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Abstract

Background: Parkinson’s disease (PD) is a prevalent neurodegenerative disorder hallmarked by progressive loss of midbrain dopamin-
ergic (DA) neurons, neurite atrophy, neurotransmitter imbalance, and motor dysfunction. Therapeutic strategies targeting neuronal
integrity and neuroinflammation hold translational value beyond conventional symptomatic therapies for PD. Sarsasapogenin, a natural
steroidal saponin, exhibits documented neuroprotective properties in multiple neurological diseases. However, its therapeutic potential
and underlying mechanisms in PD remain to be elucidated. Methods: The neuroprotective efficacy of sarsasapogenin was assessed
in a subacute 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-induced mouse PD model and 1-methyl-4-phenylpyridinium ion
(MPP+)-insulted primary cortical and dopaminergic neuronal cultures. Motor function was evaluated via a variety of behavioral tests.
Survival of dopaminergic neurons was quantified using tyrosine hydroxylase (TH) immunostaining. Levels of monoamine neurotrans-
mitters and their metabolites were measured using high-performance liquid chromatography (HPLC), while serum proinflammatory
cytokines were determined using enzyme-linked immunosorbent assay (ELISA). Neurite outgrowth and neuronal viability were exam-
ined under both preventive and therapeutic treatment regimens in vitro. Potential molecular targets of sarsasapogenin were screened and
identified via Drug Affinity Responsive Target Stability (DARTS) coupled with molecular docking. Results: Twenty-one-day sarsasa-
pogenin intervention mitigated aberrant motor deficits in MPTP-treated mice, rescued TH+ dopaminergic neurons in the substantia nigra,
restored homeostasis of dopamine and norepinephrine, normalized the turnover of monoamines, and decreased peripheral levels of the
proinflammatory cytokines tumor necrosis factor-α (TNF-α) and interleukin-1β (IL-1β). In primary neuronal cultures, sarsasapogenin
significantly ameliorated MPP+-triggered neurite atrophy and neuronal loss in both cortical and ventral mesencephalic dopaminergic
neurons. DARTS screening combined with molecular docking identified serpin family H member 1 (Serpin) H1 as a candidate bind-
ing protein of sarsasapogenin, with a favorable binding affinity of −8.6 kcal/mol. Conclusions: Sarsasapogenin exerts comprehensive
neuroprotective effects in preclinical PD models via synergistic modulation of dopaminergic neuronal survival, neurotransmitter bal-
ance, inflammatory inhibition, and neurite outgrowth. These findings highlight sarsasapogenin as a promising multi-target candidate
for PD intervention, whereas the precise functional role of Serpin H1 in mediating its neuroprotective actions warrants further in-depth
investigation.
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1. Introduction

Parkinson’s disease (PD) is the second most prevalent
neurodegenerative disorder globally, clinically manifested
by progressive motor deficits including resting tremor,
rigidity, bradykinesia, and postural instability, as well as
non-motor symptoms such as cognitive impairment, anxi-
ety, and sensory dysfunction [1,2]. The core neuropatho-
logical feature of PD is the selective and progressive de-
generation of dopaminergic (DA) neurons within the sub-
stantia nigra, accompanied by striatal dopamine depletion
and widespread disruption of neural circuits [3,4]. Mount-

ing evidence has demonstrated that aberrant α-synuclein
induces neurite atrophy and synaptic loss, thereby initi-
ating and exacerbating the degeneration and apoptosis of
dopaminergic neurons [5,6]. Notably, synaptic dysfunction
and axonal degeneration are recognized as key pathological
events in the early stage of PD [7,8]. Accordingly, ther-
apeutic strategies targeting the preservation of neurite in-
tegrity and the promotion of neurite outgrowth hold great
potential for the treatment of neurodegenerative disorders
including PD [9,10].
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Natural products have garnered growing interest as
prospective candidates for neurodegenerative diseases in-
tervention, owing to their favorable properties in neurite
outgrowth and neuroprotection [11]. Sarsasapogenin, a
steroidal saponin abundantly distributed in Anemarrhena
asphodeloides, has been widely reported to exert diverse
pharmacological properties, with neuroprotective and an-
tidiabetic effects being the most well-characterized [12].
Preclinical studies have shown that sarsasapogenin pro-
motes microglial polarization toward the beneficial M2
phenotype, alleviates neuronal damage, and ameliorates
cognitive deficits in Alzheimer’s disease and diabetes mod-
els [13,14]. Mechanistically, sarsasapogenin mitigates
diabetes-associated memory impairment by suppressing
the protease-activated receptor 1 (PAR-1)/nuclear factor
kappa B (NF-κB)/NLR family pyrin domain-containing 1
(NLRP1) pathway and advanced glycation end-products
and their receptor (AGEs/RAGE) axis [15]. Moreover,
sarsasapogenin directly inhibits inflammatory responses in
macrophages and adipocytes, thereby alleviating insulin re-
sistance in high-fat diet-induced obese mice [16]. Despite
these well-documented pharmacological activities, the po-
tential neurite and neuronal protective effects of sarsasa-
pogenin in PD remain to be elucidated.

In the current study, we explored the therapeutic
effects of sarsasapogenin in 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP)-induced PD mice and 1-
methyl-4-phenylpyridinium ion (MPP+)-insulted primary
neuronal models. Its potential molecular target was fur-
ther explored using Drug Affinity Responsive Target Sta-
bility (DARTS) combined with molecular docking simula-
tion. Our findings demonstrated that sarsasapogenin allevi-
ates core pathological phenotypes of PD via integrated ef-
fects on promoting neurite outgrowth, rescuing dopaminer-
gic neurons, maintaining neurotransmitter homeostasis, and
inhibiting inflammatory responses.

2. Materials and Methods
2.1 Reagents and Animal Treatment

A total of 44 Male C57BL/6 mice (3-month-old)
were purchased from Zhuhai BesTest Bio-Tech Co., Ltd.
(Zhuhai, China) and raised under specific pathogen-free
conditions with a controlled environment (22 ± 1 °C,
50–60% relative humidity, 12 h light/12 h dark cycle).
Standard chow and sterile water were available ad libi-
tum throughout the experiment. Madopar tablets (24595,
Roche, Shanghai, China) were obtained from Roche Phar-
maceuticals Ltd. (Shanghai, China) via JingDong (JD)
Pharmacy. 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
hydrochloride (MPTPꞏHCl; M0896, Sigma-Aldrich, Bei-
jing, China) was purchased from Sigma-Aldrich (St. Louis,
MO, USA). Sarsasapogenin (DZ0010, Chengdu Desite
Bio-Tech, Chengdu, China) was acquired from Chengdu
Desite Bio-TechCo., Ltd. (Chengdu, China), with its chem-
ical structure and purity (≥98%) confirmed by nuclear mag-

netic resonance (NMR) and high-performance liquid chro-
matography (HPLC) analyses, respectively.

