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Abstract
Long-chain acyl-coenzyme A (CoA) synthase 4 (ACSL4) is an enzyme that esterifies CoA into specific polyunsaturated fatty acids,
such as arachidonic acid and adrenic acid. Based on accumulated evidence, the ACSL4-catalyzed biosynthesis of arachidonoyl-CoA
contributes to the execution of ferroptosis by triggering phospholipid peroxidation. Ferroptosis is a type of programmed cell death
caused by iron-dependent peroxidation of lipids; ACSL4 and glutathione peroxidase 4 positively and negatively regulate
ferroptosis, respectively. In addition, ACSL4 is an essential regulator of fatty acid (FA) metabolism. ACSL4 remodels the
phospholipid composition of cell membranes, regulates steroidogenesis, and balances eicosanoid biosynthesis. In addition, ACSL4-
mediatedmetabolic reprogramming and antitumor immunity have attractedmuch attention in cancer biology. Because it facilitates
the cross-talk between ferroptosis and FA metabolism, ACSL4 is also a research hotspot in metabolic diseases and ischemia/
reperfusion injuries. In this review, we focus on the structure, biological function, and unique role of ASCL4 in various human
diseases. Finally, we propose that ACSL4 might be a potential therapeutic target.
Keywords: Long-chain acyl-coenzyme A (CoA) synthase 4 (ACSL4); Ferroptosis; Fatty acid metabolism; Cancer; Ischemia/
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Introduction

Fatty acids (FAs) are composed of a hydrocarbon main
chain and a terminal carboxylic acid group.[1] FAs are not
only important fuel sources providing adenosine triphos-
phate (ATP) to cells through mitochondrial b-FA oxida-
tion, but also structural components of triacylglycerols
(TGs), phospholipids (PLs), cholesterol esters (CEs), and
hormones.[2] The first step in the utilization of FAs by cells
is activation by acyl-coenzyme A (acyl-CoA) synthases
(ACS), which catalyze the conversion of free FAs to fatty
acyl-CoAs.[3] According to the carbon chain length of their
substrates, the ACS family is classified into very long-chain
acyl-CoA synthase, long-chain acyl-CoA synthase
(ACSL), medium-chain acyl-CoA synthase, and short-
chain acyl-CoA synthase.[4] ACSL catalyzes FAs with 10
to 22 carbons and is composed of five isoenzymes,
including ACSL1, ACSL3, ACSL4, ACSL5, and ACSL6.[5]

Although they have different substrates and are localized
to different tissues and subcellular compartments, these
isoenzymes all play a vital role in the uptake and
intracellular metabolism of FAs.[6,7]
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Among the ACSL family members, ACSL4 preferentially
catalyzes the formation of arachidonoyl-CoA (AA-CoA)
by inserting coenzyme A (CoA) into arachidonic acid
(AA), also called 5,8,11,14-eicosatetraenoic acid (20:4n-
6, v-6).[8] Other polyunsaturated fatty acids (PUFAs),
such as adrenic acid (AdA), eicosapentaenoic acid (EPA),
docosahexaenoic acid (DHA), epoxyeicosatrienoic acids
(EETs), and hydroxyeicosatetraenoic acids (HETEs), are
also substrates of ACSL4.[9,10] Without enough glutathi-
one peroxidase 4 (GPX4), AA-CoA is converted into
lipid peroxides (LPOs) and accumulates on cellular
membranes, triggering ferroptotic membrane ruptures,[11]

indicating that ACSL4 is a vital initiator of ferroptosis.
In addition, ACSL4 participates in FA metabolism by
remodeling the PL composition and regulating the
biosynthesis of eicosanoids and steroids.[12-14]

In this review, we summarize the updated achievements
regarding the structure and biological function of ACSL4
and report how ACSL4-mediated ferroptosis and disor-
dered lipid metabolism contribute to human diseases.
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Finally, we propose that ACLS4 might be an available
therapeutic target for disease treatment.
ACSL4

Gene and structure

The gene ACSL4 was first isolated in 1998 by researchers
searching for the genetic cause in two brothers diagnosed
with Alport syndrome, elliptocytosis, and mental retarda-
tion.[15] Further research investigating another two
families confirmed the specific association between
ACSL4 and X-linked non-specific mental retarda-
tion.[16,17] Moreover, due to its intrinsic function as an
acyl-CoA synthase, ACSL4 is involved in FA metabolism
and is associated with intracellular fat content.[15,18-21]

For example, the ACSL4 rs7887981 polymorphism was
related to the concentration of fasting insulin and
triglycerides and liver fat content in Swedish men,[22]

suggesting that genetic changes in ACSL4 might lead to
abnormal metabolism and metabolic diseases.

ACSL4 is located on chromosome Xq23, and differential
splicing can generate two different isoforms.[23] ACSL4
variant 1, the more abundant transcript, is localized to the
cytoplasm and the inner layer of the cell membrane and is
expressed in various organs, such as the kidneys, lungs,
and pancreas.[24] However, ACSL4 variant 2, which has
an additional 41 amino acids (N-terminal hydrophobic
region), is located at the endoplasmic reticulum and
lipid droplets and appears restricted to neurons.[24] Both
variants prefer AA, AdA, EPA, and DHA as their
substrates with a similar relative affinity but different
reaction rates.[10]
Regulation

With an increasing number of studies focusing on ACSL4,
several molecules suppressing ACSL4 have been identi-
fied.[25-27] The integrin a6b4 decreases the expression of
ACSL4 by activating Src and signal transducer and
activator of transcription 3, evading ferroptosis triggered
by extracellular matrix detachment. However, the lack of
a6b4 could not induce ferroptosis as expected because of
sustained GPX4 expression despite an elevated ACSL4
level.[25] Intracellular vesicular transport factor p115 can
bind ACSL4 with a high affinity and degrade ACSL4,
which is enhanced by treating cells with AA, leading
to a drastic decline in cellular ACSL4.[26] In addition,
zinc lipoprotein A20 interacts with ACSL4 directly
and suppresses its expression; meanwhile, microRNA
(miR)-17-92 could protect against ferroptosis by targeting
A20/ACSL4.[27] Interestingly, AA could also downregu-
late ACSL4 by promoting its ubiquitination and protea-
somal degradation,[28] implicating that bidirectional
regulation might exist between ACSL4 and AA.

ACSL4 expression can be transcriptionally increased by
some transcription factors (TFs). A sequence analysis
revealed many binding sites for TFs at the promoter of
ACSL4, such as specificity protein 1 (Sp1) and cyclic
adenosine monophosphate (cAMP) response element-
binding (CREB).[29] By functional characterization, the
2522
Sp1 binding site was shown to be involved in basal
activity, and the CREB site is involved in cAMP
stimulation of ACSL4 transcription.[29] Sp1 can induce
the transcriptional expression of ACSL4 under both
normoxic and hypoxic conditions, and inhibiting
Sp1 attenuates cell injury and lipid peroxidation in a
hypoxia/reoxygenation model.[30] The transcriptional
enhanced associate domain 4 (TEAD4) could also
upregulate ACSL4 by binding its promoter, which could
be enhanced by its coactivator Yes-associated protein
(YAP).[31] Notably, peroxisome proliferator-activated
receptor delta (PPARd) is a tissue-specific transcriptional
activator of ACSL4 in hepatocytes. PPARd activation by
its ligands could induce elevated messenger RNA
(mRNA) and protein levels of ACSL4, and the hepatic
depletion of PPARd suppresses ACSL4 expression.[32]

Sentrin-specific protease 1, a human protease that
deconjugates small ubiquitin-like modifier (SUMO)
molecules from SUMOylated proteins, could mediate
the deSUMOylation of ACSL4 under hypoxia.[33]

Tyrosine phosphatase Src homology-2 domain-contain-
ing protein tyrosine phosphatase-2 (SHP2), which is
activated in a cAMP-dependent manner, could increase
the expression of ACSL4 and the subsequent production
of AA-CoAs and steroids,[34] although the detailed
mechanism needs to be further clarified. The effects of
these molecules regulating ACSL4 expression are sum-
marized in Table 1.

