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Abstract
Ferroptosis is a programmed cell death pathway that is recently linked to Parkinson’s disease (PD), where the key genes and 
molecules involved are still yet to be defined. Acyl-CoA synthetase long-chain family member 4 (ACSL4) esterifies polyun-
saturated fatty acids (PUFAs) which is essential to trigger ferroptosis, and is suggested as a key gene in the pathogenesis of 
several neurological diseases including ischemic stroke and multiple sclerosis. Here, we report that ACSL4 expression in the 
substantia nigra (SN) was increased in a 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-treated model of PD and in 
dopaminergic neurons in PD patients. Knockdown of ACSL4 in the SN protected against dopaminergic neuronal death and 
motor deficits in the MPTP mice, while inhibition of ACSL4 activity with Triacsin C similarly ameliorated the parkinsonism 
phenotypes. Similar effects of ACSL4 reduction were observed in cells treated with 1-methyl-4-phenylpyridinium (MPP+) 
and it specifically prevented the lipid ROS elevation without affecting the mitochondrial ROS changes. These data support 
ACSL4 as a therapeutic target associated with lipid peroxidation in PD.
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Introduction

Parkinson’s disease (PD) is characterized by motor dysfunc-
tion and nonmotor symptoms, and it affects more than 6 
million individuals worldwide [1]. One key pathology of 
PD is the progressive and irreversible loss of dopaminergic 
neurons in the substantia nigra (SN), which can be thera-
peutically targeted. However, current therapies for PD, such 

as levodopa medication or deep brain stimulation, are only 
symptomatic and cannot prevent neurodegeneration [2]. A 
variety of programmed cell death pathways may be respon-
sible for dopaminergic neuronal loss in PD [3, 4], without 
the discovery of clinically successful drugs to date.

Ferroptosis is characterized by disrupted iron and 
glutathione metabolism, with the build-up of reactive oxygen 
species (ROS) within cells [5–7]; all of these features are 
also present in patients with PD as well as PD models [3, 
8]. Indeed, the chelation of iron to rescue parkinsonism 
phenotypes has been tested in multiple animal models [9–13] 
and is currently undergoing phase III clinical trials for PD 
[13–15]. Subsequently, the general effect of ferroptosis in PD 
has been tested, by applying ferroptosis inhibitor ferrostatin-1 
(Fer-1) or deferoxamine (DFO) to cells and animal models 
of PD [16–19]. However, these ferroptosis inhibitors are not 
blood–brain-barrier permeable, and therefore it is still in 
need to identify the key molecules that are responsible for 
ferroptosis execution during PD pathogenesis for future drug 
development.

Acyl-CoA synthase long-chain family member 4 
(ACSL4) is a critical enzyme to catalyze the esterification 
of arachidonic acid (AA) and adrenaline into phytosterol 
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esters, a process key to ROS accumulation during ferroptosis 
[20]. Inhibition of ACSL4 has been shown to prevent fer-
roptosis in animal models of several neurological diseases 
such as ischemic stroke, subarachnoid hemorrhage, and mul-
tiple sclerosis [21–23], and other diseases such as intestinal 
ischemia, diabetic retinopathy, and nonalcoholic fatty liver 
disease [24–26]. Interestingly, a retrospective cohort study 
has shown that the incidence of PD was reduced in patients 
with diabetes using glitazone antidiabetic drugs such as 
rosiglitazone and pioglitazone [27], and pioglitazone was 
neuroprotective against MPTP in mice [28]. Glitazones were 
found to be selective inhibitors of ACSL4, in addition to 
their roles as ligands of peroxisome proliferator-activated 
receptor γ (PPARγ) [29]. Thus, we hypothesized that ACSL4 
participates in PD and that inhibition of ACSL4 ameliorates 
parkinsonism phenotypes.

To investigate the potential role of ACSL4 in PD, we 
reanalyzed the human SN expression data generated pre-
viously and validated the ACSL4 level in the PD animal 
model. We then genetically or pharmacologically targeted 
ACSL4 in the SN to test its impact on the parkinsonism 
phenotypes. We also explored the potential mechanism for 
ACSL4 action. These results may indicate ACSL4 as a ther-
apeutic target to prevent neuronal death in PD.

Results

ACSL4 Is Upregulated in the MPTP Mice Model 
of Parkinsonism

The SN is the pivotal area for PD-related dopaminergic neu-
rodegeneration. We first examined the ACSL4 protein level 

in SN, and found it was significantly elevated in the MPTP 
mouse model of PD compared to normal mice (Fig. 1a). 
The expression of tyrosine hydroxylase (TH) was signifi-
cantly decreased compared to that in normal mice (Fig. 1a), 
indicating the loss of dopaminergic neurons in the SNpc. A 
previous study surveyed ACSL4 expression in the brain, and 
found that it was highly colocalized with neurons, but also 
colocalized with microglia in the cerebral cortex [30]. We 
further immunolabeled the brain slides with an anti-ACSL4 
and anti-TH antibodies, and found that the average fluores-
cence intensity of ACSL4 in the SN was increased in the 
MPTP group, and there was colocalization of ACSL4 and 
TH (Fig. 1b). These results collectively indicate that ACSL4 
is upregulated in the SN of parkinsonism mice.

