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Abstract

Background/Objectives: Parkinson’s disease (PD) is a progressive neurodegenerative disor-
der characterized by the loss of dopaminergic neurons in the substantia nigra (SN). Because
current therapeutics have limited efficacy once PD is fully developed, it is crucial to start
disease-modifying interventions during the prodromal stage of PD. In the present study,
we aimed to evaluate whether intranasally delivered human umbilical cord mesenchymal
stem cells (hUC-MSCs) have an efficacy in the rotenone-induced prodromal PD-like phe-
notype mouse model. Methods: To produce the prodromal PD mouse model, C57BL/6
mice were treated with intraperitoneal (i.p.) rotenone for 1 or 2 weeks. hUC-MSCs or PBS
were delivered intranasally for 1 or 2 weeks with rotenone injection. We subsequently
performed behavioral assessments to evaluate motor and non-motor features, followed
by pathological analyses of the mouse brains. Results: Intranasal administration of hUC-
MSCs restored motor performance and protected dopaminergic neurons in the SN of mice
treated with rotenone for 2 weeks. In the 1-week rotenone mice, hUC-MSCs treatment
ameliorated depressive-like behaviors and attenuated olfactory dysfunction. Furthermore,
intranasal hUC-MSC treatment suppressed the accumulation of protein aggregates in the
brains of mice, which is associated with enhanced autophagic function, as indicated by
increased LC3B and normalization of LAMP2A protein expression. Conclusions: Our data
demonstrate that intranasal administration of hUC-MSCs improves non-motor symptoms
at early time points and attenuates progression to nigrostriatal loss and motor deficits in the
rotenone-induced PD mouse model. These findings support the potential of a non-invasive,
prodromal-stage intervention to modulate early pathological progression in PD.

Keywords: Parkinson’s disease; human umbilical cord mesenchymal stem cells; non-motor
symptoms; autophagy; protein aggregation; intranasal administration; rotenone

1. Introduction
Parkinson’s disease (PD) is a neurodegenerative disorder characterized by the pro-

gressive loss of dopaminergic neurons in the substantia nigra (SN) [1]. Clinically, PD is
diagnosed based on motor symptoms such as rigidity, tremor, and bradykinesia that typi-
cally appear after more than 60% of nigral neurons have degenerated [2]. Several non-motor
signs, including olfactory dysfunction, sleep disturbances, depression, and anxiety, often
predate the onset of motor deficits, which enhances their potential as prodromal markers of
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PD [3,4]. Many studies aimed at developing disease-modifying therapies are now targeting
individuals at the prodromal stage, where disease burden is less extensive, to maximize
therapeutic efficacy [5–7].

The pathogenesis of PD involves various cellular processes, including oxidative stress,
neuroinflammation, mitochondrial dysfunction, and abnormal protein aggregation [8,9].
Notably, the accumulation of abnormal protein aggregates, including Lewy bodies, in
dopaminergic neurons is a pathological hallmark of PD [10]. Lewy bodies are intracellular
inclusions composed primarily of misfolded α-synuclein, a protein that plays a critical
role in synaptic function and neurotransmitter release [11]. Based on these pathological
characteristics, increasing the clearance of aggregated proteins, particularly via autophagy
induction, has recently emerged as a promising therapeutic strategy for PD. Although
autophagy dysfunction is primarily documented in the later (full-blown) stage of PD, mod-
ulating this pathway at the prodromal stage may help restrain early disease progression.

Rotenone is widely used as a neurotoxin to establish experimental animal models of
PD [12,13]. As a lipophilic mitochondrial complex I inhibitor, rotenone induces α-synuclein
aggregation and Lewy body–like inclusions, more faithfully recapitulating key patho-
logical features of PD than other neurotoxin-induced models [14]. Short-term rotenone
administration is particularly suitable for reproducing prodromal symptoms [15,16].

