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Abstract
This study is the first to comprehensively explore both intracellular and computational mechanisms through which Neuro-
peptide S (NPS) protects against paraquat-induced dopaminergic toxicity in a Parkinson’s disease (PD)-like SH-SY5Y cell 
model. Paraquat induces oxidative stress, mitochondrial dysfunction, and dopaminergic neuron loss, mimicking key PD 
features. Bioinformatic analyses, including Reactome pathway mapping and molecular docking, confirmed a high-affinity 
interaction between NPS and its receptor NPSR1, activating GPCR-associated signaling. NPS treatment restored intracellular 
dopamine and ATP levels and increased tyrosine hydroxylase (TH) and vesicular monoamine transporter 2 (VMAT) expres-
sion. Cell viability was assessed using the MTT assay, while dopamine levels were measured via LC–MS/MS. p-ERK1/2, 
total ERK1/2, and Nrf2 were quantified by ELISA and western blot. Oxidative stress markers, including TBARS, MAO-A, 
MAO-B, and COMT, were analyzed by ELISA. Gene expression of Bax, Bcl-2, Caspase-3, Caspase-8, DAT, and VMAT 
was evaluated by qRT-PCR. TH, c-Fos, and NPSR1 were visualized using immunofluorescence. NPS significantly improved 
cell viability and restored ATP levels compromised by paraquat exposure. It also reduced TBARS, MAO-B, and COMT 
levels, reversed paraquat-induced ERK1/2 phosphorylation, and restored Nrf2 and MAO-A expression. Additionally, NPS 
upregulated the anti-apoptotic marker Bcl-2. Most of these protective effects were abolished in the presence of the NPSR 
antagonist ML154, indicating a receptor-mediated mechanism of action. In conclusion, NPS was found to attenuate oxidative 
stress, support mitochondrial and dopaminergic function, and influence apoptosis-related signaling in our cellular model. 
These findings suggest that targeting the NPS/NPSR1 system may hold therapeutic potential in neurodegenerative diseases 
such as PD, warranting further in vivo validation.
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pathways

Introduction

Parkinson’s disease (PD) is one of the most common pro-
gressive neurodegenerative disorders of the central nervous 
system, primarily characterized by the loss of dopamine-
producing neurons in the substantia nigra [1]. Clinically, 
the disease manifests with tremor, rigidity, bradykinesia, 
and postural instability. Although its pathophysiology has 
not been fully elucidated, it is widely accepted that oxida-
tive stress and mitochondrial dysfunction play significant 
roles in the development of PD, which arises from a complex 
interplay between genetic and environmental factors [2–4].

Current therapeutic strategies mainly provide symp-
tomatic relief but fail to effectively target oxidative dam-
age or halt neurodegenerative progression [5]. Therefore, 
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identifying compounds that can modulate oxidative stress 
and preserve mitochondrial integrity represents a promis-
ing approach for disease modification. In this context, Neu-
ropeptide S (NPS)—a 20-amino acid endogenous peptide 
identified through reverse pharmacology—has emerged as a 
promising neuroprotective candidate due to its wide-ranging 
neuromodulatory and immunoregulatory roles [6, 7]. NPS is 
primarily expressed in the brainstem, amygdala, and hypo-
thalamus, whereas its receptor, NPSR1, a G protein-coupled 
receptor, is broadly distributed across the central nervous 
system. NPSR1 predominantly signals via Gq and Gs path-
ways, initiating intracellular calcium release, increasing 
cAMP levels, and activating downstream cascades such as 
ERK1/2 phosphorylation [8, 9].

In addition to its established functions in regulating 
arousal, anxiety, and feeding behavior, NPS has been shown 
to modulate nociceptive processing, influence immune 
responses through the induction of pro-inflammatory 
cytokines, and attenuate oxidative stress [6, 10, 11]. NPS 
also interacts with major neurotransmitter systems—includ-
ing glutamate, norepinephrine, serotonin, corticotropin-
releasing factor (CRF), and GABA—positioning it as a cen-
tral regulator of synaptic plasticity and neuronal excitability 
[12]. Furthermore, it enhances dopaminergic transmission 
by stimulating dopamine release in the ventral tegmental 
area (VTA) and medial prefrontal cortex, regions associated 
with reward and executive function [13, 14]. Emerging evi-
dence also implicates NPS in cellular defense mechanisms 
and neuroinflammation, thereby broadening its functional 
repertoire beyond neuromodulation [15, 16]. Genetic vari-
ants and single nucleotide polymorphisms in the NPSR1 
gene have been associated with several pathological con-
ditions, including depression, schizophrenia, asthma, and 
rheumatoid arthritis, underscoring the pleiotropic nature of 
this system [6, 17, 18]

Taken together, these findings highlight the multifaceted 
role of the NPS/NPSR1 system in both central and periph-
eral mechanisms relevant to neurodegeneration. Its capacity 
to modulate oxidative stress, immune activation, and dopa-
minergic signaling renders it a strong therapeutic candidate 
for neurodegenerative diseases, particularly PD. However, 
the precise molecular mechanisms through which NPS con-
fers neuroprotection remain to be fully elucidated.

To explore the molecular mechanisms underlying the neu-
roprotective effects of NPS in PD, we employed the human 
neuroblastoma SH-SY5Y cell line as an in vitro model. SH-
SY5Y cells are widely used in PD-related research due to 
their capacity to differentiate into dopaminergic neuron-like 
phenotypes and their expression of critical markers such as 
tyrosine hydroxylase (TH), dopamine transporter (DAT), 
and vesicular monoamine transporter 2 (VMAT2). Their 
documented susceptibility to oxidative damage, especially 
upon exposure to mitochondrial toxins like paraquat [19], 

renders them highly suitable for modeling PD-associated 
dopaminergic degeneration and for evaluating neuroprotec-
tive interventions [20, 21].

We assessed whether NPS could mitigate paraquat-
induced oxidative injury by evaluating its impact on key 
molecular targets. These included intracellular ROS levels, 
lipid peroxidation, and markers of apoptosis such as Bcl-2 
(anti-apoptotic), Bax (pro-apoptotic), and caspase-3 (execu-
tioner caspase) [22–26]. In addition, we explored the activa-
tion of Nrf2, a master regulator of antioxidant response, and 
the activity of dopamine-metabolizing enzymes monoamine 
oxidase (MAO) and catechol-O-methyltransferase (COMT), 
both of which contribute to oxidative stress through dopa-
mine catabolism [27].

To assess mitochondrial function, intracellular ATP lev-
els were measured, providing insight into the bioenergetic 
status of cells under oxidative challenge and NPS treatment. 
Restoration of ATP content in paraquat-exposed cells would 
indicate preservation of mitochondrial function by NPS.

We also measured the expression of dopamine transport-
ers, including dopamine transporter (DAT), which facilitates 
dopamine reuptake from the synaptic cleft, and vesicular 
monoamine transporter 2 (VMAT2), which sequesters 
dopamine into synaptic vesicles to reduce cytosolic ROS 
generation. Furthermore, to determine whether the observed 
cellular effects of NPS are mediated specifically through its 
receptor, we used ML154, a selective antagonist of the neu-
ropeptide S receptor (NPSR1). ML154 effectively inhibits 
NPS-induced receptor activation. By preventing NPSR1 
activation, ML154 served as a valuable pharmacological tool 
to confirm that the antioxidant and antiapoptotic effects of 
NPS observed in our study are indeed receptor-dependent 
[28, 29].

In parallel, we conducted bioinformatic analyses, includ-
ing Reactome pathway enrichment and molecular docking 
simulations, to predict the binding affinity of NPS to NPSR1 
and to map potential downstream signaling networks. These 
computational approaches complemented our experimental 
data and supported a receptor-mediated mechanism involv-
ing canonical GPCR pathways.

Through this multifaceted approach combining experi-
mental and in silico methods, we aimed to elucidate the 
underlying mechanisms by which NPS protects dopaminer-
gic neurons from oxidative damage, providing mechanistic 
insight into its potential therapeutic relevance in PD.

Material and Method

Bioinformatic Validation of NPS–NPSR1 Interaction

To support the experimental findings, a combined approach 
involving curated pathway mapping and structural docking 
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simulations was employed. The Reactome Pathway Database 
(https://​react​ome.​org) was queried using the terms “Neuro-
peptide S” and “NPSR1”. This search identified a curated 
molecular event titled “Neuropeptide S receptor binds neu-
ropeptide S” (Reactome Stable Identifier: R-HSA-444620), 
which describes the binding of extracellular NPS (UniProt 
ID: P0C0P6) to its receptor NPSR1 (UniProt ID: Q6W5P4) 
at the plasma membrane, triggering downstream intracel-
lular signaling. Furthermore, this interaction is embedded 
within the broader “GPCR downstream signalling” pathway 
(Reactome ID: R-HSA-373076), supporting the canonical 
role of NPSR1 in G protein-coupled signal transduction. To 
complement this pathway-based validation, we also visu-
alized the three-dimensional structures of NPS, NPSR1, 
and their docked complex using structural models retrieved 
from the AlphaFold Protein Structure Database (NPS: AF-
P0C0P6-F1-v4; NPSR1: AF-Q6W5P4-F1-v4). The recep-
tor–ligand interface and interaction profiles were analyzed 
with BINANA 2.2 to provide additional molecular-level 
insights.

