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Abstract

Background: Salsolinol (SAL) is a dopamine metabolite and endogenous neurotoxin that exerts neurotoxicity to dopaminergic neurons
and is involved in the genesis of Parkinson’s disease (PD). However, the machinery underlying SAL-induced neurotoxicity in PD is still
being elucidated. Methods: In the present study, we first used RNA-seq and KEGG analysis to examine differentially expressed genes in
SAL-challenged SH-SYSY cells. PD animal models were established and treated with acteoside. Cell viability assays, lipid peroxidation
assessments (malondialdehyde [MDA] and 4-Hydroxynonenal [4-HNE]), immunoblot, and transmission electron microscopy were used
to confirm acteoside-mediated inhibition of ferroptosis and its neuroprotective effect on dopaminergic (DA) neurons. Results: We found
that ferroptosis-related pathway was enriched by SAL. SAL inducing ferroptosis through upregulating long-chain acyl-CoA synthetase
family member 4 (ACSL4) in SH-SYSY cells, which neurotoxic effect was reversed by ferroptosis inhibitors ferrostatin-1 (Fer-1) and
deferoxamine (DFO). Acteoside, a phenylethanoid glycoside of plant origin with a neuroprotective effect, attenuates SAL-induced neu-
rotoxicity by inhibiting ferroptosis in in vitro and in vivo PD models through downregulating ACSL4. Conclusions: The present study
revealed a novel molecular mechanism underlying SAL-induced neurotoxicity via induction of ferroptosis in PD, and uncovered a new
pharmacological effect against PD through inhibiting ferroptosis. This study highlights SAL-induced neurotoxicity via ferroptosis as a
potential therapeutic target in PD.
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1. Introduction Early studies suggested that SAL-induced reactive
oxygen species (ROS) production in the involvement of
DNA damage and cytotoxicity [16,17]. SAL and iron in-
volve in redox cycling leading to the formation of ROS, and
iron facilitates SAL-mediated oxidative damage-dependant
neuronal cell death, which was attenuated by the iron-
specific chelator deferoxamine (DFO) [18]. SAL induced
neurotoxicity, enhanced ROS and decreased Low level of
glutathione (GSH) levels in SH-SYSY cells [19]. GSH can
boost neurotoxicity in SAL-induced SH-SYSY cells [20].
These studies strongly suggest that a novel regulated cell
death (RCD), i.e., ferroptosis maybe contribute to SAL-
induced neurotoxicity. Ferroptosis is a new form of RCD
triggered by the toxic lipid peroxides on cellular membranes
through inhibiting the antioxidant defense system and en-

Parkinson’s disease (PD) is a progressive neurode-
generative disease characterized by dopaminergic neuronal
loss in the substantia nigra pars compacta and intracellu-
lar inclusions called Lewy bodies (LB) [1,2]. The inter-
play among aging, genetic susceptibility and environmen-
tal factors contribute to pathogensis of PD [3]. Salsolinol
(SAL), an endogenous dopamine metabolite with structural
similarity to 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP) with selective toxicity to nigral dopaminergic neu-
rons, is considered being both an endogenous and an en-
vironmental compound to induce PD [4,5]. Salsolinol is
toxic to dopaminergic (DA) neurons in vitro and in vivo
[4,6,7]. Several studies have been shown that SAL damages
DA cells by inducing oxidative stress-dependent apoptosis

[7-14]. Our previous study revealed that SAL induces PD
through activating nucleotide-binding domain, leucine-rich
repeat, and pyrin domain-containing protein 3 (NLRP3) de-
pendent pyroptosis [15]. However, the machinery underly-
ing SAL induces neurotoxicity in PD are still being eluci-
dated.

sued accumulating iron-dependent ROS, which react with
polyunsaturated fatty acids (PUFAs) to damage the integrity
of cell membranes [21-24]. Mounting evidences supports
ferroptosis as a critical player in the genesis of PD [25-28].
A knowledge of the role of ferroptosis in SAL-induced neu-
rotoxicity will not only provide insights into the genesis of
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PD but also may also prove vital in the development of an
effective therapy.