The blood–brain barrier (BBB) protects the brain from external substances [17,18] but
poses a significant obstacle for treating central nervous system (CNS) disorders, including
PD [19]. The BBB tightly regulates the entry of molecules essential for brain function, such
as glucose and essential amino acids, through specific transporters [20,21]. Unlike periph-
eral capillaries, the paracellular spaces between endothelial cells in brain capillaries are
nearly nonexistent due to the tight junctions that seal BBB endothelial cells together [22,23].
To overcome this barrier, drug-delivery approaches, including nanocarriers or chemical
modification, have been developed to enhance CNS penetration [24,25]. Furthermore,
strategies that bypass the BBB entirely and directly target the brain have also been ex-
plored [26,27]. In this context, cell therapy has attracted attention, not only for its secretome
and immunomodulatory functions [28–30] but also because extracellular vesicles (EVs)
released by cells can cross the BBB to some extent or modulate its function indirectly [31–33].
Intranasal administration has emerged as a promising CNS drug-delivery route because
it bypasses the BBB via neural pathways connecting the olfactory epithelium to the brain
parenchyma [34–36]. Several animal studies have demonstrated that intranasally adminis-
tered cells or cell-derived vesicles rapidly reach the brain along the olfactory and trigeminal
nerve pathways, allowing repeated administration without invasive procedures [37–39].
Furthermore, intranasal administration has been proposed to reduce off-target systemic
distribution and enhance local therapeutic effects by providing direct access to the brain
without passing through systemic circulation [40–42].

Mesenchymal stem cells derived from the human umbilical cord (hUC-MSCs) ex-
hibit higher proliferative capacity, delayed cellular senescence, and lower donor-to-donor
variability compared with bone marrow- or adipose tissue-derived MSCs [43] hUC-MSCs
display low immunogenicity due to minimal expression of major histocompatibility com-
plex (MHC) class II molecules and possess a robust secretory profile enriched in anti-
inflammatory cytokines, neurotrophic factors, and EVs [44–46]. Administration of hUC-
MSCs has been reported to ameliorate motor deficits and attenuates neurodegeneration in
the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-induced PD mouse model [47].
Indeed, MSCs have been detected in the brain as early as one day post-administration
and persist for at least three weeks, suggesting the potential for sustained neuroprotective
effects [48–51]. Despite prior evidence, whether MSCs can modulate early pathological
changes in the prodromal stage remains unclear.

https://doi.org/10.3390/futurepharmacol6010008

https://doi.org/10.3390/futurepharmacol6010008


Future Pharmacol. 2026, 6, 8 3 of 17

Building on these findings, the present study aimed to investigate whether non-invasive
intranasal delivery of hUC-MSCs could alleviate non-motor symptoms during the prodromal-
like stage of PD and improve motor function by protecting neurons in a rotenone-induced
mouse model of PD. Furthermore, we examined whether these effects are associated with the
attenuation of abnormal protein aggregation through autophagy modulation.

2. Materials and Methods
2.1. Antibodies and Reagents

Minimum essential medium α (α-MEM; 12571063) and fetal bovine serum (FBS;
SH30919.03) were purchased from Gibco/Life Technologies (Carlsbad, CA, USA). Rotenone
(R8875), dimethyl sulfoxide (D2650), hydrogen peroxide, 30 wt.% (216763), Triton X-100,
for molecular biology (T8787), 3,3′-Diamino-benzidine tablets (DAB; D4793), FGF-4 (F8424),
gentamicin (G1272), and heparin (H3149) were purchased from Sigma-Aldrich (St. Louis, MO,
USA). The following antibodies were used: anti-tyrosine hydroxylase (anti-TH; ab112) and
anti-ubiquitin (ab7254; both from Abcam; Cambridge, UK); anti-p62 (p0067; Sigma-Aldrich);
anti-α-synuclein (GTX112799; Genetex; San Antonio, TX, USA); anti-LC3B (NB600-1384;
Novus; St Charles, MO, USA); biotinylated anti-rabbit IgG (H + L; BA-1000), biotinylated
anti-mouse IgG (H + L; BA-9200) (Vecta labs; Sydney, Australia). Paraformaldehyde (PFA;
4%; HP2031) was purchased from Biosesang (Seongnam, Republic of Korea), and Tissue-Tek
O.C.T compound (4583) was from Sakura Finetek (Tokyo, Japan). The ABC kit (PK-6100) and
hematoxylin QS (H3404) were obtained from Vector Laboratories (Newark, CA, USA).