Cell Cultures and Treatments

The human neuroblastoma SH-SY5Y cell line was obtained 
from the SAP Institute (Ankara, Turkey). Cells were cultured 
in Dulbecco’s Modified Eagle Medium-F12 (DMEM-F12; 
E0500-210, CEGROGEN), supplemented with 10% (v/v) 
heat-inactivated fetal bovine serum (FBS; BI04-007-1A, 
BIO.IND.) and 100 U/mL penicillin with 100 µg/mL strep-
tomycin (P0100-790, CEGROGEN), referred to as complete 
medium. Cultures were maintained at 37 °C in a humidi-
fied atmosphere of 95% air and 5% CO2, following standard 
protocols [30]. Upon reaching 80% confluence, cells were 
harvested, counted, and seeded into collagen-coated 6-, 
24-, or 96-well plates (5 × 103 cells/cm2) depending on the 
experimental requirements [21].

To differentiate SH-SY5Y cells (d-SH-SY5Y), the cells 
were treated with differentiation medium containing 10 µM 
retinoic acid (RA) (R2625-50MG, Sigma-Aldrich) prepared 
in complete medium with 2% FBS. The differentiation pro-
cess was carried out over 6 days, with medium replacement 
every 2 days [21, 31].

To determine the optimal concentrations and treatment 
durations for paraquat (856,177-1G, Sigma-Aldrich), NPS 
(custom-synthesized by GenScript®, Piscataway, NJ, USA; 
Catalog No: PE8267), and ML154, cells were exposed to 
250–2000 μM paraquat, 0.05–2 μM NPS, or 0.1–100 μM 
ML154 for 24, 48, and 72 h. For the experiments investigat-
ing the protective effects of NPS against paraquat-induced 
toxicity, treatments were applied simultaneously: cells were 
co-treated with paraquat and NPS (with or without ML154) 
for the indicated durations. Experimental groups were organ-
ized as follows:

1.	 Untreated control group.
2.	 NPS-treated group.
3.	 Paraquat-treated group.
4.	 Paraquat + NPS-treated group.
5.	 Paraquat + NPS + 0.1 µM ML154-treated group.
6.	 Paraquat + NPS + 1 µM ML154-treated group.

Cell Viability Assay

Cell viability was assessed using the MTT assay 
(3-[4,5-dimethylthiazol-2-yl]−2,5-diphenyltetrazolium bro-
mide; SE2039502, Serva) as described previously [32]. SH-
SY5Y cells were seeded into collagen-coated 96-well plates 
at a density of 5 × 103 cells/cm2 and allowed to adhere for 
24 h before treatment. After completing differentiation and 
treatment procedures [21], 10 µL of 5 mg/mL MTT solution 
was added to each well, followed by incubation for 4 h at 
37 °C and 5% CO2. Supernatants were then removed, and 
the resulting formazan crystals were dissolved in 200 µL 
of DMSO (SE3975702, Serva) per well. Absorbance was 
measured at 570 nm and 690 nm using a microplate reader 
(Bio-Tek Instruments, Inc.), and cell viability was expressed 
as a percentage relative to untreated controls, which were 
set at 100%.

Validation of the In Vitro Parkinson Model

To validate the cellular PD model, immunocytochemical 
staining was performed using antibodies against tyrosine 
hydroxylase (TH) and ubiquitin C-terminal hydrolase-L1 
(PGP9.5), markers of dopaminergic/noradrenergic neurons 
and general neuronal structure, respectively. SH-SY5Y 
cells were seeded at a density of 5 × 103 cells/cm2 on col-
lagen-coated six-well plates and divided into three groups: 
untreated control, RA-differentiated for 6 days, and RA-
differentiated followed by 1000 μM paraquat exposure for 
24 h. Cells were fixed with 4% paraformaldehyde for 15 min 
at room temperature, permeabilized with 0.1% Triton X-100 
for 15 min, and blocked with 3% BSA in 0.5% Tween-20/
PBS for 30 min.

A primary antibody cocktail containing anti-TH (ab112, 
Abcam) and anti-PGP9.5 (ab8189, Abcam) was diluted 
1:1000 in PBS and incubated overnight at 4 °C. After wash-
ing, cells were incubated with goat anti-rabbit IgG (A11034, 
Invitrogen) and goat anti-mouse IgG (A11003, Invitrogen) 
secondary antibodies (1:200 in PBS) for 1 h at room temper-
ature. Nuclei were counterstained with DAPI. Fluorescence 
was visualized using filters for DAPI (I3), FITC (N2.1), and 
Texas Red at 40 × magnification.

Neurite length analysis was performed using ImageJ soft-
ware (NIH, USA) on at least 50 cells per group, selected 
from multiple non-overlapping microscopic fields to ensure 
unbiased sampling. Neurite length was measured from the 

https://reactome.org
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cell body to the tip of the longest neurite; shared neurites 
were assigned to a single cell. Data were expressed as 
mean ± standard deviation.

Assessment of Mitochondrial Function: Intracellular 
ATP Content

Mitochondrial function was evaluated by measuring intra-
cellular ATP levels in all experimental groups. d-SH-SY5Y 
cells were cultured in 60-mm dishes and formed into experi-
mental groups. For ATP quantification, cells were rinsed 
with cold PBS and lysed using the lysis buffer provided in a 
commercial ATP determination kit (ab113849, Abcam Cam-
bridge, UK). The lysates were centrifuged at 10,000 × g for 
10 min at 4 °C, and the supernatants were transferred to a 
white 96-well plate. Luciferin-luciferase reagent was added 
to initiate the bioluminescent reaction, and luminescence 
was recorded using a microplate reader. ATP concentrations 
were calculated from a standard curve and normalized to 
total protein levels, which were determined by the Bradford 
assay.

ERK and Nrf2 Signaling Assay

ERK1/2 phosphorylation levels and Nrf2 signaling activity 
were assessed using the InstantOne ELISA Total/Phospho 
ERK1/2 kit (Invitrogen, Thermo Fisher Scientific; Catalog 
No. 85–86013-11) and the Human NRF2 ELISA kit (Inv-
itrogen, Thermo Fisher Scientific; Catalog No. 17184643), 
respectively, according to the manufacturers’ instructions.

Western Blot Analysis

SH-SY5Y cells were seeded into collagen-coated six-well 
plates at a density of 5 × 103 cells/cm2. Following differ-
entiation and treatments, cells were washed with ice-cold 
PBS and lysed on ice using radioimmunoprecipitation assay 
(RIPA) buffer (39,244, Serva) supplemented with protease 
inhibitors (P2714-1BTL, Sigma) and phosphatase inhibi-
tors (PhosSTOP, 04906845001, Roche). Lysates were col-
lected by scraping and centrifuged at 14,000 × g for 15 min 
at 4 °C to remove cellular debris. Protein concentrations 
were determined using the Pierce BCA Protein Assay Kit 
(44,132, Expedeon). Equal amounts of protein (30 μg per 
lane) were separated by 10% SDS-PAGE and transferred 
onto nitrocellulose membranes. Membranes were blocked 
with 5% non-fat dry milk in Tris-buffered saline containing 
0.1% Tween-20 (TBST) for 1 h at room temperature. Subse-
quently, membranes were incubated overnight at 4 °C with 
primary antibodies against p-ERK1/2 (1:1000, AF1015, 
Affinity), ERK1/2 (1:1000, AF0155, Affinity), and Nrf2 
(1:500, NB100-91897, Novus Biologicals). After washing, 
membranes were incubated with horseradish peroxidase 

(HRP)-conjugated secondary antibodies (1:10,000, BA1054, 
Boster) for 1 h at room temperature. Protein bands were 
visualized using an enhanced chemiluminescence (ECL) 
substrate and detected with a Fluorchem Imaging System 
(G:BOX Chemi XRQ). β-actin (1:3000, AF7018, Affin-
ity) was used as a loading control. Densitometric analysis 
of band intensities was performed using GeneSys image 
acquisition software.

Measurement of MAO‑A, MAO‑B, COMT, and TBARS 
Levels in SH‑SY5Y Cells

The concentrations of MAO-A, MAO-B, COMT, and Thio-
barbituric acid reactive substances (TBARS) in human neu-
roblastoma SH-SY5Y cells were determined using com-
mercially available enzyme-linked immunosorbent assay 
(ELISA) kits (MAO-A: E1984Hu, MAO-B: E3822Hu, 
COMT: E3731Hu, TBARS: E3642Hu; Bioassay Technol-
ogy Laboratory, Jiaxing, Zhejiang, China) according to the 
manufacturer’s instructions.

Briefly, cell pellets obtained from the experimental 
groups were resuspended in 1000 µL of PBS and subjected 
to sonication to ensure complete cell lysis. The lysates were 
subsequently centrifuged at 3000 rpm for 20 min at 4 °C 
to collect the supernatant, which was used for subsequent 
measurements.

For each analyte, appropriate volumes of the supernatants 
were transferred into microtiter wells in duplicate, followed 
by incubation steps as described in the kit protocols. Opti-
cal densities were measured at 450 nm using a microplate 
spectrophotometer. Concentrations of MAO-A, MAO-B, and 
COMT were calculated from their respective standard curves 
and expressed as pg/mg or ng/mg protein, while TBARS 
levels were expressed as nmol/mg protein.