Emerging evidence has shown that pharmacologically
inhibiting ferroptosis to ameliorate dopaminergic neurons
injury is a promising therapeutic target for PD treatment
[24,29-38]. Acteoside, a phenylpropanoid glycoside has
been demonstrated various pharmacological activities, in-
cluding neuroprotection [39]. It has been shown that acteo-
side exerts neuroprotection in Alzheimer’s disease from our
previous study [40]. Acteoside also exerts neuroprotec-
tion against neurotoxicity in PD induced by rotenone [41]
and 6-hydroxydopamine (6-OHDA) [42]. These observa-
tions were corroborated by our previous study which re-
ported that acteoside inhibits NLRP3-dependent pyroptosis
in PD [15]. It is tempting to speculate that whether acteo-
side inhibits SAL-induced neurotoxicity through inhibiting
ferroptosis.

In the present study, we first used RNA-seq and
KEGG analysis to examine differentially expressed genes
in SAL-treated SH-SYSY cells. We found that ferroptosis-
related pathway was enriched by SAL. SAL induces fer-
roptosis through upregulating long-chain acyl-CoA syn-
thetase family member 4 (ACSL4) in SH-SYSY cells. The
ferroptosis inhibitors DFO and ferrostatin-1 (Fer-1) re-
versed neurotoxic effect of SAL. SAL inducing ferroptosis
through upregulating ACSL4 in mice. Acteoside attenu-
ates SAL-induced neurotoxicity by inhibiting ferroptosis in
vitro through downregulating ACSL4. The present study
revealed a novel molecular mechanism underlying SAL-
induced neurotoxicity via induction of ferroptosis, and un-
covered a new pharmacological effect of acteoside against
SAL-induced neurotoxicity through inhibiting ferroptosis.
This study highlights targeting ferroptosis as a potential
therapeutic target in SAL-induced PD.

2. Materials and Methods
2.1 Materials

Cell Counting Kit-8 kit was purchased from Wan-
leibio (WLAO74, Wanleibio, Shenyang, China). Acteo-
side (61276-17-3) and SAL (27740-96-1) were obtained
from Winherb Medical Technology Inc (Shanghai, China).
Dulbecco’s Modified Eagle Medium supplement was ob-
tained from Gibco Invitrogen Corporation (#12800-017,
OH, USA). ACSL4 antibody is from Abclonal (1:2000,
A6826, Abclonal, Wuhan, China). Solute carrier family
7a member 11(SLC7A11) antibody is from Affinity (1:500,
DF12509, Affinity, West Bridgford, UK). Glutathione
peroxidase 4 (GPX4) antibody is from Abclonal (1:500,
A1933, abclonal). 4-hydroxynonenal (4-HNE) antibody is
from Novus (1:100, MAB3249, Novus, Cambridge, UK).
Tyrosine hydroxylase (TH) antibody (1:500, WLO01820),
alpha-synuclein (a-syn) antibody (1:500, WL05015) were
purchased from Wanleibio (Shenyang, China).

2.2 Cell Culture and Treatment

SH-SYSY cells obtained from the ATCC were cul-
tured in DMEM supplemented with 10% (v/v) fetal bovine
serum, 100 pg/mL streptomycin, and 100 U/mL penicillin
at 37 °C and 5% CO5 [15,43]. All cell lines were validated
by short tandem repeat (STR) profiling and tested negative
for mycoplasma. Both acteoside and SAL were dissolved
in dimethyl sulfoxide and stored at —20 °C. To induce cell
injury, SH-SYS5Y cells were incubated with indicated dose
SAL for indicated times. To study the neuroprotective ef-
fects of acteoside, SH-SYSY cells were pre-incubated with
indicated dose of acteoside for 2 h, followed by treatment
with 300 pM SAL for another 24 h.

2.3 Cell Viability Determination

Cell viability was tested using CCK-8 kits following
the methods of manufacturer instructions. Briefly, cells un-
der the logarithmic growth phase were seeded into a cell
culture plate at 1 x 10* cells/well (96 wells). Following 24
h, the cells were pretreated with various concentrations of
SAL with or without acteoside, and subsequently washed
with PBS. Then cells were incubated with CCK-8 (10 uL)
(WLAO74, wanleibio) for 3 h at 37 °C. Each well’s optical
density (OD) was measured at 450 nm using a microplate
reader (800TS, BIOTEK, Winooski, VT, USA).