Following 1-week of acclimatization, mice were ran-
domly divided into five experimental groups (n = 8–9) and
received corresponding interventions for 21 consecutive
days. To ensure blinding during behavioral assessments,
all drug solutions were prepared and coded by an indepen-
dent researcher not involved in behavioral testing. The in-
vestigator responsible for drug administration and behav-
ioral recordings remained blinded to group assignments un-
til all data acquisitionwas completed. A subacute PDmodel
was established by intraperitoneal (i.p.) injection of MPTP
(30 mg/kg/day) for 5 consecutive days, a regimen widely
adopted to elicit dopaminergic neurotoxicity, neurochem-
ical disturbances, and characteristic motor deficits in mice
[17,18]. Drugs were immediately orally administered (p.o.)
after daily MPTP injection and continued for an additional
16 days. The five experimental groups were assigned as fol-
lows: (1) control group (0.5% hydroxypropyl methylcellu-
lose (HPMC; HY-A0104, MCE, Shanghai, China) in saline,
p.o. without MPTP treatment); (2) model group (0.5%
HPMC in saline, p.o. with MPTP treatment); (3) madopar
group (50 mg/kg, p.o.); (4) low-dose sarsasapogenin group
(10 mg/kg, p.o.); (5) high-dose sarsasapogenin group (20
mg/kg, p.o.).

2.2 Behavioral Test
2.2.1 Open Field Test

The open-field test was conducted in a square arena
(40 × 40 × 40 cm), with the floor divided into 25 equal
grids (8 × 8 cm each). The central zone was defined as
the 9 central squares (3 × 3 grid, covering 24 × 24 cm).
Throughout the testing procedure, a lighting system (XR-
XZ301, Xinruan Information Tech, Shanghai, China) was
used to maintain uniform illumination at 60 lx to minimize
environmental variability. Prior to formal testing, all mice
underwent a 5 min habituation period to acclimate to the
arena and reduce environmental stress. On the following
day, each mouse was gently placed in the central grid of
the arena and allowed to explore freely for 5 min. Between
individual trials, the entire arena was thoroughly cleaned
with 10% ethanol followed by water to eliminate residual
olfactory cues. The total locomotor traveled distance and
the number of entries into the central zone were automati-
cally recorded and quantified using a video-tracking system
(Xinruan Information Technology Co., Ltd.).

2.2.2 Rotarod Test
Motor coordination of mice was assessed using a ro-

tarod apparatus (Model YLS-4C, Yiyan Technology Co.,
Ltd., Jinan, China). In the training session, mice were
placed on the rotarod under a linear acceleration protocol
(1 to 30 r/min over 300 s) for two consecutive days, with
two trials per day. In the formal test, mice were subjected
to three consecutive trials using the same acceleration pro-
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tocol (1 to 30 r/min within 300 s). A 5-min inter-trial rest
interval was provided to prevent fatigue. The falling latency
was automatically detected and recorded by a photoelectric
sensor system (YLS-4C, Yiyan Tech, Jinan, China). The
latencies from the three test trials were averaged to obtain
a single value per mouse.

2.2.3 Pole Test
The pole test apparatus was self-made, comprising a

wooden pole (50 cm in height, 0.5 cm in diameter) wrapped
in gauze to prevent the mice from slipping. A rubber ball
was attached to the top of the pole to avoid mice’s pas-
sive sitting behavior. Additionally, the base of the pole
was padded with bedding to protect mice from injury in the
event of falls. Prior to formal testing, all mice underwent
adaptive training to acclimate to the apparatus. Each mouse
received 3 consecutive training trials, with a 5 min interval
between each trial. If a mouse failed to descend within 60
s, gentle guidance was provided to facilitate its downward
movement. In the formal pole test, each mouse was located
head-up on the rubber ball at the top of the pole. Two motor
coordination parameters were recorded: turn time (defined
as the duration for the mouse to rotate its head from an up-
ward to a downward position) and total time (defined as the
total elapsed time from placement at the top of the pole to
reaching the base). Three valid trials were conducted for
each mouse, and the mean value of the three trials was used
for subsequent statistical analysis.

2.3 Sample Collection and Tissue Preparation
After completion of the behavioral tests, mice were

deeply anesthetized via intraperitoneal injection of an
anesthetic cocktail containing xylazine hydrochloride (23
mg/kg; X0059, TCI, Shanghai, China), zolazepam (15
mg/kg; HY-119146, MCE, Shanghai, China), and salbuta-
mol hydrochloride (15 mg/kg; PHR3457, Sigma-Aldrich,
St. Louis, MO, USA). Salbutamol hydrochloride was used
as an adjuvant rather than a primary anesthetic agent, with
the main purpose of mitigating anesthesia-induced bron-
choconstriction and supporting respiratory function during
the procedure [19]. Blood samples were collected from the
retro-orbital sinus using sterile capillary tubes. Following a
30 min clotting period at room temperature, the sample was
centrifuged at 2500 ×g for 15 min. The separated serum
was harvested and stored at −80 ℃ until further analysis.
For brain tissue collection, mice were transcardially per-
fused with ice-cold 0.1 M phosphate-buffered saline (PBS,
pH 7.4) to remove circulating blood. Mice were deeply
anesthetized and euthanized by transcardial perfusion un-
der deep anesthesia. Then whole brains were subsequently
dissected, fixed in 4% paraformaldehyde (PFA; P1110, So-
larbio, Beijing, China) at 4 ℃ for 48 h, and then processed
for subsequent histological experiments.

2.4 Immunohistochemical Staining

Coronal brain sections (15 μm thick) spanning the sub-
stantia nigra region (bregma: −3.08 to −3.88 mm) were
prepared using a cryostat (KD-2950, Kedi, Jinhua, China).
Sections were fixed in 4% PFA for 1 h at room temperature,
followed by immunofluorescence staining with a mouse
monoclonal anti-tyrosine hydroxylase (TH) primary anti-
body (1:200, MAB318, Sigma-Aldrich) overnight. Alexa
Fluor 594-conjugated goat anti-mouse IgG secondary anti-
body (ab150116; Abcam, Cambridge, UK) was applied at
a dilution of 1:400. 4',6-diamidino-2-phenylindole (DAPI;
BOT-40043, Biomol, Hamburg, Germany) was used for nu-
clear counterstaining at a concentration of 1 μg/mL. Three
anatomically matched sections per mouse were immunos-
tained and captured using an ECHO Revolve fluorescence
microscope (ECHO RVL-100-M, San Diego, CA, USA).
Fluorescent images of TH+ neurons were subsequently an-
alyzed using ImageJ software (version 1.50i, National In-
stitutes of Health, Bethesda, MD, USA). TH+ neurons
weremanually counted following colocalization of TH- and
DAPI-stained images and uniform fixation of image thresh-
old values across all groups to standardize positive signal
identification. Additionally, the mean fluorescence inten-
sity of TH+ signals was quantified using ImageJ after back-
ground subtraction.

