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Dopaminergic Neuronal Cell Death in MPTP-Induced Parkinson’s
Disease Mouse Model
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Abstract

Parkinson’s disease (PD) is a movement disorder characterized by the progressive loss of dopaminergic neurons in the substantia
nigra (SN). Recent studies have shown that necroptosis is involved in the development of inflammatory and neurodegenerative
diseases. Receptor-interacting protein kinase (RIPK)1, RIPK3, and mixed lineage kinase domain-like protein (MLKL) play key
roles in necroptosis, with MLKL being the final executor of necroptosis. Necrosulfonamide (NSA) is a specific inhibitor of MLKL,
and its therapeutic effects in various inflammatory and neurological disorders have been previously reported. However, its role
in PD has not yet been clearly demonstrated. In this study, we examined the effects of NSA in a 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP)-induced mouse model of PD. NSA reduced dopaminergic cell death and restored the expression of
neurotrophic factors, such as BDNF, GDNF, and PGC-1q, in the SN region of MPTP mice. In addition, NSA inhibited microglial/
astrocyte activation and the expression of proinflammatory markers, such as iINOS, TNF-q, IL-1p, and IL-6. NSA also reduced oxi-
dative stress markers, such as 8-OHdG and 4-HNE, while enhancing Nrf2-driven antioxidant enzymes, including HO-1, catalase,
MnSOD, GCLC, and GCLM. We found that NSA inhibited MLKL phosphorylation in dopaminergic neurons and microglia, which
may have reduced neuronal cell death and inflammation. Therefore, NSA-mediated suppression of dopaminergic neuronal cell
death, inflammation, and oxidative stress may have therapeutic potential in PD.
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INTRODUCTION 2020; Henrich et al., 2023). Factors such as aging, infections,
genetic alterations, and exposure to environmental neurotox-
Parkinson’s disease (PD) ranks as the second most preva- ins can activate microglia and astrocytes, triggering the re-
lent neurodegenerative disorder globally, following dementia, lease of inflammatory cytokines and reactive oxygen species
and affects an estimated 7 to 10 million individuals worldwide (ROS). This proinflammatory and oxidative environment ex-
(Furgiuele et al., 2023). From a pathological perspective, PD erts harmful effects on healthy neurons, ultimately leading to
is marked by the progressive degeneration of dopaminergic the degeneration of dopaminergic neurons (Taylor et al., 2013;
neurons in the substantia nigra pars compacta (SNpc), a sub- Rai and Singh, 2020). Therefore, targeting neuroinflammation
sequent reduction of dopamine in the striatum, accumulation and oxidative stress has emerged as a promising therapeutic
of alpha-synuclein aggregates known as Lewy bodies, and strategy for the treatment of PD.
neuroinflammation (Poewe et al., 2017; Calabresi et al., 2023; Recent studies have reported that necroptosis, a pro-
Ye et al., 2023). Clinically, PD is characterized by motor symp- grammed necrosis, is implicated in various neurodegenera-
toms such as tremors at rest, stiffness, slowness of movement tive diseases, including PD, Alzheimer’s disease, amyotrophic
(bradykinesia), and impaired postural balance (Antonini et al., lateral sclerosis, and multiple sclerosis (Ofengeim et al., 2015;
2023; Stocchi et al., 2024). Increasing evidence indicates that Ito et al., 2016; Caccamo et al., 2017; Lin et al., 2020). Under
neuroinflammation and oxidative stress are key contributors to necroptotic conditions, activated receptor-interacting protein

the progression of PD (Taylor et al., 2013; Chang and Chen, kinase (RIPK)1 phosphorylates RIPK3, which subsequently
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phosphorylates mixed lineage kinase domain-like protein
(MLKL), forming a necrosome complex. p-MLKL then oligo-
merizes and translocates to the plasma membrane, causing
its rupture (Molnar et al., 2019; Tang and Zhuang, 2024).
Necroptotic cells release damage-associated molecular pat-
terns (DAMPs) that trigger inflammation in surrounding cells
(Kearney and Martin, 2017). As a key effector of necroptosis,
MLKL plays a pivotal role in necroptotic cell death and the sub-
sequent inflammatory response, making it a compelling target
for drug development (Zhao et al., 2012; Zhang et al., 2022).