Moreover, various miRs can downregulate ACSL4 by
binding its 30-UTR (untranslated region), such as miR-
424-5p, miR-141-3p, miR-548p, miR-34a, miR-130a-3p,
miR-211-5p, miR-205, miR-23a-3p, miR-3098-3p, miR-
454-3p, miR-106b-5p, and miR-224-5p.[35-48] miR-347,
miR-214-3p, and miR-142-3p promote ACSL4 expres-
sion.[49-51] We summarize the effect of these miRs when
targeting ACSL4 in different cells or animal models in
Table 2. In addition, researchers have reported several
agents able to inhibit the activity of ACSL4, such as
triacsin C, thiazolidinediones (TZDs), abemaciclib,
PRGL493, and valnoctamide.[52-58]
Biological Function of ACSL4

The primary biological function of ACSL4 is to catalyze
the formation of fatty acyl-CoA by inserting CoA into
PUFAs, such as AA and AdA. These fatty acyl-CoAs either
provide energy to cells through b-FA oxidation or enter
the lipid biosynthesis pathway to produce AA-containing
TGs, CEs, and PLs.[59] For example, to form AA-
containing phosphatidylcholines (PCs) and phosphatidy-
lethanolamines (PEs), lysophosphatidylcholine acyltrans-
ferase 3 (LPCAT3) catalyzes the incorporation of AA-CoA
into lysophosphatidylcholine (LPC) and lysophosphati-
dylethanolamine (LPE).[60] Notably, excessive peroxida-
tion of AA-containing PLs in the cellular membrane
triggers ferroptosis in both normal and tumor cells,
leading to extensive research investigating the essential
role of ACSL4 in ferroptosis. In addition, ACSL4-
catalyzed PUFA acyl-CoAs participate in the regulation
of the PL composition, steroidogenesis, and eicosanoid
biosynthesis.
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Table 1: The signaling pathways and molecules regulating ACSL4 expression.

Cell or animal models Signaling pathways or molecules ACSL4 expression Effect References

MCF10-A, Hs578T, and
SUM-159

Integrin a6b4-mediated
activation of Src and STAT3

Downregulate Protecting against changes of
membrane lipid
compositions and
ferroptosis

[25]

HepG2; C57BL/6 J mice
with a HFD

p115 binding to and mediating
degradation of ACSL4

Downregulate UN [26]

HUVEC cells A20 interacting with ACSL4
directly

Downregulate Protecting against ferroptosis [27]

HepG2 and Huh7;
primary hepatocytes

AA-mediated ubiquitin-
proteasomal degradation of
ACSL4

Downregulate UN [28]

Caco-2 with hypoxia/
reoxygenation; C57BL/6
mice with I/R

Sp1 binding to the promoter
region of ACSL4

Upregulate Promoting ferroptosis [29,30]

Human epithelial tumor
cells and mesothelioma
cells

Activation of Merlin/Hippo/YAP/
TEAD4 pathway

Upregulate Promoting ferroptosis [31]

HepG2 and AML12;
primary hepatocytes;
Syrian hamsters

Activation of PPARd Upregulate UN [32]

H9c2 under hypoxia SENP1-mediated
deSUMOylation of ACSL4

– Protecting against ferroptosis [33]

MA-10 cAMP-dependent pathway-
mediated activation of SHP2

Upregulate Increasing the production of
steroid

[34]

CRL-1619, CRL-3367,
CRL-6475, and CRL-
1642

IFN-g-mediated activation of
JAK/STAT1/IRF1

Upregulate Increasing the esterification of
AA into PLs; promoting
ferroptosis

[111]

AA: Arachidonic acid; ACSL4: Acyl-CoA synthase 4; AML12: Mouse liver cells; cAMP: Cyclic adenosine monophosphate; Caco-2: Colon carcinoma
cells; CRL-1619, CRL-3367, and CRL-6475: Human and mouse melanoma cells; CRL-1642: Lewis lung cancer cells; H9c2: Rat cardiac myocytes;
HepG2 and Huh7: Hepatoma cells; HFD: High-fat diet; Hs578T and SUM-159: Breast carcinoma cells; HUVEC: Human umbilical vein endothelial
cells; IFN: Interferon; I/R: Ischemia/reperfusion; IRF1: Interferon regulatory factor 1; JAK: Janus kinase; MA-10: Leydig cells; MCF10-A: Breast
epithelial cells; PLs: Phospholipids; PPARd: Peroxisome proliferator-activated receptor delta; SENP1: Sentrin-specific protease 1; SHP2: Src homology-
2 domain-containing protein tyrosine phosphatase-2; Sp1: Specificity protein 1; STAT: Signal transducer and activator of transcription; TEAD4:
Transcriptional enhanced associate domain; UN: Unknown; YAP: Yes-associated protein; –: Not available.
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ACSL4 and ferroptosis

A brief introduction to ferroptosis

Ferroptosis was first proposed by Dixon in 2012 when he
searched for small-molecule compounds able to suppress
RAS-mutant cancer cell growth.[61] Ferroptosis was then
defined as a form of non-apoptotic programmed cell death
characterized by an iron-dependent accumulation of lipid-
based reactive oxygen species (ROS), especially polyun-
saturated PL hydroperoxides.[61-63] The morphological
changes of ferroptosis include a lost membrane integrity,
swollen cytoplasm and organelles, and chromatin con-
densation.[64] Furthermore, the mitochondria of cells with
ferroptosis exhibit a reduced volume, an increased
membrane density, reduced or absent cristae, and rupture
of the outer membrane.[61,64] Located at the intersection
of the iron, lipid, glutathione (GSH), and mevalonate
(MVA) metabolic pathways, ferroptosis is initiated and
inhibited by a complex mechanism.[65]

Several studies have demonstrated that accumulated lipid
peroxidation is a major signal that triggers ferropto-
sis.[66,67] The oxidative attack of the carbon–carbon
2523
double bonds of PUFA-containing PLs contributes to the
rupture of cell membranes and, thereby, induces ferrop-
totic cell death.[68] There are two major methods for
producing LPOs, including ACSL4/LPCAT3/acid-15-lip-
oxygenase (ALOX15)-dependent enzymatic reactions and
Fe2+-dependent non-enzymatic Fenton reactions. In an
enzyme-dependent manner, free intracellular PUFAs are
first converted into their fatty acyl-CoA form by the
enzyme ACSL4 and then esterified into PLs by the enzyme
LPCAT3. Then, free and esterified PUFAs are directly
catalyzed into their hydroperoxy form by ALOX15 and,
thus, promote ferroptosis.[66-70] In addition, cytochrome
P450 (CYP450) oxidoreductase can generate lipid
peroxidation and trigger ferroptosis, although its specific
mechanism is still unclear.[71] These findings suggest that
the pharmacological inhibition of the enzymes in LPO-
generating pathways, such as ACSL4 and ALOX15, might
become a potential strategy for alleviating ferroptosis. In a
non-enzymatic manner, intracellular Fe2+ could promote
lipid peroxidation and initiate ferroptosis by triggering the
Fenton reaction or increasing the catalytic activity of the
enzyme ALOX15, which has an iron-containing area and
produces ROS.[72] The Fenton reaction is a process in
which Fe2+ can react with hydrogen peroxide to produce
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Table 2: Effect of miRs targeting ACSL4 in different cell or animal models.

