs
play a crucial role in protecting DA neurons, highlighting
their potential as a future biological agent for PD treatment.

2. Materials and Methods
2.1 Antibodies and Reagents

The following antibodies and reagents were uti-
lized in this study: mouse Clusterin ELISA kit (Boster,
EK0923, Wuhan, Hubei, China), anti-Caspase-8 (1:1000,
ab25901, Abcam, Boston, MA, USA), anti-Cleaved
caspase-3 (1:1000, ab214430, Abcam), anti-Bax (1:1000,
ab32503, Abcam), anti-Bcl-2 (1:1000, ab182858, Abcam),
anti-Caspase-3 (1:500, sc-7272, Santa Cruz, Dallas, TX,
USA), anti-actin (1:1000, AA128, Beyotime, Shanghai,
China), HRP-conjugated goat anti-mouse secondary anti-
body (1:1000, A0216, Beyotime), HRP-conjugated goat
anti-rabbit secondary antibody (1:1000, A0208, Beyotime),
anti-Alexa Fluor 488-conjugated goat anti-mouse (1:200,
BA1126, Boster), DAPI (abl104139, Abcam), MPTP
(orb363933-1g, hydrochloride, Biorbyt, Cambridge, UK),
MPP" (D048-1G, Sigma-Aldrich, St. Louis, MO, USA),
and an annexin V-FITC apoptosis detection kit (C1062M,
Beyotime).

2.2 T-MSCs Identification and Analysis of T-MSCs-sEVs
Extraction

T-MSCs were obtained from ImStem Biotechnology,
Inc. (Farmington, CT, USA), with all procedures adhering
to the National Institutes of Health Guidelines for Human
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Stem Cell Research, and tested negative for mycoplasma.
In our study, T-MSCs were derived from commercially
available ESI—053 embryonic stem cells. As previously
described [35], MSCs were cultured, phenotypically iden-
tified, and differentiated into three lineages. Similarly, the
specific extraction and identification processes of exosomes
follow those of our previous report [35].

2.3 MN9D Cell Culture

The cell line (MN9D) used in this study was ob-
tained from the American Type Culture Collection (ATCC,
Manassas, VA, USA), with Short Tandem Repeat (STR)
identification supplied by Shanghai Biowing Applied
Biotechnology Co., Ltd. (Shanghai, China), tested neg-
ative for mycoplasma, and cultured in DMEM medium
(C11995500BT, Gibco, CA, USA) supplemented with 10%
fetal bovine serum (A5669701, Gibco) and 1% peni-
cillin/streptomycin/amphotericin B (P7630, solarbio, Bei-
jing, China) in an incubator at 37 °C and 5% CO,. Standard
cell culture techniques were applied once the cells reached
80% confluence. Following stimulation with MPP*, the
cells were collected for subsequent experiments.

2.4 Cell Viability Assay

MNOD cells (approx. 1.5 x 10° cells/mL) were plated
in 96-well flat-bottom plates (TCP010096, JET, Shanghai,
China). After allowing the cells to adhere, various concen-
trations of MPP* were introduced and co-incubated with the
cells at 37 °C with 5% CO; for 24 h. On the second day, 10
puL of CCK-8 solution (K1146, Bimake, Shanghai, China)
was added to each well and incubated for an additional 2
h, following the manufacturer’s guidelines. Absorbance
at 450 nm was subsequently measured using a microplate
reader (Infinite 200 Pro, Tecan, Miannedorf, Switzerland).
All experiments were independently replicated at least three
times.

2.5 In Vivo Experimental Design and Drug Administration

This study obtained 6—8-week-old C57BL/6 male
mice (weighing 22-25 g) from Zhejiang Vital River Lab-
oratory Animal Technology Co., Ltd. (Jiaxing, Zhejiang,
China). Mice were housed in conditions that supported their
natural circadian rhythms, with unrestricted access to food
and water.