Reduction of ACSL4 Locally in the SN Does Not 
Affect the Motor Functions

Upregulation of ACSL4 observed in PD may be patho-
logical, and lowing its expression may provide therapeuti-
cal benefits. Considering that ACSL4 is a critical enzyme 
related to lipid peroxide accumulation [20], its reduction in 
SN may lead to fluctuation of lipid peroxide levels and gen-
erate side effects. To rule this concern out, we have therefore 
selectively knocked out ACSL4 in the unilateral SN by a 
single injection of adeno-associated viral vectors, namely, 
AAV8-EF-Cas9 and AAV8-mACSL4-sp.g3 mixed 1:1 
before use (ACSL4-KO). An AAV8 with an enhanced green 
fluorescent protein, AAV8-EGFP, was used as a control (the 
EGFP group). The mice were raised for 4 weeks post-AAV 
injection to guarantee virus expression [31] (Fig. 1c).

The location and transduction effectiveness of AAV were 
investigated. Images from immunofluorescence staining 
indicate that EGFP-positive cells were distributed in the SN 
region which colocalized with TH-positive dopaminergic 
neurons (Fig. 1d). The percentage of EGFP-positive cells 
ipsilateral to the AAV injection site was 53.38 ± 4.38, while 
that contralateral was 2.77 ± 0.77, as detected with flow 
cytometry (Fig. 1e). The expression of ACSL4 ipsilateral to 
the AAV injection site was significantly reduced compared 
to that contralateral side (Fig. 1f), and the protein levels of 
ACSL4 were decreased in the ACSL4-KO group consist-
ently (Fig. 1g). These results suggest that stereotaxic injec-
tion of AAV into the SN region lowered ACSL4 expression.

We then tested whether lowered ACSL4 affects the motor 
functions of the mice 7 weeks post-AAV injection, and 
found no differences in behavioral performances, evidenced 
by similar time to turn in the pole test between ACSL4-KO 
mice and EGFP mice (Fig. 1h), and unaltered stride length 
(Fig. 1i) in the DigiGait analysis. TH expression was also 
unaffected by ACSL4 reduction (Fig. 1j). Thus, lowered 
ACSL4 in the SN did not cause motor changes or loss of 
dopaminergic neurons.

Fig. 1   Elevated ACSL4 expression levels in the SN in PD and the 
effects of SN ACSL4 KO in the brain. a TH and ACSL4 expressions 
in the SNs of MPTP-injected mice were determined by western blot 
analysis. b Representative images and the quantifications of ACSL4 
and TH immunofluorescence staining in saline- or MPTP-treated 
mice. Scale bar = 200 μm. c Experimental scheme of AAV injection 
and the time point of phenotype detection. d Immunofluorescence 
staining has shown EGFP-positive cells and TH-positive neurons in 
the SN. The arrows indicate the co-labeled neurons. The scale bars 
represent 200  μm (left) and 20  μm (right). e Representative images 
(left, middle) and quantification (right) of EGFP-positive neurons in 
the ipsilateral and contralateral SN post-AAV-EGFP vector injection 
as detected with flow cytometry. f The expression of ACSL4 in the 
ipsilateral and contralateral SN post-AAV-ACSL4-KO vector injec-
tion. Scale bar = 200  μm. g ACSL4 was downregulated in the SN 
post-AAV-ACSL4-KO vector injection. h In the pole test, the time to 
turn was similar between the ACSL4-KO group and the EGFP group. 
i The gait parameters, stride length, were no different between the 
EGFP and ACSL4-KO groups. j The expression of TH was unaltered 
between the ACSL4-KO group and the EGFP group. The data are the 
means ± SEMs, and each point in the histogram represents a sample. 
t-Tests were performed. The p value is labeled in the histogram or is 
not displayed if it was higher than 0.05

◂
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ACSL4 Reduction Mitigates MPTP‑Induced Motor 
Deficits and Dopaminergic Neuronal Loss

Since the reduction of ACSL4 in the SN was tolerable, we 
next investigated if such reduction may be beneficial in the 
MPTP PD model. The ACSL4-KO mice and EGFP mice 
were assigned randomly to MPTP or saline group 4 weeks 
post-AAV injection, and then detected the motor functions 
and dopaminergic neuron survival at 7 weeks (Fig. 2a). We 
found that the time to turn of pole test in MPTP-treated EGFP 
mice was significantly longer than that in saline-treated EGFP 
mice, an indication of motor dysfunction, while MPTP-
treated ACSL4-KO mice exhibited a similar response to 
saline-treated EGFP mice (Fig. 2b). Consistently, compared 
with saline-treated EGFP control mice, the MPTP-treated 
EGFP mice exhibited a significantly lower stride length of 

the right forelimb in DigiGait analysis, whereas the MPTP-
treated ACSL4-KO mice prevented the stride length changes 
(Fig. 2c, d). These results support that ACSL4 KO prevented 
the motor dysfunction induced by MPTP intoxication.

We then evaluated the TH protein expression and 
counted the number of TH-positive neurons in the SN ste-
reologically. Western blot results indicated that ACSL4-
KO prevented MPTP-induced reduction of TH expression 
(Fig. 2e). TH-positive neuron number within the left SNpc 
was estimated using a stereological fractionator design [9], 
and it was 7258 ± 602 in saline-treated EGFP mice but 
5471 ± 697 in MPTP-treated EGFP mice; however, the 
neuron number recovered to 7018 ± 1027 in MPTP-treated 
ACSL4-KO mice (Fig. 2f). These results collectively sug-
gested that ACSL4 KO protected dopaminergic neurons 
against MPTP neurotoxicity.