miRNAs
Cell or animal

models
ACSL4

expression
Potential

mechanism Effect References

miR-424-5p Ovarian cancer
cells

Downregulate Binding to 30-UTR
of ACSL4

Reducing erastin- and RSL3-
induced ferroptosis

[35]

miR-141-3p Osteoarthritis
chondrocytes

Downregulate Binding to 30-UTR
of ACSL4

Regulating lipid metabolism and
stimulating chondrocyte
apoptosis

[36]

miR-548p Huh-7 and
HepG2;
primary
hepatocytes

Downregulate Binding to 30-UTR
of ACSL4

Decreasing cholesterol, FAs, and
triglyceride synthesis

[37]

miR-34a Porcine primary
intramuscular
preadipocytes

Downregulate Binding to 30-UTR
of ACSL4

Reducing lipid droplet formation
during adipogenesis

[38]

miR-130a-3p Neural stem cells
from Sprague–
Dawley rat
embryos

Downregulate Binding to 30-UTR
of ACSL4

Promoting neuronal
differentiation via regulating
AKT/PI3K pathway

[39]

miR-211-5p HCC tissues Downregulate Binding to 30-UTR
of ACSL4

Impairing tumorigenesis and
growth of HCC

[40]

miR-205 HepG2 Downregulate Binding to 30-UTR
of ACSL4

Suppression of miR-205,
elevating cholesterol levels

[41]

miR-23a-3p BALB/cAnN-nu
mice; human
HCC tissues

Downregulate Binding to 30-UTR
of ACSL4

Inhibition of miR-23a-3p
induced ferroptosis in
sorafenib-treated HCC cells

[42]

miR-3098-3p OGD/R-induced
HT22

Downregulate Binding to 30-UTR
of ACSL4

Inhibiting ferroptosis and
protecting cells from
dysfunction

[43]

miR-454-3p RCC cells Downregulate Binding to 30-UTR
of ACSL4

Impeding proliferation, lipid
accumulation, and oxidation

[44]

miR-106b-5p Brain
microvascular
endothelial cells

Downregulate Binding to 30-UTR
of ACSL4

Inhibition of miR-106b-5p
suppressed cell viability and
enhanced ferroptosis

[45]

miR-224-5p 3T3-L1 Downregulate Binding to 30-UTR
of ACSL4

Increasing the concentration of
free FAs at terminal
differentiation of adipocytes

[46]

miR-670-3p U87MG and
A172

Downregulate – Protecting against ferroptosis [47]

miR-3595 Baicalin-treated
HSC-T6

Downregulate – Exerting an anti-fibrotic effect [48]

miR-347 Cortical neurons Upregulate – miR-347 overexpression induced
neuronal apoptotic death

[49]

miR-214-3p Cisplatin-treated
TCMK-1

Upregulate – miR-214-3p inhibitor alleviated
ferroptosis

[50]

miR-142-3p HepG2 with HBV
infection

Upregulate – miR-142-3p inhibitor alleviated
ferroptosis and inhibited
hepatoma cell growth

[51]

3T3-L1: Adipocytes; ACSL4: Acyl-CoA synthase 4; AKT: Protein kinase B; FA: Fatty acid; HBV: Hepatitis B virus; HCC: Hepatocellular carcinoma;
HSC–T6: Rat hepatic stellate cells; HT22: Hippocampal neuronal cell; Huh-7 and HepG2: Hepatoma cells; I/R: Ischemia/reperfusion; miR:
MicroRNA; OGD/R: Oxygen and glucose deprivation/reoxygenation; PI3K: Phosphatidylinositol 3-kinase; RCC: Renal cell carcinoma; TCMK-1:
Murine tubular epithelial cells; U87MG and A172: Human glioblastoma cells; UTR: Untranslated region; –: Not available.
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OH·, OH�, and Fe3+. Then, OH·, assisted by oxygen, could
attack the carbon–carbon double bonds of PUFAs and
produce lipid hydroperoxides.[73] The process of intracel-
lular iron uptake can be classified into the transferrin (TF)-
bound iron uptake pathway, non-TF-bound iron uptake
pathway, and heme iron uptake pathway.On the one hand,
after the transformation from circulating Fe2+ to Fe3+ by
ceruloplasmin, Fe3+-binding TF could further bind the
2524
transferrin receptor and be imported to endosomes from
invaginated cell membranes. Subsequently, Fe3+ is reduced
to Fe2+ by ferrireductase six-transmembrane epithelial
antigen of prostate 3 in endosomes, and Fe2+ is released
from endosomes to the cytoplasm through solute carrier
family 11 member 2 (SLC11A2; also named divalent metal
transporter 1) and zinc-and iron-related protein (ZIP) 8/14.
On the other hand, non-TF-bound Fe3+ could be reduced to
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Fe2+ by reductases on the cell surface, such as cytochrome B
reductase 1 and prion protein, and then imported to the
cytoplasm directly through ZIP8/14.[74,75] In addition, for
heme iron, freeheme,hemoglobin-bindinghaptoglobinand
heme-binding hemopexin could be imported to the
cytoplasm through feline leukemia virus subgroup C
receptor-related protein 2/solute carrier family 48 member
1/solute carrier family 46 member 1, cluster of differentia-
tion163 (CD163), and cluster of differentiation91 (CD91),
respectively, followed by the release of Fe2+ by heme
oxygenase 1.[76] Therefore, reducing lipid peroxidation by
decreasing iron accumulation might deserve further atten-
tion in future research.

Ameliorating lipid peroxidation through antioxidant
systems could inhibit ferroptosis and revive cells, includ-
ing the GSH system, selenium (Se) system, and coenzyme
Q (CoQ) system. GPX4, the hub enzyme in these systems,
can clear peroxides by catalyzing hydroperoxy PUFAs to
their hydroxy forms with the assistance of GSH.[62,66-77]

The overexpression or knockdown of GPX4 could
modulate the lethality of ferroptosis inducers.[78] How
these antioxidant systems fight against ferroptosis is
elucidated as follows. First, GSH, consisting of glutamic
acid, cysteine, and glycine, mainly exerts its antioxidant
function through its sulfhydryl group of cysteine by
converting L-OOH to L-OH. Therefore, it is essential to
maintain the intracellular cysteine concentration for GSH
biosynthesis. The cystine/glutamate antiporter system
(system xc-), which is composed of solute carrier family
7 member 11/xCT and solute carrier family 3 member 2,
can import extracellular cystine. Then, cystine is reduced
to cysteine, and GSH is synthesized under the catalytic
function of glutamate-cysteine ligase and glutathione
synthetase. Second, Se is a component of selenocysteine at
the catalytic site of GPX4.[79] Exogenous supplementation
with Se could transcriptionally increase GPX4 expression
to protect neurons from ferroptosis.[80] Third, ubiquinol
(also named reduced coenzyme Q10), the reduced form of
CoQ10, is also regarded as an effective ferroptosis
suppressor that traps the lipid peroxyl radicals that
mediate lipid peroxidation.[81] Generally, ubiquinol is
obtained from CoQ10 through a reduction reaction
catalyzed by the nicotinamide adenine dinucleotide-
dependent CoQ oxidoreductase ferroptosis suppressor
protein 1.[82] The biosynthesis of CoQ10 is regulated by
the MVA pathway in which acetyl-CoA is converted into
3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA),
followed by the synthesis of MVA from HMG-CoA,
isopentenyl pyrophosphate (IPP) fromMVA, and the final
isoprenoid side chain of CoQ10 from IPP.[83] These
antioxidant systems synergize to maintain cellular envi-
ronmental homeostasis by fighting against ROS accumu-
lation, manifesting a druggable potential for alleviating
injuries induced by oxidative stress and ferroptosis.
Role of ACSL4 in ferroptosis