2.2. Animals and Treatments

The animal experiments were performed in accordance with the Animal Research:
Reporting of In Vivo Experiments (ARRIVE) guidelines and were approved by the CHA
University Institutional Animal Care and Use Committee (IACUC; 230108). Eight-week-
old male C57BL/6 mice (20–24 g) were purchased from Orient Bio (Seongnam, Republic
of Korea). Mice were maintained at 22 ◦C, 50% humidity, and a 12 h light–dark cycle.
Mice were housed in standard laboratory cages and had free access to food and water
throughout the study. Rotenone was administered intraperitoneally (i.p.) once daily at a
dose of 1 mg/kg for 1 and 2 weeks. Rotenone was suspended in 1% polyethylene glycol
(PEG) with 0.2% DMSO. Control groups were injected with 1% PEG and 0.2% DMSO.
hUC-MSCs (1 × 106/20 µL) were administered in each nostril three times a week [52,53].
To enhance nasal mucosal permeability, mice were pretreated intranasally with 5 µL of
hyaluronidase (100 U; Sigma-Aldrich) in phosphate-buffered saline (PBS) 30 min before
hUC-MSC treatment [54]. During intranasal administration, the mice were positioned
with their abdomens and jaws upward, and this position was maintained for 3 min. The
experimental timeline for the treatment with rotenone and hUC-MSCs is shown in Figure 1.

Figure 1. Experimental schedule for 1 and 2 weeks of rotenone treatment (1 mg/kg, i.p.) and
intranasal hUC-MSCs administration (1 × 106 per mouse). Numbers indicate days after rotenone
treatment. Buried pellet test, BPT; Forced swim test, FST; mesenchymal stem cells, MSC; Rotenone,
Rot; Tail suspension test, TST.
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2.3. Cell Culture

Human umbilical cord-derived MSCs were obtained from CHA Biotech (Seongnam,
Republic of Korea). Cells were cultured in α-MEM supplemented with 10% FBS, 1 µg/mL
heparin, 50 µg/mL gentamicin, and 25 ng/mL FGF-4 in 150 mm dishes and incubated at
37 ◦C under 5% CO2.

2.4. Tail Suspension Test and Forced Swimming Test

To assess depressive-like behavior, we used the tail suspension (TST) and forced swim-
ming (FST) tests [55]. For TST, adhesive tape was attached to the tail of each mouse, and
the mice were suspended from a partitioned shelf to prevent visual contact for 6 min [56].
Behavior was recorded for the full 6 min, and immobility time was measured for 5 min,
excluding the first min [57]. For the FST, mice were placed in a transparent cylindrical
tank (30 × 10 cm in diameter) filled with warm water (27 ◦C, 20 cm in depth) [58]. The
mice were video recorded for 6 min, and the immobility time was measured for 5 min,
excluding the first min [59]. Immobility time was defined as the period during which the
mouse remained floating without movement, except that required to keep its nose above
water [60].

2.5. Buried Pellet Test (BPT) and Visual Pellet Test (VPT)

Before the BPT, mice were food-restricted for 2 days [61]. Each mouse was individually
placed in a cage and habituated for 1 h to adapt to the new bedding. Afterward, one piece
of cereal (1 g) was buried along the cage wall at a depth of 1 cm beneath the bedding and
concealed from view [62]. The mouse was subsequently placed on the side opposite to the
pellet, and the latency to uncover and start eating was recorded using a stopwatch [63].
The VPT was performed in the same manner, except that the pellet was placed on top of the
bedding to ensure visibility. This test enabled assessment of motivation and motor ability
independent of olfactory cues.

2.6. Rotarod Test

A rotarod treadmill (JD-A-07MA5, Jeung Do Bio & Plant Co., Ltd., Seoul, Republic
of Korea) was used to assess motor function. Mice completed one training and three test
sessions, each separated by at least 20 min. During training, mice were required to maintain
their balance on a rotating rod for 3 min at a fixed speed of 4 rpm. If the mice fell, they were
returned to the rod until the session was completed [64]. For testing, the rotation speed was
increased from 4 to 40 rpm at an acceleration of 10 rpm/min [65]. The latency to fall was
recorded for each mouse. Each session ended when the mice fell from the rod or remained
there for 5 min.