Fig. 2   Reducing ACSL4 expression ameliorates parkinsonism defi-
cits. a Experimental scheme of AAV injection, model establishment, 
and phenotype detection. b Time to turn of pole test in the EGFP-
saline, EGFP-MPTP, and ACSL4-KO-MPTP groups of mice. c 
Examples of footprints and the midline and axis distance were meas-
ured by the DigiGait™ analysis system and merged with a real pic-
ture of a mouse captured by the camera in the DigiGait apparatus. d 
The stride length was obtained from mice in the EGFP-saline, EGFP-
MPTP, and ACSL4-KO-MPTP groups. The value on the Y-axis rep-
resents the raw data exported from the DigiGait™ analysis system. 

e The levels of TH expression in all three groups. The data are pre-
sented as the ratio of TH expression to β-actin expression and were 
normalized to the values in EGFP-saline mice. f Left, representative 
images of TH-positive neurons in the SN and magnified images of 
the ROI in each group. The scale bars represent 400 μm and 50 μm, 
respectively. Right, stereotactic counting of TH-positive dopamin-
ergic neurons in the SN. Each point in the histogram represents a 
mouse. One-way ANOVA or two-way ANOVA followed by Tukey’s 
post hoc multiple comparison tests were performed. The p values are 
labeled in the histogram
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Triacsin C Pretreatment Ameliorates MPTP‑Induced 
Motor Deficits and Dopaminergic Neuronal Loss

Triacsin C (1-hydroxy-3-(E,E,E-2′,4′,7′-undecatrienylidine) 
triazene) was identified as a strong inhibitor of ACSL1 and 
ACSL4 activities [29], and it can protect against ischemic 
brain injury through inhibition of ACSL4 activity [21]. 
Here, we assessed if Triacsin C protects against MPTP 
neurotoxicity. Indeed, there was a significant reduction in 
the time-to-turn in the pole test with Triacsin C pretreat-
ment (Fig. 3a), and a significantly higher stride length of 
the right forelimbs (Fig. 3b, c), compared between the sol-
vent-pretreated MPTP group and the Triacsin C-pretreated 
MPTP group.

Further, we have found that the MPTP-induced reduction 
in TH expression was also reversed following Triacsin C 
pretreatment (Fig. 3d). The solvent-pretreated MPTP group 
mice presented a significant reduction in dopamine (DA) 
in the striatum, where Triacsin C pretreatment ameliorated 
such reduction (Fig. 3e). Its metabolites dihydroxy-phenyl 
acetic acid (DOPAC) and homovanillic acid (HVA) levels 
were not different among the three groups (Fig. 3e).

Considering that Triacsin C can be a strong inhibitor 
for both ACSL1 and ACSL4 activities, we additionally 
knocked down ACSL1 in N27 rat dopaminergic neural 
cells and mouse neuroblastoma (N2a) cells (Fig. S1a, d), 
and treated with increasing doses of MPP+. ACSL1 reduc-
tion could not prevent MPP+-induced cell death in both 

Fig. 3   Triacsin C pretreatment ameliorated parkinsonism deficits. 
a The time to turn of pole test in the solvent-saline, solvent-MPTP, 
and Triacsin C-MPTP groups of mice. b Examples of footprints and 
the midline and axis distance were measured by the DigiGait™ anal-
ysis system and merged with a real picture of a mouse captured by 
the camera in the DigiGait apparatus. c The stride length of DigiGait 
analysis for all three groups. The value on the Y-axis represents the 
raw data exported from the DigiGait™ analysis system. d The lev-

els of TH expression in all three groups. The data were presented as 
the ratio of TH expression to β-actin expression and were normal-
ized to the values in the solvent-saline mice. e Concentrations of DA, 
DOPAC, and HVA in the striatum were detected with LCMS/MS. 
Each point in the histogram represents a sample. One-way ANOVA 
or two-way ANOVA followed by Tukey’s post hoc multiple compari-
son tests were performed. The p values lower than 0.05 are labeled in 
the histogram; otherwise, the p values are not displayed
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cell lines (Fig. S1b, e), which is different from ACSL4 
reduction. Further, we tested the contents of arachidonic 
acid (AA), which esterification was catalyzed by ACSL4, 
in N27 and N2a cells treated with Triacsin C, and found 
that the AA contents in both cells were increased (Fig. S1c, 
f), indicating that the activity of ACSL4 was reduced with 
Triacsin C treatment. These results support that Triacsin 
C alleviates the MPP+ toxicity mainly through inhibiting 
ACSL4, similar to the protection observed with ACSL4 
reduction.

ACSL4 Affects Lipid ROS in Models of PD

One key characteristic of ferroptosis is the accumulation of 
lipid ROS, and ACSL4 was previously suggested to facilitate 
such accumulation by promoting the esterification of AA and 
adrenaline into phytosterol esters [20]. Therefore, using both 
N27 and N2a cells with MPP+ treatment, we have investigated 
the changes of intracellular ROS with modulations of ACSL4 
through a ROS assay kit. We have first confirmed that ACSL4 
knockdown (KD, Figs. 4a and S2a) or inhibition of its activity 