ACSL4 is indispensable for ferroptosis execution by
initiating the extensive production of LPOs. By generating
a genome-wide clustered regularly interspaced short
palindromic repeats (CRISPR)-based genetic screen and
microarray analysis, researchers found that ACSL4 was
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significantly downregulated in ferroptosis-resistant cell
lines.[84] In addition, ACSL4 knockout (KO) cells were
resistant to RSL3, an inhibitor of GPX4 and an inducer of
ferroptosis, while ACSL4 overexpression in ferroptosis-
resistant cells (such as Lymph Node Carcinoma of the
prostate [LNCap] and K562 [human lymphoblast cells of
chronic myelogenous leukaemia]) significantly increased
their sensitivity to ferroptosis.[84,85] To initiate lipid
peroxidation on cell membranes, ACSL4 first catalyzes
the conversion of AA into AA-CoA, followed by the
esterification of AA-CoA into PE with the assistance of
LPCAT3. Then, ALOX15 catalyzes the oxidation of AA-
containing PE to its hydroperoxy form (PE-AA-OOH),
which acts as an initiating factor of ferroptosis when there
is not sufficient GPX4/GSH to conduct reduction
reactions.[86] In addition, lipoxygenases (LOXs) catalyze
the oxidation of excessive AA-CoA to HETE, such as 5-
HETE, which also contributes to ferroptosis.[85] The
genetic or pharmacological inhibition of ACSL4 prefer-
entially decreases the synthesis of AA/AdA-CoA and PE-
AA/AdA and their doubly and triply oxidized forms,
ameliorating the rupture of the outer mitochondrial
membrane (OMM).[84,86,87]

Recently, a lipid peroxidation-protein kinase C-beta II
(PKCbII)-ACSL4positive-feedback loop in the execution of
ferroptosis was demonstrated. After activation by a slight
accumulation of LPOs, phosphorylated and membrane-
localized PKCbII activates ACSL4 by phosphorylating its
site Thr328, triggering PUFA-containing lipid biosynthesis
and promoting the production of LPOs to lethal levels.[88]

Tocopherols and tocotrienols of the vitamin E family
suppress the activityofLOXs, ameliorate lipid peroxidation
and prevent ferroptosis.[86] Cystathionine gamma-lyase-
derived hydrogen sulfide can decrease ACSL4 expression
and attenuate arachidonate-12-lipoxygenase acetylation to
protect against ferroptosis.[89] In addition, ACSL4 KO
protected cells from Golgi stress-triggered ferroptosis.[90]

In addition, ACSL4 is a collaborative enzyme of GPX4.
A significant decrease in ACSL4 expression was observed
in GPX4-depleted cells, suggesting a compensatory mecha-
nism to lower ferroptosis sensitivity.[79]

Altogether, ACSL4-initiated lipid peroxidation is funda-
mental and indispensable for ferroptosis execution
[Figure 1], and the role of ACSL4 as a therapeutic target
for ferroptosis still needs to be addressed in the future.
ACSL4 and FA metabolism

Remodeling the PL composition

As a main component of biomembranes, PLs of different
species are crucial for maintaining cell function, such as
PC, PE, phosphatidylinositol (PI), and phosphatidylser-
ines (PS). A PL usually consists of glycerol/sphingosine,
FAs, and phosphate.[69] Since the synthesis of AA-CoA by
ACSL4 is the first step in the incorporation of AA into PLs,
the inhibition or overexpression of ACSL4 could modu-
late the proportion of PL-AA in cell membranes. In
adipocytes from adipocyte-specific knockout (Ad-KO)
mice fed a high-fat diet (HFD), reduced incorporation of
AA into all species of PL was observed, while the FA
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Figure 1: ACSL4 is indispensable for triggering ferroptosis by generating lipid peroxidation. ACSL4 could first catalyze the insertion of CoA into AA and AdA, followed by the esterification of
AA-CoA and AdA-CoA into PEs with the assistance of LPCAT3. Then, ALOX15 oxidizes AA-PE and AdA-PE into PE-AA-OOH and PE-AdA-OOH, triggering ferroptosis at cellular membranes.
The GPX4/GSH system could reduce PE-AA/AdA-OOH to PE-AA/AdA-OH and, thus, ameliorate lipid peroxidation-mediated ferroptosis. In addition, the Fenton reaction by Fe2+ could
generate ROS, while COQ10H2 produced by the MVA pathway could alleviate ROS. Regulators of ACSL4, such as TEAD4, YAP, IRF1, PPARd, SHP2, SENP, p115, Sp1, a6b4, HCAR1/MCT1,
PIR, and A20, are also summarized in the figure. Created with BioRender.com. AA: Arachidonic acid; AA-CoA: Arachidonoyl-coenzyme A (CoA); ACSL4: Acyl-CoA synthase 4; AdA: Adrenic
acid; ALOX15: ACSL4/LPCAT3/acid-15-lipoxygenase; CD163: Cluster of differentiation 163; CD91: Cluster of differentiation 91; COQ10: Coenzyme Q10; COQ10H2: Reduced COQ10;
CYBRD1: Cytochrome B reductase 1; FLVCR2: Feline leukemia virus subgroup C receptor-related protein 2; FSP1: Ferroptosis suppressor protein 1; GCL: Glutamate cysteine ligase; GPX4:
Glutathione peroxidase 4; GSH: Glutathione; GSS: Glutathione synthase; GSSG: Oxidized glutathione; HB: Hemoglobin; HCAR1: Hydroxycarboxylic acid receptor 1; HMG-CoA: 3-hydroxy-3-
methylglutaryl coenzyme A; HMGR: 3-hydroxy-3-methylglutaryl coenzyme-A reductase; HMGS: 3-hydroxy-3-methylglutaryl coenzyme-A synthase; HP: Haptoglobin; HPX: Hemopexin;
H2S: Hydrogen sulfide; IPP: Isopentenyl diphosphate; IRF1: Interferon regulatory factor 1; IFN-g: Interferon g; JAK: Janus kinase; LPCAT3: Lysophosphatidylcholine acyltransferase 3;
MCT1: Monocarboxylate transporter 1; miR: MicroRNA; MVA: Mevalonate; MVK: Mevalonate kinase; P: Phosphorylation; PE: Phosphatidylethanolamine; PIR: Pirin; PMD:
Phosphomevalonate decarboxylase; PMK: Phoshpomevalonate kinase; PKCbII: Protein kinase C-beta II; PRNP: Prion protein; PPARd: Peroxisome proliferator-activated receptor delta; ROS:
Reactive oxygen species; SENP: Sentrin-specific protease; SHP2: Src homology-2 domain-containing protein tyrosine phosphatase-2; SLC3A2: Solute carrier family 3 member 2;
SLC7A11: Solute carrier family 7 member 11; SLC11A2: Solute carrier family 11 member 2; SLC46A1: Solute carrier family 46 member 1; SLC48A1: Solute carrier family 48 member 1;
Sp1: Specificity protein 1; STAT: Signal transducer and activator of transcription; STEAP3: Six-transmembrane epithelial antigen of prostate 3; TEAD4: Transcriptional enhanced associate
domain 4; TF: Transferrin; TFR1: Transferrin receptor 1; Yap: Yes-associated protein; ZIP: Zinc-and iron-related protein; g-GC: g-glutamylcysteine.
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composition of TGs, diacylglycerols, and cardiolipins did
not change.[13] In addition, several studies demonstrated a
similar reduction in AA-PLs in hepatocytes and human
aortic smooth muscle cells (hSMCs) with ACSL4 deple-
tion and HFD consumption. Additionally, LPC and LPE
species accumulate.[55,91]
Regulation of eicosanoid biosynthesis