2.7. Perfusion and Immunohistochemistry

Mice were deeply anesthetized with a 1:1 mixture of Zoletil and Rompun (50 mg/kg,
i.p.) and were perfused slowly through the aorta with 50 mL of 1X PBS, followed by 4%
PFA [66]. After perfusion, brains were quickly removed and post-fixed in 4% PFA for
24 h. Brains were incubated in 15% sucrose solution for 24 h, then in 30% sucrose solution
for an additional 24 h [67]. Brain tissues were embedded in Tissu-Tek O.C.T. compound,
frozen at −80 ◦C for at least 2 h, and then coronally sectioned at 20-µm thickness using a
cryostat [68]. Tissue sections were mounted on slides after 10 min of washing in 0.05 M
PBS, three times. For antigen retrieval, brain sections were immersed in Tris-EDTA buffer
for 3 min to expose antigenic sites [69]. Sections were permeabilized and blocked for
30 min at room temperature in 1% bovine serum albumin (BSA, BSAS 0.1) (Bovogen
Biological; Keilor East, Australia)/1.5% normal goat serum (NGS, 01-6201; Thermo Fisher
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Scientific; Waltham, MA, USA)/0.3% hydrogen peroxide/0.2% Triton X-100/0.05M PBS.
Brain sections were incubated overnight at 4 ◦C in 0.05 M PBS containing 1.5% normal goat
serum with the following primary antibodies: rabbit polyclonal anti-TH (1:200); mouse
monoclonal anti-ubiquitin (1:200); rabbit polyclonal anti-p62 (1:200); rabbit polyclonal
anti-LC3B (1:200); and rabbit polyclonal anti-α-synuclein (1:300). The next day, sections
were incubated for 1 h at room temperature with biotinylated anti-rabbit or anti-mouse
IgG (H + L) secondary antibodies. After several washes, immunoreactivity was visualized
using DAB staining [70].

2.8. Immunofluorescence

Immunofluorescence was performed as described previously [71]. Brain sections
were incubated overnight at 4 ◦C in 0.05 M PBS containing 2% normal donkey serum
and 1% BSA with rat polyclonal anti-LAMP2A primary antibodies (1:800). Sections were
incubated with donkey anti-rat IgG Alexa Fluor 647 (Invitrogen, Eugene, OR, USA; Cat#
A78947) secondary antibodies for 1 h at room temperature, followed by incubation with
4′,6-diamidino-2-phenylindole for 10 min. The images were captured using a digital slide
scanner (Zeiss, Jena, Germany). All paired images in the figures were acquired under
identical gain and offset settings. Spot intensities were measured using ImageJ software
(version 1.54p).

2.9. Statistical Analysis

For quantitative analysis, three fields per experimental condition were acquired from
each coverslip, and the mean was used for statistical analysis. All analyses were performed
blinded. All data are expressed as the mean ± the standard error of the mean. Statistical
significance for multiple comparisons was assessed using one-way analysis of variance
followed by Sidak’s multiple comparisons test in Prism (GraphPad Software, version 10,
La Jolla, CA, USA).

3. Results
3.1. hUC-MSCs Attenuate the Motor Deficit and Protect SN Dopaminergic Neurons in
Rotenone-Induced PD Mice

To examine rotenone-induced dopaminergic neuronal loss in the SN, and whether
these pathological changes are ameliorated by intranasally delivered hUC-MSCs, we first
assessed immunostaining in both brain hemispheres of rotenone-treated mice. A 1-week
rotenone treatment did not significantly reduce TH immunoreactivity in the SN or im-
pair motor performance in the rotarod test (Figures 2 and 3A). However, after 2 weeks
of rotenone-alone treatment, TH immunoreactivity was significantly reduced, which was
markedly restored in the group that received hUC-MSCs with rotenone (Figure 2). Addi-
tionally, the rotarod test showed that mice that received both rotenone and hUC-MSCs for
2 weeks exhibited improved motor performance compared to those from the rotenone-only
group (Figure 3B). Although 2-week rotenone-treated mice showed a tendency toward
reduced rotarod performance that did not reach statistical significance, hUC-MSC co-
treatment significantly enhanced motor performance compared with the rotenone-only
treated group. Together, these findings indicate that 2 weeks of rotenone treatment in mice
results in early pathological alterations without significant motor deficits, and that these
pathological changes can be ameliorated by intranasally delivered hUC-MSCs.

https://doi.org/10.3390/futurepharmacol6010008

https://doi.org/10.3390/futurepharmacol6010008


Future Pharmacol. 2026, 6, 8 6 of 17

Figure 2. Assessment of survival of dopaminergic neurons in the rotenone-induced mouse model of
PD intranasally administered with hUC-MSCs. Immunohistochemistry analysis of TH-positive cells
in the SN (left panel) and densitometric quantification (right panel) (n = 4). TH-positive regions are
shown in brown, and the nuclei are counterstained in blue. Error bars indicate the standard error of
the mean. * p < 0.05. Scale bars = 500 µm. Control, Con; Mesenchymal stem cells, MSC; Rotenone,
Rot; Substantia nigra, SN; Tyrosine hydroxylase, TH.