Following a one-week acclimation period, the mice
were randomly allocated to different treatment groups. All
specific manipulations were carried out as outlined in pre-
vious studies [35]. In brief, for T-MSCs treatment, the mice
were randomly assigned to four groups: a control group, a
T-MSCs group, an MPTP group, and an MPTP + T-MSCs
group (n = 10 per group). The MPTP and MPTP + T-
MSCs groups received intraperitoneal injections of MPTP
(25 mg/kg; Biorbyt) twice weekly over a 5-week period,
while the other groups received intraperitoneal injection of
an isovolumetric 1x PBS. Subsequently, the T-MSCs and
MPTP + T-MSCs groups were intravenously infused with
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T-MSCs (5 x 103 cells/100 L of PBS) on days 3, 17, and 31
post-modeling, while the remaining groups were injected
with 1x PBS. The treated tissues and blood samples were
obtained for subsequent analysis. In addition, for T-MSCs-
sEVs treatment, the mice were randomly divided into four
groups: a control group, a T-MSCs-sEVs group, an MPTP
group, and an MPTP + T-MSCs-sEVs group (n = 10 per
group). MPTP (25 mg/kg; Biorbyt) was injected intraperi-
toneally (twice a week for 5 weeks) in the MPTP and MPTP
+ T-MSCs-sEVs groups, while the other groups received an
equal volume of 1x PBS. Following this, the T-MSCs-sEVs
and MPTP + T-MSCs-sEVs groups were administered T-
MSCs-sEVs (7.32 x 10! particles/mL) (100 uL per mouse)
on days 3, 17, and 31 after modeling, with the remaining
groups receiving 1x PBS. Upon completion of the treat-
ment regimen, mice were euthanized with 1% pentobarbital
sodium (Cat. No: P3761, Sigma-Aldrich, St. Louis, MO,
USA) (40 mg/kg), and tissues and blood were promptly har-
vested for subsequent analysis of relevant parameters. We
randomly selected 3 animals from each experimental group
for Western blotting assay. The other animals in the groups
were used to provide sufficient biological material for all
planned analyses and to confirm the consistency of the ob-
served effects across individuals.

2.6 Serum Cytokine Antibody Array

After the collection of serum samples from the chronic
PD mouse model, G-Series Mouse Cytokine Antibody
Array 4000 (GSM-CAA-4000, Raybiotech, Guangzhou,
Guangdong, China) was used to evaluate the relative lev-
els of 200 cytokines (Supplementary Table 1) according
to the manufacturer’s protocols. Briefly, the glass slide was
removed from its box and allowed to air dry completely for
1-2 h. Next, 100 pL of Sample Diluent was added to each
well and incubated at 25 °C for 30 min to block slides. The
liquid in each well was then discarded, and 60 pL of each
sample was added to each well and incubated overnight at
4 °C on a shaker. After washing with 1x wash buffer, each
well was incubated with 80 pL of biotinylated antibody at
25 °C on a shaker for 2 h. Next, 80 pL of Cy3-equivalent
(QA-CY3E, Raybiotech, Guangzhou, Guangdong, China)
dye-conjugated streptavidin was applied and incubated at
25 °C for 1 h after washing. Finally, the signals were visu-
alized using an InnoScan 300 Microarray Scanner (INNOP-
SYS, Parc dActivité Activestre, Carbonne, France) with
the Cy3 wavelength (green channel). Cytokine levels were
quantified and analyzed post-normalization using fluores-
cence signals detected by the Axon GenePix system. Fur-
thermore, Gene Ontology (GO) and Kyoto Encyclopedia
of Genes and Genomes (KEGQG) analysis were performed
to determine the pathways and biological functions of cy-
tokines. Data were enriched using the R package “GO.db”
and “ClusterProfiler”. The Fisher's exact test was used for
enrichment analysis; only pathways with a false discovery
rate (FDR) corrected p < 0.05 were represented [36].
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2.7 Enzyme-Linked Immunosorbent Assay (ELISA)

The concentration of the cytokine Clusterin in mouse
serum was measured using an ELISA kit according to the
manufacturer’s instructions. Briefly, 100 pL of either se-
rially diluted standard proteins or mouse serum samples
were added to each well and incubated at 37 °C for 1.5
h. Then, 100 pL of biotinylated antibody working solu-
tion was added and incubated at 37 °C for 1 h. After wash-
ing the wells three times with 1x wash buffer, 100 pL of
avidin-biotin-peroxidase complex (ABC) was added. Fol-
lowing a 30 min incubation and five additional washes with
1x wash buffer, 90 uL of Tetramethylbenzidine (TMB) sub-
strate was applied and incubated for 15-20 min at 37 °C in
the dark. Finally, 100 pL of stopping solution was added,
and absorbance was measured at 450 nm. The absolute lev-
els of clusterin in serum samples were determined by calcu-
lation based on a standard curve. The replicates represent
biological replicates (n = 3 per group).