Intracellular free AAs are oxidized to prostaglandins and
thromboxanes by cyclooxygenases (COXs); to leuko-
trienes, lipoxins, and HETEs by LOXs; or to EETs and
HETEs by CYP450.[92] ACSL4 contributes to maintaining
the intracellular AA levels and, thereby, facilitates the
production of eicosanoids. A specific ACSL4 KO in
adipocytes from mice fed an HFD resulted in a reduction
in AA in intracellular free FA pools.[13] The knockdown of
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endogenous ACSL4 in interleukin (IL)-1b-treated rat
fibroblastic cells or lipopolysaccharide-treated bone
marrow-derived macrophages significantly decreased PC
and PI species bearing AA and increased the production of
prostaglandin E2 (PGE2), prostaglandin D2, and prosta-
glandin F2a.[12,93] Additionally, a similar enhancement of
eicosanoids was observed after treating rat neutrophils,
human fibroblastic cells, and hSMCs with triacsin C, an
inhibitor of ACSL4.[93,94] Intriguingly, the sustained
downregulation of ACSL4 in hSMCs led to a significant
reduction in PGE2 release, while short-term ACSL4
inhibition increased the PGE2 levels.[8] In summary,
ACSL4 dysfunction may facilitate inflammatory responses
by triggering the eicosanoid storm. Furthermore, ACSL4
could regulate the expression of the enzyme COX-2,[95]

providing a potential explanation for the enhancement in
eicosanoids by ACSL4 inhibition.
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Regulation of steroidogenesis

ACSL4 could regulate steroidogenesis by affecting
steroidogenic acute regulatory protein (StAR). Steroido-
genesis is a biological process in which cholesterol is
converted into various steroid hormones.[96] The first and
rate-limiting step in steroidogenesis is the conversion of
cholesterol into pregnenolone (the precursor of all other
steroids).[97] StAR plays a key role in this step by
mediating the transfer of cholesterol from the OMM to
the inner mitochondrial membrane, where cholesterol is
converted into pregnenolone by the enzyme P450scc.[98,99]

The expression of StAR is regulated by multiple mecha-
nisms. Among them, cAMP can transduce signals of
adrenocorticotropic hormone and luteinizing hormone to
activate protein kinase A and then induce the expression of
the StAR gene in the nucleus.[100] Notably, under cAMP
stimulation, the addition of AA and its oxygenase-derived
metabolites, such as EET, 5-HETE, and 5-hydroperox-
yeicosatetraenoic acid, could help transcriptionally en-
hance the expression and activity of StAR and, thereby,
increase steroidogenesis.[101-103]

AA is mainly converted into its metabolites by LOX and
epoxygenase in the mitochondrial compartment, and the
translocation of cytoplasmic AA to mitochondria
demands a complex process [Figure 2]. In steroid-
producing cells, intracellular free AA is first converted
Figure 2: The role of ACSL4 in FA metabolism. (A) ACSL4 remodels the PL composition of the
and, thereby, increased the production of eicosanoids. (C) Intracellular free AAs translocate to th
regulate steroidogenesis by enhancing StAR. Created with BioRender.com. AA: Arachidonic ac
CoA synthase 4; ACTH: Adrenocorticotropic hormone; cAMP: Cyclic adenosine monophosphate;
Epoxyeicosatrienoic acids; ETE: Eicosatetraenoic acid; FA: Fatty acid; 5-HETEs: 5-Hydroxyeicos
Leukotrienes; LXs: Lipoxins; LH: Luteinizing hormone; PC: Phosphatidylcholine; PE: Phosphatid
Phospholipids; StAR: Steroidogenic acute regulatory protein; TSPO: Translocator protein; TXs
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into AA-CoA by ACSL4. Then, AA-CoA binds diazepam-
binding inhibitor, which, in turn, translocates to mito-
chondria through translocator protein at the OMM.
Finally, AA-CoA is converted back into free AA and CoA
by mitochondrial acyl-CoA thioesterase.[104-106] Under c-
AMP stimulation, ACSL4 inhibition could reduce both the
mRNA and protein levels of StAR, leading to disturbed
steroid biosynthesis.[104,107,108] A possible explanation is
that ACSL4 depletion could attenuate the promoting
effect of AA and its metabolites on StAR expression by
blocking the translocation of AA from the cytoplasm to
mitochondria.[104] In addition, ACSL4 deficiency could
reduce intracellular cholesteryl ester storage and, thus,
decrease steroidogenesis.[14]
Others

ACSL4 is required for the antitumor T-cell response and
proinflammatory cytokine production. ACSL4 silencing in
microglial cells inhibits the production of the proinflam-
matory cytokines tumor necrosis factor a, IL-6, and IL-
1b.[109] In addition, ACSL4 KO in CD8+ T cells reduced
the T-cell numbers and their specific killing abilities.[110]

Moreover, a recent study by Liao et al[111] demonstrated
that interferon (IFN)-g derived from CD8+ T cells could
transcriptionally increase ACSL4 expression to upregulate
the incorporation of AA into C16 and C18 acyl chain-
containing PLs, and AA together with IFN-g could induce
cellular membrane. (B) The suppression of ACSL4 reduced the esterification of AA into PLs
e intramitochondrial compartment through the ACSL4/DBI/TSPO/ACOT2 pathway and then
id; AA-CoA: Arachidonoyl-coenzyme A (CoA); ACOT2: Acyl-CoA thioesterase; ACSL4: Acyl-
CoX: Cyclooxygenase; CYP450: Cytochrome P450; DBI: Diazepam-binding inhibitor; EETs:
atetraenoic acids; 5-HPETE: 5-Hydroperoxyeicosatetraenoic acid; LOX: Lipoxygenase; LTs:
ylethanolamine; PGs: Prostaglandins; PI: Phosphatidylinositol; PKA: Protein kinase A; PLs:
: Thromboxanes; TZDs: Thiazolidinediones.
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ferroptosis in an ACSL4-dependent manner. Further
deletion of ACSL4 promoted tumor growth in immuno-
competent mice, but not in immunodeficient mice,
indicating that the inhibition of tumor growth by ACSL4
deficiency likely depends on interactions with immune
systems.[111]

