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KEYWORDS Abstract Iron metabolism plays a vital role in maintaining physiological homeostasis, and its
ACSL4; dysregulation is implicated in a range of pathological consequences and illnesses, including
Alzheimer’s disease; Alzheimer’s disease (AD). Prior studies have demonstrated that Tau protein and amyloid pre-
Ferroptosis; cursor protein are involved in iron homeostasis disorder. Ferroptosis, an iron-dependent form
Neuroinflammation; of regulated cell death, has emerged as a key contributor to AD pathogenesis and a promising
Oxidative stress therapeutic target. Acyl-CoA synthetase long-chain family 4 (ACSL4) is a lipid metabolizing

enzyme that enhances ferroptosis sensitivity by promoting the incorporation of oxidizable
polyunsaturated fatty acids into membrane phospholipids. Beyond ferroptosis, ACSL4 also
plays crucial roles in neuroinflammation and oxidative stress, which are implicated in AD pro-
gression. Therefore, targeting ACSL4 is fantastic and has a lot of promise for treating AD.
Nevertheless, the precise mechanisms through which ACSL4 contributes to AD pathology have
yet to be fully elucidated. This review reveals a potentially vital role of ACSL4 in AD, focusing
on its involvement in ferroptosis, oxidative stress, and neuroinflammation. Additionally, we
describe some natural and synthetic compounds targeting ACSL4 with therapeutic potential
in AD. Building on the theoretical findings of earlier studies about focused interventions of

* Corresponding author. Department of Neurology, Tongji Hospital, Tongji Medical College, Huazhong University of Science and Tech-
nology, Wuhan, Hubei 430030, China.
E-mail address: wangfurong.china@163.com (F. Wang).
Peer review under the responsibility of Chongging Medical University.

https://doi.org/10.1016/j.gendis.2025.101858
2352-3042/© 2025 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open access article
under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


http://creativecommons.org/licenses/by/4.0/
mailto:wangfurong.china@163.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.gendis.2025.101858&domain=pdf
https://doi.org/10.1016/j.gendis.2025.101858
http://creativecommons.org/licenses/by/4.0/
http://www.keaipublishing.com/en/journals/genes-diseases
https://doi.org/10.1016/j.gendis.2025.101858

Y. Guo et al.

the ACSL4 path, our evaluation provided a broad basis for the clinical transformation in the

treatment of AD strategies.

© 2025 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co.
Ltd. This is an open access article under the CC BY license (http://creativecommons.org/

licenses/by/4.0/).

Introduction

Alzheimer’s disease (AD) is a neurodegenerative condition
characterized by progressive memory loss, aphasia,
apraxia, agnosia, executive dysfunction, personality
changes, and psychiatric symptoms. These manifestations
greatly impede the individual’s social and psychological
capabilities, affecting their overall quality of life." As the
most common form of dementia, AD ranks as the seventh
leading cause of death globally and is among the top ten
contributors to years of life lost due to disability in people
aged >60 years.” With global population aging, dementia
cases are projected to rise from 78 million in 2030 to 139
million by 2050.° Patients with AD frequently exhibit
comorbidities, such as diabetes, hypertension, depression,
stroke, and cancer, which further complicate disease
management and increase healthcare burdens.

Disrupted iron homeostasis contributes to 3-amyloid (AB)
plaque and tau tangle formation in AD.* © Positron emission
tomography imaging reveals elevated AB deposition in AD,
which predicts preclinical cognitive decline.” However,
attempts to reduce cerebral AB levels through immuno-
therapy have not entirely halted the progression of clinical
AD, implying that additional variables may exacerbate
clinical deterioration.®° Current researches indicate that
cortical iron buildup is a pathogenic feature of AD and
elevated cerebrospinal fluid ferritin levels are correlated
with poorer cognitive performance and higher AD risk.'®"
Ferroptosis, a regulated, iron-dependent form of cell
death, has emerged as a key contributor to AD pathology.
Excess iron facilitates hydroxyl radical generation through
Fenton reactions, promoting lipid peroxidation, oxidative
stress, and neuroinflammation.® Unlike apoptosis or nec-
roptosis, ferroptosis is driven by peroxidation of phospho-
lipids enriched in polyunsaturated fatty acids (PUFAs)."?
Acyl-CoA synthetase long-chain family member 4 (ACSL4)
facilitates this process by converting arachidonic acid (AA)
and adrenic acid (AdA) into PUFA-CoA esters, which are
incorporated into phospholipids, particularly phosphati-
dylethanolamines (PE), rendering them susceptible to
oxidation.'>"'* In adipocyte-specific ACSL4 knockout mice,
enhanced glutathione (GSH)-mediated detoxification,
reduced AA incorporation into PE, and decreased 4-hy-
droxy-2-nonenal  (4-HNE) adduct formation were
observed." Although ACSL4 does not catalyze peroxidation
directly, it modulates ferroptosis sensitivity by remodeling
membrane lipid composition to favor oxidizable
substrates.'>1°

As a critical modulator of lipid metabolism and ferrop-
tosis, ACSL4 participates in multiple pathological pro-
cesses, including neuroinflammation, oxidative injury, and
iron dysregulation.'®~'® Its dysfunction has been implicated

in various disorders, including neurodegeneration, cardio-
vascular disease, cancer, and metabolic syndromes.'®'9~?2
Elevated ACSL4 expression has been reported in aging and
AD models.?>** Utilizing gene expression array data from
the GEO database, researchers confirmed that ACSL4 dys-
regulation exists in the hippocampus of AD patients.?> More
intriguingly, SP1-ACSL4-mediated regulation of lipid per-
oxidation and ferroptosis was engaged in ALDH2-mediated
cardio-protection in the amyloid precursor protein (APP)/
presenilin-1 (PS1) mice model, and had a favorable influ-
ence on cognitive performance in AD mouse models.?®
Suppression of ferroptosis with decreased ACSL4 alleviates
memory deficits and neuronal loss in multiple AD
models.?*?”-?8 Conversely, ACSL4 overexpression induces
ferroptosis and promotes M2-to-M1 macrophage polariza-
tion.?’ Upon lipopolysaccharide stimulation, ACSL4 regu-
lates the release of pro-inflammatory factors via vestigial-
like family member 4 (VGLL4) signaling.'” Multiple ACSL4-
associated pathways, including the SystemXc—glutathione
peroxidase 4 (GPX4)—ACSL4—lysophosphatidylcholine acyl-
transferase 3 (LPCAT3) pathway and nuclear factor
erythroid 2-related factor 2 (Nrf2)/chaperone-mediated
autophagy (CMA) of ACSL4 degradation, can affect neuro-
pathological change and cognitive dysfunction in AD
mice.3%3! Neuropsychiatric symptoms, such as anxiety and
depression, are among the most difficult to treat in patients
with AD. In mouse models of chronic unpredictable mild
stress, fluoxetine treatment reduced ACSL4 mRNA levels
and restored astrocytic and microglial function.*?

This review summarizes previous studies on the struc-
ture, function, and regulatory mechanisms of ACSL4. It also
elucidates the role of ACSL4 in AD pathogenesis, including
ferroptosis, oxidative damage, and neuroinflammation, and
its potential as a therapeutic target. Additionally, we
discuss therapeutic strategies targeting ACSL4, including
synthetic and natural compounds, providing new avenues
for the development of AD therapeutic interventions.