2.8 Apoptosis Analysis

Apoptosis was assessed using Annexin V staining and
flow cytometry (FCM) analysis. The experiments were
performed according to our previous publications [37].
Briefly, the cells were cultured in 6-well plates at a den-
sity of 5 x 103 cells/well for 24 h based on the manufac-
turer’s instructions. The cells were washed with 1x PBS,
collected using trypsin without EDTA (15050-065, Gibco,
CA, USA), and centrifuged at 800 rpm for 5 min. After
centrifugation, 195 pL of annexin V-FITC binding solu-
tion was added to the cell resuspension. Next, 5 pL of
annexin V-FITC was added to the cells and gently mixed
evenly. Upon incubation in the dark for 15 min at 25 °C,
the cells were gently mixed with 10 pL of propidium io-
dide (PI) and incubated for an additional 5 min at 25 °C
in the dark. Finally, the percentage of apoptotic cells was
determined by BD FACSCanto™ 1I flow cytometry anal-
ysis (BD Biosciences, San Jose, CA, USA). Briefly, cells
were first gated on forward scatter area (FSC-A) vs. side
scatter area (SSC-A) to exclude debris, followed by single-
cell gating using forward scatter height (FSC-H) vs. FSC-
A. Then, within this gated population, cells were analyzed
for Annexin V-FITC and PI staining. The quadrants were
set using appropriate unstained and single-stained controls:
Annexin V-negative/Pl-negative cells (live cells), Annexin
V-positive/Pl-negative cells (early apoptotic), Annexin V-
positive/PI-positive cells (late apoptotic/necrotic), and An-
nexin V-negative/Pl-positive cells (necrotic or damaged).
The percentage of apoptotic cells was determined as the
sum of early apoptotic (Annexin V+/PI-) and late apoptotic
(Annexin V+/PI+) populations, divided by the total number
of gated cells, multiplied by 100. This calculation method
is standard and was consistently applied across all experi-
mental groups. The assay was repeated at least three times
independently (biological replicates).

2.9 Western Blotting

Protein expression was assessed by preparing lysates
from cells, tissues, or exosomes using radioimmunopre-
cipitation assay (RIPA) buffer (Beyotime) containing pro-
tease inhibitors. Following separation by SDS-PAGE,
proteins were transferred onto polyvinylidene difluoride
(PVDF) (ISEQ00010, Millipore, Merck, Germany) mem-
branes. The membranes were blocked with 5% bovine
serum albumin (BSA) (ST023, Beyotime) and subsequently
probed with primary antibodies. Chemiluminescent sig-
nals were detected using a Tanon 5200 imaging system
(Tanon, Shanghai, China) after incubation with horseradish
peroxidase-conjugated secondary antibodies. The protein
expression was quantified and normalized to that of actin.
Quantification was performed on data from three indepen-
dent biological replicates (n = 3) by a researcher blinded to
the experimental groups.

2.10 Immunofluorescence Staining

Post-treatment, cells on coverslips or brain slices
were incubated overnight at 4 °C with primary antibodies,
washed with 1x PBS, and then incubated with fluorescent-
labeled secondary antibodies. Afterward, cell nuclei were
counterstained with DAPI. Images were captured using an
LSM 980 confocal laser-scanning microscope (Carl Zeiss
Microscopy GmbH, Jena, Germany). Quantitative analy-
sis of fluorescence intensity was conducted using Image-
Pro Plus 8.0 software (Media Cybernetics, Bethesda, MD,
USA). Specifically, first, all samples were processed in par-
allel using the same batch of reagents, and fluorescence
staining was performed simultaneously under identical con-
ditions. Second, we included internal controls (e.g., un-
treated cells) on each experimental plate to normalize sig-
nal intensities. Third, imaging parameters (exposure time,
gain, laser power) were kept constant for all samples within
a given experiment, and we used automated image acqui-
sition to minimize operator-induced variability. Addition-
ally, we performed background subtraction and used fluo-
rescence intensity normalization relative to a housekeeping
protein or cellular marker (e.g., DAPI for nuclear staining)
to account for cell number or seeding density differences.
Finally, statistical analysis was applied to ensure observed
differences were reproducible and significant. Each exper-
iment was assessed through three independent replicates.