Fig. 4   Knockdown or inhibition of ACSL4 ameliorated cell death 
and total ROS production induced by MPP+. a ACSL4 expressions 
in ACSL4-KD-N27 and WT-N27 cells. b Cell survival was discrep-
ant between WT-N27 and ACSL4-KD-N27 cells when treated with 
increasing doses of MPP+. c Cellular survival was different between 
Triacsin C-pretreated and DMSO solvent-pretreated N27 cells under 
treatment with increasing doses of MPP+. d–e Representative bright-
field white-light (top) and DCF fluorescence (bottom) schemat-
ics, showing DCFH-DA-labeled intracellular ROS in ACSL4-KD 

or Triacsin C-pretreated N27 cells after MPP+ treatment. Scale bar: 
200 μm. f–g Intracellular ROS production labeled with DCFH-DA in 
ACSL4-KD or Triacsin C-pretreated N27 cells was detected by flow 
cytometry after MPP+ incubation. Representative histogram plot for 
DCF fluorescence (left) and quantification results (right). Each point 
in the histogram represents a sample. One-way ANOVA or two-way 
ANOVA followed by Tukey’s post hoc multiple comparison tests or 
t-tests were performed. The p values lower than 0.05 are labeled in 
the histogram; otherwise, the p values are not displayed
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(with Triacsin C) can promote cell survival even with increas-
ing doses of MPP+ (Figs. 4b, c and S2b, c), consistent with our 
observations in MPTP intoxicated mice. The total ROS level 
after MPP+ treatment in WT cells was significantly higher 
than that in ACSL4-KD cells (Figs. 4d, f and S2d, f), and 
similar results were obtained for Triacsin C-pretreated cells 
(Figs. 4e, g and S2e, g), indicating that total ROS was affected 
by ACSL4 modulation when challenged by MPP+ treatment.

To identify the specific sources of ROS affected by 
ACSL4 and MPP+, we then assayed lipid peroxides in vari-
ous experimental conditions. We detected the lipid perox-
ides of WT and ACSL4-KD N27 and N2a cells treated with 
5 mM MPP+ or PBS for 12 h with BODIPY 581/591 C11 
through flow cytometry. The lipid ROS levels in the ACSL4-
KD cells were significantly lower than those in the WT cells 
with MPP+ treatment, indicating that the knockdown of 

ACSL4 partially prevented the increase in lipid ROS levels 
induced by MPP+ (Figs. 5a and S3a). Similarly, pretreat-
ment with Triacsin C for 48 h also partially prevented the 
MPP+-induced lipid ROS elevation (Figs. 5b and S3b).

MPP+ damages cellular mitochondria by inhibiting 
respiration at complex I of the electron transport chain and 
promotes the generation of ROS, which then contributes to 
an increase in intracellular oxidative stress [32]. Thus, we 
also detected the content of mitochondrial ROS (mitoROS) 
with a MitoSOX™ Red in ACSL4-KD or Triacsin 
C-pretreated N27 and N2a cells after MPP+ treatment. We 
found that neither the knockdown of ACSL4 nor Triacsin C 
pretreatment prevents the MPP+-induced mitoROS elevation 
(Figs. 5c, d and S3c, d), indicating that while the mitoROS is 
participating in MPP+-induced neurotoxicity, the protective 
effects of ACSL4 is not related with mitoROS.

Fig. 5   Knockout or inhibition of ACSL4 ameliorated lipid ROS but 
not mitochondrial ROS production induced by MPP+. Lipid ROS 
levels in ACSL4 KD (a) or Triacsin C-pretreated (b) N27 cells after 
MPP+ treatment. Representative histogram plot for the fluorescence 
of oxidized BODIPY 581/591 C11 (left) and the results of quantifica-
tion analysis expressed as the ratio of oxidized to reduced BODIPY 
581/591 C11 mean fluorescence intensity (right). Quantification 

results of mitochondrial ROS detected with fluorescence microplate 
reader in ACSL4 KD (c) or Triacsin C-pretreated (d) N27 cells after 
MPP+ treatment. Each point in the histogram represents a sample. 
One-way ANOVA or two-way ANOVA followed by Tukey’s post hoc 
multiple comparison tests were performed. The p values lower than 
0.05 are labeled in the histogram; otherwise, the p values are not dis-
played
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ACSL4 Is Upregulated in Human SN of PD

A previous study has surveyed genome-wide transcriptome 
changes for SN pars compacta (SNpc) tissues obtained from 
controls and PD patients (GSE178265, the Gene Expres-
sion Omnibus, GEO, https://​www.​ncbi.​nlm.​nih.​gov/​gds) 
[33]. We wondered if the ACSL4 expression was changed in 
the SNpc of PD patients, as we observed in the MPTP mice. 
We found that the ACSL4 expression in dopaminergic and 
nondopaminergic neurons, microglia, and endothelial cells 
of PD patients was significantly increased (Fig. 6), consist-
ent with our previous findings that the ACSL4 levels were 
elevated in SN with partial colocalization with dopaminergic 
neurons in the MPTP mice. These findings support the criti-
cal role of ACSL4 in PD pathogenesis.

Discussion

In the present study, we identified a crucial role of ACSL4 in 
PD pathogenesis. The SN ACSL4 expression was increased 
in PD patients and MPTP-intoxicated mice. Inhibition of 
ACSL4 genetically or pharmacologically attenuated MPTP-
induced parkinsonism, including the motor dysfunction and 
TH-positive neuron reduction in the SNs of mice, as well as 
the MPP+-induced cell death, collectively provides further 
evidence supporting that ferroptosis may be targeted for PD 
therapy.