2.5 High-Performance Liquid Chromatography (HPLC)
Analysis

Midbrain tissue was selected for neurotransmitter
analysis because it contains the cell bodies of dopamin-
ergic neurons, allowing assessment of dopamine turnover
and synthetic capacity, which complements the conven-
tional measurement of striatal terminal dopamine (DA) de-
pletion. The method used to measure neurotransmitters was
based on that employed in a previous study [20]. Dissected
midbrain tissues were weighed and homogenized on ice
in lysis buffer containing 0.5 mmol/L disodium ethylene-
diaminetetraacetic acid (HY-W018746, MCE), 0.6 mol/L
perchloric acid (109065, Sigma-Aldrich), and 0.1 g/L L-
cysteine (HY-Y0337, MCE). The homogenate was cen-
trifuged at 14,000 ×g for 15 min at 4 °C to remove cellular
debris. The collected supernatant was mixed with an equal
amount of perchloric acid precipitant containing 2 mmol/L
disodium ethylenediaminetetraacetic acid and 1.2 mol/L
dipotassium hydrogen phosphate, and incubated on ice for
10 min. The mixture was then centrifuged at 14,000 ×g
for 15 min, and the supernatant was filtered through a 0.45
μmmembrane. The concentrations of norepinephrine (NE),
5-hydroxytryptamine (5-HT), DA, and their respective
metabolites [3-methoxy-4-hydroxyphenylglycol (MHPG),
5-hydroxyindoleacetic acid (5-HIAA), dihydroxypheny-
lacetic acid (DOPAC)] were quantified via an Agilent 1260
Infinity II system (Agilent Technologies, Santa Clara, CA,
USA), coupled with a ZORBAX 300SB-C18 column (150
mm × 4.6 mm, 5 μm) and a 1260 infinity fluorescence de-
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tector (excitation wavelength at 280 nm; emission wave-
length at 330 nm). Calibration curves were constructed
using authentic neurotransmitter and metabolite standards
purchased from Sigma-Aldrich with the following catalog
numbers: NE (N1100000), 5-HT (14927), DA (PHR1090),
MHPG (H8759), 5-HIAA (H8876), DOPAC (11569), HVA
(69673). The chromatographic conditions were set as fol-
lows: an isocratic elution mode with a mobile phase con-
sisting of 0.05M citrate-sodium acetate buffer (Phase A, pH
3.8; containing 0.5mM sodium heptanesulfonate, 5 mM tri-
ethylamine, 0.5 mM disodium EDTA) and methanol (Phase
B) at a ratio of 87:13 (v/v); flow rate was maintained at 1.0
mL/min, and injection volume was 10 μL.

2.6 Enzyme-Linked Immunosorbent Assay (ELISA)
Serum concentrations of pro-inflammatory cytokines

[tumor necrosis factor-α (TNF-α), interleukin-1β (IL-1β)]
and anti-inflammatory cytokines [transforming growth
factor-β (TGF-β), IL-10] were quantified using commer-
cial ELISA kits (TNF-α ELISA kit, MM-0132M1; IL-
1β ELISA kit, MM-0040M1; TGF-β ELISA kit, MM-
0135M1; IL-10 ELISA kit, MM-0176M1; Meimian,
Yancheng, China), strictly following the manufacturer’s in-
structions. All samples were assayed in duplicate wells, and
the optical density values were measured at 450 nm using a
microplate reader (ELx800, Biotek, Winooski, VT, USA).

2.7 Cell Culture, Cell Viability Assay, and Neurite
Outgrowth Assessment
2.7.1 Primary Cortical and DA Neuronal Culture

Embryos were harvested from pregnant Institute of
Cancer Research (ICR) mice (Zhuhai BesTest Bio-Tech,
Zhuhai, China) at embryonic day 14 (E14). ICR mouse
embryos were selected for primary neuronal culture due
to their robust reproductive performance and high embryo
yield, which are essential for obtaining sufficient viable
neurons for large-scale in vitro experiments. Following
removal of the dura mater, cerebral cortices or ventral
mesencephalic tissues (enriched in dopaminergic neurons)
were dissected and mechanically minced. Tissues were
dissociated with 0.5% trypsin–EDTA (25300054, Gibco,
Waltham, MA, USA) at 37 ℃ for 15 min, and the dissoci-
ated neurons were isolated and resuspended in Neurobasal
medium (# 21103-049, Gibco) supplemented with 2% B27
supplement, 0.6% D-glucose, and 2 mM L-glutamine. Im-
munocytochemical characterization showed that MAP2⁺
neurons accounted for ~75% of DAPI⁺ cells in cortical
cultures. At E14, ventral mesencephalic tissue was iso-
lated to establish a mixed mesencephalic culture, which
more closely mimics the in vivo cellular environment. TH⁺
DA neurons represented ~4.4% of total MAP2⁺ neurons.
This culture system allows for the study of DA neurons
in the presence of other neuronal and glial populations.
Primary cultures were tested for mycoplasma contamina-
tion by Thermal Dropout Polymerase Chain Reaction (TD-
PCR) and confirmed to be mycoplasma-free.

2.7.2 Primary Cortical Neuronal Viability and Neurite
Outgrowth Assay

Cortical neurons were seeded into 8-well plates
(80826, ibidi, Gräfelfing, Germany) at a density of 1.5 ×
104 cells/cm2. Following 3 days of in vitro culture, pri-
mary cortical neurons were co-treated with 1-methyl-4-
phenylpyridinium ion (MPP+; D048, Sigma-Aldrich) and
sarsasapogenin for 48 h. All experiments were indepen-
dently repeated three times. For cell viability assessment,
Cell Counting Kit-8 (CCK-8; K1018, APExBIO, Hous-
ton, TX, USA) was added, followed by incubation at 37
℃ for 3 h. The absorbance was measured at 450 nm us-
ing a microplate reader. For neurite density and length
analysis, neurons were fixed with 4% PFA for 1 h at 25
°C, then subjected to immunofluorescence labeling with
anti-β3-tubulin (1:200; sc-80005, Santa Cruz, Dallas, TX,
USA). Alexa Fluor 594-conjugated goat anti-mouse IgG
(1:400) was used as the secondary antibody. Nuclear coun-
terstaining was performed with DAPI. Ten random fields of
view per group were captured under an ECHO Revolve flu-
orescence microscope. Neurite length and neuronal num-
bers were quantitatively analyzed using the Neurite Tracer
plugin of ImageJ software.

2.7.3 TH+ DA Neurites Determination
To determine the optimal MPP+ concentration and its

cytotoxic effects on primary DA neurons, primary DA neu-
rons were seeded into 48-well culture plates at a density of
5 × 104 cells/cm2. After 4 days of in vitro culture, neurons
were treated with MPP+ at concentrations of 2, 5, 10 and 50
μM for 48 h.

To investigate the effects of sarsasapogenin on MPP+-
impaired neurite outgrowth in DA neurons, cells were
seeded into 48-well culture plates at a density of 3 × 105
cells/cm2. This seeding density was optimized based on
preliminary experiments. In our initial MPP+ concentra-
tion screening phase, a lower seeding density (5 × 104
cells/cm2) resulted in an insufficient number of TH+ DA
neurons per microscopic field and excessively low axonal
density, which compromised the accuracy and reproducibil-
ity of neurite outgrowth analysis. To ensure reliable quan-
tification, the density was adjusted to 3 × 105 cells/cm2,
which guarantees approximately 10–20 TH+ DA neurons
per field for consistent and valid morphological assessment.
Following 4 days of in vitro culture, neurons were treated
with 2 μM MPP+ for 48 h. Sarsasapogenin (0.1–1000 nM)
was added as a either pre-treatment or post-treatment during
the same 48-h period.

Subsequently, neurons were fixed with 4% PFA for
1 h at 25 °C and subjected to double immunofluores-
cence labeling with anti-microtubule-associated protein 2
(MAP2; 1:1000, ab32454, Abcam) and anti-TH (1:200;
MAB318, Sigma-Aldrich), followed by Alexa Fluor 594
and 488 conjugated secondary antibodies (1:400; ab150116
and ab150077, Abcam). For each well, 4–5 (for MPP+ con-
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centration screening) or more than 7 (for sarsasapogenin
intervention experiments) random fields were selected by
moving the stage in a systematic grid pattern, avoiding
well edges and areas with cell clumps or debris. Only iso-
lated, non-overlapping TH+/microtubule-associated protein
2 (MAP2)+ neurons with clearly identifiable cell bodies and
intact neurites were included. Fluorescent imageswere cap-
tured and neurites were quantified using the Neurite Tracer
plugin of ImageJ software.