Necrosulfonamide (NSA) is a selective inhibitor of MLKL
that blocks necroptosis by targeting the N-terminal domain (Liu
et al., 2017; Tang and Zhuang, 2024). Recent research has
demonstrated the therapeutic potential of NSA in animals with
inflammatory and neurological disorders. NSA ameliorates
colitis, hyperalgesia, and sepsis-associated encephalopathy
by inhibiting inflammation (Rathkey et al., 2018; Ozgen et al.,
2023; Fu et al., 2024). Moreover, NSA exerts neuroprotective
effects in animal models of Alzheimer’s disease, intracerebral
hemorrhage, cerebral ischemia, and spinal cord injury (Jiao et
al., 2020; Motawi et al., 2020; Zhang et al., 2022; Zhou et al.,
2023). Arecent study by our group reported that NSA inhibited
a-synuclein oligomerization and necroptosis in a subacute
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) mouse
model of PD (Leem et al., 2023). However, the effects and
molecular mechanisms of NSA on neuroinflammation and oxi-
dative stress remain unclear. Furthermore, the effect of NSA
on acute MPTP mouse models has not been reported. There-
fore, this study aimed to explore the therapeutic potential of
NSA and its underlying molecular mechanisms, focusing on
oxidative stress and neuroinflammation in mice subjected to
acute MPTP treatment.

MATERIALS AND METHODS

Reagents and antibodies

NSA was obtained from Merck Millipore (Billerica, MA,
USA). MPTP was purchased from the Tokyo Chemical Indus-
try Co. (Tokyo, Japan). The primary antibodies used were as
follows: anti-TH, anti-p-MLKL, anti-MLKL, and anti-B-actin an-
tibodies from Cell Signaling Technology (Danvers, MA, USA);
anti-IL-6, anti-TNF-a, anti-Nrf2, and anti-catalase antibodies
from Santa Cruz Biotechnology (Dallas, TX, USA); anti-GCLC
and anti-IL-18 from Mybiosource (San Diego, CA, USA); anti-
iINOS from BD Bioscience (San Jose, CA, USA); anti-BDNF
from Sigma-Aldrich (St Louis, MO, USA); anti-GDNF from
Abcam (Waltham, MA, USA); anti-PGC-1a from Merck Milli-
pore; anti-GCLM from GeneTex (Irvine, CA, USA); anti-HO-1
and anti-MnSOD from Enzo Life Sciences (Farmingdale, NY,
USA); anti-4-HNE from Alpha diagnostic Intl Inc. (San Antonio,
TX, USA); and anti-OX-42 from Bio-Rad (Hercules, CA, USA).

Animals

Male C57BL/6 mice (24-25 g, 9-10 weeks old) were ob-
tained from Orient Bio, Inc. (Seongnam, Korea). The animals
were maintained at a constant temperature of 21°C under a
12-hour light/dark cycle, with unrestricted access to food and
water. All efforts were undertaken to minimize animal discom-
fort. Experimental procedures were conducted in accordance
with the guidelines of the National Institutes of Health and
Ewha Womans University for the care and use of laboratory
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animals, and were approved by the Institutional Animal Care
and Use Committee of the Ewha Womans University Medical
School (EWHA MEDIACUC 21-012).

Drug administration

To study the MPTP-induced PD mouse model, C57BL/6
mice were randomly divided into six groups (control, MPTP,
MPTP+NSA 1 mg/kg, MPTP+NSA 5 mg/kg, NSA 1 mg/kg,
and NSA 5 mg/kg; n=8-10 per group). NSA was dissolved in
the vehicle (1% DMSO in normal saline) and administered in-
traperitoneally (i.p.) for 3 days. One day after the final NSA
treatment, mice were injected with MPTP (20 mg/kg, i.p.) four
times at 2 h intervals and were sacrificed 7 days after MPTP
injection (Jackson-Lewis and Przedborski, 2007).

Brain tissue preparation

For histological examinations, mice were anesthetized
with sodium pentobarbital (80 mg/kg; Hanlim Pharm Co. Ltd.,
Seoul, Korea) and perfused transcardially with 0.9% saline,
followed by 4% paraformaldehyde to fix the tissues. The brains
were subsequently extracted and immersed in 30% sucrose
at 4°C for cryoprotection. For biochemical studies, mice un-
derwent transcardial perfusion with 0.9% saline only. Coronal
brain sections (40 um thick) were prepared using a cryotome
(CM 1860; Leica, Wetzlar, Germany) for histological analysis.