Figure 3. Evaluation of motor performance in the rotenone-induced mouse model of PD following
intranasal hUC-MSC administration. Effect of hUC-MSCs administration on motor function in the
1- (A) and 2-week (B) rotenone-induced PD models (n = 13–18). • (gray bar), ▲ (orange bar), and
▼ (blue bar) indicate individual animals in the control, rotenone, and rotenone plus hUC-MSCs
groups, respectively. Error bars indicate the standard error of the mean. ** p < 0.01. Control, Con;
Mesenchymal stem cells, MSC; Rotenone, Rot.

3.2. hUC-MSCs Alleviate Non-Motor Symptoms During the Early Stage of Rotenone-Induced
PD Mice

To determine whether rotenone reproduces prodromal-like non-motor symptoms of
PD, we evaluated olfactory function and depressive-like behaviors in mice treated with
rotenone for 1 or 2 weeks. In the 1-week rotenone-treated group, immobility time was
significantly increased in the FST (Figure 4B, left panel), whereas a trend toward increased
immobility, but not significant, was observed in the TST (Figure 4A, left panel), indicat-
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ing depressive-like behavior characteristic of the prodromal PD-like phenotype. This
increase in immobility was significantly reduced by hUC-MSC treatment (Figure 4A,B, left
panel). However, no significant changes were observed in the 2-week rotenone-treated mice
(Figure 4A,B, right panel). Furthermore, the VPT was performed to determine whether
visual, motor, or cognitive deficits affected these behavioral results. No significant differ-
ences were observed in the 1- or 2-week hUC-MSC-administered groups (Figure 4C). In
the BPT, olfactory ability tended to improve after hUC-MSC administration in both 1- and
2-week rotenone-treated groups (Figure 4D). Together, these results indicate that 1 week of
rotenone exposure reproduces prodromal-like non-motor features, which are attenuated by
intranasal administration of hUC-MSC.

Figure 4. Analysis of non-motor symptoms following hUC-MSC intranasal administration. Im-
mobility time (s) of mice in the TST (A) and FST (B) after intranasal administration of hUC-MSCs
with rotenone for 1 and 2 weeks (n = 13–18). To determine whether visual, motor, or cognitive
deficits affected the results, the VPT was performed (C) (n = 8–9). BPT results on changes in olfac-
tory function following the intranasal administration of hUC-MSCs (D) (n = 8–13). • (gray bar),
▲ (orange bar), and ▼ (blue bar) indicate individual animals in the control, rotenone, and rotenone
plus hUC-MSCs groups, respectively. Error bars indicate the standard error of the mean. * p < 0.05,
** p < 0.01, *** p < 0.001, **** p < 0.0001. Buried pellet test, BPT; Control, Con; Forced swim test, FST;
Mesenchymal stem cells, MSC; Rotenone, Rot; Tail suspension test, TST; Vertical pole test, VPT.

3.3. hUC-MSCs Attenuate Protein Aggregates in Early-Stage Rotenone-Induced PD Mice

Next, we investigated whether hUC-MSC-induced improvements in non-motor symp-
toms were accompanied by a reduction in abnormal protein aggregation in the brain. After
1 week of rotenone treatment, p62, α-synuclein, and ubiquitin (Ub) levels were significantly
increased in the olfactory bulb (OB), and these increases were markedly attenuated by
hUC-MSCs (Figure 5A). Quantitative analyses focused on the mitral cell layer (MCL) of the
OB, a region particularly vulnerable to abnormal protein aggregation [72]. In the striatum,
p62 and α-synuclein levels increased significantly following rotenone injection, while Ub
showed a similar but non-significant trend (Figure 5B). Co-treatment with hUC-MSCs and
rotenone significantly reduced the accumulation of these proteins compared with rotenone
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alone (Figure 5B). In the SN, rotenone-induced increases in p62 and Ub immunoreactivity
were significantly attenuated by hUC-MSC administration, restoring these protein levels
to near those of the control group; in contrast, α-synuclein levels remained unchanged
(Figure 5C).

Figure 5. Changes in protein aggregation in the brain of rotenone-induced Parkinson’s Disease (PD)
mice after hUC-MSC administration. hUC-MSC administration reduced p62, α-syn, and Ub levels in
the OB (A), striatum (B), and SN (C) of rotenone-treated 1-week mice. Quantification data are shown
in the lower panels (A–C) (n = 12–15). p62, α-synuclein, and Ub are visualized in brown, and nuclei
are counterstained in blue. Boxes indicate the regions selected for higher-magnification images, and
solid lines denote scale bars. Error bars indicate the standard error of the mean. * p < 0.05, ** p < 0.01,
*** p < 0.001, **** p < 0.0001. Scale bars = 100 µm. α-Synuclein, α-syn; Control, Con; Mesenchymal
stem cells, MSC; Olfactory bulb, OB; Rotenone, Rot; Substantia nigra, SN; Ubiquitin, Ub.