2.8 Drug Affinity Responsive Target Stability (DARTS)
PrimaryDAneuronswere isolated fromE14 ICRmice

and cultured in 10-cm dishes at a seeding density of 1.82
× 105 cells/cm2 for 4 days. Cells were lysed using M-PER
mammalian protein extraction reagent (78501, Thermo Sci-
entific), supplemented with 1× protease inhibitor cocktail
(78429, Thermo Scientific). Equal aliquots of cell lysate
(10 μg total protein per sample) were incubated with sarsas-
apogenin (dissolved in dimethyl sulfoxide (DMSO)) at fi-
nal concentrations of 10 μM or 100 μM for 60 min at room
temperature (RT). The lysate-drug mixtures were then pro-
teolyzed with 1 μg thermolysin (P1512, Sigma-Aldrich)
in the reaction buffer for 25 min at 37 °C, and prote-
olysis was terminated by adding 0.5 M EDTA (pH 8.0)
at a ratio of 1:10 (v/v). All samples were separated by
sodium dodecyl sulfate–polyacrylamide gel electrophore-
sis (SDS-PAGE), and protein bands were visualized us-
ing the Pierce™ Silver Stain Kit (24612, Thermo Scien-
tific). The experiment was conducted in two indepen-
dent biological replicates. Protein bands showing enhanced
stability in sarsasapogenin-treated groups compared with
vehicle-treated controls were excised from gels and sub-
mitted for nano-liquid chromatography-tandem mass spec-
trometry (nano LC-MS/MS) analysis.

2.9 Molecular Docking
Molecular docking simulations were carried out us-

ing AutoDock Vina 1.2.6 (The Scripps Research Institute,
La Jolla, CA, USA). The optimal binding conformer was
selected according to the highest clustering frequency and
the most favorable binding affinity. The three-dimensional
(3D) structure of Serpin H1 was retrieved from the RCSB
ProteinData Bank (RCSBPDB; https://www.rcsb.org/) and
verified via the UniProt Knowledgebase (UniProtKB; http
s://www.uniprot.org/uniprotkb). The 3D chemical struc-
ture of sarsasapogenin was obtained from the PubChem
database (https://pubchem.ncbi.nlm.nih.gov/). Binding in-
teractions between sarsasapogenin and Serpin H1 were vi-
sualized and analyzed using PyMOL 3.1 (Version 3.1.8,
Schrodinger, New York, NY, USA) for 3D structural ren-
dering and Discovery Studio 2019 (DS 2019; Dassault Sys-
tèmes, San Diego, CA, USA) for two-dimensional (2D) in-
teraction diagram generation.

2.10 Statistical Analysis
All statistical analyses were performed using Graph-

Pad Prism 9.0 (GraphPad, San Diego, CA, USA). Data
are expressed as mean ± SEM. Comparisons among mul-
tiple groups were conducted using one-way ANOVA fol-
lowed by Tukey’s multiple comparisons test. Two-way
ANOVA was used for experiments involving two indepen-
dent variables, followed by Tukey’s multiple comparisons
test when appropriate. Unpaired two-tailed Student’s t-tests
were used for comparisons between two groups. Exact F
values, degrees of freedom, and adjusted p values are re-
ported in the figure legends. A p-value < 0.05 was consid-
ered statistically significant.

3. Results
3.1 Sarsasapogenin Ameliorates MPTP-Induced
Hyperactivities in Mice

MPTP is a well-established neurotoxin widely used to
establish PD mouse models [21]. In the present study, we
established a subacute PDmodel by intraperitoneally inject-
ingmice withMPTP at a dose of 30mg/kg for 5 consecutive
days. Behavioral assessments, including the open-field test,
rotarod test, and pole test, were performed to comprehen-
sively evaluate motor function and anxiety-like behaviors
in mice (Fig. 1A).

Following MPTP induction, mice in the vehicle (Veh)
and all drug-treated groups exhibited a significant initial
weight loss. However, body weight gradually recovered
and slightly increased after 5 days of MPTP administra-
tion, and no statistically significant differences were ob-
served among the Veh, madopar (Mad), low-dose sarsas-
apogenin (Sar-L), and high-dose sarsasapogenin (Sar-H)
groups throughout the experimental period (Fig. 1B). In the
open-field test, compared with the Cont (Control) group,
the Veh group showed a significant increase in total lo-
comotor distance and a higher number of entries into the
central zone, which reflects hyperactive behaviors and lo-
comotor dysfunction. Treatment with madopar or sarsasa-
pogenin significantly reduced both locomotor distance and
the number of central zone entries (Fig. 1C). In the rotarod
test, the Veh group exhibited a non-significant trend toward
increased fall latency compared with the Cont group (Fig.
1D). Although this might appear to suggest improved mo-
tor performance, such a trend has been reported in some
subacute MPTP paradigms and is thought to reflect com-
pensatory behavioral responses rather than genuine motor
enhancement [22]. In the pole test, no significant differ-
ences were detected among all groups in either turn latency
(Fig. 1E) or total descent time (Fig. 1F).

To further assess the protective effect of sarsasa-
pogenin on DA neurons, immunofluorescence staining was
performed using TH, a specific marker for DA neurons, to
evaluate the survival of DA neurons in the substantia nigra
pars compacta (SNpc). Quantitative analysis demonstrated
a significant reduction in the number of TH+ DA neurons
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Fig. 1. Sarsasapogenin modulates motor behavior and protects dopaminergic neurons in MPTP-induced PD mice. (A) Schematic
of the experimental protocol. Male C57BL/6 mice (3 months old, n = 8–9) were intraperitoneally injected with MPTP (30 mg/kg) to
establish the PD model, followed by intragastric administration of low-dose sarsasapogenin (10 mg/kg), high-dose sarsasapogenin (20
mg/kg), or Madopar (50 mg/kg) for 21 consecutive days. (B) Changes in body weight of mice during drug treatment. (C) Total distance
moved and center crossing times in the open field test (Two-way ANOVA, Interaction, F (4, 78) = 4.108, p = 0.0042, ηp2 = 0.156; Row
Factor, F (4, 89) = 4.113, p = 0.0042, ηp2 = 0.156 and Column Factor, F (1, 89) = 645.6, p < 0.0001, ηp2 = 0.879). (D) Falling latency
in the rotarod test (One-way ANOVA, F (4, 39) = 2.265, p = 0.0762, ηp2 = 0.162). (E) Turn time in the pole test (One-way ANOVA, F
(4, 39) = 1.165, p = 0.3389, ηp2 = 0.094). (F) Total descent time in the pole test (One-way ANOVA, F (4, 39) = 1.520, p = 0.2116, ηp2

= 0.115). (G) Representative immunofluorescence images of TH+ DA neurons in the mouse substantia nigra (scale bar: 320 µm). (H)
Quantification of TH+ DA neurons in the substantia nigra (n = 4) (One-way ANOVA, F (4, 15) = 3.450, p = 0.0345, ηp2 = 0.479). (I)
Quantification of TH fluorescence intensity in the substantia nigra (n = 4) (One-way ANOVA, F (4, 15) = 3.159, p = 0.0453, ηp2 = 0.457).
* p < 0.05, ** p < 0.01 vs Veh group in total distance moved. # p < 0.05, ## p < 0.01 vs Veh group in center crossing times. MPTP, 1-
methyl-4-phenyl-1,2,3,6-tetrahydropyridine; PD, Parkinson’s disease; ANOVA, analysis of variance; DA, dopaminergic; TH+, tyrosine
hydroxylase-positive; Veh, vehicle; Cont, control; Mad, madopar; Sar-L, low-dose sarsasapogenin; Sar-H, high-dose sarsasapogenin;
DAPI, 4′,6-diamidino-2-phenylindole.
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and their mean fluorescence intensity in the Veh group com-
pared with the Cont group (Fig. 1G). Administration of
(Sar-H) and madopar significantly rescued the loss of TH+

DA neurons in MPTP-induced PD mice (Fig. 1H,I).
Collectively, these results demonstrate that sarsasa-

pogenin effectively ameliorates MPTP-induced hyperac-
tive behaviors in PD mice, which may be associated with
its protective role in preserving the survival of DA neurons.