Immunohistochemistry and immunofluorescence staining

For immunohistochemical (IHC) staining, tissue sections
were first treated to suppress endogenous peroxidase activ-
ity and to block non-specific antibody binding. Sections were
incubated overnight at 4°C with the primary antibody diluted
in 4% BSA blocking buffer. Afterward, they were incubated for
1 h at room temperature with biotinylated secondary antibod-
ies, followed by 1.5 h in an avidin-biotin-HRP complex solution
(Vector Laboratories, Burlingame, CA, USA). Subsequently,
the peroxidase reaction was performed using diaminobenzi-
dine tetrahydrochloride solution (Vector Laboratories). For co-
immunofluorescence (IF) staining, sections were incubated
with primary antibody overnight at 4°C, followed by incuba-
tion with fluorophore-conjugated secondary antibodies (Alexa
Fluor 488 and 594). The slides were then covered with the
VECTASHIELD antifade mounting medium (Vector Laborato-
ries). Digital images of IHC and IF staining were captured us-
ing a Leica DM750 microscope and quantified using ImageJ
software (version 1.37; NIH, Bethesda, MD, USA).

Preparation of protein extracts and western blot analysis
Brain tissues from the substantia nigra (SN) were homog-
enized in lysis buffer supplemented with a protease inhibitor
cocktail (Complete Mini, Roche, Mannheim, Germany). The
lysates were vigorously vortexed and incubated at 4°C for 30
min. Subsequently, samples were centrifuged at 20,000xg for
30 min, and the resulting supernatants were collected. Protein
samples (30-70 pg) were resolved by SDS-PAGE, transferred
to nitrocellulose membranes, and incubated with primary anti-
bodies prepared according to the manufacturer’s recommen-
dations. Following thorough washing with TBST, membranes
were incubated with HRP-conjugated secondary antibodies
(Bio-Rad; 1:2000 in 5% skim milk). Protein bands were visu-
alized using an enhanced chemiluminescence detection kit
(Thermo Fisher Scientific, Waltham, MA, USA). Band intensi-
ties were quantified and normalized to B-actin using ImagedJ
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Fig. 1. Effects of necrosulfonamide (NSA) on dopaminergic neuronal cell death in the brains of MPTP-injected mice. (A) Schematic repre-
sentation of experimental procedures. NSA (1 or 5 mg/kg, i.p.) or vehicle was administered daily for 3 days before MPTP treatment (20 mg/
kg, four injections at 2-hour intervals). (B) Representative immunostained images of TH-positive neurons in the striatum and SN (n=4-5 per
group). (C) Quantitative analysis was conducted by assessing the optical density of TH-positive fibers in the striatum and counting TH-posi-
tive cells in the SN. (D) Western blot data showing the effect of NSA on the expression of TH, BDNF, GDNF, and PGC-1a in the SN (n=4
per group). (E) Quantification of western blot data. Data are shown as the mean + SEM. *p<0.05 vs. control group; *p<0.05 vs. MPTP group.
MPTP, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; TH, tyrosine hydroxylase; BDNF, brain-derived neurotrophic factor; GDNF, glial cell-
derived neurotrophic factor; PGC-1a, peroxisome proliferator-activated receptor-gamma coactivator-1 alpha.

software (version 1.37; NIH, Bethesda, MD, USA).

Statistical analysis

Statistical differences among experimental groups were
evaluated using one-way analysis of variance (ANOVA), fol-
lowed by post-hoc analysis with the least significant difference
(LSD) test. All statistical analyses were conducted using SPSS
software for Windows (version 18.0; SPSS Inc., Armonk, NY,
USA). Data are expressed as mean + standard error of the
mean (SEM). Statistical significance was set at p<0.05.
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RESULTS

NSA reduced dopaminergic cell death and restored
neurotrophic factors in MPTP-treated mice

To examine the neuroprotective effects of NSA, mice were
administered NSA for three days before being injected with
MPTP. Seven days following MPTP administration, mice were
sacrificed for subsequent histological and biochemical analy-
ses (Fig. 1A). These findings revealed that NSA recovered
striatal dopaminergic fibers, as evidenced by an increased
optical density of TH* fibers in the striatum. Furthermore,
NSA restored nigral dopaminergic cells, as evidenced by the
increased number of nigral TH* cells in the brains of MPTP-
injected mice (Fig. 1B, 1C). Subsequently, we examined the
effect of NSA on the expression of TH and neurotrophic fac-
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tors in the SN of MPTP mice. Western blot analysis showed NSA inhibited the activation of microglia and astrocytes,