2.11 Statistical Analysis

Statistical analyses were performed using GraphPad
Prism 8.0 (GraphPad Software Inc., San Diego, CA, USA).
Data were obtained from three independent experiments
and presented as mean + standard deviation (SD). Statisti-
cal significance was calculated based on one-way ANOVA.
For multiple comparisons, we applied the Bonferroni cor-
rection to control for family-wise error rates. p value <0.05
was considered statistically significant.
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3. Results

3.1 Identification and Bioinformatics Analysis of the
Serum Cytokines in the PD Mouse Model Treated With
T-MSCs

Our previous study used commercial embryonic stem
cells to obtain special mesenchymal-like stem cells, namely
T-MSCs, at the trophoblast stage, which showed the char-
acteristics of multipotent mesenchymal stem cells [35]. T-
MSCs could improve the motor behavior disorder of PD
mice, alleviate a-syn aggregation, and repair damaged DA
neurons. Accumulating evidence implicates chronic central
and peripheral immune—inflammatory mechanisms as con-
tributing to PD pathogenesis, which may be reflected by
alterations in circulating signaling protein concentrations
[38,39]. We analyzed serum samples from the chronic PD
mouse model using antibody arrays to screen for therapeu-
tic proteins among 200 serum cytokines. Consequently, we
identified 12 cytokines exhibiting statistically significant
differences (Fig. 1A). Meanwhile, Gene Ontology (GO)
classification revealed the involvement of apoptotic signal-
ing pathway, which has been implicated in neurodegenera-
tion, especially in PD (Fig. 1B). Subsequently, Kyoto En-
cyclopedia of Genes and Genomes (KEGG) pathway analy-
sis was performed to reveal expression changes of function-
ally related cytokines (Fig. 1C). Following bioinformatics
analysis, we validated the selected Clusterin through GSM-
CAA-4000 using ELISA kits and found that the serum Clus-
terin levels in PD mice showed an increasing trend com-
pared to those of the mice in the control group; however,
the levels decreased after treatment with T-MSCs (Fig. 1D).
This was consistent with the microarray analysis results.
Notably, the cytokine Clusterin has been previously re-
ported to be associated with apoptosis, especially in PD
[40].

3.2 T-MSCs Decrease Apoptosis in MPTP-induced Models
by Inhibiting the Caspase-8/Caspase-3 Pathway

Apoptosis, also known as programmed cell death
(PCD), is a fundamental physiological phenomenon of cell
self-destruction, which is typically divided into caspase-
dependent and non-caspase-dependent apoptosis. Caspase-
8 and Caspase-3 are at the core of the caspase cascade re-
action as initiator and executor, respectively. These are vi-
tal steps in cell apoptosis and the main pathways for sig-
nal transduction [41]. Meanwhile, to explore potential con-
nections with exogenous Caspase-8 pathways, a study has
shown that treatment with the specific Caspase-8 inhibitor
(zIETD fmk) significantly reduced the observed apoptotic
phenotype of cells, indicating that Caspase-8 inhibition has
a protective effect [42]. Another study conducted in 2026
found that activation of Caspase-8 can participate in au-
tophagy stimulation triggering through the PI3K/mTOR
pathway, leading to apoptosis [43]. Combined with the es-
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tablished paradigm of its placement in the extrinsic path-
way, this strongly supports focusing research on this mech-
anism.

It is widely known that MSCs primarily exert an-
tiapoptotic effects in various organs by secreting diverse
growth factors or inducing the transcription of mRNA or
miRNA linked to cell proliferation. To further investi-
gate the in vitro effects of T-MSCs, we utilized the MN9D
murine neuronal cell line and employed a pre-determined
concentration of MPP* (500 uM) to establish a cellular PD
model. The FCM analysis of apoptosis revealed a sig-
nificant increase in the apoptotic rate within the MN9D
cell model. Concurrently, this rate was markedly reduced
following T-MSCs treatment (Fig. 2A,B). Subsequently,
we conducted a cellular-level investigation to determine
whether T-MSCs enhance the anti-apoptotic capacity of
MPP*-induced MN9D cells by inhibiting the Caspase-
8/Caspase-3 pathway. The western blotting results demon-
strated that, relative to the control group, the expression
of Caspase-8, Bax, and Cleaved caspase-3 in MN9D cells
treated with MPP* increased, whereas the expression of an-
tiapoptotic protein Bel-2 decreased. However, compared
with the MPP* group, the expression of Caspase-8, Bax,
and Cleaved caspase-3 in the MPP* + T-MSCs group con-
siderably decreased, alongside an increase in Bcl-2 expres-
sion (Fig. 2C—G, the original western blotting images can
be found in the Supplementary Material). These observa-
tions suggest that T-MSCs enhance the anti-apoptotic po-
tential of MPP*-induced MN9D cells by suppressing the
Caspase-8/Caspase-3 signaling pathway.