3.2 Sarsasapogenin Modulates Neurotransmitter
Expressions in MPTP-Induced PD Mice

Accumulating evidence indicates that themaintenance
of key neurotransmitter homeostasis within the striatum
and basal ganglia is critical for alleviating or delaying the
progression of PD [23]. Subsequent to the behavioral as-
sessments, deeply anesthetized prior to euthanasia. The
midbrain was dissected and subjected to HPLC analysis
to quantify the levels of monoamine neurotransmitters and
their metabolites.

The results of neurotransmitter profiling are presented
in Fig. 2. Compared with the Cont group, mice in
the MPTP-treated vehicle group exhibited significantly re-
duced levels of NE and DA, increased levels of DOPAC
and 5-HIAA, while no significant changes were observed
in the levels of 5-HT and MHPG (Fig. 2A−K). Madopar
significantly elevated NE and DA and reduced MHPG and
5-HIAA levels. In contrast, high-dose sarsasapogenin sig-
nificantly increased DA and decreased MHPG levels, but
it only showed an increasing trend toward NE. Notably,
the Veh group exhibited significantly increased metabo-
lite/neurotransmitter ratios (MHPG/NE, DOPAC/DA, and
5-HIAA/5-HT) compared with the Cont group, ratios that
reflect neurotransmitter turnover efficiency. These elevated
ratios which were significantly reversed by treatment with
Madopar or sarsasapogenin, suggest that sarsasapogenin
can normalize MPTP-disrupted neurotransmitter turnover
(Fig. 2C,F,I).

3.3 Sarsasapogenin Inhibits Peripheral Inflammatory
Response in MPTP-Induced PD Mice

Dopaminergic neurons are highly vulnerable
to oxidative stress and inflammatory insults. Both
cytokine/chemokine-induced cytotoxicity and excessive
neuroinflammatory responses contribute to dopaminergic
neuron degeneration and the progression of PD [24].
Neuroinflammation plays a pivotal role in the neurode-
generative pathogenesis of PD, which is characterized by
microglial activation and upregulation of proinflammatory
cytokines [25].

To evaluate the anti-inflammatory effects of sarsasa-
pogenin in MPTP-induced PD mice, the serum concentra-
tions of proinflammatory cytokines TNF-α, IL-1β, and anti-
inflammatory cytokines IL-10, TGF-β were quantified us-
ing ELISA kits.

The results are presented in Fig. 3. Compared
with the Cont group, the Veh group exhibited significantly
elevated serum levels of the proinflammatory cytokines
IL-1β and TNF-α, whereas the serum levels of the anti-
inflammatory cytokines TGF-β and IL-10 remained un-
changed (Fig. 3A−D). In contrast, treatment with Sar-
H significantly downregulated the serum levels of TNF-α
and IL-1β in PD mice, restoring them to near-normal lev-
els. Sar-L showed significantly downregulated IL-1β and
a trend toward reducing TNF-α levels. Neither dose of
sarsasapogenin had a significant impact on the serum levels
of IL-10 and TGF-β compared with the Veh group.

These findings demonstrate that sarsasapogenin ex-
erts potent anti-inflammatory effects in MPTP-induced PD
mice by specifically suppressing the peripheral secretion of
proinflammatory cytokines, which may indirectly alleviate
neuroinflammation-associated DA neuron damage.

3.4 Sarsasapogenin Attenuates MPP+-Induced Primary
Neuronal Neurite Atrophy

Accumulating evidence indicates that axon terminals
are highly susceptible to exogenous and endogenous in-
sults, undergoing degeneration during the early stages of
PD [26]. Therefore, therapeutic strategies aimed at prevent-
ing synaptic terminal loss or promoting neurite outgrowth
may alleviate the core pathological symptoms of PD. Pri-
mary neuronal cultures are widely used to investigate ax-
onal outgrowth and neuronal protection due to their abil-
ity to recapitulate in vivo neuronal phenotypes [27]. Thus,
the present study employed in vitro primary neuronal cul-
tures to evaluate the effects of sarsasapogenin on neurite
outgrowth in primary cultured neurons.

First, primary neuronswere obtained from the cerebral
cortex of E14mouse embryos to establish anMPP+-induced
PD cell model. Compared to Cont cells, MPP+ at 30–50
µM significantly reduced the viability of primary cortical
neurons (Fig. 4A). To assess the effect of sarsasapogenin
on MPP+-induced axonal injury, primary neurons were co-
incubated with 30 µM MPP+ and sarsasapogenin (1 and 10
µM) for 2 days, followed by immunofluorescence staining
with β3-tubulin and DAPI. The results demonstrated that
sarsasapogenin significantly attenuated MPP+-induced ax-
onal atrophy, while exerting no significant effect on neu-
ronal survival (Fig. 4B,C).

Next, primary ventral mesencephalic cultures were
prepared from E14 mouse embryos. This method yields
a mixed neuronal population, including DA, GABAergic,
glutamatergic, and serotonergic neurons, as well as a small
percentage of glial cells. No additional enrichment was per-
formed, as the aimwas to study DA neurons within their na-
tive cellular milieu, where cell-cell interactions may influ-
ence neuronal survival and neurite outgrowth, better mim-
icking the in vivo microenvironment. After 6 days of in
vitro culture, immunofluorescence labeling with TH and
MAP2 showed that TH+ DA neurons accounted for 4.4%
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Fig. 2. Sarsasapogenin restores monoamine neurotransmitter homeostasis in the midbrain of MPTP-induced PD mice. Male
C57BL/6 mice (3 months old) were intraperitoneally injected with MPTP (30 mg/kg) for 5 consecutive days to induce the PD model,
followed by intragastric administration of low-dose sarsasapogenin (10 mg/kg, Sar-L), high-dose sarsasapogenin (20 mg/kg, Sar-H),
or Madopar (50 mg/kg, Mad) for 21 consecutive days (n = 5). Midbrain was collected and measured by HPLC analysis. (A) NE
concentration (One-way ANOVA, F (4, 20) = 6.228, p = 0.0015, ηp2 = 0.520). (B) MHPG concentration (One-way ANOVA, F (4,
20) = 12.61, p < 0.0001, ηp2 = 0.687). (C) MHPG/NE ratio (One-way ANOVA, F (4, 20) = 17.59, p < 0.0001, ηp2 = 0.754). (D) DA
concentration (One-way ANOVA, F (4, 20) = 17.71, p < 0.0001, ηp2 = 0.755). (E) DOPAC concentration (One-way ANOVA, F (4, 20)
= 1.990, p = 0.1330, ηp2 = 0.275). (F) DOPAC/DA ratio (One-way ANOVA, F (4, 20) = 6.822, p = 0.0010, ηp2 = 0.554). (G) 5-HT
concentration (One-way ANOVA, F (4, 20) = 0.5504, p = 0.7006, ηp2 = 0.087). (H) 5-HIAA concentration (One-way ANOVA, F (4, 20) =
4.319, p = 0.0094, ηp2 = 0.429). (I) 5-HIAA/5-HT ratio (One-wayANOVA, F (4, 20) = 21.05, p < 0.0001, ηp2 = 0.785). (J) Chromatogram
of a mixed standard solution of monoamine neurotransmitters and their metabolites. (K) Chromatogram of a representative sample. *
p < 0.05, ** p < 0.01, *** p < 0.001 vs Veh group. HPLC, high-performance liquid chromatography; NE, norepinephrine; MHPG,
3-methoxy-4-hydroxyphenylglycol; DOPAC, dihydroxyphenylacetic acid; 5-HT, 5-hydroxytryptamine; 5-HIAA, 5-hydroxyindoleacetic
acid.
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Fig. 3. Sarsasapogenin decreases peripheral proinflammatory cytokine levels in MPTP-induced PD mice. Male C57BL/6 mice
(3 months old) were intraperitoneally injected with MPTP (30 mg/kg) for 5 consecutive days to induce the PD model, followed by
intragastric administration of low-dose sarsasapogenin (10 mg/kg, Sar-L), high-dose sarsasapogenin (20 mg/kg, Sar-H), or Madopar
(50 mg/kg, Mad) for 21 consecutive days. Serum was collected and measured by ELISA analysis (n = 5). (A) Serum level of TNF-α
(One-way ANOVA, F (4, 20) = 1.875, p = 0.1506, ηp2 = 0.254). (B) Serum level of IL-1β (One-way ANOVA, F (4, 20) = 2.784, p =
0.0519, ηp2 = 0.336). (C) Serum level of IL-10 (One-way ANOVA, F (4, 20) = 1.155, p = 0.3560, ηp2 = 0.167). (D) Serum level of
TGF-β (One-way ANOVA, F (4, 20) = 2.970, p = 0.0409, ηp2 = 0.341). * p < 0.05, ** p < 0.01 vs Veh group. ELISA, enzyme-linked
immunosorbent assay; TNF-α, tumor necrosis factor-α; IL-1β, interleukin-1β; TGF-β, transforming growth factor-β.