3.4. hUC-MSCs Modulate Autophagy and Reverse Rotenone-Induced Changes in TH
Immunoreactivity in the OB

As the OB showed the most prominent reduction in protein aggregates following hUC-
MSC administration and because OB pathology is linked to early olfactory dysfunction, we
next investigated whether this effect involved regulation of autophagy-related signaling
pathways [73]. Autophagy-related markers were analyzed within the MCL, where protein
aggregation appeared the earliest and mitral cells were densely distributed. LC3B, a
marker of autophagosome formation, was significantly increased in the brains of rotenone-
treated mice and was further upregulated in mice co-treated with rotenone and hUC-MSCs
(Figure 6A). In contrast, LAMP2A immunoreactivity was reduced in the rotenone-treated
group but recovered in mice treated with both rotenone and hUC-MSCs (Figure 6B),
suggesting the restoration of lysosomal function. In the OB, TH immunoreactivity was
significantly elevated in mice treated with rotenone alone for 1 week, whereas hUC-MSC
administration normalized TH levels to those observed in the control group (Figure 7).
Increased TH expression in the OB has been reported as a pathological feature associated
with olfactory dysfunction in the prodromal PD-like phenotype [74]; therefore, this result
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suggests a possible link between hUC-MSC effects and recovery of olfactory function
(Figure 4D).

Figure 6. hUC-MSC intranasal administration activates impaired autophagic flux. Immunohisto-
chemical analysis and quantification of LC3B levels in the OB (A, left panel) and their densitometric
quantification (A, right panel) (n = 4–8). Brown signals indicate LC3B, and the nuclei are counter-
stained blue. Scale bars = 200 µm. Recovery of LAMP2A (red) levels in OB following hUC-MSC
administration, as shown by immunofluorescence analysis (B, left panel) and quantitative data
(B, right panel): LAMP2A levels decreased by rotenone were recovered by hUC-MSC administration.
(n = 5). #, □, △ indicate individual animals in the control, rotenone, and rotenone plus hUC-MSCs
groups, respectively. Boxes indicate the regions selected for higher-magnification images, and solid
lines denote scale bars. Scale bars = 50 µm. Error bars indicate the standard error of the mean.
* p < 0.05. Control, Con; Mesenchymal stem cells, MSC; Mitral cell layer, MCL; Olfactory bulb, OB;
Rotenone, Rot.

Figure 7. hUC-MSC intranasal administration restores TH expression to normal levels. Immunore-
activity of TH-positive cells in OB (left panel) and their quantitative analysis (right panel) (n = 10).
Boxes indicate the regions selected for higher-magnification images, and solid lines denote scale bars.
Scale bars = 50 µm. Error bars indicate the standard error of the mean. ** p < 0.001. Control, Con;
Glomerular layer, GL; Mesenchymal stem cells, MSC; Olfactory bulb, OB; Rotenone, Rot; Tyrosine
hydroxylase, TH.

4. Discussion
This study demonstrates that the intranasal administration of hUC-MSCs attenuates

motor impairments and improves early non-motor symptoms, including depressive-like
behavior and olfactory dysfunction, in a rotenone-induced mouse model of PD. Further-
more, hUC-MSC treatment reduced the accumulation of pathological protein aggregates.
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These effects were supported by increased LC3B-II protein levels and normalization of
LAMP2A expression, suggesting that hUC-MSCs may suppress disease progression by
reactivating autophagy-related pathways during the early phase of PD.