that NSA restored the protein expression of TH, BDNF, GDNF, as well as the expression of proinflammatory markers in
and PGC-1a, which were lowered by MPTP treatment (Fig. MPTP-treated mice
1D, 1E). To investigate whether NSA inhibits glial cell activation, im-

munohistochemical staining was performed using antibodies
against Iba-1 (a marker of microglial activation) and GFAP (a
marker of astrocyte activation). The results showed that NSA
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Fig. 2. Effects of NSA on microglia/astrocyte activation and the expression of pro-inflammatory markers in the brains of MPTP-injected
mice. (A) Immunohistochemical staining for Iba-1 in the striatum and SN (dotted line: SNpc) (n=4-5 per group). (B) Quantification of the
number of Iba-1-positive-activated microglia in the striatum and SN. (C) Immunohistochemical staining for GFAP in the striatum and SN
(n=4-5 per group). (D) A histogram of the intensity of GFAP-positive cells in the striatum and SN. (E) Western blot data showing the effect of
NSA on the expression of INOS, TNF-q, IL-6, and IL-1p in the SN (n=4 per group). (F) Quantification of western blot data. Data are shown
as the mean + SEM. *p<0.05 vs. control group; #p<0.05 vs. MPTP group. Iba-1, ionized calcium-binding adapter molecule1; SNpc, substan-
tia nigra pars compacta; GFAP, glial fibrillary acidic protein; iNOS, inducible nitric oxide synthase; TNF-o, tumor necrosis factor-o; IL-1p,
interleukin-14.
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reduced the number of activated microglia in the striatum and NSA decreased oxidative damage products while
SN of MPTP mice (Fig. 2A, 2B). NSA also reduced the number enhancing Nrf2-driven antioxidant enzymes in MPTP-

of reactive astrocytes in the striatum and SN (Fig. 2C, 2D). treated mice

When we examined the effect of NSA on the protein expres- As oxidative stress plays an important role in PD develop-
sion of proinflammatory markers, NSA reduced the expression ment, we investigated the effect of NSA on oxidative damage
of INOS, TNF-q, IL-1$, and IL-6 in the SN of MPTP mice (Fig. in MPTP mice. 4-hydroxynonenal (4-HNE) is a lipid peroxi-
2E, 2F). These findings demonstrate that NSA exerts anti-in- dation product, and 8-hydroxy-2’-deoxyguanosine (8-OHdG)
flammatory effects in MPTP mice. is a DNA damage marker. Co-IF staining showed that NSA
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Fig. 3. Effects of NSA on oxidative stress markers in the brains of MPTP-injected mice. (A) Co-IF staining for 8-OHdG (a marker for oxida-
tive damage of DNA, green) and TH (a marker of dopaminergic neurons, red) in the SNpc of MPTP-injected mice (n=4-5 per group). (B)
High magnitude images (8-OHdG, green; TH, red; DAPI, blue). (C) Quantification of 8-OHdG-positive and 8-OHdG*/TH" cells. (D) Western
blot data showing the effect of NSA on the expression of 4-HNE in the SN (n=4 per group). (E) Quantification of western blot data. (F) West-
ern blot data showing the effect of NSA on the expression of Nrf2, HO-1, catalase, MnSOD, GCLC, and GCLM in the SN (n=4 per group).
(G) Quantification of western blot data. Data are shown as the mean + SEM. *p<0.05 vs. control group; “p<0.05 vs. MPTP group. 8-OHdG,
8-hydroxy-2’-deoxyguanosine; 4-HNE, 4-hydroxynonenal; Nrf2, nuclear factor erythroid 2-related factor 2; HO-1, hemeoxygenase-1; Mn-
SOD, manganese superoxide dismutase; GCLC, y-glutamyl cysteine ligase-catalytic subunit; GCLM, y-glutamyl cysteine ligase-modulator
subunit.
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reduced 8-OHdG production in TH* dopaminergic neurons
in the SN of MPTP mice (Fig. 3A-3C). Furthermore, NSA de-
creased the formation of 4-HNE adducts induced by MPTP
(Fig. 3D, 3E). To evaluate the antioxidant mechanism of NSA,
we tested its effects on Nrf2-driven phase |l antioxidant en-
zymes. Western blot analysis demonstrated that NSA restored
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the expression of Nrf2 and its downstream targets HO-1, cata-
lase, MnSOD, GCLC, and GCLM, which were decreased by
MPTP treatment (Fig. 3F, 3G). These results indicated that
NSA exerts an antioxidant effect by modulating the Nrf2 sig-
naling pathway in MPTP-treated mice.
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Fig. 4. Effects of NSA on phosphorylation and expression of MLKL in the brains of MPTP-injected mice. (A) Western blot data showing the
effect of NSA on the expression of phospho- or total MLKL in the SN (n=4 per group). (B) Quantification of western blot data. (C) Co-IF
staining for p-MLKL (hallmark of necroptosis, red) and OX-42 (marker for microglial cells, green) in the SN of MPTP-injected mice (n=4-5
per group). (D) High magnitude images and (E) quantification of p-MLKL-positive cells and p-MLKL/OX-42" cells. (F) Co-IF staining stain-
ing for p-MLKL (green) and TH (red) in the SN of MPTP-injected mice (n=4-5 per group). (G) High magnitude images and (H) quantification
of p-MLKL*/TH" cells. Data are shown as the mean + SEM. *p<0.05 vs. control group; *p<0.05 vs. MPTP group. MLKL, mixed lineage ki-
nase domain-like protein, SN, substantia nigra; Co-IF, co-immunofluorescence; TH, tyrosine hydroxylase.
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NSA decreased MLKL phosphorylation in dopaminergic
neurons and microglia in the SN of MPTP mice