of total MAP2+ neurons (Fig. 5A–C). Subsequently, an
MPP+-induced primary DA neuron PD model was estab-
lished. Compared with normal neurons, treatment with 10
and 50 µM MPP+ significantly reduced the survival rate of
MAP2+ neurons (Fig. 5D). In contrast, treatment with 2
or 5 µM MPP+ caused substantial damage to the neurites
of TH+ DA neurons without affecting overall neuronal vi-
ability, 10 and 50 µM MPP+ resulted in complete death of
all dopaminergic neurons. (Fig. 5D–F). Based on these re-
sults, 2 µMMPP+ was selected as the optimal concentration
for subsequent experiments to specifically evaluate neurite
protection on DA neurons.

The therapeutic effects of sarsasapogenin on MPP+-
insulted DA neurons were further investigated (Fig. 6A).
Immunofluorescence analysis showed that 2 days' expo-

sure to 2 µM MPP+ led to a significant reduction in both
the number of TH+ DA neurons and neurite density com-
pared to the Cont group. Following co-culture of DA
neurons with sarsasapogenin for 2 days exerted signifi-
cant neuroprotective effects. Specifically, 10–1000 nM
sarsasapogenin markedly inhibitedMPP+-induced DA neu-
rite atrophy, as indicated by increased neurite density (Fig.
6B,C). We additionally examined the protective effects
of sarsasapogenin pretreatment against MPP+-induced DA
neuron damage. DA neurons were pretreated with sarsasa-
pogenin for 2 days, followed by co-incubation with 2 µM
MPP+ for an additional 2 days (Fig. 6D). Compared with
the Cont group, MPP+ exposure significantly induced DA
neuron apoptosis and neurite atrophy. Pretreatment with
sarsasapogenin at concentrations of 0.1–1000 nM dramati-
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Fig. 4. Sarsasapogenin attenuates axonal atrophy in MPP+-injured primary mouse cortical neurons. (A) Viability of primary
cortical neurons treated with 30–50 µMMPP+ for 2 days after 3 days of culture, determined by CCK-8 assay (n = 6) (One-way ANOVA,
F (3, 20) = 13.45, p < 0.0001, ηp2 = 0.669), ## p < 0.01, ### p < 0.001 vs Cont. (B) Quantification of neurite density and neuronal
number in primary cortical neurons co-treated with 30 µM MPP+ and sarsasapogenin for 2 days after 3 days of pre-culture, assessed by
immunofluorescence staining (n = 12–18 images, 8 embyos were used) (For neurite density, one-way ANOVA, F (3, 56) = 392.5, p <
0.0001, ηp2 = 0.955); (For one-way ANOVA, F (3, 56) = 12.02, p < 0.0001, ηp2 = 0.392), *** p < 0.001 vs Veh. (C) Representative β3-
tubulin immunofluorescence images of primary cortical neurons (scale bar: 100 µm). MPP+, 1-methyl-4-phenylpyridinium ion; CCK-8,
Cell Counting Kit-8; ICR, Institute of Cancer Research; ICC, immunocytochemistry.

cally improved the survival rate of MPP+-insulted DA neu-
rons. Notably, 10–1000 nM sarsasapogenin significantly
promoted the outgrowth of retracted neurites in MPP+-
damaged DA neurons (Fig. 6E,F).

Collectively, these in vitro findings demonstrate that
sarsasapogenin exerts direct neuroprotective effects by in-
hibiting MPP+-induced neurite atrophy in both cortical and
DA neurons, and promotes neurite outgrowth in injured DA
neurons, highlighting its potential as a therapeutic agent for
PD.

3.5 Serpin H1 as the Target Candidate of Sarsasapogenin
in Dopaminergic Neurons

To identify potential molecular targets of sarsasa-
pogenin in DA neurons, we employed DARTS technology,
a well-established method for screening small-molecule

drug targets [28]. The underlying principle of DARTS is
schematically illustrated in Fig. 7A. Briefly, upon bind-
ing to its target protein, a small-molecule induces confor-
mational changes, that either stabilize the protein against
protease-mediated degradation or render it more suscepti-
ble to hydrolysis. Following proteolysis, protein products
are separated by SDS-PAGE, visualized by silver staining,
and differentially expressed proteins between drug-treated
and vehicle control groups are identified via nano LC-
MS/MS [29,30]. This approach has been widely utilized
for the identification of cellular targets of small-molecule
compounds [31,32]. Combining DARTS with nano LC-
MS/MS, we preliminarily identified Serpin H1 as a candi-
datemolecular target of sarsasapogenin in DA neurons (Fig.
7B).
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Fig. 5. MPP+ induces dose-dependent axonal atrophy in primary mouse DA neurons. (A) Experimental workflow. Primary DA
neurons isolated from E14 mouse embryos and immunofluorescence stained after 6 days of in vitro culture. (B) Representative im-
munofluorescence images of MAP2 and TH in primary DA neurons (scale bar: 100 µm). (C) Number of MAP2+ and TH+ cells per
microscopic field, and the ratio of TH+ to total MAP2+ cells (n = 5). (D) Number of MAP2+ neurons in primary DA neurons treated
with 2–50 µM MPP+ (n = 5–7) (One-way ANOVA, F (4, 18) = 16.63, p < 0.0001, ηp2 = 0.787). (E) Length of TH+ neurites in primary
DA neurons treated with 2–5 µM MPP+ (n = 4–5) (One-way ANOVA, F (2, 9) = 12.73, p = 0.0024, ηp2 = 0.739). (F) Representative
immunofluorescence images of MAP2+ neurons and TH+ neurites in primary DA neurons treated with 2–5 µM MPP+ (scale bar: 100
µm). ** p < 0.01, *** p < 0.001 vs Cont. MAP2, microtubule-associated protein 2; Cont, control group.