We subsequently examined whether PD mice exhib-
ited an antiapoptotic effect comparable to that of T-MSCs.
These findings aligned with our in vitro observations.
The Western blotting assay showed reduced expression of
Caspase-8, Bax, and Cleaved caspase-3 in T-MSCs-treated
PD mice (Fig. 3, the original western blotting images can be
found in the Supplementary Material) in the substantia ni-
gra samples. These data indicate that T-MSCs intervention
enhances the anti-apoptotic capacity in PD mice by upreg-
ulating Bcl-2 expression through inhibition of the Caspase-
8/Caspase-3 pathway.

3.3 T-MSCs-sEVs Mitigate Apoptosis in PD by Inhibiting
the Caspase-8/Caspase-3 Pathway, Akin to the Effects of
T-MSCs

Previously, we validated that T-MSCs can inhibit the
apoptotic effect produced by MPP*-induced MNID cells.
Further research is needed to determine whether T-MSCs-
sEVs, a secretion of T-MSCs, can produce similar effects.
In MPP*-induced MN9D cells, the significantly increased
apoptosis rate observed compared to controls was substan-
tially reduced in the MPP" + T-MSCs-sEVs group relative
to the MPP* group (Fig. 4A,C). The findings indicate that
T-MSCs-sEVs can decrease apoptosis in MNID cells in-
duced by MPP".
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Fig. 1. Identification and bioinformatics analysis of cytokines that may exert regulatory effects. Serum samples were collected

from a PD mouse model and screened for potential therapeutic proteins using the GSM-CAA-4000 array targeting 200 serum cytokines.

(A) Serum cytokines of T-MSCs treatment in control or MPTP-induced PD mice (n = 3 per group) were measured by the antibody

array test. Normalized signal values were analyzed by one-way ANOVA, and signal values >100 are listed. Control group vs. MPTP

group, *p < 0.05, **p < 0.01, **

%p < 0.001; MPTP + T-MSCs group vs. MPTP group, #p < 0.05, ##p < 0.01, ####p < 0.0001.

B)

GO analysis, including three subtypes: BP (biological process), MF (molecular function), and CC (cellular component). (C) KEGG

analysis. (D) Serum Clusterin expression was verified by ELISA (n = 3 per group). Experiments were performed in triplicate. Data are
presented as the mean = SD. One-way ANOVA was used to analyze the data. *p <0.05, ***p <0.001. PD, Parkinson’s disease; T-MSCs,
trophoblast-derived mesenchymal-like stem cells; KEGG, Kyoto Encyclopedia of Genes and Genomes; SD, standard deviation; MPTP,

1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine hydrochloride; GO, Gene Ontology; BP, biological process; MF, molecular function; CC,

cellular component.

Next, we investigated whether T-MSCs-sEVs
could upregulate Bcl-2 expression through the Caspase-
8/Caspase-3 pathway in vitro. In contrast to the MPP*
group, the MPP* + T-MSCs-sEVs group exhibited de-
creased expression of Caspase-8 and Bax, alongside an
increase in Bcl-2 expression (Fig. 4E-H, the original
western blotting images can be found in the Supple-
mentary Material). Concurrently, a significant decrease
in fluorescence intensity of Caspase-3, a pro-apoptotic
protein, was observed under T-MSCs-sEVs treatment (Fig.
4B,D). The data indicate that T-MSCs likely enhance Bcl-2
expression by secreting T-MSCs-sEVs, thereby inhibiting
the Caspase-8/Caspase-3 pathway and increasing the
antiapoptotic capacity of MN9D cells.