Quantitative Measurement of Dopamine in SH‑SY5Y 
Cells by LC–MS/MS

The dopamine content in SH-SY5Y cell lysates was quanti-
fied using liquid chromatography coupled with tandem mass 
spectrometry (LC–MS/MS) based on a previously described 
method [33] with slight modifications.

Cell lysates were prepared by adding 250 µL of formic 
acid buffer to the cell pellets, followed by 30 s of sonication 
to homogenize the samples. The homogenates were centri-
fuged at 18,000 × g for 20 min at 4 °C. The resulting super-
natants were transferred into LC–MS/MS vials for analysis.

Dopamine standard solutions were prepared by weighing 
0.01 g of dopamine (Sigma-Aldrich, St. Louis, MO, USA) 
into a 10-mL glass tube, dissolving it in 1 mL of 98–100% 
formic acid, and diluting to 10 mL with LC–MS-grade water.

Quantification was carried out using an ultra-fast liquid 
chromatography system (LC-20AD UFLC XR, Shimadzu 
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Corporation, Japan) coupled to a triple quadrupole mass 
spectrometer (LCMS-8040, Shimadzu Corporation, Japan). 
Chromatographic separation was achieved on an Inertsil 
ODS-4 column (3 × 100 mm, 2 µm particle size; GL Sci-
ences Inc., Tokyo, Japan) maintained at 25 °C.

The mobile phase consisted of Solvent A (0.1% formic 
acid and 1% acetonitrile in water) and Solvent B (0.1% for-
mic acid in acetonitrile). A gradient elution program was 
applied as follows: 5% B to 50% B (0–1 min), 50% B to 95% 
B (1–2 min), held at 95% B (2–3 min), and returned to 5% 
B (3–4 min). The flow rate was set at 0.4 mL/min, with an 
injection volume of 5 µL per sample.

Dopamine detection was optimized under positive elec-
trospray ionization (ESI) mode using multiple reaction 
monitoring (MRM). The precursor-to-product ion transi-
tion for dopamine was set at m/z 155 → 136.9. The reten-
tion time for dopamine was approximately 2.51 min. The 
method exhibited a linear response over a concentration 
range of 50–1000 ng/mL with a total analysis time of 5 min 
per sample.

Quantitative Real‑Time Polymerase Chain Reaction 
(qRT‑PCR)

Total RNA was extracted from SH-SY5Y cells using Trizol 
reagent (15596026, Invitrogen, Thermo Fisher Scientific) 
according to the manufacturer’s instructions. Following the 
addition of 1 mL Trizol, cells were scraped, and RNA isola-
tion was completed. The RNA concentration was determined 
spectrophotometrically at 260 and 280 nm, and RNA sam-
ples were stored at − 80 °C.

One microgram of RNA was treated with 1 U of DNase 
I (Invitrogen, Thermo Fisher Scientific) to remove genomic 
DNA contamination.

Complementary DNA (cDNA) synthesis was performed 
using the SuperScript™ III First-Strand Synthesis System 
Kit (12574026, Invitrogen, Thermo Fisher Scientific). A 
reaction mixture containing 10 × RT buffer, 25 mM MgCl₂, 
10 mM dNTP mix, 0.1 M DTT, 50 ng/μL random hexam-
ers, RNase OUT, and SuperScript III Reverse Transcriptase 
(200 U/µL) was incubated with 1 µg of DNase-treated RNA. 
Incubation conditions were 25 °C for 10 min, 50 °C for 50 
min, and 85 °C for 5 min.

Quantitative PCR was conducted using specific prim-
ers for human Bax, Bcl-2, Caspase-3, Caspase-8, VMAT, 
and DAT, and the reference gene GAPDH (Bax F: 5′-CCT​
TTT​GCT​TCA​GGG​TTT​CATCC-3′, R: 5′- CAG​CTT​CTT​
GGT​GGA​CGC​AT-3′; Bcl-2 F: 5′-GAT​TGA​TGG​GAT​CGT​
TGC​CT-3′, R: 5′-GTC​TAC​TTC​CTC​TGT​GAT​GTT​GTA​
T-3′, Caspase-3 F: 5′-CTG​CCG​TGG​TAC​AGA​ACT​GG-3′, 
R: 5′-GTC​GGC​CTC​CAC​TGG​TAT​TT-3′, Caspase-8 F: 
5′-AGG​AAA​GGG​TGG​AGC​GGA​TTA-3′, R: 5′-GAA​CTT​
GAG​GGA​GGC​CAG​AT-3′, VMAT F: 5′-GTC​CCC​ATC​

ATC​CCA​AGT​TATC-3′, R: 5′-TAG​GAG​AAG​ATG​CTC​
TGG​AAGC-3′, DAT F: 5′-TAC​AAA​AAT​GGT​GGC​GGT​
GC-3′, R: 5′-GAT​CTT​CCA​GAC​ACC​AGC​GG-3′, GAPDH 
F: 5′-AGG​TCG​GAG​TCA​ACG​GAT​TT-3′, R: 5′-GAT​GGC​
AAC​AAT​ATC​CAC​TTT​ACC​A-3′). Reactions were per-
formed with Power SYBR® Green Master Mix (4309155, 
Applied Biosystems) on a QuantStudio 3 Real-Time PCR 
System (Applied Biosystems). The relative expression of 
target genes was calculated using the 2^ − ΔΔCT method, 
with GAPDH as the normalization control.

Immunofluorescence Staining for Receptor 
Localization and Neuronal Activation

To evaluate receptor distribution and activity-dependent 
responses, two immunolabeling strategies were applied.

(i) NPSR1 and c-Fos staining: differentiated SH-SY5Y 
cells were immunolabeled with rabbit anti-NPSR1 (1:200; 
Merck, ABN12) and mouse anti-c-Fos (1:500; Genetex, 
GTX60996) on separate coverslips across experimental 
groups. For positive control of neuronal activation, cells 
were depolarized with 100 mM KCl prior to fixation to 
induce c-Fos expression.

(ii) TH and c-Fos double-labeling: to determine activity-
dependent responses specifically within dopaminergic-like 
neurons, coverslips were co-stained with rabbit anti-TH 
(1:1000; Abcam, ab113) and mouse anti-c-Fos (1:500; Gene-
tex, GTX60996) following paraquat and/or NPS treatment.

Cells were fixed with 4% paraformaldehyde for 15 min at 
room temperature, washed with PBS, and blocked with UV 
block (Thermo Scientific) for 1 h. Primary antibodies were 
incubated overnight at 4 °C, followed by species-specific, 
highly cross-adsorbed secondary antibodies: donkey anti-
rabbit CF555 (1:500; Biotium, 20038–1) and donkey anti-
mouse Alexa Fluor 488 (1:500; Invitrogen, A21202). Nuclei 
were counterstained with DAPI and mounted in antifade 
medium. Negative controls (omission of primary antibodies) 
and single-label controls were performed in parallel to vali-
date specificity and exclude spectral bleed-through. Images 
were acquired with an Olympus BX43 fluorescence micro-
scope under identical magnification and exposure settings, 
and scale bars (20–50 µm) were included on all images.

Statistics

Data were analyzed using GraphPad Prism 7 software 
(GraphPad Software, USA). Values are presented as 
mean ± SEM. For normally distributed variables, one-way 
analysis of variance (ANOVA) followed by Tukey’s post 
hoc test was applied. Non-normally distributed data were 
analyzed using the Kruskal–Wallis test followed by the 
Mann–Whitney U test. Immunofluorescence results were 
assessed using the Kruskal–Wallis test with Dunn’s post hoc 
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test. Differences were considered statistically significant at 
p < 0.05.

Results

In Silico Evidence for NPS–NPSR1 Binding 
and Signaling

The reactome analysis confirmed that NPS specifically 
binds to its cognate receptor NPSR1 at the plasma mem-
brane, as documented under the molecular event R-HSA-
444620. This interaction triggers GPCR-mediated intra-
cellular signaling mechanisms, including Gαq-mediated 
activation of phospholipase C, mobilization of intra-
cellular calcium stores, and ERK1/2 phosphorylation. 
These processes are detailed in the “GPCR downstream 
signalling” pathway map (R-HSA-373076), and provide 
a mechanistic framework supporting the role of NPS in 

neuronal modulation and potential neuroprotective func-
tions. A schematic representation of this signaling cascade 
is shown in Fig. 1. Also, three-dimensional models of the 
NPSR1, NPS, and the NPSR1–NPS complex are illustrated 
to demonstrate the receptor–ligand interaction in Fig. 2. 
The resulting NPSR1–NPS complex revealed a network of 
non-covalent interactions that likely stabilize ligand bind-
ing. Hydrogen bonds, represented by solid black arrows 
from donor to acceptor, were prominently observed at key 
contact sites within the binding pocket. Additionally, red 
dashed lines indicate the formation of salt bridges, con-
tributing to the electrostatic stabilization of the complex. 
T-stacking interactions, depicted by turquoise dashed 
lines, were also identified, suggesting π-π interactions 
between aromatic residues and the ligand. These structural 
features collectively support the specificity and stability 
of the NPS–NPSR1 interaction, providing insight into the 
molecular basis of receptor activation.