To further assess the binding affinity and interaction
mode between sarsasapogenin and Serpin H1, molecular
docking simulations were performed. The 3D docking
model revealed that sarsasapogenin forms one hydrogen
bond with the aspartic acid (ASP) residue of Serpin H1,
with a bond length of 2.8 Å (Fig. 7C), suggesting ASP
as a key residue involved in ligand-receptor binding. Ad-

ditionally, the docking simulation yielded a binding en-
ergy of −8.6 kcal/mol (Fig. 7D), a value indicative of a
favorable predicted binding score between sarsasapogenin
and Serpin H1. The surface binding model demonstrated
that sarsasapogenin fits tightly into a hydrophobic cavity
on the surface of Serpin H1, with its molecular structure
well-anchored in the binding pocket, a conformation that
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Fig. 6. Sarsasapogenin exerts protective effects on neurite outgrowth in MPP+-insulted primary mouse DA neurons. (A) Experi-
mental protocol for the therapeutic treatment. Primary DA neurons cultured for 4 days were treated with 2 µMMPP+ for 2 days, followed
by sarsasapogenin administration for an additional 2 days (8 embyos were used). (B) Number and neurite length of TH+ primary DA
neurons in the therapeutic treatment (n = 7–16 images) (For neuronal number, One-way ANOVA, F (6, 64) = 31.18, p < 0.0001, ηp2 =
0.305; for neuronal length, One-way ANOVA, F (6, 58) = 8.078, p < 0.0001, ηp2 = 0.455). (C) Representative immunofluorescence im-
ages of MAP2+ neurons and TH+ neurites in the therapeutic treatment (scale bar: 100 µm). (D) Experimental protocol for the preventive
pretreatment. Primary DA neurons cultured for 4 days were pretreated with sarsasapogenin for 2 days, followed by co-treatment with 2
µM MPP+ for an additional 2 days (8 embyos were used). (E) Number and neurite length of TH+ primary DA neurons in the preventive
pretreatment (n = 7–12 images, 8 embyos were used) (For neuronal number, One-way ANOVA, F (6, 65) = 42.89, p < 0.0001, ηp2 =
0.796; for neuronal length, One-way ANOVA, F (6, 65) = 4.517, p = 0.0007, ηp2 = 0.294). (F) Representative immunofluorescence
images of MAP2+ neurons and TH+ neurites in the preventive pretreatment (scale bar: 100 µm). * p < 0.05, ** p < 0.01, *** p < 0.001
vs Veh group.

favors stable ligand-receptor interaction. The 2D interac-
tion diagram further revealed that sarsasapogenin interacts
with multiple amino acid residues of Serpin H1 via van der
Waals forces, which are critical for maintaining the stability
of the ligand-receptor complex. Moreover, sarsasapogenin
forms π-alkyl hydrophobic interactions with histidine (His)
residues of Serpin H1, which further enhance the binding
affinity between the ligand and receptor (Fig. 7E). It is im-
portant to note that these findings are preliminary and re-
quire further validation to confirm the functional relevance
of Serpin H1 as a target of sarsasapogenin. Thus, Serpin H1
should be considered a putative target of sarsasapogenin at
this stage.

4. Discussion
Axonal degeneration is a pivotal pathological event

in PD progression, and early synaptic dysfunction and loss
are increasingly recognized as potential therapeutic targets
for preventing disease onset and decelerating its progres-
sion [33]. PD-associated synaptic loss can be induced by
α-synuclein aggregation formation, while axonal degener-
ation is a prominent consequence of DA neuron loss in the
substantia nigra. Thus, protecting DA neurons is critical
for maintaining physiological DA levels in the striatum and
preserving motor coordination [26]. To date, no clinically
established drugs or therapeutic approaches that can effec-
tively reconstruct neural circuits in PD patients. A grow-
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Fig. 7. Identification of Serpin H1 as a potential target of sarsasapogenin in DA neurons. (A) Schematic illustration of the DARTS
principle. (B) Representative silver-staining image of the DARTS assay (two biological replicates). (C) 3D molecular docking model
of sarsasapogenin bound to Serpin H1. (D) Molecular docking binding affinity of sarsasapogenin with Serpin H1. (E) 2D molecular
interaction diagram of sarsasapogenin and Serpin H1. DARTS, Drug Affinity Responsive Target Stability; 3D, Three-dimensional; 2D,
Two-dimensional.

ing body of evidence indicates that many naturally derived
compounds exert multi-targeted neuroprotective effects in
PD models, including anti-inflammatory, antioxidant, mi-
tochondrial protective, anti-apoptotic, and neurotrophic ef-

fects [34,35]. Notably, these naturally derived compounds
not only reduce neurotoxicity but also improve bioavailabil-
ity and exhibit fewer adverse effects, making them promis-
ing alternative therapies for PD [36]. Furthermore, nat-
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ural compounds have shown significant potential in pro-
moting nervous system regeneration and neuroprotection
[37]. Sarsasapogenin has been shown to exert distinct neu-
roprotective effects in preclinical studies of Alzheimer’s
disease [14,38]. In the present study, we extend these find-
ings by demonstrating that sarsasapogenin harbors promis-
ing therapeutic potential for PD, as it modulates neurotrans-
mitter homeostasis, suppresses excessive inflammatory re-
sponses, and promotes neurite protection and outgrowth in
DA neurons.

MPTP is a well-established neurotoxin widely used
to generate experimental models of PD. However, the be-
havioral consequences of subacute MPTP exposure remain
variable and do not consistently reproduce the classical hy-
pokinetic phenotype observed in human PD [17,22]. Previ-
ous research has indicated that the manifestation of motor
dysfunction in acute and chronic MPTP models is strongly
correlatedwith the extent of nigrostriatal lesioning, whereas
subacute MPTP exposure is associated with widespread lo-
comotor hyperactivity [39]. This discrepancy is thought
to depend on multiple factors, including lesion severity,
administration regimen, timing of behavioral assessment,
dopaminergic and non-dopaminergic extrastriatal neural
transmission, and the extent of compensatory neural mech-
anisms [40]. Notably, striatal DA levels show no direct cor-
relation with motor behavioral performance in this subacute
model, which renders the detection of MPTP-induced be-
havioral alterations challenging.

Consistent with these previous observations, subacute
MPTP treatment in the present study significantly damaged
DA neurons and reduced DA content, yet it did not in-
duce typical motor deficits. Instead, MPTP-treated mice
exhibited increased locomotor activity in the open field test
and a trend toward prolonged fall latency in the rotarod
test. This paradoxical hyperlocomotion has been described
in certain subacute MPTP paradigms and is thought to re-
flect adaptive/compensatory responses within the nigrostri-
atal system rather than preserved or improved motor func-
tion [41]. One key compensatory mechanism is an increase
in DA turnover. Indeed, we observed a significant eleva-
tion of the DOPAC/DA ratio in MPTP-treated mice, in-
dicating accelerated DA metabolism. Similarly, the NE
turnover ratio (MHPG/NE) was also increased. Elevated
DA and NE turnover can temporarily sustain extracellu-
lar catecholamine levels and postsynaptic activation despite
marked DA depletion, thereby maintaining or even exag-
gerating locomotor output. This interpretation is consis-
tent with earlier reports that the nigrostriatal system pos-
sesses a strong compensatory capacity for DA loss, only
when DA depletion exceeds 80–90% does decompensa-
tion occur, leading to overt motor deficits. In our suba-
cute model, the degree of DA depletion was likely within
the compensable range, which explains the absence of clas-
sical parkinsonian motor impairments and the presence of
hyperactivity. Importantly, treatment with sarsasapogenin

attenuated this abnormal hyperlocomotor phenotype while
simultaneously preserving TH+ DA neurons and restoring
monoamine homeostasis. These findings suggest that the
behavioral normalization induced by sarsasapogenin is as-
sociated with stabilization of dopaminergic function and
neural circuit integrity, rather than nonspecific motor inhi-
bition. Future studies using chronic MPTP or α-synuclein-
based models are needed to assess whether sarsasapogenin
can ameliorate genuine motor deficits.