Ferroptosis is triggered by the peroxidation of PUFAs 
and was noted in the pathogenesis of a range of diseases 
including several neurodegenerative diseases [5, 34, 35]. 
Long-chain fatty acid CoA ligases (ACSLs), which are 
expressed on the endoplasmic reticulum and mitochondrial 
outer membrane, catalyze the formation of acyl-CoAs from 

fatty acids and facilitate fatty acid metabolism and mem-
brane modifications [36]. Five isoforms of ACSL (ACSL1, 
ACSL3, ACSL4, ACSL5, and ACSL6) have been identi-
fied in humans and rodents with similar functions, but only 
ACSL4 correlates with erastin-induced ferroptosis sensitiv-
ity [37]. ACSL4 was found to be affected during the progres-
sion of several diseases [21, 22], and here we found that 
ACSL4 potentially contributes to neuronal ferroptosis that 
occurred in PD.

Many key components of the ferroptotic pathway are 
involved in the pathology of PD, and the involvement of 
ferroptosis in the pathogenesis of PD has been demonstrated 
by in vivo and in vitro PD models [16, 17]. In PD patients, 
the level of iron is significantly increased in the substantia 
nigra of the brain, and the level of iron is closely associated 
with disease severity [9, 38, 39]. Targeting iron in the SN 
can prevent further decline in PD patients when treated with 
deferiprone [14]. On the other hand, due to the limited abili-
ties of ferroptosis inhibitors to cross the blood–brain barrier, 
there have not been trials of PD directly targeting ferroptosis. 
In our present study, we directly regulated the key enzyme 
ACSL4 related to lipid metabolism in ferroptosis with Triac-
sin C, which significantly alleviated motor dysfunction and 
dopaminergic neuron death. Therefore, ACSL4 inhibitors 
may be promising for the treatment of PD.

The levels of PUFAs and lipid peroxides serve as indi-
cators of ferroptosis. In Parkinsonian postmortem brains, 
the PUFA levels in the SN were lower in PD brains than 
in control brains, whereas the levels of the lipid peroxida-
tion intermediate malondialdehyde were significantly higher 
[40]. These findings indicate that the basal lipid peroxidation 
in the SN is increased in PD, which may trigger ferroptosis. 
Another study used deuterated PUFAs (D-PUFAs) instead 
of essential PUFAs in mouse diets to reduce the oxidation 

Fig. 6   ACSL4 is upregulated 
in human SNpc of PD. Violin 
plot of ACSL4 levels in different 
types of cells in the SNs of 
PD patients using data from 
GSE178265, which was reana-
lyzed with Seurat 4.0.5, package 
in R, version 4.1 (R Foundation)

https://www.ncbi.nlm.nih.gov/gds
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of PUFAs and discovered that D-PUFAs partially alleviated 
nigrostriatal damage from oxidative injury caused by MPTP 
exposure [41]. Consistent with these reports, we found here 
that the levels of lipid peroxides were also promoted by 
MPP+ treatment, and inhibitions of ACSL4 genetically or 
pharmacologically lowered its level, similar to our previous 
findings in neuronal ischemia–reperfusion models [21].

Mitochondria play dual roles as sources and targets of 
ROS. Previous studies indicate that mitochondrial dysregu-
lation and increased oxidative stress play important roles in 
the pathogenesis of PD. Mutation in the mitochondrial ROS 
scavenging-related gene DJ-1 caused an autosomal recessive 
form of PD [42–44]. MPP+/MPTP insert toxicity through 
disruption of ATP production in mitochondria [32, 45]. The 
MitoSOX™ Red we used in the current study mainly detects 
mitochondrial superoxide, while DCFH-DA mainly marks 
hydrogen peroxide and hydroxyl radicals [46]. In our results, 
inhibition of ACSL4 alleviated the MPP+-induced elevation 
in hydrogen peroxide and hydroxyl radical levels but not the 
mitochondrial superoxide levels (Figs. 4f, g, 5c, d and S2f, g, 
3c, d). We speculate that ACSL4 may not be involved in the 
production of mitochondrial superoxide at the initial stage of 
MPP+ toxicity but may participate in the subsequent genera-
tion of hydrogen peroxide and hydroxyl radicals.

To summarize, we have found that ACSL4 inhibition 
attenuated parkinsonism phenotypes in mice, and the pro-
tective effect may be specifically associated with the preven-
tion of lipid ROS elevation. These data support ACSL4 as a 
therapeutic target associated with lipid peroxidation in PD.

Materials and Methods

Animals

Wild-type (C57Bl/6) (WT) mice were purchased from 
Chongqing Ensiweier Biotechnology Co. Ltd. and housed 
and bred at a density of at most five animals per cage with 
water and food ad libitum under a 12 h light/dark cycle. 
Mice aged 3–4 months were selected and randomly assigned 
(by Microsoft Excel) to either the control group or the treat-
ment group. All animal studies were performed following 
the experimental guidelines of the Institutional Guidelines 
of the Animal Care and Use Committee (K2018071) of 
Sichuan University.

To induce parkinsonism in mice, 30  mg/kg MPTP 
(M0896, Sigma) was intraperitoneally injected once a day 
for 8 days. For the control mice, only saline was injected. 
For Triacsin C treatment, 25 μL of 0.5 mg/mL Triacsin C 
(10,007,448, Cayman Chemical) or an equal volume of vehi-
cle (10% DMSO, 5% Tween-80, 10% PEG 400, 75% saline) 
was administered intranasally 2 h before MPTP or saline 
injection.

sgRNA Design and Adeno‑Associated Viral Vector 
Production

sgRNA design and adeno-associated viral vector were pro-
duced as previously described [21]. Briefly, online tools 
(http://​crispr.​mit.​edu/, https://​crispr.​cos.​unihe​idelb​erg.​de/, 
and http://​asia.​ensem​bl.​org/) were used to determine the 
sgRNAs and their target sequences for gene editing. The 
sgRNAs were then separately inserted into BbsI-cleaved 
pssAAV-EF-gRNA to generate sgRNA-containing plasmids 
and Cas9 expression plasmids. Two kinds of plasmids and 
a plasmid for control EGFP expression were used to pro-
duce the rAAV vector in serotype 8 (rAAV8); the resulting 
constructs were named ssAAV8-mACSL4-sp.g3, ssAAV8-
EF-cas9, and ssAAV8-CB-EGFP. All of the AAV8 vectors 
were generated, collected, purified, and titrated as described 
previously [47], and then aliquoted and stored at − 80 °C 
until use.