Fig. 1   Bioinformatic schematic of NPSR1-mediated GPCR signal-
ing cascade. The figure illustrates the intracellular pathways acti-
vated upon the binding of Neuropeptide S to its receptor (NPSR1), as 
curated in the Reactome pathway R-HSA-373076. Key components 

include G protein-coupled activation, calcium mobilization, and ERK 
phosphorylation, which collectively contribute to neuroprotective 
responses
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Cell Viability Assay

The dose- and time-dependent cytotoxic effect of paraquat 
(50–2000 μM) on d-SH-SY5Y cells was evaluated using 
the MTT assay. The results revealed that 24-h application 
of paraquat treatment significantly reduced cell viability 
at 1000 μM and 2000 μM concentrations compared to the 
control group (65 ± 3%, 48 ± 4% cell viability, respectively) 
(p < 0.05), while lower concentrations did not cause any 

significant effect. A high degree of cytotoxicity (≥ 50% cell 
death) was observed at ≥ 1000 μM paraquat after 48 and 
72 h of exposure, while lower concentrations did not cause 
significant cytotoxicity. For subsequent mechanistic experi-
ments, 1000 μM paraquat applied for 24 h was chosen as the 
working concentration, since it consistently induced robust 
but sub-lethal toxicity (cell viability > 50%). This dose pro-
vided an optimal balance between producing Parkinson’s-
like cellular stress and preserving sufficient viable cells for 

Fig. 2   Structural representation of NPSR1, NPS, NPSR1–NPS com-
plex, and a magnified view of the binding site within the complex. 
Hydrogen bonds are indicated by solid black arrows (donor to accep-
tor), salt bridges are shown as red dashed lines, and π–π stacking 

interactions are represented by turquoise dashed lines. Because not all 
interactions are visible in a single orientation, panel highlights repre-
sentative binding interactions at higher magnification
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reliable downstream biochemical and immunocytochemical 
analyses.

The cytoprotective effect of NPS against paraquat-
induced cytotoxicity in d-SH-SY5Y cells was also evalu-
ated. The effects of 24 h of application of 0.1–2 μM NPS 
with 1000 μM paraquat were investigated on d-SH-SY5Y 
cells. NPS concentrations ranging from 0.1 to 0.5 μM par-
tially restored cell viability (72 ± 4% to 82 ± 5% viability, 
respectively) compared to the paraquat-only group (67 ± 5% 
viability). However, concentrations ≥ 1 μM were found to 
be highly toxic to the cells (Data not shown). The subse-
quent experiments were carried out using a 24-h treatment 
with 0.5 mM NPS, which effectively reversed the cytotoxic 
effects of paraquat.

The effect of ML154, an NPS receptor antagonist, on 
cell viability was determined across a concentration range 
of 0.1–100 μM for 24 h. ML154 at concentrations ≥ 5 μM 
caused a statistically significant cell viability decrease 
(79 ± 4% to 5 ± 2% cell viability) (p < 0.05), while ML154 
at 0.1–1 μM (99 ± 3 to 92 ± 4% cell viability) did not cause 
a significant change in cell viability compared to the control 
group (p > 0.05). When SH-SY5Y cells were co-treated with 
paraquat, NPS, and ML154, a significant reduction in cell 
viability was observed for ML154 concentrations ≥ 5 μM 
compared to the NPS (0.5 μM) + paraquat (1000 μM) group 
(p < 0.05). ML154 at 1 μM did not significantly alter cell via-
bility compared to the NPS (0.5 μM) + paraquat (1000 μM) 

group (p > 0.05) (Data not shown). These findings suggest 
that ML154 at higher concentrations can counteract the pro-
tective effects of NPS. Subsequent experiments were con-
ducted with 0.1 and 1 mM ML154 treatments. Based on 
the results obtained from the MTT analyses, the timeline of 
subsequent experimental procedures is illustrated in Fig. 3.

Validation of the In Vitro Parkinson Model

To validate the establishment of an in vitro PD model, SH-
SY5Y cells were first differentiated using RA, followed by 
paraquat-induced degeneration. Dopaminergic neuronal 
identity was assessed via immunohistochemical detection 
of TH and PGP9.5.

As shown in Fig. 4, RA treatment for 6 days signifi-
cantly increased TH and PGP9.5 expression in SH-SY5Y 
cells compared to the untreated control group, confirming 
successful neuronal differentiation. Additionally, quantita-
tive neurite outgrowth analysis demonstrated a significant 
increase in the average neurite length in RA-treated cells 
versus control cells (p < 0.05), further supporting the dif-
ferentiation outcome.

Following paraquat exposure (1000  μM for 24  h), a 
marked reduction in both neuronal marker expression and 
neurite length was observed, indicating neurodegenera-
tion in the differentiated cells. This effect is quantitatively 
represented in Fig.  5, where the average neurite length 

Fig. 3   Schematic representation of the experimental timeline based on MTT assay results, illustrating the schedule of differentiation, treatment 
applications, and sample collection in SH-SY5Y cells
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significantly decreased in the paraquat-treated group com-
pared to the RA-only group (p < 0.05). Collectively, these 
findings confirm the successful establishment of an in vitro 
Parkinson-like neurodegeneration model.

ATP Levels in d‑SH‑SY5Y Cells

As shown in Table 1, paraquat exposure led to a significant 
reduction in ATP levels (53 ± 5% of control) in d-SH-SY5Y 
cells (p < 0.001). Treatment with NPS alone did not alter 
ATP levels (104 ± 5%) compared to the control group, indi-
cating no mitochondrial toxicity. Co-treatment with NPS and 
paraquat significantly restored ATP levels (68 ± 3%) relative 
to the paraquat group (p < 0.01), suggesting a protective role 
of NPS against paraquat-induced mitochondrial dysfunction. 
However, the co-administration of the NPS receptor antago-
nist ML154 dose-dependently attenuated these protective 
effects. At 1 μM ML154, ATP levels (54 ± 4%) declined to 
values comparable with those observed in the paraquat-only 

group (p < 0.05). These findings indicate that the protec-
tive effects of NPS on mitochondrial energy metabolism 
are likely mediated through NPSR activation and can be 
reversed by receptor antagonism.

ERK1/2 and Nrf2 Levels in d‑SH‑SY5Y Cells

As shown in Fig.  6A, paraquat treatment significantly 
increased ERK1/2 phosphorylation compared to the con-
trol group (p < 0.05), indicating activation of this stress-
related signaling pathway. Interestingly, while NPS alone 
reduced pERK1/2 levels below control values (p < 0.05), 
co-treatment with NPS and paraquat significantly attenu-
ated the paraquat-induced increase in ERK1/2 phosphoryla-
tion (p < 0.05). However, the addition of ML154, a known 
antagonist, partially reversed this attenuation, leading to a 
significant re-elevation of pERK1/2 levels (p < 0.005 vs. 
NPS + Paraquat).

Immunohistochemical detection of TH and PGP9.5 in SH-SY5Y cells 
cultured under three conditions: undifferentiated control (RA −), dif-
ferentiated with retinoic acid for 6 days (RA +), and differentiated fol-

lowed by paraquat exposure (RA + + Paraquat). White arrows indi-
cate neurite outgrowth. Scale bar: 100 μm; magnification: 20 ×
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In parallel, Nrf2 activity exhibited an inverse pattern 
(Fig. 6B). Paraquat alone significantly suppressed Nrf2 
activity compared to the control (p < 0.05), whereas NPS 
treatment alone slightly enhanced it. Co-treatment with 
NPS and paraquat partially restored Nrf2 activity (p < 0.05 
vs. paraquat alone), suggesting a protective effect. How-
ever, the inclusion of ML154 in the NPS + paraquat group 
abolished this restoration (p < 0.001), further supporting 
the regulatory role of NPS on Nrf2 signaling. Results of 
western blot analysis also support these results.

As shown in Fig. 7A, C, paraquat treatment significantly 
increased the p-ERK1/2:ERK1/2 ratio by approximately 
1.6-fold compared to the untreated control group (p < 0.05). 
Treatment with NPS alone did not significantly alter this 
ratio compared to control cells (p > 0.05). Notably, co-treat-
ment with NPS and paraquat resulted in a marked reduc-
tion (~ 34%) in the paraquat-induced p-ERK1/2:ERK1/2 
ratio (p < 0.05), suggesting a modulatory effect of NPS on 
ERK1/2 activation. However, the addition of ML154 (1 μM) 
to the paraquat + NPS regimen significantly reversed this 
reduction, restoring the p-ERK1/2:ERK1/2 ratio to levels 
comparable with those observed in the paraquat-only group 
(p < 0.05).

Regarding Nrf2, paraquat exposure led to a significant 
decrease (~ 46%) in protein levels relative to the control 
group (p < 0.05; Fig. 7B, C). Co-treatment with NPS sig-
nificantly restored Nrf2 levels compared to paraquat alone 
(p < 0.05), indicating a potential protective role. Neverthe-
less, the addition of ML154 to the NPS + paraquat treat-
ment significantly diminished Nrf2 expression (p < 0.05), 
supporting the involvement of the targeted pathway in NPS-
mediated effects.