ACSL4 and its family members
The structure of ACSL4

In 1997, Kang et al successfully isolated a cDNA clone that
encodes a novel acyl-CoA synthetase named ACSL4.>® This
enzyme comprises 670 amino acids and is structurally
organized into five distinct regions: two luciferase-like do-
mains (regions 1 and 2), an NH, terminus, a linker region
connecting the luciferase-like domains, and a COOH ter-
minus. Among ACSL family members, the luciferase-like
domain 2 and the COOH terminus show the highest
sequence conservation, underscoring their critical role in
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Table 1 Substrate preferences, tissue distribution, and
subcellular localization of ACSL family members.
ACSL Substrate  Tissue Subcellular References
family  preferences distribution localization
members
ACSL1 PA, OA, and Liver, Mitochondria 55—60
LA heart, and
adipose endoplasmic
tissue, and reticulum
skeletal
muscle
ACSL3  PA, OA, AA, Brain, Golgi, 35,36,61
and EPA testes, endoplasmic
prostate, reticulum,
and mitochondria,
skeletal and lipid
muscle droplets
ACSL4  AA and AdA Adrenal Endoplasmic  35,66,240
gland, reticulum,
testis, mitochondria,
ovary, and and
brain peroxisomes
ACSL5 PA, POA, Intestinal Mitochondria 63,240
OA, and LA mucosa, and cytoplasm
liver, lung,
kidney, and
adrenal
gland
ACSL6 DHA and Brain, bone Mitochondria, 66,68,241
EPA marrow, cytoplasm,
and muscle and
tissues membrane

Note: PA, palmitic acid; OA, oleic acid; LA, linoleic acid; AA,
arachidonic acid; EPA, eicosapentaenoic acid; AdA, adrenic
acid; POA, palmitoleic acid; DHA, docosahexaenoic acid.

catalytic activity. The lack of the corresponding 50 amino
acids at the NH, terminus in ACSL4 may contribute to its
unique fatty acid (FA) substrate specificity.>*

Two ACSL4 isoforms exist in mammals: a truncated
variant located in the cytosol and plasma membrane, and a
longer form, containing an additional N-terminal hydro-
phobic domain, localized in the endoplasmic reticulum and
neuronal lipid droplets.>* The human ACSL4 gene resides on
the X chromosome and is extensively expressed in the
brain, ovaries, testes, and adrenal glands. ACSL4 protein is
predominantly localized to the endoplasmic reticulum,
mitochondria, peroxisomes, and mitochondrial-associated
membranes, suggesting roles in B-oxidation and FA syn-
thesis®> 37 (Table 1). In addition, its association with AD is
summarized in Table 2.

The biological functions of ACSL4

ACSL4 catalyzes the conversion of long-chain fatty acids
(LCFAs) to their CoA derivatives (LCFA-CoAs). LCFA-CoA is
subsequently involved in self-modification, including elon-
gation, desaturation, and protein acylation. In addition, it
is integral to both anabolic processes (biosynthesis of

glycerolipid, phospholipid, and cholesterol ester) and the
catabolic pathways of B-oxidation (Fig. 1).

ACSL4 plays essential roles in steroidogenesis, particu-
larly in adrenal and Leydig cells.*®*° Working in concert
with mitochondrial acyl-CoA thioesterase 2 (ACOT2), ACSL4
regulates mitochondrial AA release and promotes the ste-
roidogenic acute regulatory (StAR) protein expression—a
key regulator of cholesterol translocation for steroid bio-
synthesis.>”*'=* |n a nutshell, intracellular free AAs are
translocated into the mitochondrial compartment via the
ACSL4/DBI/TSPO/ACOT2 pathway, subsequently enhancing
steroidogenesis by regulating the steroidogenic acute reg-
ulatory protein (StAR)* (Fig. 2). The rapid turnover of
ACSL4 aligns with the necessity for precise regulation of
intracellular fatty acyl-CoA ester concentrations, which are
vital mediators in lipid metabolism and signaling path-
ways.”" As well, ACSL4 deficiency significantly alters
membrane lipid composition, particularly reducing PE,
phosphatidylcholine (PC), and phosphatidylglycerol (PG)
levels." Its up-regulation enriches PUFA-containing lipids
within membrane structural modifications, rendering the
membrane more flexible and fluid.* Beyond the above
metabolic functions, ACSL4 is involved in the modulation of
prostaglandin E; (PGE;) release by human arterial smooth
muscle cells,”® the regulation of axonal transport of syn-
aptic vesicles and synaptic growth in drosophila mela-
nogaster,?’ ferroptosis-mediated 5-
hydroxyeicosatetraenoic acid (5-HETE) production,*® and
zebrafish embryogenesis.*

As a regulator of B-oxidation, ACSL4 facilitates LCFA
mitochondrial entry via CoA conjugation and subsequent B-
oxidation for energy production.’®>" Further studies are
warranted to elucidate the interaction between ACSL4 and
other B-oxidation enzymes, and to determine how ACSL4
dysfunction alters B-oxidation in diseases such as AD.

Other members of the ACSL family

Acyl-CoA synthetases (ACSs) are divided by carbon chain
length of the catalyzed FA: short-chain, medium-chain,
long-chain, very long-chain, and bubblegum-type
ACSs.>>°%53 Among the synthases, the ACSL family in
mammals comprises five members, ACSL1 and ACSL3—6,
which exhibit variation in tissue distributions, substrate
preferences, cellular localizations, and associations with
AD (Tables 1 and 2). Notably, different ACSLs have sub-
strate overlap to a certain degree, which reflects the
redundancy and compensatory role of ACSLs in LCFA
metabolism.>*

The ACSL1 gene, located on human chromosome 4q35.1,
is extensively expressed in the liver, heart, adipose tissue,
and skeletal muscle.®® ACSL1 primarily localizes to mito-
chondria and the endoplasmic reticulum. Normally, pal-
mitic acid (PA), oleic acid (OA), and linoleic acid (LA) were
used as substrates of ACSL1. ACSL1 functions as a crucial
enzyme in mediating fatty acid oxidation (FAO), the
esterification and storage of triglycerides, as well as the
uptake of FAs.’* > Its localization had a dependency on
TANK-binding kinase 1 (TBK1). Without TBK1, ACSL1 is
shifted to the endoplasmic reticulum to promote FA re-
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Table 2 The regulatory mechanisms and results of ACSL family members in various Alzheimer’s disease (AD) models.

ACSL AD model Regulatory mechanisms Results Reference
family
members
ACSL1 AD patients with  ACSL1 high Increased lipid droplet accumulation, amyloid 172
the APOE4/4 plaque, and Tau pathology; decreased cognitive
subtype performance
fAB-challenged ACSL1 high Regulated lipid droplet deposition and induced pTau 172
iMGs and apoptosis in neurons
early-stage AD ACSL1 high Promoted neuronal activity, synaptogenesis, and 242
patients neurogenesis while avoiding neuroinflammation and
death
AD patients in ACSL1 high Associated with sex differences in AD susceptibility 243
females
AD patients ACSL1 high Associated with AD risk 244
ACSL3 3xTg-AD ACSL3 low; BDNF | AD-related anxiety and depression 245
and VEGF-C|
BPDE-induced ACSL3 low Induced ferroptosis 246
hippocampal
neurons
ACSL4 5x FAD GPR119; NRF2 Expedited AB burden and cognitive deficits 23
APP/PS1 ALDH2; SP1 Generated cognitive deficits and cardiac dysfunction 26
SAMP8 ACSL4 high Generated AB burden and cognitive deficits 24
APP/PS1 ACSL4 high; DJ-1; Nrf2 Accelerated AB deposit, neuronal loss, synaptic 247
damage, and cognitive deficits
APP/PS1 AMPK/Sp1/ACSL4 Promoted cognitive deficits 248
AD patients hsa-mir-34a-5p and has-mir-  High diagnostic value of the predictive model 182
106b-5p
APP/PS1 ACSL4 high AB accumulates in brain tissue due to lipid 249
peroxidation
Sevoflurane- ACSL4 high; AMPK/mTOR Induced postoperative cognitive dysfunction 250
induced SH-SY5Y
cells death
Aluminum chloride- ACSL4 high; Nrf2/HO-1 Promoted AB and Tau accumulation; memory and 251
induced AD rat learning disabilities
model
Hippocampus in AD ACSL4 low Dysregulated ferroptosis and immune cell infiltration 25
patients
APP/PS1 ACSL4 high Could be a potential biomarker of AD 235
L-Glu-induced SH- ACSL4 high Promoted oxidative damage and ferroptosis 252
SY5Y cells
AB oligomers- ACSL4/cPLA2 Amplified AB oligomer neurotoxicity and destroyed 191
induced mice cognitive capacity
APP/PS1 System Xc/GPX4/ACSL4/ Promoted cognitive problems 30
LPCAT3
AB;s5.35 induced- ACSL4 high Oxidative damage and ferroptosis 27
PC12 cell
RSL3-induced ACSL4 high Promoted ferroptosis 253
HT22 cell
ABq_42-induced rat ACSL4 high Generated ferroptosis and cell damage 254
synaptosomes
Erastin-treated SH- ACSL4 high Induced ferroptosis and increased Ap production 28
SY5Y cells
BDE-47 treated Nrf2-Chaperone Brain injury and neurobehavioral disorders 31
mice
ACSL5 = = = =
ACSL6 APP/PS1 ACSL6 high Involved in dysregulated ferroptosis 25
AD patients ACSL6 low; involved in a Involved in dysregulated ferroptosis and immune cell 25
polyunsaturated fatty acid infiltration
metabolism