Rotenone administration has been widely used to generate PD–like pathology, as
it induces progressive dopaminergic neuronal loss in the SN and depletion of striatal
dopamine. In facts, previous study showed that intraperitoneal administration of rotenone
at a dose of 1 mg/kg resulted in a time-dependent decrease in the number of TH-positive
neurons in the SN and dopamine content in the striatum from day 7 to day 21 [75]. Based on
previous rotenone study, we would like to establish experimental conditions that reproduce
early-stage PD-like pathology. In our study, a significant reduction in dopamine neurons in
the SN was shown in mice treated with rotenone for 2 weeks. At this time point, motor
performance showed a trend toward reduction, although the difference did not reach
statistical significance (Figures 2 and 3). Clinically, substantial dopaminergic neuronal loss
in the SN may occur without overt motor symptoms, which usually emerge only after
70–80% neuronal degeneration and marked striatal dopamine [76]. In this study, typical
prodromal symptoms, such as depression and olfactory dysfunction, were clearly detected
in the 1-week rotenone-treated group (Figure 4), accompanied by pathological changes that
have been clinically reported in early PD [77,78], including abnormal protein accumulation
(Figure 5) and increased TH-positive neurons in the OB (Figure 7). Although the degree
of statistical significance varied depending on the behavioral experiment used (TST and
FST), the overall behavioral pattern consistently indicated the emergence of characteristic
non-motor symptoms of prodromal PD patients. The sensitivity of TST and FST in detecting
depressive-like behavior can differ depending on experimental conditions and disease
models [79]. Moreover, studies directly comparing the TST and FST have reported that
corticosterone levels are significantly elevated during the FST, whereas no such increase is
observed during the TST [80]. Together, these findings constitute a reasonable, clinically
relevant model of PD, suggesting that our model is well-suited for investigating pathology
and therapeutic interventions targeting the prodromal phase of PD.

We administered hUC-MSCs via the intranasal route, which is a noninvasive delivery
strategy that has been shown to facilitate CNS access while minimizing systemic expo-
sure [81]. Intranasally delivered MSCs or MSC-derived products can reach various brain
regions, including the OB and midbrain, within hours to days after administration and
may persist for several days, primarily exerting effects through paracrine mechanisms
rather than long-term engraftment [37,82]. The dosing regimen used in the present study—
administration of 1 × 106 hUC-MSCs three times per week—was selected based on prior
preclinical studies demonstrating behavioral and neuropathological benefits without overt
toxicity following repeated intranasal MSC delivery [37,83]. Although we did not directly
assess hUC-MSC biodistribution or persistence in the brain in this study, accumulating
evidence supports the notion that intranasally administered hUC-MSCs, or their secreted
EVs, can exert biologically meaningful effects within the CNS [84,85].

Intranasally delivered hUC-MSCs ameliorated not only prodromal symptoms in the
prodromal PD-like mice model (Figure 4) but also improved the underlying pathological
alterations observed at the corresponding disease stage. In the 1 week rotenone model, hUC-
MSC administration was found to be associated with attenuation of non-motor symptoms,
accompanied by reduced abnormal protein accumulation (Figure 5) and normalization
of region-specific pathological markers in the OB (Figure 6). Although these pathological
assessments were performed at 1 week after rotenone treatment, suppression of protein
aggregation is particularly relevant because protein accumulations are considered critical
events that contribute to subsequent dopaminergic neurodegeneration in PD [86]. Mod-
ulation of early pathological processes may have downstream consequences for disease
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progression; therefore, as per our results hUC-MSC-mediated improvement of early non-
motor symptoms and associated pathology might contribute to longer-term regulation
of disease-relevant neurodegenerative processes, supporting the therapeutic relevance of
targeting early-stage PD pathology. Moreover, intranasal hUC-MSC treatment ameliorated
brain pathology associated with PD. hUC-MSC increased TH-positive neurons in the OB
(Figure 7), a compensatory mechanism that occurs rapidly in the early stages of PD [87,88].
Enhanced dopaminergic activity may inhibit olfactory signaling by suppressing synaptic
transmission between olfactory receptor neurons and mitral cells [89,90]. Consistent with
this observation, the number of TH-positive cells in the OB of PD patients with olfactory
dysfunction have been found to be nearly twice than that of controls [74]. The findings
from our study suggest that hUC-MSCs can counteract early pathological changes and
prevent decline in olfactory function. In addition, hUC-MSCs significantly reduced ab-
normal protein accumulation in rotenone-treated mice by restoring impaired autophagic
flux. Dysregulated autophagy is a major contributor to early PD-like pathology; our results
indicate that hUC-MSCs help stabilize homeostatic protein degradation before irreversible
neuronal loss occurs. This finding underscores the importance of early intervention in PD.
Moreover, the intranasal route of hUC-MSC administration provides a clinically feasible
and noninvasive approach for delivering these agents to the CNS.

Although hUC-MSC treatment ameliorated non-motor symptoms and improved the
underlying pathological alterations, the precise mechanisms mediating these effects were
not directly evaluated in the present study. Nevertheless, our data indicate that intranasal
administration of hUC-MSC was associated with modulation of autophagy-related path-
ways. Notably, MSCs have been reported to exert context-dependent effects on autophagy,
with several previous studies describing autophagy induction, inhibition, or enhanced
autophagic turnover depending on experimental conditions, disease models, and cellular
targets [91–93]. Under our experimental conditions, hUC-MSC treatment was accompa-
nied by increased LC3 expression, normalization of LAMP2A levels, and a reduction in
rotenone-induced protein accumulation. These coordinated changes are consistent with an
overall enhancement of autophagy-related activity rather than an impaired degradation.
While this interpretation remains associative, our findings support the possibility that
hUC-MSC-mediated regulation of autophagy contributes to improved proteostasis and
mitigation of early pathological processes in this model.