Neurotransmitter imbalance is a central pathological
feature of PD and is closely associated with both motor
and non-motor symptoms. Degeneration of nigrostriatal
DA neurons leads to DA depletion in basal ganglia cir-
cuits, disrupting motor control and contributing to classi-
cal symptoms such as bradykinesia, rigidity, and tremor
[23,42]. Dopaminergic degeneration in PD is accompa-
nied by imbalances in the metabolism of various neuro-
transmitters, which in turn trigger a series of pathological
cascades. Accordingly, dopamine replacement therapy re-
mains the cornerstone of current PD management [43]. In
the present study, MPTP exposure induced marked distur-
bances in monoamine homeostasis, as reflected by reduced
DA and NE levels together with altered metabolite pro-
files. Treatment with sarsasapogenin partially restored neu-
rotransmitter balance and reduced abnormal turnover, sug-
gesting a broader neuromodulatory effect beyond simple
dopaminergic replacement. Such multi-target regulation
may be therapeutically advantageous, as interventions that
simultaneously preserve DA neurons and normalize inter-
connected neurotransmitter networks could provide more
comprehensive symptomatic relief and potentially slow dis-
ease progression.

Neuroinflammation is increasingly recognized as a
central driver of PD progression. Activated microglia,
infiltrating peripheral immune cells, and elevated pro-
inflammatory cytokines contribute to DA neuron vulnera-
bility and dysfunction. Both innate and adaptive immune
responses have been implicated in toxin-induced PD mod-
els and human disease. For instance, cluster of differen-
tiation 4-positive (CD4+) T cells mediate brain inflamma-
tion and neurodegeneration in an α-synuclein overexpres-
sion mouse model, and glial responses are key features in
classical 6-hydroxydopamine (6-OHDA)-induced rat mod-
els of dopaminergic degeneration [44,45,46]. The persis-
tent inflammatory environment exacerbates synaptic dam-
age and neuronal vulnerability, thereby accelerating neu-
rodegeneration. Consequently, modulating inflammatory
signaling has emerged as a highly promising strategy for
the treatment of PD. We demonstrated that sarsasapogenin
significantly reduced the elevated peripheral levels of TNF-
α and IL-1β induced by MPTP exposure. Although circu-
lating cytokines do not directly represent central neuroim-
mune activity, peripheral inflammation is increasingly rec-
ognized to interact with the brain through blood-brain bar-
rier dysfunction, humoral signaling, and immune cell traf-
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ficking. Thus, the anti-inflammatory effects observed here
may contribute, at least in part, to the neuroprotective ac-
tions of sarsasapogenin. Future studies should further in-
vestigate its effects on microglial activation, astrocyte reac-
tivity, and inflammatory pathways within the nigrostriatal
system.

In vitro, MPP+ exposure induced marked structural
impairment and reduced viability in both cortical and DA
neurons. Treatment with sarsasapogenin significantly at-
tenuated these alterations, indicating protective effects on
neuronal survival and neurite integrity under toxic condi-
tions. These findings provide preliminary evidence that
modulation of neurite pathology may contribute to the ther-
apeutic profile of sarsasapogenin in PD. Axonal degenera-
tion is an early pathological hallmark of PD, and its under-
lying molecular mechanisms are distinct from those gov-
erning neuronal soma damage [7,47]. Targeting axonal out-
growth thus provides novel therapeutic avenues for PD pre-
vention and treatment. The observed preservation of neurite
architecture by sarsasapogenin may therefore have impor-
tant implications for maintaining neuronal connectivity and
function. Together with the in vivo protection of TH+ neu-
rons and restoration of monoamine homeostasis, these in
vitro results further support sarsasapogenin as a multi-target
neuroprotective candidate for PD.

Using DARTS combined with nano LC MS/MS, we
preliminarily identified Serpin H1, (also known as Hsp47),
as a candidate molecular target of sarsasapogenin in pri-
mary DA neurons. Serpin H1 is an endoplasmic reticulum-
resident chaperone involved in collagen processing and
the unfolded protein response (UPR) [48]. Emerging ev-
idence indicates that Serpin H1 is upregulated in the sub-
stantia nigra of PD patients and in PD-related stress mod-
els, where it maymodulate the inositol-requiring enzyme 1α
(IRE1α)-X-box binding protein 1 spliced (XBP1s) branch
of the UPR pathway [49,50]. It is important to note that
the functional link between sarsasapogenin binding to Ser-
pin H1 and downstream effects such as α-synuclein clear-
ance or neurite outgrowth is currently hypothetical and re-
mains to be experimentally validated. While we observed
that sarsasapogenin improved neurite outgrowth and pre-
served DA neurons, and molecular docking suggested a fa-
vorable interaction with Serpin H1, these findings do not di-
rectly demonstrate that the neuroprotective effects are me-
diated by Serpin H1. Future studies are required to: (i) con-
firm direct binding using cellular thermal shift assay or sur-
face plasmon resonance; (ii) determine whether Serpin H1
knockdown or overexpression modifies sarsasapogenin’s
neuroprotective activity; and (iii) examine whether sarsasa-
pogeninmodulates UPR/endoplasmic reticulum (ER) stress
pathways via Serpin H1 in DA neurons.

Despite the promising efficacy of sarsasapogenin in
promoting neurite outgrowth and protectingDAneuron sur-
vival in experimental PD models, several limitations of
the present study should be acknowledged. First, histo-

logical analyses were not performed in a blinded manner,
whereas behavioral assessments were fully blinded. The
lack of blinding in histology may introduce potential bias,
and future experiments will address this by having indepen-
dent investigators conduct histological evaluations. Sec-
ond, the subacute MPTP model reproduces dopaminergic
injury but does not consistently recapitulate progressive
motor deficits, which are key features of human PD. There-
fore, additional studies in chronic and α-synuclein-based
PDmodels are required to further define the therapeutic po-
tential of sarsasapogenin. Finally, the identification of Ser-
pin H1 remains exploratory and requires orthogonal valida-
tion using biochemical and genetic approaches.

5. Conclusions
In conclusion, the present study demonstrates that

sarsasapogenin ameliorates key pathological features of
PD by restoring monoamine neurotransmitter homeosta-
sis, suppressing excessive peripheral pro-inflammatory re-
sponses, and protecting midbrain DA neurons by attenuat-
ing MPP+-induced neurite atrophy and promoting neurite
outgrowth. Additionally, we preliminarily identified Ser-
pin H1 as a potential molecular target that may mediate the
axonal outgrowth effects of sarsasapogenin in DA neurons.
Overall, this work supports sarsasapogenin as a multi-target
neuroprotective candidate for the development of disease-
modifying therapies for PD.
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