”»

The symbol “—” indicates that no relevant studies or findings have been reported to date for this category.
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Figure 1  ACSL4-catalyzed reaction and the metabolic fate of
products. ACSL4 catalyzes the formation of LCFA-CoA from
LCFA, utilizing CoA as a cofactor and using ATP to produce AMP.
Subsequently, LCFA-CoA is involved in several metabolic pro-
cesses. LCFA-CoA, long-chain fatty acyl-coenzyme A; LCFA,
long-chain fatty acyl; ATP, adenosine triphosphate; AMP,
adenosine  monophosphate; CoA, coenzyme A; PPi,
pyrophosphate.

esterification; with TBK1, it generates LCFA-CoAs for B-
oxidation in mitochondria.®®

The ACSL3 gene, located on human chromosome 2, ex-
hibits high expression levels in the brain, testes, and skel-
etal muscle.* Substrate preference for ACSL3 is mainly PA,
OA, AA, and eicosapentaenoic acid (EPA). It predominantly
localizes to the endoplasmic reticulum, mitochondria, lipid
droplets, and Golgi apparatus,>>3®°" playing roles in regu-
lating lipid droplet formation, autophagy, and
ferroptosis. 33662

The ACSL5 gene, located on human chromosome 10, is
expressed in the intestinal mucosa, liver, lung, kidney, and
adrenal gland.®® ACSL4 prefers PA, LA, OA, and palmitoleic
acid as substrates and localizes to mitochondria and cyto-
plasm generally. The activation of ACSL5 enhances the
production of ceramide and facilitates cellular sensitivity
to pro-apoptotic signals by promoting the production of the
mitochondrial death protein, heat shock protein A9
(HSPA9).%%%* Additionally, it also regulates FA absorption
and triglyceride synthesis.® ¢’

The ACSL6 gene, situated on human chromosome 5, is
mainly expressed in the brain, bone marrow, and muscle tis-
sues®® and is also recognized as an insulin-regulated gene.®’
ACSL4 mediates docosahexaenoic acid enrichment in the brain
68. The neuroprotective properties of docosahexaenoic acid
are ascribed to its antioxidant capacity, its enhancement of
membrane fluidity, and its function as a precursor to specific
pro-resolving mediators that attenuate inflammation.”®~"3

The regulatory mechanism of ACSL4

Emerging evidence supports that ACSL4 is precisely regu-
lated by protein posttranslational modifications and
epigenetic modifications.”*"”” Epigenetic regulation, such
as DNA methylation, non-coding RNAs (ncRNAs), and histone
modifications, modulates gene expression in a dynamic and
reversible manner without altering the DNA sequence.”®%°
Posttranslational modifications, including phosphorylation,
ubiquitination, SUMOylation, and acetylation, regulate
protein localization, activity, and interactions through co-
valent modification of specific residues.®’:8? Although
epigenetic alterations and posttranslational modifications
have been linked to neurodegenerative disorders, their
involvement in AD remains insufficiently characterized.®?
Deciphering the epigenetic control of ACSL4 may yield
novel biomarkers and therapeutic targets for AD prevention
and intervention.

DNA methylation

DNA methylation is the most stable epigenetic modification
that regulates the transcriptional plasticity of mammalian
genomes.?"8 This process is mediated by a class of
conserved enzymes, DNA methyltransferases (DNMTs),
which are responsible for adding a methyl group to position
5 of the cytosine pyrimidine ring in the CpG dinucleotide.®¢
DNMTs were initially investigated in some kinds of can-
cer®”88: however, research interests in the neuropsychi-
atric field have been enhanced recently.®~°" Studies have
revealed that experience-mediated DNA methylation is
required for the formation of recent memory as well as the
maintenance of remote memory.°? Notably, overexpression
of DNMT3a in the hippocampus can reverse spatial memory
deficits in aged mice. However, a decline in global DNA
methylation was found in the autopsied hippocampi of pa-
tients with AD.°? In tumor cells, the methylation pathway of
ACSL4 is usually inhibited, leading to posttranslational
modification changes or overexpression, which promotes
tumor cell proliferation. Feng et al have reported that
ACSL4 is methylated by coactivator-associated arginine
methyltransferase 1 (CARM1) at R339, leading to increased
ubiquitylation mediated by ring finger protein 25 (RNF25).7¢
In addition, N6-methyladenosine modification of RNA is a
type of posttranscriptional methylation.®®> METTL14 can
induce ferroptosis in vascular smooth muscle cells during
the thoracic aortic aneurysm by mediating the N6-methyl-
adenosine modification of ACSL4 mRNA.

ncRNA

Post-transcriptional regulation of the ACSL4 gene is com-
plex, mainly involving ncRNAs.”>~®” ncRNAs, including
microRNA (miRNA), long non-coding RNA (IncRNA), and
circular RNA (circRNA), are a cluster of RNAs that do not
encode functional proteins.”®°’ Reports indicate that 70%
of all identified miRNAs are expressed in the brain, where
they contribute to neuronal development and differentia-
tion, as well as synaptic plasticity.'® miR-130a-3p down-
regulates ACSL4 and facilitates neuronal differentiation of
neural stem cells via protein kinase B (Akt)/
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Figure 2  ACSL4 in ferroptosis. ACSL4 catalyzes the esterification of PUFAs, such as AA and AdA, into their CoA derivatives, which
are subsequently incorporated into PEs via LPCAT3. These AA/AdA-PEs undergo oxidation by LOX to form PLOOH, a critical step
driving lipid peroxidation and ferroptosis. Concurrently, iron homeostasis is regulated through transferrin-mediated uptake, ferritin
storage, and NCOA4-dependent ferritinophagy, contributing to the LIP and Fenton reaction-derived ROS generation. Antioxidant
systems, including GPX4—GSH and FSP1—CoQ10 pathways, act to neutralize LPOs and inhibit ferroptosis. ACSL4 also contributes to
AA metabolism and leukotriene biosynthesis. Additionally, ACSL4 interacts with lipid metabolism regulators, such as PKCBII,
forming positive-feedback loops to further amplify lipid peroxidation and ferroptosis signaling. PUFAs, polyunsaturated fatty acids;
ACSL4, acyl-CoA synthetase long-chain family member 4; LOX, lipoxygenase; AA, arachidonic acid; AdA, adrenic acid; AA/AdA-CoA,
arachidonic/adrenic acid—coenzyme A; LPCAT3, lysophosphatidylcholine acyltransferase 3; AA/AdA-PE, arachidonic/adrenic
acid—phosphatidylethanolamines; PLOOH, phospholipid hydroperoxide; PL-OH, phospholipid alcohol; AA/AdA-PE-OOQe, arachidonic
acid/adrenic acid-phosphatidylethanolamines-peroxyl radicals; LPOs, lipid peroxides; GPX4, glutathione peroxidase 4; GSH,
glutathione; GSSG, oxidized glutathione; GSR, glutathione-disulfide reductase; System Xc™, cystine/glutamate antiporter; ROS,
reactive oxygen species; FPN, ferroportin; LIP, labile iron pool; STEAP3, six-transmembrane epithelial antigen of prostate 3; DMT1,
divalent metal transporter 1; FSP1, ferroptosis suppressor protein 1; CoQq, coenzyme Q10; CoQ;oH,, ubiquinol; NCOA4, nuclear
receptor coactivator 4; ACOT2, acyl-CoA thioesterase 2; StAR, steroidogenic acute regulatory protein; PKCBII, protein kinase C beta

phosphatidylinositol 3-kinase (PI3K) signaling.'®" It has also
been established that ACSL4 is a target gene of miR-106b-
5p.% Another study showed that the SRY-box transcription
factor 10 (SOX10) repressed the expression of ACSL4 and
prevented ferroptosis in hippocampal neurons by binding to
the promoter region of miR-29a-3p.”" In addition, depletion
of circRNA Carm1 protects against acute cerebral infarction
injuries by binding to microRNA-3098-3p to regulate
ACSL4."9? Down-regulation of IncRNA plasmacytoma variant
translocation 1 (PVT1) significantly promoted the progres-
sion of atherosclerosis mediated by miR-106b-5p/ACSL4. "%