Stereotaxic Injection

AAV8 micro-injections were performed 4 weeks before 
MPTP injection. Mice were anesthetized with a cocktail of 
10 mL/kg 2% chloral hydrate and 8% urethane (BBI Life 
Science) and then placed on a stereotaxic apparatus (68,037, 
RWD). After sterilizing the head and drilling the skull, a 
glass electrode filled with 1 μL of ssAAV8-mACSL4-sp.g3 
(1 × 1013 GC/mL) and 1 μL of ssAAV8-EF-cas9 (1 × 1013 
GC/mL) or 2 μL of ssAAV8-CB-EGFP (1 × 1013 GC/
mL) aimed at the left SN (AP: − 3.1 mm, ML: − 1.2 mm, 
DV: − 4 mm from the dura) was used for injection. rAAV2/9-
hSyn-EGFP-WPRE-pA was used for injection to identify 
whether the injection site was in the SN during the prelimi-
nary experiment. The animals were randomly assigned to the 
ACSL4-KO group or the EGFP control group as described 
previously. The injection was conducted at a rate of 100 nL 
per min, and then the glass electrode was left in place for 
another 5 min after injection before being withdrawn slowly. 
The scalp was sutured, and proper postoperative care was 
given until the mouse awakened. At 29 days post-injection, 
the mice have been randomly selected for MPTP or saline 
intoxication.

Motor Functional Test

For the pole test, mice were placed vertically (head-up) on 
a 50 cm vertical, 1 cm diameter pole. On the day prior to 
testing, the animals were habituated to the pole and were 
subjected to five consecutive trials. Then, on the second 
day, the animals were recorded via digital video to cover 
the whole process of climbing down. The duration was 
recorded for the mouse to turn toward the ground (time to 
turn). Trials with events such as slipping off or falling to 

http://crispr.mit.edu/
https://crispr.cos.uniheidelberg.de/
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the ground were excluded. Five intact trials were counted 
for each mouse, and the average time was used for analysis.

For the gait analysis, a DigiGait™ imaging system 
(Mouse Specific, Inc.) was used to record and analyze the 
movement status of the mice. Specifically, each mouse 
was placed on a transparent mechanical belt. The speed 
of the belt was 15 cm/s, which was determined accord-
ing to the principle that the mouse should be able to walk 
steadily at that speed; if at a lower speed, the mouse would 
walk in an exploratory manner, while at a higher speed, 
the mouse would be unable to walk. A high-speed camera 
captured video of the mouse walking, and then a section 
in which the mouse walked stably for approximately 4 s 
was selected for analysis using the DigiGait™ analysis 15 
system (Mouse Specifics, Inc.).

Western Blot Analysis

Mice were deeply anesthetized and perfused with ice-cold 
PBS (0.01 M) transcardially. The brain was removed, and 
the striatum and SN were immediately dissected on ice. 
The SN was homogenized with RIPA lysis buffer com-
posed of 50 mM Tris–HCl (pH = 7.6), 150 mM NaCl, 
1% (v/v) Triton X-100, protease inhibitor cocktail (1:50, 
Roche), and phosphatase inhibitors II and III (1:1000) 
on ice for 30 min. After centrifugation at 13,000 × g for 
20 min at 4 °C, the supernatants were harvested for analy-
sis. The protein concentration was calculated with a BCA 
protein assay kit (Beyotime). An equal amount of protein 
from each sample was mixed with loading buffer, dena-
tured at 100 °C for 5 min, and then separated by 4–20% 
SDS polyacrylamide gels, and the protein in the gel was 
transferred to a PVDF membrane (Millipore). After block-
ing in 5% nonfat milk for 1 h at room temperature, the 
membranes were incubated overnight at 4 °C with primary 
antibodies and then incubated for 2 h at room temperature 
with a secondary IgG-HRP conjugated antibody (1:10,000, 
Santa Cruz Biotechnology). An enhanced chemilumines-
cence detection system (Thermo Scientific) was used for 
development, Bio-Rad’s ChemiDoc XRS + system was 
used for visualization, and ImageJ (1.49 m, NIH) soft-
ware was used to quantify the immunoreactive signals. 
The antibodies used for this study targeted TH (1:5000, 
Merck, ab152), ACSL4 (1:1000, Abcam, ab155282), 
ACSL1 (1:1000, cell signaling technology, 9189), and 
β-actin (1:5000, Abcam, ab179467).

Immunofluorescence and Immunohistochemical 
Analyses

Mice were perfused with ice-cold 0.01 M PBS followed by 
4% paraformaldehyde (PFA) in PBS transcardially. Then, 

the brain was removed and postfixed in 4% PFA overnight. 
After cryoprotection in 30% sucrose at 4 °C for 2–3 days, 
the SN was cut into 30 μm sections on a cryostat microtome 
(CM1860, Leica). The sections were blocked in 6% normal 
goat serum (Solarbio, SL038) for 2 h at room temperature 
and then incubated with a primary antibody against TH 
(1:1000, Merck, ab152) overnight at 4 °C.