ACSL4 is also related to insulin secretion. ACSL4 and
ACSL3 depletion in human pancreatic islets could change
the patterns of FA in PE and PS and inhibit glucose-
stimulated insulin release.[9,112] In addition, the inhibition
of ACSL4 by miR-130a-3p overexpression could promote
the differentiation of neural stem cells into neurons by
regulating the protein kinase B/phosphatidylinositol 3-
kinase pathway.[38] Additionally, ACSL4 contributes to
the formation of viral replication organelles and helps
facilitate virus replication.[113] Kung et al[113] reported
that inhibiting ACSL4 by rosiglitazone (ROSI) and
pioglitazone (PIO) could decrease a load of human
enteroviruses and coronaviruses, indicating that ACSL4
is a potential target to counteract viral infection.
ACSL4 in Human Diseases

Recently, increasing evidence has shown the unique
role of ASCL4 in human diseases, such as cancers,
Figure 3: ACSL4 has been demonstrated to be associated with various human diseases. AC
alcoholic fatty liver disease; NASH: Non-alcoholic steatohepatitis.
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ischemia/reperfusion (I/R) injuries, and metabolic dis-
eases [Figure 3].
Cancer

ACSL4 is an executor of ferroptosis in cancer cells due to
the upregulated expression of ACSL4 in ferroptosis-
sensitive cancer cells (Hepatoma cells [HepG2] and
human promyelocytic leukemia cells [HL60]) compared
with ferroptosis-resistant cancer cells (LNCaP and
K562).[85] Further knockdown of ACSL4 inhibited
erastin-induced ferroptosis, while the overexpression of
ACSL4 restored the sensitivity of cells to ferroptosis.[85]

Moreover, a recent study implicated a potential collabo-
rative role of ACSL4 in tumor immunotherapy. ACSL4
deficiency attenuates the antitumor T-cell response and
accelerates tumor progression, and high ACSL4 expres-
sion improves the survival of cancer patients treated with
immune checkpoint blockade.[111] The mechanism of
ACSL4-mediated ferroptosis in cancer cells has been
partially clarified in several recent studies. First, the proto-
oncogenic coactivator YAP, activated by the Merlin-
Hippo pathway, could synergize with TEAD4 to upreg-
ulate ACSL4 transcriptionally and, thus, promote ferrop-
tosis in cancer cells.[31] Second, the knockdown of pirin,
an iron-binding protein and redox sensor of nuclei, could
SL4: Acyl-CoA synthase 4; COPD: Chromic obstructive pulmonary disease; NAFLD: Non-
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initiate high-mobility group box-1 (HMGB1)-dependent
autophagy and then promote ferroptosis by activating
ACSL4.[114] Third, blocking lactate uptake by cancer cells
by inhibiting the hydroxycarboxylic acid receptor 1
/monocarboxylate transporter 1 axis could promote
ACSL4 expression and lead to ferroptosis.[115] Fourth,
pharmacologically inhibiting the production of 5-HETE
by zileuton could limit ACSL4-triggered ferroptosis.[85]

Altogether, insight into ACSL4-initiated ferroptosis might
guide a novel perspective regarding the mechanism of
carcinogenesis.

Interestingly, the expression of ACSL4 varies in different
cancer types. According to a systematic study of the
Oncomine and UALCAN databases, compared with
normal tissues, ACSL4 is downregulated in breast cancer
(BC), bladder cancer, brain cancer, leukemia, and lung
cancer (LC), but upregulated in liver cancer, colorectal
cancer, head and neck cancer, myeloma, ovarian cancer,
and kidney cancer.[116,117] In addition, a comprehensive
analysis of PrognoScan, the Kaplan–Meier mapping
database, and Gene Expression Profiling Interactive
Analysis revealed that low ACSL4 expression generally
predicts a good prognosis across cancers despite the poor
prognostic results in several certain cancers.[117] In addition,
ACSL4 is negatively correlated with deoxyribonucleic acid
(DNA) methylation levels and positively correlated with
immune infiltration in most cancers.[117] Although the
reason for the differential ACSL4 expression in different
cancer types is still unclear, the investigation into the
function of ACSL4 in cancer has made rapid progress,
and up-to-date findings are summarized as follows.
Hepatocellular carcinoma (HCC)

ACSL4-mediated metabolic reprogramming plays an
important role in liver carcinogenesis. The expression of
ACSL4 is significantly upregulated in HCC tissues,
especially in the high alpha-fetoprotein subtypes.[118-120]

Blocking ACSL4 effectively inhibited HCC growth.[121]

By CRISPR/Cas9 screening, hexokinase 2 (HK2) is
strongly associated with cancer stem cell properties and
epigenetically activates the transcription of ACSL4,
leading to an increase in FA b-oxidation activity.[121]

Chen et al[122]’s study revealed that ACSL4 could prevent
the degradation of c-Myc, which could transcriptionally
upregulate sterol regulatory element-binding protein 1
(SREBP1) and, thereby, promote its downstream lipogenic
enzymes, leading to the aberrant accumulation of
intracellular lipid components and HCC progression. In
addition, ACSL4 depletion could decrease the phosphor-
ylation of extracellular signal-regulated kinase (ERK),
which then directly destabilizes c-Myc by downregulating
its phosphorylation at serine 62 or indirectly promotes the
ubiquitin degradation of c-Myc by increasing F-box and
WD repeat domain-containing 7 (FBW7; an E3 ligase)
expression.[118] These results suggest that ACSL4 pro-
motes the progression of HCC via the c-Myc/ERK/FBW7/
SREBP1 axis. Wang et al[123] noted that ACSL4 promoted
HCC growth by enhancing glucose transporter 1-mediated
O-GlcNAcylation, and O-GlcNAcylation could, in turn,
increase ACSL4 expression, implying positive feedback
between ACSL4 and O-GlcNAcylation. Additionally,
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ACSL4 could promote the proliferation of HCC cells by
activating the mammalian target of rapamycin signaling
pathway, which could control multiple metabolic pro-
grams, including glycolysis, glutaminolysis, and oxidation
of FAs.[123,124] Moreover, the upregulated ACSL4 mRNA
expression in apolipoprotein O-silenced HepG2 cells
indicates that apolipoprotein O is a potential upstream
regulator of ACSL4.[125] miR-211-5p and miR-205 have
been identified as two suppressors of ACSL4, and both
are downregulated in HCC with a malignant phenotype,
resulting in abnormal accumulated cellular cholester-
ol.[40,41] Conclusively, ACSL4 could reprogram lipid
metabolism in HCC by a complex regulating system,
probably tomeet the endless energy demand of cancer cells.