Phosphorylation

Guang Lei proposed a model of a positive feedback loop
involving lipid peroxidation and ferroptosis. This feedback
loop is established when lipid peroxidation activates pro-
tein kinase CBII (PKCBII), which in turn further promotes
lipid peroxidation by directly phosphorylating and acti-
vating ACSL4 at Thr328 during ferroptosis.'%*"'% Similar to
PKCBII, phosphoenolpyruvate carboxykinase 2 (PCK2)
phosphorylates ACSL4 at T679."% ACSL4 can also be phos-
phorylated by cyclin-dependent kinase 1 (CDK1) at S447,
affecting ubiquitination and degradation through the

recruitment of ubiquitin protein ligase E3 component N-
recognin 5 (UBR5)."”” Moreover, AKT modulates ACSL4 by
phosphorylating the T624 site, which activates ACSL4 to
interact with S-phase kinase-associated protein 2 (SKP2),
leading to its K63-linked polyubiquitination and subsequent
proteasomal degradation.'®®

Ubiquitination

Ubiquitination refers to the process by which ubiquitin
molecules covalently bind to substrate proteins through a
series of enzymatic reactions. The ubiquitination modifi-
cation of ACSL is mainly catalyzed by a series of specific
enzymes, including ubiquitin-activating enzyme E1, ubig-
uitin-conjugating enzyme E2, and ubiquitin ligase E3.'%
Ubiquitination is an essential mechanism for dynamically
regulating programmed cell death.'"® Ubiquitination-
dependent degradation of ACSL4 may play different func-
tions in distinct types of cells. Prokineticin 2 (Prok2)'"" and
cytochrome P450 1B1 (CYP1B1) metabolite 20-HETE induce
expression of F-box protein 10 (FBXO10), which promotes
ACSL4 ubiquitination and degradation, thereby increasing
neural tolerance to ferroptosis and preventing neuronal cell
deaths."'? Two other E3 ubiquitin ligases, neural precursor
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cell expressed developmentally downregulated 4-like
(NEDD4L)""® and Parkin 114, can also exert their anti-fer-
roptosis effects by ubiquitinating ACSL4, leading to a
decrease in cardiomyocyte lipid peroxidation. Lipoprotein
lipase (LPL) inhibition suppresses osteoclastogenesis by
promoting ACSL4 ubiquitination through mechanisms
involving ubiquitin-specific protease 14 (USP14).""> On the
other hand, ubiquitination of ACSL4 can promote tumor
progression. For instance, E3 ubiquitin ligases, including
seven in absentia homolog 2 (SIAH2), FBXO10, and mem-
brane-associated RING-CH-type finger 6 (MARCHF6), main-
tain ferroptosis resistance via ubiquitination of ACSL4 in
tumor cells.””>""® Intriguingly, capsaicin directly binds to
the Asp362 residue of ACSL4, which promotes synoviolin 1
(SYVN1)-mediated polyubiquitination of ACSL4 at Lys367,
ultimately suppressing ferroptosis and accelerating tumor
progression.’"’

SUMOylation

SUMOylation is a process in which small ubiquitin-like
modifier (SUMO) proteins are conjugated to lysine residues
of their targets to regulate protein interaction and locali-
zation, transcription factor activity, genomic stability
maintenance, and transcriptional regulation.''®""” Similar
to ubiquitination, SUMOylation is catalyzed by an E1 acti-
vating enzyme, an E2 conjugating enzyme, and an E3 pro-
tein ligase."”®'?"  Previous studies reported that
SUMOylation and ubiquitination can act either synergisti-
cally or antagonistically.'?? Tripartite motif-containing 28
(TRIM28) catalyzed SUMOylation and attenuated Ké63-linked
ubiquitination of ACSL4, thereby hindering optineurin
(OPTN)-ACSL4 interaction and leading to inhibition of se-
lective autophagic ACSL4 degradation. Furthermore, sumo-
specific protease 3 (SENP3), identified as a deSUMOylating
enzyme of ACSL4, was able to competitively counteract
TRIM28-mediated SUMOylation.'?®> SENP1, as a widely
investigated protease, decreased the stability of ACSL4
protein through deSUMOylation and indirectly inhibited its
influence on phospholipid metabolic pathways downstream
of ferroptosis.'** SUMO2 overexpression prevents the long-
term potentiation impairments and cognitive decline in a
mouse model of AD amyloid pathology.'?

Acetylation

Acetylation modification is a dynamically reversible post-
translational modification that occurs in histones or non-
histone proteins, and is collectively regulated by acetyl-
transferases and deacetylases. > ACSL4 acetylation is dual-
functional. For instance, histone acetyltransferase 1 (HAT1)
directly promotes the acetylation of ACSL4 at lysine 383,
and deacetylase sirtuin 3 (SIRT3) mediates the deacetyla-
tion of ACSL4. Meanwhile, another deacetylase, histone
deacetylase 2 (HDAC2), enhances ACSL4 acetylation by
inhibiting the transcription of SIRT3. Acetylation of ACSL4
inhibits FBXO10-mediated K48-linked ubiquitination,
resulting in enhanced protein stability of ACSL4. This
modification contributes to the double-edged sword effect:
malignant progression and enhanced tumor radiosensitivity
by ferroptosis-sensitive properties.'?”

Mechanisms by which ACSL4 contributes to AD
pathology

ACSL4-regulated lipid peroxidation susceptibility
and ferroptosis

Ferroptosis is driven by the accumulation of intracellular
ferrous iron (Fe?*) and the peroxidation of membrane
phospholipids, especially those containing PUFAs. Among
ACSL isoforms, ACSL4 is the most potent component for
ferroptosis execution, as supported by CRISPR-based func-
tional genomic screens.' ACSL4 plays a pivotal role in lipid
remodeling by catalyzing the conversion of PUFAs, such as
AA and AdA, into their CoA derivatives. These PUFA-CoAs
are subsequently incorporated into phospholipids via
esterification by lysophosphatidylcholine acyltransferases
(LPCATs).?”128 The resulting phospholipids containing PUFA
are highly susceptible to oxidative metabolism pathway
mediated by lipoxygenases (LOXs), cytochrome P450 oxi-
doreductases (CYPs), or phosphatidylethanolamine-binding
protein 1 (PEBP1). LOXs, in particular, promote the for-
mation of phospholipid hydroperoxides (PLOOH) and phos-
pholipid peroxyl radicals (PLOOe), driving lipid oxidative
damage.'?°"3% Accumulation of these lipid peroxides (LPOs)
compromises membrane integrity, disrupts intracellular
transport and signaling, and culminates in cellular
dysfunction and tissue injury.’®" As a catalyst, Fe?* further
participates in generating reactive oxygen species (ROS)
through the Fenton reaction. Iron regulation in the brain is
tightly controlled through coordinated import and export
mechanisms. Iron import occurs via transferrin (TF)-bound
iron and non-TF-bound iron, while export includes the
transport of iron via ferroportin (FPN) to the extracellular
space, its storage in ferritin, or its uptake into intracellular
endocytosed vesicles before release into the cytoplasm via
six-transmembrane epithelial antigen of prostate 3
(STEAP3)/divalent metal transporter 1 (DMT1). Intracellu-
larly, excess iron is sequestered within labile iron pools
(LIP)"327134 (Fig. 2). However, up-regulation of transferrin
receptor protein 1 (TfR1) and nuclear receptor coactivator
4 (NCOA4)-mediated ferritinophagy, or FPN dysfunction,
can increase LIP levels and the risk of ferroptosis. '3~ '3*
To counteract ferroptosis, cells rely on two main de-
fense pathways: the GPX4—GSH and ferroptosis suppressor
protein 1 (FSP1)—coenzyme Q10 (CoQ10) pathways. GPX4 is
the only known enzyme that directly reduces membrane-
bound PLOOH to the corresponding nontoxic phospholipid
alcohol (PLOH). Typically, PLOOH can decompose into
hazardous derivatives that generate covalent electrophilic
compounds, which exhibit profound cytotoxic effects on
biomacromolecules, such as DNA, lipids, and
proteins.”*>~"37 GSH is not only an important antioxidant
but also an essential cofactor for the function of seleno-
protein GPX4. Cystine uptake by substituting intracellular
glutamate for extracellular cystine is mediated by the
system Xc~, comprising SLC7A11 and SLC3A2 subunits, and
subsequently reduced to cysteine. Glutamyl cysteine syn-
thase utilizes cysteine, glutamate, and glycine as sub-
strates to synthesize GSH.'*® The FSP1—CoQ10 axis can
synergize with GPX4 to mediate another protective
signaling pathway.'** FSP1 employs NAD(P)H and CoQ10 as
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substrates to reduce CoQ10 to CoQ10-H2, which subse-
quently captures lipid radicals, particularly PLOOe and
alkoxy phospholipid free radicals (PLOe), thereby reducing
lipid peroxidation' (Fig. 2).