2.4 Animals and Drug Treatment

Animal welfare and experimental procedures were
performed according to the Guide for the Care and Use
of Laboratory Animals (National Institutes of Health,
the United States) and the related ethical regulations of
Aecrospace Center Hospital (2023-023). Male C57BL/6]
mice (2 months old, 18-22 g) were purchased from HUA-
FUKANG Company (Beijing, China). The mice were al-
lowed to acclimatize to the laboratory environment for at
least 1 week before the experiment. The mice were ran-
domly divided into two groups (n = 15/group), i.e., con-
trol and SAL treatment groups as described in our previ-
ous study [15]. Briefly, Control group mice were intraperi-
toneally (i.p.) administered PBS (vehicle) for nine consec-
utive days. All mice were killed using 100% COx narcosis
for western blotting and transmission electron microscopy.

2.5 Determination of ROS, Glutathione (GSH),
4-Hydroxynonenal (4-HNE), Malondialdehyde (MDA),
and Iron Levels

According to the kit instructions, the intracellular ROS
kit (WLA131; Wanleibio, China), MDA kit (WLAO04S;
Wanleibio, China), GSH kit (WLA105; Wanleibio, China),
and 4-HNE kit (EU0187; Wuhan Fine, China) were used to
measure the levels of ROS, MDA, GSH, and 4-HNE, re-
spectively. The content of iron was measured using corre-
sponding kits (E-BC-K881-M, Elabscience, Wuhan, China)
following the methods of manufacturer instructions.
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2.6 Western Blot Analysis

The differentially expressed proteins were tested using
Western blotting, as described previously [15,40].

2.7 Transmission Electron Microscopy (TEM)

The Harvested SH-SY5Y cells and mouse brains were
successively fixed by paraformaldehyde and 1% osmium
tetroxide at 4 °C. After dehydration by ethanol and acetone,
SH-SYS5Y cells and mouse brains were embedded by Epon
816 and cut into 100 nm-thick sections using an ultramicro-
tome (CM1860, Leica, Germany). After lead citrate stain-
ing, TEM (H-7650, Hitachi, Japan) was used to capture the
images [44].

2.8 Statistical Analysis

All data in present study were presented as the mean
+ S.E.M. Statistical analysis was performed using one-way
analysis of variance (ANOVA) followed by Student’s #-test
using GraphPad Prism 6.0 software (GraphPad Software,
Inc., San Diego, CA, USA). Mean values were considered
to be statistically significant at p < 0.05.

3. Results
3.1 SAL Induces Ferroptosis in SH-SY5Y Cells

To uncover the machinery underlying SAL-induced
neurotoxicity, we first performed an RNA-seq analysis. To-
tal RNAs were isolated and sequenced in SAL-treated SH-
SYSY cells or control cells. SAL challenge causes a total
of 2826 genes (710 upregulated and 2116 downregulated)
were differentially expressed (|fold change| >2, p < 0.05)
(Fig. 1A,B). KEGG enrichment analysis revealed several
enriched biological pathways, most of which were related
to the ferroptosis signaling pathway (Fig. 1C). To confirm
these results, we first determined the neurotoxicity in SAL-
induced SH-SYS5Y cells. As shown in Fig. 1D, SAL (0, 10,
100, and 300 pM) dose-dependently decreased cell viabil-
ity, which substantiate our previous indications [15]. SAL
(0, 10, 100, and 300 pM) were used to treat SH-SY5SY cells
for 24 h to detect ferroptosis markers. The levels of GSH,
ROS, iron, MDA, and 4-HNE in the cell culture medium
were tested. We observed that the GSH level (Fig. 1E) was
concentration-dependently remarkably decreased and con-
centrations of ROS (Fig. 1F) and iron (Fig. 1G) were dra-
matically increased after 24-h SAL treatment in SH-SY5Y
cells. The content of MDA (Fig. 1H), and 4-HNE (Fig. 1)
increased significantly in the SAL-induced cell, which was
corroborated by western blot for 4-HNE (Fig. 1J), indicat-
ing a substantial increase in lipid peroxidation level. Taken
together, these results suggested that SAL deplete GSH, in-
creased iron, and facilitated lipid peroxidation (LPO) in SH-
SYSY cells. SAL increased a-syn and decreased TH ex-
pression (Fig. 1K), meanwhile SAL increased the expres-
sion of ACSL4 (Fig. 1L) in SAL treatment in SH-SY5Y
cells. TEM analysis showed that SAL (300 uM) treatment
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for 24 h leads to mitochondrial shrinkage and enhanced mi-
tochondrial membrane density in SH-SYSY cells (Fig. IM).
Collectively, these results suggested that SAL induces fer-
roptosis in SH-SYS5Y cells.