MAO‑A, MAO‑B, COMT and TBARS Levels 
in d‑SH‑SY5Y Cells

MAO-A levels in the control group were measured as 
12.15 ± 1.26 ng/mg protein, while the NPS-treated cells 
showed comparable levels (13.11 ± 1.42 ng/mg protein), 
indicating no significant change (p > 0.05). Paraquat treat-
ment significantly reduced MAO-A levels to 6.54 ± 1.26 ng/
mg protein, consistent with a loss in cellular integrity 
(p < 0.05). Co-treatment with Paraquat + NPS increased 
MAO-A levels to 7.74 ± 1.02 ng/mg protein. Addition of 
ML154 at 0.1 µM further elevated levels to 9.85 ± 1.32 ng/
mg protein, whereas ML154 at 1 µM slightly reduced them 
to 7.53 ± 0.54 ng/mg protein (p < 0.05). These findings 

Quantification of average neurite length in SH-SY5Y cells across 
three experimental conditions: control (RA −), differentiated with 
retinoic acid for 6 days (RA +), and differentiated followed by para-
quat exposure (RA + + Paraquat). (*p < 0.05, compared to the control 
group without RA, #p < 0.05, compared to the group that received 
only RA). Data are expressed as mean ± SD

Table 1   Quantitative analysis of ATP levels following treatment with paraquat, NPS and ML154 in d-SH-SY5Y cells

# p < 0.05 compared to NPS
$ p < 0.05 compared to Paraquat
ϕ p < 0.05 compared to NPS + Paraquat-treated group) (n = 3)

ATP level (% of control)

Control 100 ± 4
NPS 104 ± 5
Paraquat 53 ± 5#

Paraquat + NPS 68 ± 3$

Paraquat + NPS + 0.1 μM ML154 62 ± 5
Paraquat + NPS + 1 μM ML154 54 ± 4ϕ
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ERK1/2 (A) and Nrf2 (B) 
signaling pathways were 
evaluated in d-SH-SY5Y cells 
using ELISA assays (*p < 0.05 
compared to control, #p < 0.05 
compared to NPS, $p < 0.05 
compared to Paraquat, ϕp < 0.05 
compared to NPS + Paraquat-
treated group) (n = 6)

Fig. 7   A. pERK1/2:ERK1/2 
protein ratios, B. Nrf2 protein 
levels, C. Blotting image of 
ERK1/2, p-ERK1/2, Nrf2, 
and β-actin in d-SH-SY5Y 
cells. (*p < 0.05, compared to 
control, #p < 0.05 compared to 
NPS, $p < 0.05 compared to 
Paraquat, ϕp < 0.05 compared to 
NPS + Paraquat-treated group) 
(n = 3)
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suggest that NPS partially mitigates paraquat-induced 
reductions in MAO-A levels, likely due to its cytoprotective 
effects (Fig. 8A).

MAO-B levels in the control group were 5.34 ± 0.52 ng/
mg protein, with a reduction observed in NPS-treated cells 
(4.12 ± 0.49 ng/mg protein). In contrast, paraquat exposure 
significantly elevated MAO-B levels to 8.59 ± 0.79 ng/mg 
protein, correlating with increased dopamine degradation 
(p < 0.05). Co-treatment with Paraquat + NPS decreased 
MAO-B levels to 4.52 ± 0.20 ng/mg protein, while ML154 
at 0.1  µM further lowered levels to 3.84 ± 0.42  ng/mg 
protein. At 1 µM ML154, MAO-B levels rose again to 
5.61 ± 0.44 ng/mg protein. These findings indicate that NPS 
reduces dopamine degradation by lowering MAO-B levels, 
although higher doses of ML154 appear to counteract this 
effect (Fig. 8B).

COMT levels in the control group were 11.54 ± 0.95 ng/
mg protein and remained unchanged with NPS treatment 
(11.44 ± 0.20 ng/mg protein). Paraquat exposure led to a 
significant increase in COMT levels to 13.00 ± 0.59 ng/
mg protein (p < 0.05). Co-treatment with Paraquat + NPS 
reduced levels to 10.00 ± 0.37 ng/mg protein, while further 
addition of ML154 at 0.1 µM maintained similar levels 
(10.17 ± 0.51 ng/mg protein). At 1 µM ML154, COMT lev-
els decreased further to 8.89 ± 0.48 ng/mg protein. These 
findings suggest that NPS counteracts paraquat-induced 
increases in COMT levels, and higher doses of ML154 
potentiate this effect (Fig. 8C).

TBARS, a marker of lipid peroxidation, was 
3.78 ± 0.19  nmol/mg protein in control cells. Para-
quat exposure significantly increased TBARS levels to 
5.28 ± 0.30 nmol/mg protein, indicating elevated oxida-
tive stress (p < 0.05). Co-treatment with Paraquat + NPS 

reduced TBARS levels to 3.12 ± 0.23 nmol/mg protein, 
demonstrating the antioxidant effect of NPS. ML154 treat-
ment had a minimal effect on TBARS levels; the Para-
quat + NPS + ML154 group exhibited TBARS levels of 
3.98 ± 0.10 nmol/mg protein at 0.1 µM and 2.93 ± 0.18 nmol/
mg protein at 1 µM. These findings suggest that NPS reduces 
lipid peroxidation induced by paraquat, with ML154 show-
ing only a modest impact on TBARS levels (Fig. 8D).

Dopamine Levels in d‑SH‑SY5Y Cells

Control cells exhibited dopamine levels of 0.21 ± 0.005 ng/
mg protein, which increased to 0.64 ± 0.049 ng/mg pro-
tein with NPS treatment, indicating a more than threefold 
elevation. Paraquat treatment drastically reduced dopamine 
levels to 0.053 ± 0.004 ng/mg protein. Co-treatment with 
Paraquat + NPS restored dopamine levels to 0.18 ± 0.003 ng/
mg protein. When combined with ML154, dopamine lev-
els were 0.15 ± 0.004 ng/mg protein at 0.1 µM ML154 and 
0.1 ± 0.005 ng/mg protein at 1 µM ML154. These results 
demonstrate that NPS partially reverses paraquat-induced 
dopamine depletion, though the NPS antagonist ML154 
diminishes this protective effect in a dose-dependent man-
ner (Fig. 9).

Gene Expression Levels of Apoptotic 
and Neurotransmitter‑Related Proteins 
in d‑SH‑SY5Y Cells

•	 Bax mRNA Expression: Paraquat slightly elevated Bax 
expression, but the increase was not significant compared 
to control (p > 0.05). Other treatments had no significant 
impact on Bax expression (Fig. 10A).

Fig. 8   The levels of MAO-A (A), MAO-B (B), COMT (C), TBARS (D) were measured in d-SH-SY5Y cell homogenates. (A and B) *p < 0.05, 
compared with control, #p < 0.05, compared with NPS, $p < 0.05 compared with Paraquat-treated group (n = 6)
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•	 Bcl-2 mRNA Expression: Paraquat exposure had no 
significant effect on Bcl-2 expression compared to con-
trol (p > 0.05). Co-treatment with Paraquat + NPS sig-
nificantly increased Bcl-2 expression compared to only 
Paraquat treatment. Addition of ML154 (for all concen-
trations) to the Paraquat + NPS group did not create a 
statistically significant difference (Fig. 10B).

•	 Caspase-3 and Caspase-8 mRNA Expression: Para-
quat increased caspase 3 mRNA expression compared to 
control, while the levels decreased in the group treated 
with Paraquat + NPS. A slight increase in caspase 8 
mRNA expression was observed with paraquat applica-
tion compared to control, and also observed when para-
quat was applied together with NPS. However, none of 
these changes reached statistical significance (p > 0.05) 
(Fig. 10C, D).

•	 DAT and VMAT mRNA Expression: DAT expres-
sion was reduced by paraquat compared to control, but 

changes across groups were not statistically significant 
(p > 0.05). The addition of NPS to paraquat resulted in a 
slight increase in DAT mRNA expression compared to 
paraquat treatment alone; however, this difference was 
not statistically significant (p > 0.05) (Fig. 10E). VMAT 
mRNA expression decreased with paraquat application 
compared to control, but it did not reach statistical signif-
icance. However, paraquat + NPS application increased 
VMAT mRNA expression significantly compared to only 
paraquat treatment (p < 0.05; Fig. 10F).

Immunofluorescence Analysis

To confirm functional neuronal activation in NPSR-express-
ing differentiated SH-SY5Y cells, 100 mM KCl was applied 
as a depolarizing agent. Following treatment, a marked 
increase in c-Fos immunoreactivity was observed in NPSR⁺ 
cells (Fig. 11A), indicating that the cells are capable of 
activity-dependent gene expression. High co-localization of 
NPSR (red) (Fig. 11C) with c-Fos (green) (Fig. 11D) sig-
nals in merged images (Fig. 11E) supports the activation of 
NPSR⁺ neurons upon depolarization. These findings validate 
the responsiveness of the neuronal population and confirm 
that NPSR-expressing cells can be functionally activated 
under appropriate stimuli.

In the control + vehicle group, moderate TH expres-
sion was observed along with sparse c-Fos-positive cells 
(Fig. 12A). NPS treatment alone (control + NPS) mark-
edly increased the number of c-Fos-immunoreactive cells, 
suggesting enhanced neuronal activation (Fig.  12B). In 
contrast, paraquat exposure led to a clear reduction in TH 
signal intensity, consistent with dopaminergic neuronal 
damage, and only minimal c-Fos expression was detected 
(Fig. 12C). However, co-treatment with Paraquat + NPS 
partially restored TH expression and significantly increased 
c-Fos immunoreactivity compared to the Paraquat + vehicle 
group (Fig. 12D), indicating a neuroprotective and activat-
ing role of NPS under oxidative stress conditions. Nota-
bly, the addition of the NPSR antagonist ML154 (Para-
quat + NPS + ML154) attenuated this effect, as seen by a 
reduction in c-Fos-positive cells (Fig. 12E), suggesting that 
the observed activation is mediated via NPSR-dependent 
mechanisms. The negative control showed no specific immu-
noreactivity (Fig. 12F).