ACSL4might serve as a biomarker in the clinical diagnosis
and prognosis prediction of HCC. ACSL4 could distin-
guish HCC tissues from normal tissues with a sensitivity
of 93.8% and a specificity of 93.6%.[119] Upregulated
ACSL4 is closely associated with a poor prognosis in HCC
patients.[118,126] Furthermore, ACSL4 is a good predictor
of the sensitivity of the sorafenib response in HCC
patients. According to Feng et al[127]’s study, HCC
patients with complete or partial response to sorafenib
had higher ACSL4 expression, and the ACSL4 levels were
negatively related to the half maximal inhibitory concen-
tration values of sorafenib. Further knockdown of ACSL4
significantly abolished sorafenib-induced ferroptotic can-
cer cell death and tumor growth inhibition.[127] Consis-
tently, synergistic treatment with sorafenib and aspirin
had the best antitumor effect in advanced HCC patients
with high ACSL4 but low growth arrest andDNAdamage-
inducible 45 b (GADD45B) expression.[128] In addition,
miR-23a-3p, a suppressor of ACLS4, was overexpressed in
sorafenib-non-responding HCC. The inhibition of miR-
23a-3p rescued ACSL4 expression and promoted the
sensitivity of HCC cells to sorafenib.[42] In summary, these
results imply that high ACSL4 expression could promote
the sorafenib response inHCC; the enhancement of ACSL4
has a druggable potential to ameliorate sorafenib resistance
and improve HCC prognosis.
BC

In BC, it has been demonstrated that high ACSL4
expression is correlated with the negative status of
estrogen receptor (ER), progesterone receptor (PR), and
human epidermal growth factor receptor 2 (HER2) and is
associated with aggressive phenotypes, such as increased
proliferation and invasion.[84,95,129-131] For example,
ACSL4 preferentially showed high expression in ER-
negative BC cell lines, such as human breast cancer cells
(MDA-MB-231), but low expression in ER-positive BC
cell lines, such as breast epithelial cells (MCF-7).[81,129,130]

In addition, a meta-analysis of the public gene expression
database revealed that high ACSL4 expression was
associated with triple- or quadruple-negative BC, charac-
terized by negative androgen receptor (AR), negative ER,
negative PR, and negative HER2.[129,132] Intriguingly,
exogenous overexpression of ACSL4 inMCF-7 cells could
reduce ER expression and estrogen-dependent cell
growth[132] and could sensitize these cells to lipid
peroxidation-mediated ferroptosis.[84]
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Although the detailed mechanism of differential ACSL4
expression in different BC cell lines has not been fully
demonstrated, there are some novel clues. Dattilo et al[133]

found that the proximal 43 base pairs at the promoter
were key regions responsible for increased ACSL4
expression in MDA-MB-231 cells; restoring ERa expres-
sion in triple-negative BC cells decreased ACSL4 promoter
activity. In addition, the mRNA level of ACSL4 is
downregulated by silencing peptidyl arginine deiminase
isoform 2 in MCF-7 cells,[134] implicating it as a possible
transcriptional activator inducing ACSL4 expression. In
addition, the treatment of steroid-starved ER+ BC cells
with 17b-estradiol increased the ACSL4 levels, while ER
silencing reversed this impact.[135]

Moreover, ACSL4 is closely related to chemotherapeutic
and radiotherapeutic resistance in BC. Orlando et al[136]

found that chemotherapeutic agents, such as cisplatin and
doxorubicin, had an unsatisfactory inhibitory effect on BC
cell growth with high ACSL4 expression, while this effect
was counteracted when ACSL4 was inhibited. The
mechanism further revealed that ACSL4 was able to
upregulate cellular transporters, such as ATP-binding
cassette sub-family G member 2, ATP-binding cassette
transporter family class C4, and ATP-binding cassette
transporter family class C8, which cause the efflux of
chemotherapeutic drugs.[136] In contrast, another study
showed that in BC patients receiving neoadjuvant
chemotherapy, high ACSL4 expression could serve as
an independent predictive factor of a better pathological
complete response and better overall survival,[95] revealing
the controversial role of ACSL4 in the response to
chemotherapeutic drugs. Additionally, ACSL4 expression
was significantly elevated in radioresistant BC cells, and
inhibiting the ACSL4-forkhead box protein M1 pathway
could improve the response of BC cells to irradia-
tion.[137,138] These results show that targeting ACSL4
may help ameliorate chemotherapeutic and radiothera-
peutic resistance. However, whether the collaborative
administration of ACSL4 inhibitors with chemotherapy or
radiotherapy could benefit BC patients demands further
evaluation.
Prostate cancer (PC)

ACSL4 may be not only an indicator of PC but also a
therapeutic target in castration-resistant PC (CRPC)
treatment. In contrast to adjacent benign epithelial cells,
ACSL4 is highly expressed in malignant PC cells, and
ACSL4 is particularly higher in CRPC than in hormone-
naive PC.[139] Moreover, according to the study of Ma
et al[140], since the AR suppresses ACSL4 expression by
binding its promoter, ACSL4 is highly expressed in AR
pathway-independent PC and promotes its proliferation,
migration, and invasion. These results suggest that ACSL4
is a potential therapeutic target for one-third of PC
patients who develop androgen deprivation therapy
resistance.

Recently, Castillo et al[57] discovered a new inhibitor of
ACSL4–PRGL493. This inhibitor can inhibit de novo
steroid synthesis, suppress PC tumor growth in animal
models, and sensitize PC cells to chemotherapeutic and
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hormonal treatment.[57] In addition, the long non-coding
RNA nuclear-enriched abundant transcript 1 (lncRNA
NEAT1) could promote docetaxel resistance in PC cells by
elevating ACSL4 expression via the inhibition of miR-34a-
5p and miR-204-5p.[141]
LC

Several recent studies have demonstrated that ACSL4 is a
suppressor of LC that could inhibit the survival, invasion,
and migration of cancer cells and accelerate their
ferroptosis.[142] According to the data from The Cancer
Genome Atlas, Oncomine, PrognoScan, and validation
samples, compared with normal tissues, ACSL4 was
downregulated in lung adenocarcinoma, and low ACSL4
expression predicts poor survival in LC.[83,142] The
lncRNA NEAT1 could promote ferroptosis sensitivity
in non-small cell lung cancer (NSCLC) by upregulating
ACSL4 expression.[143] The endoplasmic reticulum stress
induced by the LC microenvironment could decrease
ACSL4 expression and FA uptake, but did not change the
intracellular ROS levels.[144] In addition, curcumin,
accompanied by elevated ACSL4 levels, could induce
ferroptosis by activating autophagy in NSCLC for
therapeutic effects.[145] Remarkably, the suppression of
ACSL4 by bone morphogenetic protein 4 depletion
attenuated the resistance effect and restored FAs,
triglycerides, and CEs in gefitinib-resistant NSCLC
cells,[146] indicating that ACSL4-mediated FA metabolism
might play a significant role in the maintenance of
epidermal growth factor receptor-tyrosine kinase inhibi-
tor (EGFR-TKI) resistance.
Other cancer types

Strikingly, ACSL4, in synergism with its downstream lipid
metabolic reprogramming and ferroptosis execution, is
also involved in colon cancer, pancreatic cancer, glioma,
cervical cancer, and renal cancer. In colon cancer, several
anticancer molecules and extracts can exert cancer cell-
killing effects by upregulating ACSL4 to promote
ferroptosis. High expression of cytoglobin, which main-
tains oxygen homeostasis, could promote ferroptotic
colon cancer cell death by increasing the expression of
the P53-YAP1-ACSL4 axis.[147] Apatinib, a vascular
endothelial growth factor receptor (VEGFR) inhibitor
in cancer treatment, can upregulate ACSL4 and initiate
ferroptosis in colon cancer cells.[148] Bromelain, a mixture
of enzymes from pineapple, could remarkably upregulate
ACSL4 and exert cytotoxic effects in K-Ras mutant colon
cancer cells.[149] In addition, the antiproliferative effect of
ACSL4-mediated ferroptosis is observed in glioma and
glioblastoma. ACSL4 is downregulated in glioma, and the
exogenous overexpression of ACSL4 in glioma cells could
mediate a reduction in its viability.[150] Additionally, in
contrast to isocitrate dehydrogenase (IDH) 1 wild-type
glioma, ACSL4 represents lower protein expression in
the IDH1 mutant type, which is more responsive to
interventions.[151] Intriguingly, ACSL4-mediated ferrop-
tosis could promote necrosis in glioblastoma progression,
and ACSL4 depletion by small hairpin RNA significantly
diminished necrosis and aggressiveness in tumors.[152]