3.2 Ferroptosis Inhibitor Reverses SAL Induced
Ferroptosis in SH-SY5Y Cells

To further confirm that the SAL indeed mediates neu-
rotoxicity through inducing ferroptosis in SH-SYSY cells,
we used the ferroptosis inhibitor deferoxamine (DFO) and
ferrostatin-1 (Fer-1) in SAL-induced cells. DFO and Fer-
1 reversed SAL-induced ferroptosis and neurotoxicity in
SH-SYS5Y cells. The rescued phenotypes included at-
tenuated loss of cell variability (Fig. 2A), increased TH
and down-regulated a-syn (Fig. 2B), increased GSH level
(Fig. 2C), decreased concentrations of ROS (Fig. 2D) and
iron (Fig. 2E), decreased content of MDA (Fig. 2F) and
4-HNE (Fig. 2G,H) in SH-SYS5Y cells. Meanwhile, DFO
and Fer-1 attenuated SAL-induced increased the expres-
sion of ACSL4 (Fig. 2I). This result was corroborated by
TEM analysis, which reported revealed that SAL-induced
mitochondrial shrinkage and increased mitochondrial mem-
brane density was reversed by DFO and Fer-1 in SH-SY5Y
cells (Fig. 2J). Collectively, these results showed that DFO
and Fer-1 reversed SAL induces ferroptosis and neurotoxic-
ity in SH-SYS5Y cells, further confirm that the SAL induces
neurotoxicity is channeled through inducing ferroptosis.

3.3 SAL Induces Ferroptosis in Substantia Nigra in Mice

We then tested whether SAL induces ferroptosis in the
substantia nigra (SN) in mice. SAL causes loss of DA neu-
rons in SN, evidenced by induced loss of TH-positive neu-
rons and upregulated a-syn by Western blot of the substan-
tia nigra pars compacta of the mouse brain exposed to SAL
(Fig. 3A). All of which substantiate previous study [15].
The content of MDA (Fig. 3B), and 4-HNE (Fig. 3C) in-
creased significantly in the SAL-induced PD mice group
compared to the control group, which was corroborated by
western blot for 4-HNE (Fig. 3D), indicating a substan-
tial increase in lipid peroxidation (LPO) levels. Consistent
with these changes, Western blot showed SAL increased the
expression of ACSL4 in the SN (Fig. 3E). This observa-
tion was corroborated by TEM analysis (Fig. 3F). Together,
these results indicate that SAL induces ferroptosis in vivo.

3.4 Acteoside Inhibits SAL-Induced Ferroptosis in
SH-SY5Y Cells

Previous studies have revealed that acteoside, an
antioxidative phenylethanoid glycoside confer neuropro-
tion in PD [41,42]. Our previous study has revealed
that acteoside exerts neuroprotective effect in Alzheimer’s
disease (AD) [40] and in PD [15]. However, whether
acteoside alleviates SAL-induced neurotoxicity through in-
hibiting ferroptosis in PD is lack. The present study
tested the neuroprotective effects of acteoside against SAL-
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Fig. 1. Salsolinol (SAL) induced ferroptosis in SH-SYSY cells. (A) 1208 downregulated genes (green) and 719 up-regulated genes
(red) was revealed by heatmap using RNA-Seq data in control and SAL-treated cells. (B) SAL-regulated genes were analysed by KEGG
enrichment. SH-SYS5Y was induced in the present or absent of 300 uM SAL for 24 h. (C) Volcano plot showed the differentially expressed
genes. SAL (1-300 uM) treated SH-SYSY cells for 24 h, then cell viability by CCK-8 (D), the levels of GSH (E), ROS production (F),
intercellular iron (G), MDA (H), 4-HNE (I) detected by different kits and corresponding statistical results. (J) Western blotting of 4-HNE
expression in SH-SY5Y as described in (D-I). The expression levels of (K) TH and a-syn and (L) ACSL4 in SH-SY5Y cells were
determined by Western blot. (M) Representative electron microscopy image of SH-SYSY cells after treatment with SAL (300 uM) for
24 h. (The scale bar =1 uM). *p < 0.05; **p < 0.01; ***p < 0.005. CCK-8, cell counting kit; GSH, glutathione; ROS, reactive oxygen
species; MDA, malondialdehyde; 4-HNE, 4-Hydroxynonenal; TH, tyrosine hydroxylase; a-syn, alpha-synuclein; ACSL4, acyl-CoA
synthetase family member 4.
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Fig. 2. Ferroptosis inhibitor reversed SAL induced ferroptosis in SH-SYS5Y cells. SH-SYSY cells were preincubated withferroptosis
inhibitors deferoxamine (DFO) and ferrostatin-1 (Fer-1) for 2 h and further incubated for 24 h after the addition of SAL (300 uM). (A)
Then cell viability detected by CCK-8 assay. (B) The expression levels of TH and a-syn were determined by Western blot. The levels
of GSH (C), ROS production (D), intercellular iron (E), MDA (F), 4-HNE (G) detected by different kits and corresponding statistical
results. (H) Western blotting of 4-HNE expression in SH-SY5Y as described in (A-G). (I) The expression levels of ACSL4 in SH-SY5Y
were determined by Western blot. (J) Representative electron microscopy image of SH-SY5Y cells after treatment with SAL (300 pM)
for 24 h. All arrows represents mitochondrion. (The scale bar = 1 uM). ***p < 0.005; #p < 0.01; **p < 0.005. TEM, transmission