Discussion

PD is a progressive neurodegenerative disorder primarily 
characterized by the selective degeneration of dopaminergic 
neurons in the substantia nigra. This neuronal loss leads to 
the hallmark motor symptoms of the disease, including brad-
ykinesia, rigidity, resting tremor, and postural instability [34, 

Fig. 9   Dopamine levels measured in d-SH-SY5Y cell homogenates. 
*p < 0.05, compared with control, #p < 0.05, compared with NPS, 
$p < 0.05, compared with Paraquat-treated group (n = 8)
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35]. Although the precise molecular underpinnings of PD 
remain partially unresolved, converging evidence implicates 
both genetic susceptibility and environmental toxins in its 
pathogenesis. Among these, oxidative stress and mitochon-
drial dysfunction are recognized as critical contributors to 
dopaminergic vulnerability.

In this context, paraquat, a widely used herbicide with 
structural similarity to the neurotoxin MPP⁺, has been exten-
sively utilized to model PD both in vivo and in vitro. Para-
quat accumulates in dopaminergic neurons, and initiates 
neurotoxicity primarily through redox cycling, which leads 
to excessive ROS generation, mitochondrial impairment, and 
subsequent activation of apoptotic pathways [36–39]. Addi-
tionally, paraquat impairs endogenous antioxidant defenses, 
enhances lipid peroxidation, disrupts dopamine metabolism, 
and triggers the expression of pro-apoptotic mediators—col-
lectively mimicking the pathophysiological features of PD 
[40–42].

Emerging evidence suggests that NPS may exert neuro-
protective effects. NPS signaling is known to regulate intra-
cellular calcium levels and modulate several downstream 
cascades, including those linked to arousal, anxiety, and cel-
lular stress [43–45]. Studies extend its functional repertoire, 
indicating that NPS can counteract oxidative stress, stabilize 
dopamine levels, and suppress apoptotic signals under neu-
rotoxic conditions [13, 46–48].

In our experimental design utilizing SH-SY5Y cells—
a well-established dopaminergic-like neuronal model—we 
investigated the potential neuroprotective effects of NPS 
against paraquat-induced neurotoxicity. To establish a PD-
like in vitro model, SH-SY5Y neuroblastoma cells were 
first differentiated using RA, followed by exposure to para-
quat, a widely recognized environmental neurotoxin that 
selectively impairs dopaminergic neurons. Differentiation 
significantly enhanced the expression of neuronal mark-
ers such as TH and PGP9.5, whereas subsequent paraquat 
treatment led to a marked downregulation of these markers, 

Measured (A) Bax, (B) Bcl-2, (C) Caspase-3, (D) Caspase-8, (E) 
DAT, and (F) VMAT mRNA levels in d-SH-SY5Y cells. ($p < 0.05, 
compared with Paraquat, ϕp < 0.05, compared with Paraquat + NPS-

treated group) (n = 7 for Bax, n = 5 for Bcl-2, n = 3 for Caspase-3, 
Caspase-8, DAT, and VMAT)



Molecular Neurobiology          (2026) 63:416 	 Page 15 of 24    416 

along with pronounced neurite retraction and reduced cell 
viability—collectively confirming the successful induction 
of a PD-like neurodegenerative phenotype. Importantly, the 
dose and duration of paraquat exposure play a critical role 
in determining the extent of neurotoxicity. In previous stud-
ies utilizing PC12 neuronal cells, paraquat has been applied 
at concentrations ranging from 200 to 1000 µM, and the 
dose employed in our study falls within this established 
range [49]. This model builds upon our previous work, 
in which we systematically optimized key culture param-
eters—including collagen coating, fetal bovine serum (FBS) 
concentration, differentiation agents, and neurotoxin appli-
cation—to improve the consistency and physiological rel-
evance of SH-SY5Y-based PD models [21]. Notably, central 
administration of NPS has been shown to ameliorate these 
motor deficits and restore TH-positive neuronal populations 
in parkinsonian rat models [50]. Integrating these insights, 
our in vitro system provides a refined and mechanistically 
informative platform to explore the intracellular pathways 
involved in paraquat-induced neurotoxicity and to evaluate 

the neuroprotective potential of candidate compounds such 
as NPS.

Before delving into the molecular alterations induced by 
paraquat and the restorative effects of NPS, it is important 
to evaluate the overall impact of paraquat exposure on cellu-
lar energy metabolism and mitochondrial function, as these 
parameters are crucial determinants of neuronal viability and 
function. In our study, treatment with 1000 µM paraquat for 
24 h led to a marked reduction in intracellular ATP content 
in d-SH-SY5Y cells, reflecting a pronounced impairment of 
mitochondrial energy metabolism. These findings are con-
sistent with previous reports demonstrating that paraquat 
disrupts mitochondrial homeostasis by accumulating within 
mitochondria in a membrane potential-dependent manner 
and undergoing rapid redox cycling to generate superoxide 
and other reactive oxygen species [51–53]. The mono-cat-
ion radical form of paraquat reacts with molecular oxygen, 
initiating a cascade of oxidative damage that compromises 
the mitochondrial membrane potential (MMP), destabi-
lizes inner membrane integrity, and impairs the function of 
electron transport chain complexes, particularly Complex I 

Immunofluorescence staining of 
c-Fos (green fluorescence, white 
arrows) in NPSR + (red fluores-
cence) d-SH-SY5Y cells treated 
with KCl, used as a positive 
control. A Merged image show-
ing DAPI-stained nuclei (blue), 
NPSR (red), and c-Fos (green) 
signals; white arrows indicate 
cells positive for c-Fos expres-
sion. B DAPI staining of nuclei. 
C Immunofluorescence staining 
for NPSR. D Immunofluores-
cence staining for c-Fos. E 
Merged image of DAPI, NPSR, 
and c-Fos signals; white arrows 
highlight co-localization of 
c-Fos expression in NPSR⁺cells. 
Scale bars: 20 µm
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and Complex III [54, 55]. The resulting bioenergetic failure 
reduces ATP synthesis and activates mitochondria-depend-
ent apoptotic signaling, including cytochrome c release and 
caspase activation [56, 57]. Structural alterations such as 
mitochondrial swelling, cristae disruption, and increased 
lipid peroxidation have also been observed within similar 
exposure windows [58, 59]. These mechanistic insights 
provide a robust framework for interpreting our observed 
declines in ATP level as reliable markers of mitochondrial 
dysfunction and oxidative stress.

Importantly, our data further show that co-treatment with 
NPS significantly ameliorated paraquat-induced mitochon-
drial deficits. These findings suggest a potential protective 
role of NPS in preserving mitochondrial bioenergetics, pos-
sibly through modulation of redox balance or preservation 
of mitochondrial structure. However, the dose-dependent 
reversal of this protective effect by ML154 implies that NPS-
mediated mitochondrial protection is receptor-dependent. 
To date, direct evidence linking NPS to mitochondrial ATP 
production remains limited, highlighting a critical gap in the 
literature. Given that other neuropeptides have been shown 
to regulate mitochondrial dynamics and oxidative metabo-
lism, further mechanistic studies are warranted to elucidate 
the signaling pathways through which NPS influences mito-
chondrial energy homeostasis.

At the molecular level, paraquat significantly increased 
ERK1/2 phosphorylation—indicative of cellular stress—
and suppressed Nrf2 expression, a master regulator of 

antioxidant responses. Nrf2 typically functions via the anti-
oxidant response element (ARE), modulating genes involved 
in redox balance and cytoprotection. Under stress-free con-
ditions, Nrf2 remains bound to Keap1 in the cytoplasm, but 
upon oxidative insult, it dissociates and translocates to the 
nucleus [60–62]. Nrf2 signaling is impaired in aging and 
neurodegenerative diseases, including PD [63, 64], and its 
deficiency exacerbates oxidative damage and iron accumula-
tion in the substantia nigra [65]. In line with these findings, 
our study demonstrated that paraquat treatment resulted in 
a marked reduction of Nrf2 expression in the neuronal cells 
[49]. Our findings confirm that paraquat suppresses Nrf2 
expression, while NPS treatment restores it—suggesting that 
NPS bolsters antioxidant defense by reactivating Nrf2.

Consistent with PD pathology, paraquat-induced oxida-
tive stress was evident by elevated TBARS levels, indica-
tive of increased lipid peroxidation. These results are in 
agreement with prior studies reporting enhanced TBARS, 
4-HNE, and MDA in oxidative stress conditions related 
to PD [66–69]. NPS co-treatment significantly reduced 
TBARS levels, aligning with its known antioxidant activity 
in the substantia nigra and hippocampus [46, 70, 71]. While 
ML154 partially reversed this effect, the limited impact at 
higher concentrations may point to both receptor-dependent 
and -independent mechanisms.