To investigate whether necroptosis was involved in dopa-
minergic cell death and inflammation in our model system, we
examined the effects of MPTP and/or NSA on MLKL phos-
phorylation and expression. Western blot analysis revealed
that MPTP increased the phosphorylation and expression of
MLKL in the SN of MPTP mice, which was reduced by NSA
treatment (Fig. 4A, 4B). To determine the cell types express-
ing p-MLKL in MPTP mice, we performed co-IF labeling with
antibodies against p-MLKL, OX-42 (a marker for microglia),
GFAP (a marker for astrocyte), and TH (a marker for DA neu-
rons). MPTP increased the number of p-MLKL*/OX-42* and
p-MLKL*/TH* cells in the SN, which was blocked by NSA (Fig.
4C-4H). In contrast, p-MLKL*/GFAP* cells were not observed,
suggesting that astrocytic expression of p-MLKL was absent
under these conditions (Supplementary Fig. 1). These find-
ings indicate that NSA-mediated suppression of neuronal and
microglial p-MLKL may exert neuroprotective and anti-inflam-
matory effects.

DISCUSSION

In this study, we demonstrated the therapeutic effects of
NSA, a pharmacological MLKL inhibitor, in an acute MPTP
mouse model of PD. NSA reversed the loss of dopaminergic
cells in the SN and restored impaired neurotransmission to the
striatum. NSA also inhibited microglial/astrocyte activation and

MPTP injection

4 Neuroinflammation
A Microglia activation
A Astrocyte activation

A Pro-inflammatory molecules
(INOS, TNF-a, IL-6, IL-1B)

t Oxidative stress

A DNA damage (8-OHdG)

A Lipid peroxidation (4-HNE)

} Nrf2, antioxidant enzymes
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t DAergic neuronal cell death

} TH" neurons

A MLKL expression & phosphorylation

¥ Neurotrophic factors (BDNF, GDNF, PGC-1a)

Acute MPTP mouse model of
Parkinson’s disease

the expression of proinflammatory markers in the SN of MPTP
mice. Furthermore, it reduced oxidative stress by activating
the Nrf2 antioxidant signaling pathway. Finally, we demon-
strated that NSA inhibits p-MLKL expression in dopaminergic
neurons and activated microglia, suggesting the involvement
of MLKL in neuronal cell death and neuroinflammation. The
effects of the NSA are summarized in Fig. 5.

Previous in vivo experiments in MLKL knockout mice
have shown that MLKL mediates neuroinflammation. Lin et
al. (2020) observed that deletion of MLKL decreased the el-
evation of inflammatory cytokines in MPTP-treated mice, in-
dicating that MLKL modulates neuroinflammation (Lin et al.,
2020). Geng et al. (2023) found that MLKL deficiency allevi-
ates neuroinflammation by suppressing microglial activation
in an a-synuclein transgenic mouse model of PD (Geng et al.,
2023). Multiple studies have shown that MLKL modulates the
activation of the NLRP3 inflammasome. Activation of MLKL in
monocytes and bone marrow-derived macrophages (BMDMs)
leads to the stimulation of the NLRP3 inflammasome and pro-
motes caspase-1-dependent processing and secretion of IL-
1B in a cell-intrinsic manner (Kang et al., 2015; Conos et al.,
2017; Martens et al., 2021). Consistent with these findings, our
study showed that pharmacological inhibition of MLKL using
NSA reduced the expression of proinflammatory markers by
regulating microglial and astrocyte activation in MPTP-treated
mice. These results further highlight the role of MLKL as a key
mediator of neuroinflammation and suggest the therapeutic
potential of NSA in neuroinflammatory disorders, such as PD.