Mitochondria play a complex role in ferroptosis. Mito-
chondrial dysfunction exacerbates ROS production and lipid
peroxidation.' On the other hand, B-FAO also prevents
ferroptosis by degrading PUFAs, the key substrates of lipid
peroxidation'* (Fig. 2).

Crosstalk between ferroptosis, AB accumulation,
and Tau phosphorylation in AD

A number of studies have confirmed that some ferroptosis
inhibitors and molecular inhibitors targeting ACSL4 can
alleviate pathological changes and cognitive impairment in
AD mouse models by inhibiting ACSL4 activity,3%31,137,143,144
Butterfield and Boyd-Kimball discovered that LPOs and AB
plagues were found to be co-localized in AD patient
brains.’* Additionally, iron overload accelerates Ap oligo-
merization and tau phosphorylation, contributing to amy-
loid plaque and neurofibrillary tangle formation.'# "%’
Autopsies and magnetic resonance imaging have revealed
iron deposits in cortical tau accumulations and around Ap
plaques, suggesting the interaction of iron with these AD
pathological features.*®'“° Under physiological conditions,
APP has ferroxidase activity and aids in iron excretion
through FPN. In AD, however, the function of FPN is
impaired, leading to iron retention. Furin regulates the
balance of a-secretase and B-secretase activities during
APP cleavage.’® Iron overload suppresses furin, shifting
APP cleavage toward B-secretase, while also enhancing
iron-regulatory protein (IRP)/iron-responsive element (IRE)
interaction and increasing APP expression.'%'>! Elevated
APP is cleaved to AB40/42 by additional B-secreting en-
zymes, accelerating the deposition of AR and promoting
iron accumulation, which forms a self-reinforcing
cycle*"5% (Fig. 3). Additionally, the targeted knockdown
of GPX4 in neurons located in the cortex and hippocampus
has led to neuron degeneration and cognitive deficits in
mice.'”*"%* Mutations in presenilin 1 and 2 are implicated in
autosomal dominant familial AD. Presenilin mutations in AD
may disrupt selenium uptake, reduce GPX4 expression, and
increase cellular vulnerability to ferroptosis.'>®

ACSL4 and oxidative stress in AD

Dysregulated PUFA metabolism mediated by ACSL4 con-
tributes to neurotoxicity in AD. The brain, second only to
adipose tissue in lipid content, is particularly rich in PUFAs
within neuronal and organellar membranes. Owing to its
high oxygen consumption and PUFA abundance, the brain is
more susceptible to lipid peroxidation than other or-
gans.'*""1°157 Mitochondrial dysfunction is a major source
of ROS in the brain. Disrupted iron metabolism, impaired
tricarboxylic acid cycle, and electron transport chain ab-
normalities lead to electron leakage, generating free radi-
cals that attack nearby molecules.'® Lipid peroxidation
involves oxidative attacks—both free radicals and non-free
radicals—on carbon—carbon double bonds, particularly in
PUFA-containing phospholipids.”™® Neuronal membranes,

rich in AA and AdA, are especially susceptible to peroxi-
dation-induced cytotoxicity'>" (Fig. 4).

Ferroptosis not only leads to cell death but also is an
amplifier of the oxidative chain. AA and AdA are catalyzed
and oxidized stepwise by ACSL4 and other enzymes, with
overloaded iron reacting via the Fenton reaction, to pro-
duce reactive aldehyde and LPOs, which eventually amplify
the oxidative chain reaction and accelerate the progression
of AD.*° The abundant diffusible aldehyde and LPOs, such
as malondialdehyde (MDA), acrolein, 4-hydroxy-2-hexenal
(4-HHE), and 4-HNE,'?%130,160,161 nduce oxidative damage
mainly by interacting with DNA and the residues of
cysteine, lysine, and histidine on proteins.'®%'%? Increased
levels of 4-HNE and acrolein are negatively correlated with
cognitive function in the brains of those with mild cognitive
impairment and early AD."7'% Chen et al developed a
new sporadic AD animal model by injecting acrolein, an
endogenous aldehyde, into C57BL/6 mice and found that
this model caused cognitive deficits and AD-like patholog-
ical changes, such as the accumulation of AB1-42 and p-
Tau, glial cell proliferation, and synaptic dysfunction in the
cerebral cortex and hippocampus.'®® Isoprostanes (IsoPs)
and isofurans (IsoFs), stable oxidative metabolites of AA,
are elevated in brain lesions of late-stage AD patients,
while early-stage patients show increased IsoPs in cere-
brospinal fluid'®’ (Fig. 4).

In addition, decreased ferroptosis regulators, such as
GSH and GPX4, further impair redox balance and block ROS
clearance in AD'®®'®® (Fig. 4). Notably, ACSL4-deficient
cells show greater resistance to ferroptosis induced by
GPX4 inhibitors compared with SLC7A11 inhibitors,'”° sug-
gesting that ACSL4 in ferroptosis is closely related to GPX4-
GSH depletion.