For immunohistochemistry, the sections were incubated 
with a secondary HRP-conjugated goat anti-rabbit antibody 
for 3 h at room temperature followed by diaminobenzidine 
solution (1:50, Abcam, ab64238) for 12 s and then covered 
with coverslips. After that, the number of neurons within 
the SNpc was estimated using a stereological fractionator 
design.

For immunofluorescence, the sections were then incu-
bated with a CY3-conjugated goat anti-rabbit secondary 
antibody (1:1000, Abcam, ab6953) for 3 h at room tem-
perature in the dark and mounted on Superfrost-Plus slides 
with 4,6-diamidino-2-phenylindole (DAPI) in 80% glycerin 
to stain the nuclei. The labeled sections were imaged with a 
confocal microscope (Zeiss, LSM 880).

Stereological Estimation of Nigral Dopaminergic 
Neuron Number

The TH-positive neurons in the SNpc (left and right hemi-
spheres, respectively) were estimated using an automated 
physical detector in the splitter design of the virtual slide 
as previously described [9]. Briefly, sampling was carried 
out on a Leica DM4 B Digital microscope hard-coupled to 
a MAC 6000 controller module, and implemented using the 
Stereo Investigator software package (MicroBrightField 
Inc.). After delineating the SNpc at low magnification 
(10 × objective, N.A. 0.25), a sampling grid was overlaid on 
the tracking area and individual immune-stained cell bodies 
were visualized using a 40 × objective (N.A. 0.8). Only the 
cells with a visible nucleus that were clearly TH-immuno-
positive were counted with the following parameters: the 
counting frame was 45 μm × 45 μm (height × width), the 
sampling grid was 140 μm × 140 μm. The experimenter 
was blinded to all experimental conditions. The coefficient 
of error (CE) Gunderson (m = 1) values were < 0.1 for all 
animals.

Dopamine and DOPAC Measurements

The striatum dissected from the mouse brain was homog-
enized with water (Optima™ LC/MS Grade, Fisher Chemi-
cal) and then sufficiently mixed with acetonitrile (Optima™ 
LC/MS Grade, Fisher Chemical). After that, the samples 
were centrifuged at 12,000 rpm for 10 min at 4 °C, and 
the supernatants were harvested, filtered, and evaporated 
sequentially. Before detecting DA and its metabolites 
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DOPAC and HVA in all samples in the LC–MS/MS system 
(AB SCIEX QTRAP 5500), the samples were redissolved 
in acetonitrile and then injected onto a chromatographic col-
umn (ACQUITY UPLIC HSS T3 1.8 m). The measurement 
conditions during analyses were as follows: column tempera-
ture 40 °C, mobile phase A: 0.1% acetic acid in water (acetic 
acid:water = 1:1000, v/v), mobile phase B: 0.1% acetic acid 
in acetonitrile (acetic acid:acetonitrile = 1:1000, v/v), flow 
rate 0.4 mL/min; gradient: A 90% 0–1 min, 10% 1–2.5 min, 
and equilibration time of 2.5 min. Mass spectrometry analy-
sis was performed in negative electrospray ionization mode.

Cell Culture and Viability Assays

N27 cells (Merck, Bayswater, Australia) were cultured in 
RPMI 1640 (Gibco, Thermo Fisher Scientific) supplemented 
with 10% fetal bovine serum (Gibco, Thermo Fisher Scien-
tific) and 1% penicillin–streptomycin in a humid incuba-
tor at 37 °C with 5% CO2. N2a cells (National Collection 
of Authenticated Cell Cultures) were cultured in DMEM 
(Gibco, Thermo Fisher Scientific) supplemented with 10% 
fetal bovine serum (Gibco, Thermo Fisher Scientific) and 
1% penicillin–streptomycin in a humid incubator at 37 °C 
with 5% CO2. Cells were seeded onto 96-well plates and 
then treated with Triacsin C, DMSO, or MPP+ (Sigma, 
D048) after plating. Specifically, N27 or N2a cells were 
pretreated with 3 or 10 μM Triacsin C or 0.0125% DMSO 
for 48 h and then treated with 0.5–5 mM MPP+ for 24 h. 
The ACSL4-KD or WT N27 and N2a cells were treated 
with 0.5–7.5 mM MPP+. The ACSL1-KD or WT N27 and 
N2a cells were treated with 0.1–7.5 mM MPP+. Then, cell 
viability was assessed using an MTT cytotoxicity assay kit 
(Sigma, M2003) as previously described [9].