electron microscopy.

induced ferroptosis in SH-SYSY cells. We found that
acteoside pre-treatment inhibits SAL-induced loss of cell
viability (Fig. 4A). Meanwhile, acteoside rescued SAL-
induced ferroptosis phenotypes including increased GSH
level (Fig. 4B), decreased concentrations of ROS (Fig. 4C)
and iron (Fig. 4D), decreased content of MDA (Fig. 4E)
and 4-HNE (Fig. 4F,G) in SH-SYS5Y cells. In accordance
with these changes, acteoside decreased the expression of
ACSL4 (Fig. 4H). This observation was corroborated by
TEM analysis (Fig. 4I). In summary, these results suggest
that attenuates SAL-induced neurotoxicity through inhibit-
ing ferroptosis via downregulating ACSL4 in SH-SYS5Y
cells.
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4. Discussion

SAL is an endogenous DA metabolite functioning as
a neurotoxin to induce DA neuronal injury and is involved
in the genesis of PD [14]. Mounting evidences have shown
that SAL induces apoptosis [7—14] and pyroptosis [15] in
DA neuron. Despite these progresses, more mechanistic
insight into the role of SAL in PD are not well uncov-
ered. The present study aims to determine whether SAL
induces ferroptosis in vitro and in vivo, and meanwhile de-
lineate whether acteoside mediates neuroprotection against
SAL-induced neurotoxicity through inhibiting ferroptosis.
We demonstrated for the first time that induction of fer-
roptosis by SAL contributes to the pathogenesis of PD in
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Fig. 3. SAL induced ferroptosis in Parkinson’s disease (PD) mice model. (A) Western blotting of TH and a-syn in substantia nigra
(SN) from indicated mice. The levels of MDA (B), 4-HNE (C) in SN from each group were determined by different kits. (D) Western
blotting of 4-HNE expression in SN as described in (A—C). (E) The ACSL4 protein levels of in SN were determined by Western blot.
(F) Representative electron microscopy image of SN after treatment with SAL (The scale bar = 1 uM). ***p < 0.005.

vitro and in vivo. Also we revealed that acteoside alleviated
SAL-induced dopaminergic neurons injury through inhibit-
ing ferroptosis via downregulating ACSL4 in SH-SYSY
cells and mice.

In recent years, evidence have shown that ferroptosis
as a distinct form of RCD, characterized by iron-dependent
lipid peroxidation (LPO) [24,45]. Several pathological
features of PD include dyshomeostasis of iron, oxidative
stress, LPO, and GSH depletion are all related to ferropto-
sis [24,46]. Since term ferroptosis that is characterized by
iron dysregulation, LPO, and GSH depletion was coined in
2012, scientists have begun to revisit the contributions and
role of the aforementioned pathological signatures of PD
to the disease genesis. A ferroptosis hypothesis is emerg-
ing in PD, which states that ferroptosis plays a vital role in
the genesis of PD [24]. The direct role of ferroptosis con-
tributes to the development of PD was confirmed in vitro
and in vivo model [47,48].