Previous research has established that T-MSCs-sEVs
can cross the BBB and selectively target DA neurons in the
SNpc, indicating their potential utility as a delivery vehi-
cle for therapeutic compounds [35]. We subsequently an-
alyzed whether T-MSCs-sEVs exhibited a comparable an-

tiapoptotic effect in PD mice. The outcomes aligned with
our prior in vitro findings. Western blotting indicated that
the pro-apoptotic proteins (including Caspase-8, Bax, and
Cleaved caspase-3) had decreased expression, alongside an
upregulation of the antiapoptotic protein Bcl-2 following
T-MSCs-sEVs treatment from the substantia nigra samples
(Fig. 5, the original western blotting images can be found
in the Supplementary Material). Overall, T-MSCs-sEVs,
secreted by T-MSCs, contribute to PD models protection
and exhibit antiapoptotic effects by inhibiting the Caspase-
8/Caspase-3 pathway.

In conclusion, intravenous injection of T-MSCs and
T-MSCs-sEVs showed therapeutic potential in PD models.
Antibody microarray analysis revealed that T-MSCs treat-
ment elevated serum clusterin levels, which were associated
with apoptosis, particularly in PD. In addition, T-MSCs-
sEVs, derived from T-MSCs, enhanced the antiapoptotic
effects of DA neurons by promoting neuronal repair by in-
hibiting the Caspase-8/Caspase-3 pathway.
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Fig. 2. T-MSCs enhanced the antiapoptotic ability of MPP*-induced MN9D cells by inhibiting the Caspase-8/Caspase-3 pathway.
T-MSCs and MN9D cells were co-cultured for 24 h using a Transwell system. Subsequently, MNID cells were treated with 500 uM
MPP" and co-cultured for an additional 24 h. The experimental design comprised four groups: a control group, T-MSCs group, MPP*
group, and MPP" + T-MSCs group. (A,B) Flow cytometric analysis of the apoptosis rate upon T-MSCs treatment in control or MPP"-
induced MN9D cells. Representative flow cytometry plots from one experiment are shown in (A); quantification of total apoptosis (early
+ late) from three independent experiments is presented in (B) as mean + SD. (C) Western blotting assay for Caspase-8, Pro-caspase-3,
Cleaved caspase-3, Bax, and Bcl-2 expression in cell lysates. (D-G) Quantitative statistical analysis of the grey-scale values of the bands
for Caspase-8, Cleaved caspase-3, Bax, and Bcl-2, respectively. Experiments were performed in triplicate. The results are shown as the
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Fig. 3. T-MSC:s inhibit apoptosis in a PD mouse model through the Caspase-8/Caspase-3 pathway. Chronic PD mouse model
was developed using MPTP, administered intraperitoneally at 25 mg/kg twice weekly for 5 weeks. T-MSCs were administered via the
intravenous injection (i.v.) on days 3, 17, and 31 after the start of the modeling (cell count 5 x 10°/100 uL PBS). The study included four
groups: the control group, T-MSCs group, MPTP group, and MPTP + T-MSCs group. (A) Representative blots showed the levels of
Caspase-8, Cleaved caspase-3, Bax, and Bcl-2. (B-E) Quantitative statistical analysis of the grey-scale values of the bands for Caspase-8,
Bax, Cleaved caspase-3, and Bcl-2, respectively. n = 3 per group. The results are presented as the mean = SD. The data were analyzed
using one-way ANOVA. *p < 0.05, **p < 0.01.
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Fig. 4. T-MSCs-sEVs inhibit apoptosis in MPP*-induced MN9D cells via the Caspase-8/Caspase-3 pathway. MNO9D cells were
seeded into 6-well plates. The experiment was divided into four groups: the control group, T-MSCs-sEVs group, MPP" group, and
MPP" + T-MSCs-sEVs group. Three replicate wells were set up for each group. Cells were treated with medium, MPP", or T-MSCs-
sEVs. After 24 h of MPP" (500-uM concentration) treatment, T-MSCs-sEVs were added for 24 h. (A,C) Flow cytometry analysis of
the apoptosis rate upon T-MSCs-sEVs treatment in the control or MPP"-induced MN9D cells. (B,D) Immunofluorescent staining and
quantification of Caspase-3 in the control, T-MSCs-sEVs, MPP", and MPP" + T-MSCs-sEVs groups. Scale bars: upper, 20 um; lower,
2 um. (E-H) Western blotting analysis of Caspase-8, Bax, and Bcl-2 expression upon T-MSCs-sEVs treatment in the control or MPP*-
induced MNOD cells. Experiments were performed in triplicate. Data are presented as mean + SD. Statistical analysis was performed
using one-way ANOVA. *p <0.05, **p < 0.01, ***p <0.001. T-MSCs-sEVs, small extracellular vesicles secreted by T-MSCs.
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Fig. 5. T-MSCs-sEVs inhibit apoptosis in a PD mouse model through the Caspase-8/Caspase-3 pathway. Chronic PD mouse model
was established using MPTP (intraperitoneal injection, 25 mg/kg, twice weekly for five weeks). T-MSCs-sEVs were given in the tail
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caspase-3, Bax, and Bcl-2. (B-E) Quantitative statistical analysis of the grey-scale values of the bands for Caspase-8, Cleaved caspase-3,
Bax, and Bcl-2, respectively. n = 3 per group. The results are shown as the mean £ SD. One-way ANOVA was used to analyze the data.
*p <0.05, **¥p < 0.01.