Establishment of ACSL1 and ACSL4‑Knockdown Cells

Guide RNA (gRNA) was designed to specifically cut the first 
exon of the ACSL4 gene and the first exon of the ACSL1 
gene in the mouse genome (ACSL4: Ensembl sequence 
ENSMUSG00000031278; ACSL1: Ensembl sequence 
ENSMUSG00000018796) and rat genome (ACSL4: Ensembl 
sequence ENSRNOG00000019180; ACSL1: Ensembl 
sequence ENSRNOG00000010633). The ACSL4- or ACSL1-
guided RNA sequence was cloned into a lentiCRISPRv2 
vector, and the resulting construct was named sgACSL4-
lentiCRISPRv2 or sgACSL1-lentiCRISPRv2. The N2a 
and N27 cells were then transfected with either sgACSL4-
lentiCRISPRv2 or scramble DNA using Lipofectamine 3000 
(Invitrogen Waltham, MA) according to the manufacturer’s 
instructions to obtain ACSL4-KD or WT cells, and also 
transfected with either sgACSL1-lentiCRISPRv2 or scramble 
DNA to obtain ACSL1-KD or WT cells. Specifically, N2a 

or N27 cells were seeded in 6-well plates and maintained 
in DMEM or RPMI 1640 supplemented with 10% FBS 
and 1% penicillin/streptomycin. When the cells reached 
70% confluence, 250 µL of Opti-MEM containing 2.5 μg 
of plasmid sgACSL4-lentiCRISPRv2 or sgACSL1-
lentiCRISPRv2 or scramble DNA, 5 µL of P3000 reagent, and 
3.75 µL of Lipofectamine 3000 reagent were added, and the 
cells were incubated for 6 h. The medium was then replaced 
with DMEM or RPMI 1640 (containing 10% FBS and 1% 
penicillin/streptomycin). After 48 h, the cells were harvested 
and analyzed for ACSL4 or ACSL1 expression by western 
blotting.

Assessment of ROS

N27 cells were pretreated with 10 μM Triacsin C or 0.0125% 
DMSO for 48 h and then treated with 5 mM MPP+ for 12 h. 
Meanwhile, N2a cells were pretreated with 3 μM Triacsin 
C or 0.0125% DMSO for 48 h and then treated with 3 mM 
MPP+ for 12 h. The ACSL4-KD or WT N27 cells were 
treated with 5 mM MPP+ for 12 h, while ACSL4-KD or 
WT N2a cells were treated with 3 mM MPP+ for 12 h. Then, 
the cells were collected and washed with DPBS (Gibco).

For BODIPY staining, the collected cells were incu-
bated in 1 mL of HBSS with 5 μM BODIPY 581/591 C11 
(Thermo Fisher) for 20 min at 37 °C. Using the 488 nm laser 
of a flow cytometer (LSR Fortessa, BD) for excitation, the 
signals from both oxidized C11 (FITC channel) and non-
oxidized C11 (PE channel) were monitored. The ratio of the 
mean fluorescence intensity (MFI) of FITC to the MFI of 
PE was calculated as the relative lipid ROS for each sample 
by using FlowJo software (version 10).

To determine the intracellular ROS, a reactive oxygen 
species assay kit (S0033, Beyotime, Nanjing, China) with 
the fluorescent probe 2′,7′-dichlorofluorescein-diacetate 
(DCFH-DA) was used. The collected cells were incubated 
with the fluorescent probe for 20 min. Subsequently, the 
dichlorofluorescein (DCF) fluorescence intensity was 
detected in the FITC channel. In addition, the cells cultured 
in 6-well plates were incubated with the kit reagent immedi-
ately, and then the fluorescence intensity was detected with 
fluorescence microscopy (Olympus).

MitoSOX™ Red superoxide indicator (M36008, Thermo 
Fisher) was used to assess mitochondrial ROS production. 
For N2a cells, the collected cells were incubated with 5 μM 
MitoSOX Red for 20 min at 37 °C. Then, the signal obtained 
from the BV510 channel was monitored following the manu-
facturer’s guidelines. For N27 cells, the cells in plates were 
also incubated with 5 μM MitoSOX Red for 20 min at 37 °C, 
and the signal obtained at excitation/emission = 510/580 nm 
by using a fluorescence microplate reader (BioTek Instru-
ments, Inc.).
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Detection of Arachidonic Acid in Triacsin C‑Treated Cells

Mouse or rat arachidonic acid (AA) ELISA kit (LE-M2345 
or LE-B1294, LaiEr Bio-Tech, China) was used to detect 
the free AA level in lysates of cells following the manu-
facturer’s protocols. N27 or N2a cells were pretreated with 
10 μM Triacsin C or 0.0125% DMSO for 48 h, and then 
the cells were collected and washed with DPBS (Gibco). 
The freeze–thaw process was repeated several times until 
the cells were fully lysed. The lysates were centrifuged for 
10 min at 3000 rpm at 2–8 °C, and the supernatants were 
collected to carry out the assay. In each microtiter well 
pre-coated with anti-AA antibody, 50 μL standard or sam-
ple was added, and then 100 μL of HRP-conjugate reagent 
was added to each well, covered with an adhesive strip and 
incubated for 60 min at 37 °C. Each well was aspirated and 
washed for five washes. The chromogen solution A (50 μL) 
and B (50 μL) were added to each well, and the solution 
was gently mixed and incubated for 15 min at 37 °C. Fifty 
microliters of Stop Solution was then added, and the optical 
density (O.D.) at 450 nm was recorded using a microtiter 
plate reader within 15 min.

Statistical Analysis

The data from the human single-cell transcriptome database 
GSE178265 was reanalyzed with Seurat 4.0.5, package in 
R, version 4.1 (R Foundation) to examine the ACSL4 level 
with a Wilcoxon test.

The experimental results were analyzed with GraphPad 
Prism 7.0 statistical software, and the data are expressed as 
the mean ± SEM. An unpaired t-test was used to compare 
two groups, and one-way analysis of variance (ANOVA) 
or two-way ANOVA followed by Tukey’s post hoc multi-
ple comparison test was used to compare multiple groups. 
p < 0.05 was considered statistical significance.
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