Previous studies have reported that ROS play critical
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Fig. 5. Schematic representation of the effects of NSA in the brains of MPTP-injected mice. NSA attenuates neuroinflammation by reducing
the activation of microglia and astrocytes and downregulating the expression of proinflammatory molecules. It also mitigated oxidative
stress by enhancing Nrf2-mediated antioxidant enzyme expression, thereby decreasing markers such as 8-OHdG and 4-HNE. Further, NSA
protected against dopaminergic neuronal cell death by suppressing MLKL activity and promoting the restoration of neurotrophic factors.
MPTP, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; iNOS, inducible nitric oxide synthase; TNF-a, tumor necrosis factor-a; IL-18,
interleukin-1B; 8-OHdG, 8-hydroxy-2’-deoxyguanosine; 4-HNE, 4-hydroxynonenal; Nrf2, nuclear factor erythroid 2-related factor 2; HO-1,
hemeoxygenase-1; MnSOD, manganese superoxide dismutase; GCLC, y-glutamyl cysteine ligase-catalytic subunit; GCLM, y-glutamyl cys-
teine ligase-modulator subunit; TH, tyrosine hydroxylase; MLKL, mixed lineage kinase domain-like protein; BDNF, brain-derived neurotroph-
ic factor; GDNF, glial cell-derived neurotrophic factor; PGC-1a, peroxisome proliferator-activated receptor-gamma coactivator-1 alpha.
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roles in necroptotic signaling and inflammation. ROS induces
RIPK1 phosphorylation, RIPK1/3 necrosome assembly, and
MLKL activation, resulting in necroptotic cell death (Schenk
and Fulda, 2015; Zhang et al., 2017; Xue et al., 2020). Con-
versely, several studies have reported that MLKL mediates
ROS production during necroptosis (Schenk and Fulda, 2015;
Yang et al., 2018; Xue et al., 2020). MLKL induces ROS pro-
duction and late-phase JNK activation in TSZ (TNF-a, Smac
mimetic, and z-VAD)-treated HT-29 cells (Zhao et al., 2012;
Chu, 2013). Additionally, ROS function upstream and down-
stream of MLKL activation in TNF/BV6-treated necroptotic
cells, thereby creating a positive feedback loop between MLKL
and ROS production (Schenk and Fulda, 2015). In the present
study, we observed that NSA reduced the levels of oxidative
stress markers, including 4-HNE and 8-OHdG in the SN of
MPTP-treated mice. Additionally, NSA inhibited MLKL phos-
phorylation in necroptotic neurons and microglia, suggesting a
potential positive feedback loop between ROS production and
MLKL-driven necroptosis.

Regarding the antioxidant mechanism of NSA, this study
revealed that NSA enhances the expression of Nrf2 and its
downstream antioxidant enzymes, including HO-1, catalase,
MnSOD, and GCLC/GCLM. These findings are consistent
with those of previous studies showing that NSA alleviates
neurological deficits in spinal cord injury by increasing glutathi-
one and superoxide dismutase levels and reducing ROS and
malonyldialdehyde (Jiao et al., 2020). Additionally, NSA has
demonstrated protective effects against doxorubicin-induced
cardiotoxicity by restoring antioxidant enzymes such as HO-1
and glutathione peroxidase-4 (Abbas et al., 2023). Given that
the aforementioned antioxidant enzymes (HO-1, catalase,
SOD, GPX-4, and GCLC/GCLM) are regulated by Nrf2, NSA-
mediated activation of the Nrf2 antioxidant pathway may be
pivotal in reducing ROS levels and inhibiting the necroptotic
process in our study and other disease models.

In conclusion, this study revealed that NSA exerts neuro-
protective effects by mitigating oxidative stress and neuroin-
flammation in an MPTP-induced PD mouse model. Therefore,
NSA has emerged as a promising candidate for therapeutic
intervention in PD, which is characterized by necroptosis and
neuroinflammatory processes.
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