We also examined how paraquat and NPS influence dopa-
mine metabolism, focusing on key enzymes such as MAO-
A, MAO-B, and COMT. Paraquat significantly elevated 

Fig. 12   Immunofluorescence staining of TH (red) and c-Fos (green, white arrows) in control + vehicle (A), control + NPS (B), Paraquat + vehicle 
(C), Paraquat + NPS (D), Paraquat + NPS + ML154 (E), and negative control (F) (Blue; DAPI)
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MAO-B and COMT levels—both of which degrade dopa-
mine and contribute to ROS production—thereby exacer-
bating dopaminergic dysfunction. These alterations closely 
resemble those observed in PD and aging models [72]. 
Notably, selegiline (also known as deprenyl), a selective and 
irreversible MAO-B inhibitor, is clinically employed in PD 
treatment to enhance dopamine availability and attenuate 
oxidative stress associated with its metabolism [73]. In this 
context, the ability of NPS to reduce MAO-B and COMT 
expression suggests its potential role in preserving dopamine 
levels and limiting oxidative damage. Interestingly, co-treat-
ment with low-dose ML154 enhanced NPS-induced MAO-B 
suppression, while higher doses reversed this effect, indicat-
ing a complex dose-dependent regulation possibly involving 
compensatory or feedback mechanisms. In contrast, paraquat 
reduced MAO-A levels, likely reflecting mitochondrial dys-
function and selective neuronal vulnerability. NPS treatment 
partially restored MAO-A expression, an effect that was also 
potentiated by low-dose ML154, further supporting the 
involvement of NPSR-dependent intracellular pathways in 
modulating dopamine metabolism. Collectively, these find-
ings highlight the multifaceted role of NPS in regulating 
dopamine homeostasis under neurotoxic stress.

Regarding intracellular dopamine content, paraquat treat-
ment led to a substantial (~ 75%) reduction, consistent with 
PD pathology and prior findings on paraquat’s dopaminergic 
toxicity. Notably, NPS treatment not only prevented dopa-
mine depletion but also increased dopamine levels above 
basal control levels. This effect may result from enhanced 
dopamine synthesis, reduced degradation, or protection of 
dopaminergic terminals. A previous study support such 
trophic effects of NPS via calcium signaling and neuropro-
tective pathways [45]. However, the restorative effect of NPS 
was diminished by ML154 in a dose-dependent manner, sup-
porting the receptor-mediated mechanism and reinforcing 
the therapeutic relevance of the NPS/NPSR axis in dopa-
minergic neuroprotection.

Apoptotic markers were also examined. Paraquat 
slightly increased Bax mRNA expression, indicative of a 
shift toward mitochondrial apoptosis. While Bcl-2 levels 
remained unchanged with paraquat alone, NPS treatment 
significantly upregulated Bcl-2, consistent with activation 
of survival pathways like PI3K/Akt or ERK [74]. Interest-
ingly, this upregulation was not fully reversed by ML154, 
suggesting partial receptor independence.

Caspase-3 expression increased following paraquat expo-
sure, a result in line with ROS-induced apoptosis [75], and 
was attenuated by NPS. Caspase-8 levels remained relatively 
stable, suggesting that paraquat predominantly activates the 
intrinsic, rather than extrinsic, apoptotic pathway, consistent 
with prior reports [20, 76].

DAT and VMAT are critical components of dopaminergic 
neurotransmission, responsible for dopamine reuptake and 

vesicular storage, respectively. Alterations in their expres-
sion can reflect or contribute to dopaminergic dysfunction, 
especially under toxic insults such as paraquat exposure.

Although paraquat treatment led to a reduction in DAT 
mRNA expression compared to control, the change did not 
reach statistical significance. Interestingly, co-treatment with 
NPS resulted in a modest increase in DAT levels compared 
to paraquat alone, suggesting a potential trend toward the 
restoration of dopaminergic tone. However, this change was 
also not statistically significant. Previous studies have shown 
that the absence or inhibition of DAT can reduce paraquat-
induced neurotoxicity, likely by limiting intracellular uptake 
of the toxin [68]. These findings suggest that paraquat’s neu-
rotoxic effects may not rely solely on DAT-mediated uptake 
but that DAT may still play a modulatory role in determining 
neuronal vulnerability.

VMAT, which sequesters cytosolic dopamine into syn-
aptic vesicles, plays a key role in protecting neurons from 
dopamine-induced oxidative stress. In our study, paraquat 
exposure resulted in a decrease in VMAT mRNA expres-
sion, although this was not statistically significant. Impor-
tantly, co-treatment with NPS significantly increased VMAT 
expression compared to paraquat alone. This upregulation of 
VMAT suggests that NPS may enhance the vesicular storage 
of dopamine, thereby limiting cytosolic dopamine accumu-
lation — a major contributor to oxidative damage in dopa-
minergic neurons. Given that impaired vesicular storage is 
associated with increased dopamine autoxidation and oxida-
tive stress, the NPS-mediated preservation of VMAT expres-
sion may represent a protective mechanism for maintaining 
dopaminergic neuron integrity under toxic conditions.

Neuronal activation is often accompanied by rapid and 
transient expression of immediate early genes such as c-Fos, 
which serves as a molecular marker of activity-dependent 
gene expression and is tightly regulated by intracellular 
calcium signaling pathways [77, 78]. In our study, depo-
larization with high-potassium (100 mM KCl) treatment 
significantly increased c-Fos immunoreactivity in NPS 
receptor-expressing (NPSR⁺) differentiated SH-SY5Y cells. 
The strong co-localization of c-Fos and NPSR signals con-
firms that these cells are functionally responsive to depolar-
izing stimuli, thereby validating their physiological activa-
tion capacity in vitro.

Under basal conditions, c-Fos expression was minimal, 
and moderate TH expression indicated a dopaminergic 
phenotype. However, exogenous NPS treatment markedly 
increased the number of c-Fos-positive cells, suggesting that 
NPS can directly stimulate neuronal activation via NPSR 
in dopaminergic-like SH-SY5Y cells. This finding is con-
sistent with our previous in vivo results, in which central 
NPS administration induced c-Fos activation in NPSR1-
expressing neurons in the substantia nigra of rats and mice 
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[50], further supporting the functional relevance of the 
NPS–NPSR system in dopaminergic regions of the brain.

Exposure to paraquat resulted in a pronounced decline in 
both TH and c-Fos immunoreactivity, consistent with dopa-
minergic neuronal damage and impaired activity-depend-
ent transcription. Notably, co-treatment with NPS not only 
restored TH expression but also significantly enhanced c-Fos 
levels compared to paraquat alone, suggesting that NPS 
exerts both neuroprotective and stimulatory effects under 
oxidative stress conditions. Importantly, these effects were 
significantly diminished by the NPSR antagonist ML154, 
reinforcing that the observed activation is mediated via 
NPSR-dependent mechanisms.

In the current study, the cellular calcium level was not 
evaluated, nor did we perform calcium imaging following 
the application of ligand; however, it highly appears that the 
applied NPS induces cellular downstream effects. In fact, 
NPS signaling has been found to induce calcium mobili-
zation in rodent neuronal cells. It has been reported that 
once NPSR1 is activated, neuronal calcium transients are 
observed through mediation of phospholipase C, in addition 
to the inositol-3-phosphate, and ryanodine receptors [45, 
79]. Moreover, using singlecell calcium imaging, Erdman 
found that NPSR1-induced calcium mobilization from the 
endoplasmic reticulum via activation of IP3 and ryanodine 
receptors in primary hippocampal cultures [45]. Addition-
ally, Park and colleagues recently showed in mice brain slice 
preparations that NPS-induced activation of GPR154 causes 
an increase in neuronal excitability through calcium ions 
which seems to be involved both with Gαq signaling and 
inhibition of the voltage-gated potassium channels [80].

In rodent studies, the selective NPSR antagonist, ML154 
was reported to suppress the action both endogenous and 
exogenously administered NPS [28, 81]. More importantly, 
application of ML154 has been shown to inhibit NPS-
induced stimulation of cellular calcium, cAMP, and ERK 
phosphorylation responses with IC50 values of 36.5 nM, 
22.1 nM, and 9.3 nM, respectively [82].

Mechanistically, NPSR activation initiates intracellu-
lar signaling cascades involving calcium mobilization and 
ERK1/2 phosphorylation, both of which are known regula-
tors of c-Fos expression and neuronal gene programs [83]. 
Although early paraquat exposure may not always elevate 
ERK1/2 [84], in our study, paraquat exposure significantly 
increased ERK1/2 phosphorylation, likely reflecting dose- 
and time-dependent cellular stress dynamics, while NPS 
treatment effectively reversed this increase. Upon binding 
of NPS, NPSR1 signals primarily through Gq-coupled path-
ways, triggering IP₃ production and subsequent release of 
calcium from intracellular stores, followed by store-operated 
calcium entry [45, 85, 86]. The critical role of these sign-
aling events is further supported by Batran et al. (2021), 
who showed that NPS exhibits potent agonistic activity for 

both calcium (EC₅₀ = 0.4 µM) and cAMP (EC₅₀ = 1.84 µM) 
pathways, while ML154 effectively blocks both signals at 
submicromolar IC₅₀ values [80].

These findings suggest that ML154 blocks the pathways 
through which NPS exerts its antioxidant and antiapoptotic 
effects, including ERK1/2 phosphorylation and Nrf2 upregu-
lation, as demonstrated in our study. Therefore, the adminis-
tration of ML154 in our experiments provides mechanistic 
confirmation that the observed cellular effects are indeed 
mediated by receptor-specific activation of NPSR1 and its 
downstream Ca2⁺- and cAMP-dependent pathways. Further-
more, this dual inhibitory capacity strengthens the notion 
that NPS effects are tightly coupled to receptor-mediated 
calcium dynamics. Also, the significant increase in c-Fos 
expression following NPS treatment—and its suppression by 
ML154—serves as indirect yet strong functional evidence 
for NPS-induced calcium signaling.