Whether the observed effects are mediated by direct actions of MSCs within the brain
or indirectly through MSC-derived paracrine factors, particularly EVs, remain unclear.
Evidence, however, suggests that the therapeutic effects of MSCs are largely mediated by
their EVs [94–96]. MSC-derived EVs carry a diverse cargo of bioactive molecules, including
microRNAs, proteins, lipids, and antioxidant enzymes, that can modulate neuroinflam-
mation, oxidative stress, and cellular stress responses [97,98]. Furthermore, in models of
neurodegenerative diseases, MSC-EVs have been shown to attenuate microglial activation,
reduce pro-inflammatory cytokine production, and promote neuronal survival, even in the
absence of detectable cell engraftment [84,99]. Therefore, EVs can readily cross biological
barriers and diffuse within brain tissue, supporting their potential role as mediators of the
observed neuroprotective and anti-inflammatory effects following intranasal MSC adminis-
tration [100]. While direct evidence linking MSC-derived EVs to the effects observed in the
present study is lacking, these findings suggest that EV-mediated mechanisms contribute,
at least in part, to the modulation of early pathological processes in this prodromal PD
model. In addition, although human-derived MSCs were administered in a xenogeneic
setting, hUC-MSCs are generally considered to exhibit low immunogenicity. Repeated
intranasal administration of human-derived MSCs for 4 weeks has been reported to not
induce abnormalities in the brain or other major organs in mice [101]; however, some
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reports have suggested the potential for a xenogeneic immune response [102]. Therefore,
these drugs should be considered for temporary rather than long-term administration.

Our previous study demonstrated that administering trehalose in a rotenone-induced
early PD-like phenotype model enhanced autophagy and improved both non-motor and
motor symptoms [71]. The present study extends on these findings by providing novel evi-
dence that hUC-MSCs can attenuate early pathological changes and non-motor symptoms
of PD by normalizing autophagic activity. In contrast to prior studies focusing on the late
motor phase of PD, our findings suggest a potential preventive role for early intervention
during disease progression. This study evaluated the effect of hUC-MSC as an early in-
tervention in the stage when initial pathological stress is formed; therefore, rotenone and
hUC-MSC were administered simultaneously. However, in future studies, administering
hUC-MSC after disease onset will be necessary to verify the long-term therapeutic effects
of hUC-MSC. Overall, these results suggest that hUC-MSCs have preventive potential
for early-stage PD-like phenotypes and may represent a novel approach to modifying
disease progression.

5. Conclusions
Our findings indicate that intranasal administration of hUC-MSCs is associated with

improvements in early non-motor symptoms and attenuation of early pathological changes
in a rotenone-induced PD-like mouse model. These results support the feasibility of
intranasal hUC-MSC delivery as a non-invasive approach for targeting early-stage PD
pathology and justify further long-term and mechanistic investigations.
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α-MEM Minimum Essential Medium Alpha
α-syn α-Synuclein
ARRIVE Animal Research: Reporting of In Vivo Experiments
BPT Buried Pellet Test
BSA Bovine Serum Albumin
Con Control
DAB 3,3′-Diaminobenzidine
DMSO Dimethyl Sulfoxide
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FBS Fetal Bovine Serum
FGF-4 Fibroblast Growth Factor-4
FST Forced Swimming Test
GL Glomerular Layer
hUC-MSC Human Umbilical Cord Mesenchymal Stem Cell
i.p. Intraperitoneal
IACUC Institutional Animal Care and Use Committee
IgG Immunoglobulin G
IHC Immunohistochemistry
IF Immunofluorescence
LC3B Microtubule-Associated Protein 1A/1B-Light Chain 3B
LAMP2A Lysosome-Associated Membrane Protein 2A
MCL Mitral Cell Layer
OB Olfactory Bulb
PBS Phosphate-Buffered Saline
PD Parkinson’s Disease
PEG Polyethylene Glycol
Rot Rotenone
SEM Standard Error of the Mean
SN Substantia Nigra
TST Tail Suspension Test
VPT Visual Pellet Test
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