ACSL4 and neuroinflammation in AD

ACSL4 contributes to neuroinflammation by regulating lipid
metabolism and nuclear factor kappa-B (NF-«kB) activation.
Knockdown of ACSL4 altered the levels of certain phos-
pholipids, such as PE, PC, and PG."” NF-«B is an important
transcription factor that mediates inflammation and is
closely linked to microglial activation.'”’ ACSL4 activates
NF-kB indirectly to promote microglia-mediated neuro-
inflammation by regulating lipid metabolism and VGLL4
expression. In addition, regulation of microglial inflamma-
tion by ACSL4 is independent of ferroptosis in the MPTP
model'” (Fig. 5). Another recent study also confirmed that
ACSL4 silencing in microglia reduced the release of in-
flammatory cytokines after oxygen and glucose deprivation,
however, knockdown of ACSL4 in microglia failed to reduce
lipid peroxidation, a marker of ferroptosis, after oxygen
and glucose deprivation.'® Furthermore, microglia in AD
mice exhibited a cellular state of lipid droplet accumula-
tion and dysfunction called lipid droplet-accumulating
microglia.’”? ACSL1 is a key enzyme closely related to lipid
droplet-accumulating microglia biogenesis. ACSL1-positive
microglia were enriched near AB plaques in AD patients
with APOE4/4 genotypes (inheriting two copies of apolipo-
protein E4 (APOE4)), associated with cognitive decline and
enhanced tau pathology.'”? Additionally, a previous inves-
tigation in bone marrow-derived macrophages has
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Figure 3  Crosstalk between ferroptosis, AR accumulation, and Tau phosphorylation in Alzheimer’s disease. Under physiological
conditions, APP exhibits ferroxidase activity, and elevated iron can be excreted with the help of APP via FPN. However, the
function of APP is broken, leading to iron overload in Alzheimer’s disease. Excess intracellular iron up-regulates APP through
increased IRP activity, while inhibiting the normal function of furin, resulting in the up-regulation of B-secretase, thus accelerating
the expression and deposition of AB. Oxidative stress, aging, and inflammation elevate ACSL4 and LOX expression while depleting
GSH, promoting PUFA peroxidation and ferroptosis. Concurrently, increased A deposition and Tau phosphorylation disrupt GSH
biosynthesis and reduce the level and detoxification capacity of GPX4, ultimately amplifying lipid peroxidation. Furthermore,
redox-active Fe?™ accelerates AB oligomerization and tau phosphorylation, contributing to amyloid plaque and neurofibrillary
tangle (NFT) formation, hallmarks of Alzheimer’s disease pathology. APP, amyloid precursor protein; AB, B-amyloid; IRP, iron-
regulatory protein; FPN, ferroportin; PUFAs, polyunsaturated fatty acids; ACSL4, Acyl-CoA synthetase long-chain family 4; LOX,
lipoxygenase; GSH, glutathione; GPX4, glutathione peroxidase 4; LPOs, lipid peroxides; NET, neurofibrillary tangles; AA, arach-
idonic acid; AdA, adrenic acid; AA/AdA-CoA, arachidonic acid/adrenic acid-coenzyme A; LPCAT3, lysophosphatidylcholine acyl-
transferase 3; AA/AdA-PE, arachidonic acid/adrenic acid-phosphatidylethanolamines; AA/AdA-PE-OOH, arachidonic acid/adrenic
acid-phosphatidylethanolamines-hydroperoxides; GSH, glutathione; GSSG, oxidized glutathione; GPx4, glutathione peroxidase 4;
System Xc~, cystine/glutamate antiporter; ROS, reactive oxygen species; LIP, labile iron pool; STEAP3, six-transmembrane
epithelial antigen of prostate 3; DMT1, divalent metal transporter 1; pTau, phosphorylated Tau.

confirmed that ACSL4 promotes the production of inflam-
matory cytokines by increasing the insertion of HUFAs into
phosphatidylcholines.'”® In another, myeloid cell-specific
deficiency of ACSL4 decreased inflammation by remodeling
phospholipids and reducing the generation of proin-
flammatory lipid mediators.'”*

Ferroptosis triggered by ACSL4-driven lipid remodeling
also promotes neuroinflammation. Unlike apoptosis, fer-
roptosis is immunogenic, and ferroptosis itself can amplify
inflammation by releasing damage-associated molecular
patterns (DAMPs), which further activate immune cells and
perpetuate the inflammatory response'”>~"7% (Fig. 6). In
addition, iron accumulation generates ROS to trigger
microglial activation and increase the secretion of proin-
flammatory factors.'”®'8° GPX4, which reduces complex
phospholipid peroxides and inhibits the activation of

enzymes related to AA metabolism, plays a crucial role in
limiting lipid peroxidation.'®' Saikosaponin B2 exhibited
anti-ferroptosis and anti-neuroinflammation effects
through the Toll-like receptor 4 (TLR4)/NF-«kB pathway in a
GPX4-dependent manner in the chronic unpredictable mild
stress model.'** A bioinformatics perspective analyzes that
ACSL4 is dysregulated in the hippocampus of AD patients,
which is significantly related to the functional metabolism
and immune microenvironment of the patients.’®? In
another  analysis, ferroptosis-related differentially
expressed genes regulated the immune cell infiltration
pattern in the AD hippocampus, characterized by decreased
memory B cells and increased memory resting CD4" T cells,
memory activated CD4" T cells, and resting natural killer
cells.” In addition, ferroptosis can also strongly induce
inflammation through the release of interleukin (IL)-33 or



10

Y. Guo et al.

Stabilized microtubule

2Z2=
)

Tau protein

Disintegrating
microtubule

plaque

\ Amyloid-B

(neurofibrillary tangle)

inflammasome

Mitochondria
dysfunction

/

ROS ——

Blocked ROS scavenging

Fe(ll/11l)

change iniron
metabolism

Figure 4

/ CAT| and
Increased lipid peroxides

eExcessive oxidation of PUFAs
to damage cell membranes

N

*AD diagnostic markers:MDA,
4-HNE, Isop, Acrolein, etal.

o

Ferroptosis exacerbates oxidative stress and neurodegeneration in Alzheimer’s disease. Poor prognosis of Alzheimer’s

disease is associated with dysregulation of ion metabolism, particularly iron and copper, in the central nervous system. Imbalance
of intracellular iron metabolism and ACSL4-mediated regulation of lipid peroxidation and ferroptosis lead to elevated lipid per-
oxidation products, such as 4-HNE and MDA, which will further lead to DNA, cell membrane, and mitochondrial damage.
Concurrently, Ap aggregation and tau hyperphosphorylation disrupt cytoskeletal stability and mitochondrial function, contributing
to ROS accumulation. Depletion of antioxidant systems, including GPX4, GSH, CAT, and SOD, impairs ROS scavenging, further
amplifying oxidative stress. Additionally, mitochondrial dysfunction and inflammasome activation act as both consequence and
amplifier of ferroptosis, creating a vicious cycle of neuroinflammation and oxidative injury in Alzheimer’s disease pathology. AB, B-
amyloid; ROS, reactive oxygen species; GSH, glutathione; GPX4, glutathione peroxidase 4; CAT, catalase; SOD, superoxide dis-
mutase; ACSL4, acyl-CoA synthetase long-chain family member 4; PUFAs, polyunsaturated fatty acids; 4-HNE, 4-hydroxy-2-nonenal;

MDA, malondialdehyde; IsoPs, isoprostanes.

other unidentified pathways.'”® 18184 ACSL4-specific and
ferroptosis inhibitors, such as rosiglitazone, ferrostatin-1
(Fer-1), liproxstatin-1 (Lip-1), and melatonin, are involved
in inhibiting ACSL4 expression, lipid peroxidation, and fer-
roptosis to suppress the subsequent immune cell infiltration
and inflammatory response,2%-31:144,185,186

ACSL4 promotes inflammatory responses that may be
related to the AA metabolic network. One study indicates
that Lip-1, a ferroptosis inhibitor, can down-regulate the
expression of ACSL4 and cyclooxygenase-2 (COX-2) simul-
taneously.'®® Moreover, multiple studies have confirmed
that the activation of COX also links ferroptosis and chronic
inflammation.’®” Importantly, the expression of COX2 is
tightly regulated by ACSL4.%%'88 COX-2, encoded by the
prostaglandin-endoperoxide synthase 2 (PTGS2) gene, ac-
celerates AA metabolism and amplifies inflammation by
secreting inflammatory signaling molecules.'”®"®” Specif-
ically, AA is a kind of w-6 PUFA, and COX catalyzes free AA

to form an unstable hydrogen peroxide intermediate called
prostaglandin G2, which is converted to different species,
including PGE2 and prostaglandin F2a (PGF2a), actively
participating in the inflammatory response through the
action of prostaglandin H synthase 2.%%18%1%0 |n the AA-fed
AD model, AB induced cytosolic phospholipase A2 (cPLA2)
activation, and the AA released from cPLA2 can be re-
embedded into the membrane by lysophosphatidyl-
transferase after catalytic activation of AA into AA-CoA by
ACSL4, eventually leading to the neurotoxicity of expanded
AB oligomers and cognitive impairment'®' (Fig. 6).