Taken together, while we did not directly measure 
intracellular calcium levels, the combined evidence of 
ERK1/2 modulation, Nrf2 activation, c-Fos upregulation, 
and ML154 sensitivity strongly supports the hypothesis 
that NPS activates calcium-sensitive intracellular signal-
ing pathways via NPSR1. Future studies using calcium 
imaging or fluorescent Ca2⁺ indicators would be valuable 
to directly confirm these mechanistic insights.

To support these receptor-specific findings from a 
molecular perspective, we also employed a curated bio-
informatic approach. In addition to the pharmacologi-
cal blockade of NPSR1 with ML154, the bioinformatic 
evidence from the Reactome database provides a curated 
molecular validation of NPS–NPSR1 binding. The iden-
tification of this receptor–ligand event (R-HSA-444620) 
and its integration within a broader GPCR signaling 
framework (R-HSA-373076) support the hypothesis that 
the neuroprotective effects of NPS are primarily receptor-
dependent. The downstream activation of intracellular 
signaling cascades—particularly calcium mobilization 
and ERK phosphorylation—has been previously impli-
cated in cell survival and synaptic plasticity, which align 
with the observed functional outcomes in our experimen-
tal model. Thus, bioinformatic validation not only rein-
forces the specificity of the NPS–NPSR1 interaction but 
also strengthens the translational relevance of targeting 
this pathway in neurodegenerative conditions. To further 
strengthen this interpretation, three-dimensional dock-
ing simulations were conducted to visualize the struc-
tural interface of the NPS–NPSR1 complex. The analysis 
revealed a network of stabilizing non-covalent interactions 
within the binding pocket, including multiple hydrogen 
bonds, salt bridges, and π–π stacking interactions. These 
molecular contacts are indicative of a high-affinity and 
specific ligand–receptor binding profile, supporting the 
functional data demonstrating NPSR1-dependent activity. 
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Collectively, the integration of pharmacological, bioinfor-
matic, and structural data provides a robust validation of 
the NPS–NPSR1 interaction and highlights its potential 
as a therapeutic target in neurodegenerative conditions.

When examining these receptor-specific effects, dose-
dependent results should also be taken into account. Inter-
estingly, our findings revealed a dose-dependent paradox in 
the effects of the NPSR1 antagonist ML154. While low-dose 
ML154 (0.1 µM) appeared to partially potentiate the neuro-
protective actions of NPS—such as the downregulation of 
MAO-B and COMT, restoration of MAO-A, and upregula-
tion of Bcl-2—higher concentrations (1 µM) attenuated or 
reversed these beneficial effects. This paradoxical response 
may reflect differential modulation of receptor signaling at 
varying antagonist concentrations. At low doses, ML154 
may act as a partial antagonist or allosteric modulator, 
subtly altering receptor conformation and enhancing selec-
tive downstream signaling. In contrast, higher doses could 
induce full antagonism or receptor desensitization, thereby 

suppressing NPS-mediated cytoprotective signaling path-
ways, including ERK1/2 and Nrf2.

Similar biphasic effects of receptor antagonists have been 
reported in other G protein-coupled receptor systems, where 
ligand-receptor interaction dynamics and downstream sign-
aling profiles may vary depending on ligand concentration, 
receptor occupancy, and cellular context [87–89]. It is also 
plausible that higher concentrations of ML154 exert off-tar-
get or compensatory effects, thereby disrupting the tightly 
regulated oxidative and dopaminergic balance maintained 
by NPS. Therefore, careful titration of ML154 concentration 
is crucial when delineating receptor-specific mechanisms, 
and our findings underscore the importance of considering 
dose–response relationships when interpreting pharmaco-
logical blockade outcomes.

These dose-dependent outcomes also support the hypoth-
esis that NPSR1 signaling may be subject to functional 
selectivity (biased agonism), where different levels of 
receptor engagement elicit distinct downstream responses. 
Further studies employing genetic knockdown or alternative 

Proposed schematic illustration of the neuroprotective mechanisms of NPS
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antagonists may help clarify this complex regulatory 
dynamic and validate the therapeutic window for targeting 
the NPS/NPSR system in PD and related disorders.

Taken together, these findings demonstrate that NPS 
confers potent neuroprotection against paraquat-induced 
dopaminergic neurotoxicity in an in vitro model of PD. 
NPS mitigates oxidative stress by restoring Nrf2 signal-
ing and reducing lipid peroxidation, preserves intracellular 
dopamine levels by downregulating dopamine-catabolizing 
enzymes (MAO-B and COMT), and promotes dopaminergic 
neuron survival through upregulation of anti-apoptotic Bcl-2 
and suppression of pro-apoptotic caspase-3 expression. 
Moreover, NPS modulates key components of dopaminer-
gic neurotransmission, including DAT and VMAT, thereby 
supporting synaptic dopamine homeostasis. The majority of 
these protective effects are mediated via the NPS receptor, 
as evidenced by the dose-dependent attenuation following 
ML154 co-treatment.

Figure 13 provides a schematic illustration of the pro-
posed neuroprotective mechanisms of NPS. This integrative 
figure combines the experimental findings from our cellular 
model with relevant evidence from in vivo studies reported 
in the literature. By summarizing the convergent molecular 
pathways—including modulation of oxidative stress, mito-
chondrial preservation, dopaminergic regulation, and anti-
apoptotic signaling—the figure highlights how NPS exerts 
multifaceted neuroprotective effects. Placing our results 
within this broader mechanistic framework allows a clearer 
understanding of the translational relevance of NPS in Par-
kinson’s disease models.

Conclusion

This study provides evidence in a cellular PD model that 
NPS exerts neuroprotective effects, though further in vivo 
studies are necessary to confirm these findings. Through the 
activation of the ERK/Nrf2 signaling axis and NPS receptor-
mediated pathways, under our single-dose, short-term condi-
tions, NPS alleviated oxidative stress, preserved dopamine 
levels, and modulated apoptosis-related gene expression. 
Further dose–response and long-term studies are needed to 
substantiate these findings. The observed upregulation of 
the anti-apoptotic gene Bcl-2, along with the downregula-
tion of pro-apoptotic markers Bax, caspase-3, and caspase-8, 
underscores its capacity to promote neuronal survival under 
oxidative stress conditions. Importantly, NPS significantly 
downregulated the expression levels of MAO-A and MAO-B 
-key enzymes involved in dopamine catabolism—suggesting 
that NPS may contribute to dopaminergic neuroprotection by 
reducing dopamine degradation and subsequent ROS gen-
eration. Additionally, the ability of NPS to regulate dopa-
minergic transporter genes such as DAT and VMAT, and 

to restore the expression of TH, further supports its role in 
maintaining dopaminergic homeostasis. To the best of our 
knowledge, this is the first study to provide such an in-depth 
analysis of the intracellular molecular mechanisms modu-
lated by NPS under neurodegenerative conditions, revealing 
its multifaceted neuroprotective profile. Collectively, these 
findings indicate that the NPS/NPSR signaling system could 
represent a promising target in Parkinson’s disease, although 
further studies are needed to establish its translational rel-
evance. Future in vivo studies are warranted to confirm these 
neuroprotective mechanisms and assess the translational 
applicability of NPS-based interventions.

Limitations and Future Directions

Despite the promising findings of this study, several limita-
tions should be acknowledged. First, the use of SH-SY5Y 
cells as a model for PD, while widely accepted, does not 
fully replicate the complexity of dopaminergic neurons 
in vivo. Future studies should aim to validate these find-
ings in more complex in vitro models, such as primary 
dopaminergic neurons or 3D organoids, to better mimic the 
pathological conditions of PD. Second, our study was lim-
ited to single-dose, short-term exposure, and therefore the 
dose–response relationship and long-term effects of NPS 
remain unexamined. Further investigations into the chronic 
administration of NPS in animal models of PD are necessary 
to assess its therapeutic potential and safety profile.

Moreover, some of the observed effects, such as changes 
in Bax, Caspase-8, and DAT expression, did not reach sta-
tistical significance and should be interpreted with caution. 
These non-significant findings highlight the need for repli-
cation in larger-scale studies. In addition, although calcium 
signaling has been reported as a downstream mediator of 
NPS in previous literature, intracellular calcium levels were 
not directly measured in the present study, representing 
another limitation. Unexpected dose-dependent effects of 
ML154 were also observed, suggesting possible off-target 
or complex receptor interactions, which warrant further 
investigation.

Finally, while our study focuses on specific signaling 
pathways, it is important to recognize that neuroprotection 
is likely mediated through multiple interconnected mecha-
nisms. Future research should not only further explore the 
pathways identified in our study but also investigate other 
neurodegenerative processes that may contribute to the 
overall therapeutic effects of NPS. Expanding the scope of 
research to include additional molecular targets and cellular 
processes could provide a more comprehensive understand-
ing of how NPS exerts its neuroprotective effects. Ulti-
mately, clinical studies will be required to determine the 
efficacy of NPS as a potential treatment for PD in human 
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patients. In conclusion, while our study lays the groundwork 
for understanding NPS’s neuroprotective mechanisms, fur-
ther research is essential to fully characterize its therapeutic 
potential and explore its broader applicability in treating 
neurodegenerative diseases.
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