4. Discussion tial burden on healthcare systems worldwide [44,45]. The
neuropathological feature of PD is the selective loss of DA

) PD is the secsmd mos't common neurgdegeneratlve neurons in the SNpc, which leads to a decrease in striatal
disorder after Alzheimer’s disease (AD), posing a substan-
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DA and the formation of a-syn [46,47,48]. PD has a slow
onset and a long course, and the main clinical feature is
movement disorders. Furthermore, patients with advanced
PD face a severely reduced quality of life, resulting in a
heavy burden on their families and society [5,49,50]. At
present, disease-modifying therapies for PD are still lack-
ing. Therefore, it has become imperative to develop effec-
tive targeting drugs for patients with PD.

Although MSCs have been used in disease treatment,
their source is relatively difficult, which can be efficiently
generated from embryonic stem cells via a trophoblast in-
termediate within 11-16 days [35]. After library screen-
ing, embryonic stem cells can differentiate into therapeutic
MSCs. Moreover, we previously clarified that T-MSCs and
their secreted T-MSCs-sEVs can enhance the antioxidant
capacity of PD models by activating the Keap1-Nrf2-SOD
pathway [35]. Based on that prior research, we have contin-
ued to explore whether T-MSCs can exert other protective
effects against PD models through small extracellular vesi-
cles, such as antiapoptotic effects.

In this study, we established a chronic PD mouse
model and administered T-MSCs to identify potential thera-
peutic proteins. Using antibody arrays targeting 200 serum
cytokines, we identified Clusterin as a cytokine associated
with apoptosis (Fig. 1). There is a certain discrepancy with
what was previously reported by Zhu et al. [40], which
indicated that secretory clusterin (SCLU) could decrease
the Bax/Bcl-2 ratio and the Cleaved caspase-3 expression
in the SN of MPTP-induced PD mice. In our PD mod-
els, the initial elevated levels of Clusterin likely represent
a stress-induced, compensatory response to cellular injury.
The subsequent reduction in Clusterin after T-MSCs treat-
ment does not negate its protective function but rather sug-
gests that the therapeutic intervention mitigated the initial
injury signal, thereby reducing the need for this compen-
satory response. To further explore the specific molecu-
lar mechanisms, we investigated the related apoptotic pro-
teins. Combined with the FCM assay results, we confirmed
that T-MSCs could effectively inhibit MN9D cell apopto-
sis (Fig. 2A,B). Moreover, through in vivo and in vitro ex-
periments, we verified that T-MSCs could upregulate the
expression of the antiapoptotic protein Bcl-2 by inhibiting
the Caspase-8/Caspase-3 pathway (Fig. 2C-G and Fig. 3).
This is in agreement with the results of Gu et al. [51], who
demonstrated that endogenous IL-6 of MSCs could have
the potential therapeutic effects against a hypoxic-ischemic
brain damage neonatal rat model mainly through the IL-
6/STAT?3 signaling pathway. Meanwhile, Huang et al. [52]
also reported that hPSC-derived ectomesenchymal stromal
cells mitigated hypoxic—ischemic brain damage by promot-
ing antiapoptotic effects, neurite outgrowth, and neurogen-
esis through the ERK/CREB pathway. Furthermore, other
reports have shown that neurotrophic factor-primed mes-
enchymal stromal cells suppressed the induction of apop-
totic markers Bax and Sirtl, considerably restoring ER
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stress-induced loss of neuro-regenesis [53]. Overall, our
study indicates that T-MSCs contribute to the protection of
PD models through the Caspase-8/Caspase-3 pathway, of-
fering a solid foundation for future research.