Targeting ACSL4 to treat AD

We provide an overview of natural and synthetic com-
pounds targeting ACSL4, which has shown promising and
excellent therapeutic prospects for the treatment of AD.
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LPS-induced ACSL4 activation contributes to neuroinflammation and lipid dysregulation in microglia associated with

Alzheimer’s disease. Upon LPS stimulation, microglial ACSL4 expression is up-regulated, which suppresses the production of VGLL4
and enhances NF-«B signal, resulting in the production of pro-inflammatory cytokines, such as IL-1B and IL-6. The secreted in-
flammatory mediators induce tau pathology and neuronal dysfunction, exacerbating neurodegeneration. In parallel, ACSL4 con-
tributes to mitochondrial lipid metabolic remodeling. Additionally, ACSL1 regulates lipid droplet (LD) accumulation, further leading
to the production of tau protein in neurons, which causes lesions in the Alzheimer’s brain. VGLL4, vestigial-like family member 4;
ACSL4, Acyl-CoA synthetase long-chain family 4; ACSL1, Acyl-CoA synthetase long-chain family 1; NF-«xB, nuclear factor kappa-B;

IkBe., inhibitor of NF-kB alpha; LPS, lipopolysaccharide; IL-6, interleukin-6;

apolipoprotein E.

Natural ACSL4 inhibitors

Melatonin, a neurohormone secreted by the pineal gland,
readily penetrates the blood-brain barrier and exerts a
powerful neuroprotective effect in various central nervous
system disorders, including cognitive dysfunction,'”? neu-
rodegeneration,'®* sleep deprivation,'®* and depression.'”
It can prevent long-chain PUFAs, especially reducing the
loss of docosahexaenoic acid and AA, from nonenzymatic
lipid peroxidation in rat brain microsomes.'*® Additionally,
it promotes the ACSL4 ubiquitination and degradation and
confers neuroprotection via enhancing FBX010''? or murine
double minute 2 (MDM2)."” It also activates Nrf2 to pro-
mote CMA degradation of ACSL4, thereby ameliorating BDE-
47-induced neuronal ferroptosis and cognitive deficits.>’
Triacsin C (TC) directly inhibits ACSL4 in a dose-depen-
dent manner by competing with FAs to bind to their cata-
lytic domain.26:3%1%87290 sing TC as an ACSL4 inhibitor, Zhu
et al provide the first evidence that the mitochondrial
ALDH2 transgene effectively protects against APP/PS1

IL-1B, interleukin-1 beta; TG, triglyceride; APOE,

mutation-induced cardiac atrophy, contractile dysfunction,
and mitochondrial injury via SP1/ACSL4-mediated regula-
tion of lipid peroxidation and ferroptosis.’® Moreover, lipid
droplet-accumulating microglia represent a dysfunctional
and proinflammatory state in the aging brain. TC hinders
the production of lipid droplets in oxygen and glucose
deprivation-induced microglia by inhibiting the de novo
synthesis of glycerolipids and polarizes microglia towards
an anti-inflammatory phenotype.?®'

Beta-hydroxybutyrate (BHB), a major constituent of
ketone bodies, confers inherent neuroprotection for the
immature brain.?? By controlling zinc finger protein 36
(ZFP36) and directly stabilizing ACSL4 mRNA, BHB reduces
oxidative stress and ferroptosis of dopaminergic neurons in
Parkinson’s disease.?”® Furthermore, injecting exogenous
BHB can ameliorate neuronal death and lower pathology
scores in hypoxic-ischemic encephalopathy.?®*

Da Chuanxiong (DCX), a traditional herbal blend of Lig-
usticum chuanxiong Hort. and Gastrodia elata Bl., offers
neuroprotection and enhances cerebral circulation. In AD
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Figure 6 ACSL4-regulated ferroptosis contributes to neuroinflammation in Alzheimer’s disease. AB activates cPLA2, catalyzing
the release of free AA from membrane phospholipids (e.g., PE and PC). Free AA is converted by ACSL4 to AA-CoA, entering lipid

peroxidation pathways that promote ferroptosis. Simultaneously,

free AA is metabolized by COX-2, LOX, and CYP to generate

various inflammatory lipid mediators, including PGs, HETEs, and LTs, all contributing to inflammation. Ferroptosis leads to the
release of DAMPs, such as HMGB1, which further perpetuate the neuroinflammatory response. ACSL4, acyl-CoA synthetase long-
chain family 4; AB, B-amyloid; cPLA2, cytosolic phospholipase A2; AA, arachidonic acid; AA-CoA, arachidonic acid—coenzyme A; PE,

phosphatidylethanolamine; PC, phosphatidylcholine; GPX4, glutathione peroxidase 4; COX-2, cyclooxygenase-2; LOX,

lip-

oxygenase; CYP, cytochrome P450 monooxygenase; PGs, prostaglandins; HETEs, hydroxyeicosatetraenoic acids; LTs, leukotrienes;
EETs, epoxyeicosatrienoic acids; DAMPs, damage-associated molecular patterns; HMGB1, high-mobility group box 1.

mouse models, it efficiently regulates p-Tau protein levels
to reduce cognitive decline and promote neuro-
genesis.?® 2% |t also mitigates lipid peroxidation and
shields neurons from harm by controlling the ASCL4/GPX4-
mediated ferroptosis, improving cognitive impairment
related to vascular issues.?’®

Baicalin, a lipophilic flavonoid glycoside from Scutellaria
baicalensis, exhibits anti-apoptotic and antioxidant
effects.’> 722 |n an intracerebral hemorrhage model, it
alleviates motor impairments and brain damage by sup-
pressing ferroptosis without harming the liver or kidneys.?'*
It also exerts anti-fibrotic effects by lowering ACSL4
expression through miR-3595.2'* Notably, baicalin effec-
tively penetrates the blood-brain barrier and improves
subarachnoid hemorrhage-induced brain injury.?"!

Paeonol (PAN), derived from the Paeonia genus, has
been shown to slow the progression of hypertension, epi-
lepsy, and arthritis.?">2'7 Mechanistically, upstream
frameshift 1 (UPF1) and ACSL4 are downstream targets of
HOX transcript antisense RNA (HOTAIR). HOTAIR competes
with UPF1, a factor that promotes ACSL4 degradation, thus
modulating the HOTAIR/UPF1/ACSL4 axis. PAN attenuates
intracerebral hemorrhage progression by regulating this
axis. In hemin-treated neurons, PAN suppresses ferroptosis

by targeting ACSL4, whereas HOTAIR overexpression re-
verses this effect.?'®

Synthetic ACSL4 inhibitors

Thiazolidinediones, including troglitazone, rosiglitazone,
and pioglitazone, have been identified as specific ACSL4
inhibitors. Thiazolidinediones effectively block ACSL4-
mediated activation of PUFAs and subsequent lipid peroxi-
dation in a manner independent of peroxisome proliferator-
activated receptor gamma (PPARy), and alleviate neuro-
inflammation and ferroptosis in  preclinical AD
models.'#4>137:143,219  pigglitazone reduces cognitive
impairment by preventing lipid peroxidation.??° Thiazoli-
dinediones ameliorate cerebral ischemia-reperfusion injury
by combating overexpressed ACSL4 and decreasing ferrop-
tosis.'® Intravenous rosiglitazone, administered before the
middle cerebral artery occlusion in mice, significantly
inhibited ACSL4 expression, increased GPX4 production,
improved neurological function, and reduced infarct vol-
ume at 72 h post-stroke.?*'

AS-252424, a furan-2-ylmethylene thiazolidinedione,
exhibits remarkable anti-ferroptosis activity by directly
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binding to glutamine 464 on ACSL4 and inhibiting its enzy-
matic function.’”” Treatment with AS-252424-loaded
nanoparticles effectively alleviates ferroptosis-mediated
organ injury in multiple mouse models, including kidney
ischemia-reperfusion injury and acute liver injury.???