The neurotoxins,  1-methyl-4-phenylpyridinium
(MPPT) [49], rotenone [50], MPTP [51], and 6-
hydroxydopamine (6-OHDA) [52] cause PD through
inducing ferroptosis in vitro and in vivo PD models.
Salsolinol, a DA metabolite with structural similarity to
MPTP functions as a neurotoxin that induces DA neuronal

injury has been shown to involve in PD pathogenesis [4-7].
SAL promotes production of ROS [16,53], decreased GSH
levels and cell viability in SH-SYSY cells [19]. Decreased
GSH boosts SAL-induced toxic effect in SH-SYS5Y cells
[20] and iron facilitates SAL-mediated neuronal cell death,
which were attenuated by the iron-specific chelator DFO
[18]. These studies strongly suggest that ferroptosis maybe
contribute to SAL-induced neurotoxicity. These earlier
studies prompted us to postulate that salsolinol maybe
induce ferroptosis to cause PD. Indeed, our present study
revealed that SAL enriched ferroptosis-related pathway,
which was validated by SAL-induced in vitro and in vivo
models (Figs. 1,2,3).

The polyunsaturated fatty acid-containing phospho-
lipids (PUFA-PLs) are the substrates for LPO during fer-
roptosis [24]. ACSL4 cooperates with lysophosphatidyl-
choline acyltransferase 3 (LPCAT3) to generate the lipid
drivers of ferroptosis [24]. ACSL4 mediates the ligation
of the free adrenic acid (ADA) and arachidonic acid (AA)
the two long-chain PUFAs to CoA, respectively generat-
ing ADA-CoA and AA-CoA (i.e., PUFA-CoAs). Then,
these PUFA-CoAs are re-esterified and incorporated into
PLs by LPCAT3 to produce PUFA-PLs, which include
AA -phosphatidylethanolamine [PE] and ADA-PE). SAL
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Fig. 4. Acteoside reversed SAL-induced ferroptosis in SH-SYSY cells. SH-SY5Y were incubated acteoside (1-30 pM) for 2 h,
followed by incubation with 300 uM SAL for another 24 h. (A) Cell viability was tested by CCK8 assay. The levels of GSH (B), ROS
production (C), intercellular iron (D), MDA (E), 4-HNE (F) detected by different kits and corresponding statistical results. (G) Western
blotting of 4-HNE expression in SH-SY5Y cells as described in (A—F). (H) The expression levels of ACSL4 were determined by Western
blot. (I) Representative electron microscopy image of SH-SY5Y cells as indicated groups (The scale bar = 1 uM). ***p < 0.005; ****p

< 0.001; *p < 0.05; p < 0.01; " p < 0.005; #*p < 0.001.

induces ferroptosis through upregulating ACSL4 in SH-
SYSY cells (Fig. 1), which neurotoxic effect was reversed
by ferroptosis inhibitors DFO and Fer-1 (Figs. 2,3). These
results indicated that SAL induces ferroptosis through up-
regulating ACSL4. A mounting study has demonstrated
that pharmacologically inhibiting ferroptosis by bioactive
small-molecule compounds could be as a therapeutic regi-
men for PD [24]. Inhibition of ACSL4 activity may form
a promising strategy for early intervention of PD [48]. Our
present study showed that acteoside downregulated ACSL4
in SAL-induced SH-SYS5Y cells and mice, thereby inhibit-
ing ferroptosis to attenuate neurotoxicity in PD (Fig. 4).
The strengths of present study is that we for the first pro-

&% IMR Press

vided the evidence that SAL induces ferroptosis by acti-
vating ACSL4 in SH-SYS5Y cells and mice, and acteoside
inhibits SAL-induced ferroptosis by suppressing ACSLA4.
However, there are some limitations of the present study,
i.e., SAL maybe induces ferroptosis in PD by inhibiting
other ferroptosis inhibirs (such solute carrier family 7a
member 1 1/glutathione peroxidase 4 [SLC7A11/GPX4]) or
activating other ferroptosis inducers (such as iron pathway),
which remains an open conundrum for future investigate
on. Our ongoing studies are centering on how other path-
ways and mechanisms that may mediate SAL-induced fer-
roptosis.
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5. Conclusions

Taken together, the present results indicate that SAL
induces ferroptosis through upregulating ACSL4. Acteo-
side attenuates SAL-induced neurotoxicity by inhibiting
ferroptosis through downregulating ACSL4 in SH-SYSY
cells and mice. The present study revealed a novel molecu-
lar mechanism underlying SAL-induced neurotoxicity via
induction of ferroptosis in PD, and uncovered a new
pharmacological effect of acteoside protecting against PD
through inhibiting ferroptosis. This study highlights SAL-
induced neurotoxicity via ferroptosis as a promising thera-
peutic target in PD.
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