It is unclear whether T-MSCs-sEVs, which is pro-
duced by T-MSC secretion, could perform a similar func-
tion. According to a previous study, astrocyte-derived
exosomal miR-200a-3p inhibits MPP*-induced apoptosis
by downregulating MKK4 [54]. Meanwhile, Luo et al.
[55] demonstrated that epicatechin gallate encapsulated by
bovine milk-derived exosomes (ECG-Exo) could have the
potential therapeutic effects against a rotenone-induced PD
SH-SYS5Y cells mainly through antiapoptosis and antimi-
tophagy. Furthermore, another study has demonstrated that
curcumin-loaded human endometrial stem cell-derived ex-
osomes can rescue 6-OHDA-induced neuronal apoptosis by
increasing the antiapoptotic protein Bcl-2 expression level
and reducing the expression of apoptosis markers Bax and
Caspase-3 [56]. In our study, the antiapoptotic effect of T-
MSCs-sEVs was well established by the FCM assay, simi-
lar to that of T-MSCs. In addition, in vivo and ex vivo ex-
periments further validated that T-MSCs-sEVs, secreted by
T-MSCs, suggest a potential neuroprotective role in the con-
text of DA neuron survival through the Caspase-8/Caspase-
3 pathway. These findings indicate that T-MSCs-sEVs ef-
fectively ameliorate DA neuron degeneration in PD models,
aligning with our expectations.

In our study, we found that both T-MSCs and T-MSCs-
sEVs contributed to the protective effects against PD mod-
els and demonstrated antiapoptotic properties by inhibiting
the Caspase-8/Caspase-3 pathway. Nevertheless, several
limitations of this study should be mentioned. First, our
findings demonstrate the therapeutic potential of T-MSCs-
sEVs as a separate treatment modality, but further studies
with direct, dose-matched comparisons are needed to rig-
orously establish T-MSCs-sEVs as a cell-free alternative.
Second, it is important to recognize the possible limitations
of animal and cell models, which due to inherent species
differences, may not perfectly replicate human diseases.
Third, this study did not conduct a comprehensive inves-
tigation into critical parameters such as optimal treatment
frequency, intensity, duration, and long-term safety. In ad-
dition, behavioral experiments should include baseline lo-
comotion assessments prior to modeling or treatment to rule
out non-specific activity changes unrelated to nigrostriatal
protection. Furthermore, The study predominantly focused
on the Caspase-8/Caspase-3 axis, but the pathogenic mech-
anism of PD is extensive and complex. Thus, future in-
depth studies will be needed to examine these issues in more
detail.

To overcome these aforementioned limitations, fur-
ther studies will be devoted to proteomics and RNA se-
quencing (including IncRNA, miRNA, and circRNA) anal-
ysis of T-MSCs-sEVs to investigate the involvement of spe-
cific proteins or molecules in antiapoptotic regulation, fur-
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ther clarifying the protective mechanism of PD from a mi-
croscopic perspective. Moreover, the metabolism of T-
MSCs-sEVs will be monitored in vivo to explore its dura-
tion in PD treatment so as to better evaluate its safety and
efficacy.

5. Conclusions

PD is a complex, multi-system neurodegenerative dis-
order. It is marked by the aggregation of a-syn and the de-
generation of DA neurons in SNpc. This condition often
results in significant disability and contributes to the grow-
ing global health burden through its motor, non-motor, and
cognitive manifestations [57,58,59]. Consequently, there is
a critical need to develop novel therapeutic agents and ap-
proaches that can decelerate or arrest disease progression.
This research highlights the therapeutic promise of T-MSCs
and T-MSCs-sEVs in enhancing antiapoptotic mechanisms
in PD models by suppressing the Caspase-8/Caspase-3 sig-
naling pathway. Although these findings are encouraging,
more extensive, rigorously designed, and long-term studies
are necessary to further elucidate the underlying pathologi-
cal mechanisms of PD.
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