MitoQ, a mitochondrial ROS scavenger with antioxidant
properties, was discovered to prevent ferroptosis in
HEK293T cells overexpressing ACSL4 and LPCAT2, high-
lighting the critical role that mitochondria play in ACSL4/
LPCAT2-driven ferroptosis. In contrast, mitochondrial-en-
ergetic metabolic therapies fail to prevent ACSL4-mediated
ferroptosis.*> Mitochondrial ROS production and the
accompanying organelle disintegration are essential for
mediating oxidative cell death initiated through lipid per-
oxidation in ferroptosis.*

Fer-1, a classic ferroptosis inhibitor, neutralizes
hydrogen peroxide and lipid radicals.'®>??* It reverses
these effects that ACSL4 overexpression prevents macro-
phage M1 polarization from moving toward M2 polariza-
tion.?? Additionally, it can raise GSH levels, as well as
decrease MDA and lipid peroxidation levels.?”*2* Recent
studies demonstrate that Fer-1 has a potent antioxidant
capacity to inhibit ferroptosis in the brain, heart, kidney,
and liver ischemia-reperfusion injury.??>~%28

Edaravone, a lipophilic radical scavenger, eliminates
LPOs and reduces oxidative stress, partly by inhibiting
ACSL4 activation.??*2%° |n spinal cord injury models, edar-
avone up-regulates GPX4/xCT and down-regulates 5-lip-
oxygenase (5-LOX) and ACSL4, thereby promoting recovery
via modulation of the GPX4/ACSL4/5-LOX pathway.?*°

ACSL4 agonists

Thrombin, a serine protease, initiates ferroptosis signaling
by encouraging AA mobilization and subsequent esterifica-
tion by ACSL4.%*" Tuo et al found that an ACSL4 inhibitor
could counteract the cytotoxicity effects of thrombin,
suggesting that thrombin may promote neuronal death
through ACSL4-dependent ferroptosis.?*" Besides, thrombin
induces ferroptosis in triple-negative breast cancer through
the cPLA2a/ACSL4 signaling pathway.”*?

Erastin, a classical ferroptosis inducer, regulates lipid
peroxidation via controlling ACSL4. In glioblastoma cells,
erastin enhances ACSL4 expression, which is positively
regulated and stabilized by Hsp90 and dynamin-related
protein 1 (Drp1).2*> Activation of the Hsp90—ACSL4 axis
enhances the anti-cancer efficacy of erastin both in vitro
and in vivo.?*?

Glycochenodeoxycholic acid (GCDCA), a bile acid
metabolite, induces ferroptosis by modulating the
TFR—ACSL4 axis. This process contributes to inflammation
and lipid metabolic disturbances following environmental
toxin exposure.?**

Limitations and future perspectives

Targeting the ACSL4 pathway, while observing real and
encouraging outcomes in various AD models and in vitro
studies, has limitations that warrant consideration. Firstly,
the mice mimic specific AD types with a defined genetic
background, whereas the etiology of AD patients is often

caused by complex genetic and genotype—environment
interactions. For instance, ACSL4 is significantly down-
regulated in the hippocampus of AD patients but up-regu-
lated in APP/PS1 mice, highlighting inconsistencies likely
due to species differences and the complexity of
gene—environment interactions in human AD.?>?*> Nowa-
days, almost all studies are still in the laboratory stage, and
future studies must explore the role of ACSL4 in AD through
clinical trials. The cooperation between basic and clinical
research will elevate AD treatment to the next level. Sec-
ondly, while ACSL4 modulators show therapeutic potential,
their safety profiles remain a major barrier to clinical
application. Inhibiting ACSL4 enzymatic activity may
interfere with physiological lipid metabolism. For instance,
a novel ACSL4 inhibitor, PGRL493, inhibits de novo steroid
synthesis in testicular and adrenal cells, which can disrupt
hormone signaling and metabolism.*> Hence, it may be
necessary to reduce drug side effects by optimizing drug
carriers and improving drug targeting. Moreover, technol-
ogies enabling drug delivery across the blood-brain barrier
create therapeutic platforms for AD.%*%23 Prodrug strate-
gies for AD, including chemically modifying drugs to
improve their ability to penetrate the blood-brain-barrier
and developing nanotechnology-based drug delivery sys-
tems to effectively penetrate the blood-brain-barrier,
avoid cytotoxicity, and deliver to the brain, provide new
ideas for the treatment of AD.???

Mounting evidence has suggested unique roles of ACSL4
in the field of neurodegenerative and tumor dis-
eases.'®?%233 |n fact, relatively little is known about the
pathways related to targeting ACSL4 in AD-associated evi-
dence and research. Moreover, whether the biological
process of ACSL4 involved in AD is consistent with its
participation in the control of tumors or other neurological
conditions still needs convincing and more extensive veri-
fication. On the other hand, in the future, it will be
necessary to explore that ACSL4 produced in various types
of central nervous system cells, including astrocytes, neu-
rons, microglia, oligodendrocytes, and vascular cells, has
diverse roles in the AD pathogenesis course. Previous
studies have confirmed that ACSL4 promotes neuronal
ferroptosis and microglia-mediated neuroinflammation in
ischemic stroke.'® This suggests that the molecular regu-
latory mechanisms involved in targeting ACSL4 in neurons
and non-neurons are different, which may be caused by the
inconsistent sensitivity of different cells to ferroptosis, or
may be related to the different abundance of ACSL4
expression in different cell types in the brain. In addition,
it is also worth studying the role of ACSL4 in immune cells.
Indeed, ACSL4-mediated ferroptosis was identified earlier
in the field of cancer. ACSL4 has been reported to modulate
CD8" T cell functions and impair anti-tumor immu-
nity.2*42% Similarly, it has been demonstrated that ACSL4
and other ferroptosis-related molecules are dysregulated in
AD patients, which can affect the infiltration of specific
immune cell types.?” However, the mechanisms underlying
ACSL4 for immune cell infiltration in the AD remain unclear
until now. Given this complicated picture, it is critical to
dissect the detrimental effects of ACSL4 at a cell type-
specific level and to identify the underlying molecular
mechanisms that drive AD pathogenesis in the most rele-
vant cell populations.



14

Y. Guo et al.

Concluding remarks

Advances in ferroptosis research have highlighted the
pivotal role of ACSL4 in AD. The regulation of epigenetics
and posttranslational modifications on the ACSL4 contrib-
utes to exploring the specific regulatory pathways of ACSL4
in AD in the future. Experimental evidence from animal and
cellular models has shown that down-regulation of ACSL4
expression is of great significance in improving AD pathol-
ogy and cognitive deficits. ACSL4, as the metabolic gate-
keeper, plays an important role in the precise regulation of
ferroptosis susceptibility, oxidative damage, and inflam-
matory response in AD. On the one hand, it regulates lipid
remodeling to enhance ferroptosis susceptibility. On the
other hand, ACSL4 is involved in oxidative stress by
increasing ROS production and cytotoxic metabolite accu-
mulation, as well as neuroinflammation by regulating
microglial lipid metabolism and NF-«kB signaling to enhance
pro-inflammatory factor release. Therefore, inhibiting
ACSL4 to enhance the defense against the aforesaid
sequence of pathogenic mechanisms has a beneficial effect
on AD treatment.

Certain synthetic and natural substances that function
as ACSL4 inhibitors have demonstrated great clinical
translational potential and have considerably enhanced
cognitive abilities in preclinical studies. Despite the po-
tential of novel compounds targeting to inhibit ACSL4 for
clinical trials, some fundamental issues still need to be
addressed beforehand. For example, Fer-1 inhibits ACSL4
expression in several experiments but lacks specificity.?’
Thiazolidinediones effectively reduce the risk of AD in pa-
tients with diabetes or insulin resistance. However, low-
dose pioglitazone failed to show efficacy in non-diabetic AD
patients.”®” AS-252424 attenuates lipid peroxidation and
ferroptosis both in vitro and in vivo, but suffers from poor
solubility, high clearance, and short half-life.?? PRGL493
inhibits AA-CoA synthesis and suppresses tumor growth in
peripheral models but has not been studied in the central
nervous system.?’ While pharmacological inhibition of
ACSL4 holds therapeutic potential in AD, limited informa-
tion is available regarding the pharmacodynamics, phar-
macokinetics, specificity, and efficacy of these reagents.
More intensive efforts are obligatory to identify and
develop brain-penetrant, specific, potent, and safe modu-
lators of ACSL4. Future efforts should focus on elucidating
ACSL4’s exact molecular mechanisms and validating
candidate compounds in robust preclinical models to
facilitate clinical translation.
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