Dihydrotanshinone I and dihydroartemisinin can inhibit
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human glioma and glioblastoma progression by activating
ACSL4-mediated ferroptosis,[153,154] which might provide
novel treatment prospects. Furthermore, a bioinformatics
analysis identified ACSL4 as a significantly upregulated
gene in pancreatic cancer.[155] Ye et al[156] found that the
abrogation of adenosine 50-diphosphate ribosylation
factor 6 (ARF6) could increase the ACSL4 protein levels
and, thus, promote RSL3-induced ferroptosis in pancre-
atic cancer cells, and ROSI inhibiting ACSL4 could
abolish this effect, indicating that ARF6 is an upstream
regulator of ACSL4. Similarly, in pancreatic ductal
adenocarcinoma, the suppression of ACSL4 expression
by upregulated tyrosine phosphatase mitochondria 1
(protein tyrosine phosphatase, mitochondrial 1) could
inhibit ferroptosis.[157] Moreover, ACSL4 is also involved
in cervical cancer, although its role has not been clearly
elucidated. The circular RNA LIM domain only 1
(LOM1) was found to be downregulated in cervical
cancer tissues and could function as a competing
endogenous RNA by sponging miR-4192 to repress the
target gene ACSL4.[158] Oleanolic acid treatment in
cervical carcinoma cells and xenograft models could
promote ACSL4 expression and, thus, impair cancer
development, and the inhibition of ACSL4 by small
interfering RNA (siRNA) could counteract its antitumor
effect, which might depend on ACSL4-mediated ferrop-
tosis.[159] In addition, in renal cell carcinoma (RCC)
patients, ACSL4 expression was notably elevated and
indicated a poor prognosis.[44] Zinc oxide nanoparticles
can inhibit the tumorigenesis of RCC by modulating lipid
metabolism via miR-454-3p/ACSL4 axis.[44] Altogether,
we identified the profound and indispensable function of
ACSL4 in various cancer types; insight into targeting
ACSL4 provides a novel strategy in cancer treatment.
ACSL4 and I/R-induced injuries

IR-induced injuries are caused by sudden temporary
ischemia and reperfusion of the blood flow to organs,
resulting in organ damage by a robust inflammatory and
oxidative stress response. High ACSL4 expression and
ferroptosis have been widely observed after I/R in different
organs, such as the cerebrum, lung, intestine, heart, and
kidney.[30,160-163] During cerebral I/R, thrombin was
regarded as a potential contributor to ferroptosis-
mediated injuries by promoting AdA mobilization and
its subsequent esterification by ACSL4.[160] The lncRNA
lncAABR07025387.1 could negatively regulate the miR-
205 expression and, hence, upregulate ACSL4-mediated
ferroptosis in I/R injuries.[161]

Recent studies revealed that several agents inhibiting
ACSL4 could protect against I/R injury. Pretreatment with
baicalin, a natural flavonoid glycoside, prevented myo-
cardial injury by inhibiting ACSL4-mediated ferroptosis in
a myocardial I/R rat model. However, in myocardial cells
subjected to oxygen-glucose deprivation/reoxygenation,
baicalin could no longer show a protective effect.[162]

Inhibiting ACSL4 by ROSI before ischemia could diminish
ferroptotic damage in IR-injured lung tissue.[163] In
addition, treatment with ROSI after ischemia but before
reperfusion could alleviate ferroptosis-induced intestinal
injury.[30] These results suggest that ACSL4 inhibitor
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administration before I/R is a prospective approach for
injury prevention, although further clinical research is
needed for confirmation.
ACSL4 and metabolic diseases

Upregulated ACSL4 expression and accelerated ferropto-
sis are often observed in diabetes and its complica-
tions.[164,165] The inhibition of ACSL4 by ROSI
attenuated ferroptosis, improved kidney function, and
promoted the survival rate in diabetic kidney disease
(DKD) mice.[164] In addition, HMGB1 suppression could
decrease ACSL4 expression, prevent ROS, and restore
cellular proliferation in erastin- and high glucose (HG)-
treated mesangial cells,[166] a possible hint that HMGB1 is
an upstream regulator of ACSL4-mediated ferroptosis in
DKD. Moreover, ACSL4-mediated ferroptosis of retinal
pigment epithelial cells contributes to diabetic retinopathy
(DR).[165] Glia maturation factor-b protein is secreted and
accumulates in vitreous body exposed to HG, which could
prevent chaperone-mediated autophagic degradation of
ACSL4 in the lysosome by impairing the assembly of the
lysosome or alkalinizing the lysosome.[165] These results
indicate a significant role of ACSL4 in diabetic compli-
cations, and the underlying mechanism needs to be further
elucidated.

Similarly, emerging evidence has revealed a close relation-
ship between liver diseases and ACSL4. ACSL4 was
upregulated in non-alcoholic fatty liver disease (NAFLD)
and non-alcoholic steatohepatitis (NASH).[167,168] The
hypomethylated CpG site of ACSL4 was associated with
an increased risk of NAFLD and NASH.[169] In addition,
the suppression of ACSL4 by ROSI or siRNA significantly
alleviated arsenic-induced NASH and ferroptosis by
diminishing the 5-HETE content.[168] Nevertheless, the
substantial mechanism of ACSL4 in NAFLD and NASH
remains unclear.

ACSL4 is also involved in cardiovascular and cerebrovas-
cular injuries. By analyzing 40 human coronary artery
specimens, ACSL4 was found to be upregulated in the
advanced stage of atherosclerosis and positively related to
the severity of atherosclerosis.[170] ACSL4-miR5905p-
IL1B was proposed to be a pathway that affects the
progression of acute myocardial infarction disease.[171] In
addition, the depletion of circular RNA Carm1 could
protect against acute cerebral infarction by binding
miRNA-3098-3p to regulate ACSL4,[42] indicating that
Carm1 has a druggable potential to attenuate cerebrovas-
cular injuries.
A Potential Therapeutic Target

The antitumor resistance to chemotherapy and radiother-
apy related to ACSL4 expression differs in different cancer
types, indicating a complicated role of ACSL4 in cancer
treatment. For example, clinical evidence demonstrates
that high ACSL4 expression predicts a better antitumor
effect of sorafenib in HCC.[127,128] However, PC and LC
with high ACSL4 expression represent high resistance to
chemotherapeutic and EGFR-TKI treatment, respective-
ly.[57,146] On the one hand, abnormal lipid biosynthesis
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and enhanced extracellular lipid uptake occur to meet the
energy demand of unrestricted cancer cell growth,
indicating that ACSL4 inhibition might inhibit cancer
cell growth.[172] On the other hand, ACSL4-mediated
ferroptosis contributes to exacerbated cancer cell death,
indicating that high ACSL4 expression might help cancer
treatment.[173] Therefore, the comprehensive function of
ACSL4 in cancer progression and treatment remains
controversial, and its specific mechanism needs to be
further clarified.

In addition, as described above, inhibiting ACSL4 is a
practical therapeutic strategy to attenuate ferroptosis-
mediated tissue damage in acute kidney injury, athero-
sclerosis, DKD, DR, NASH, NAFLD, and I/R. The
suppression of ACSL4 by TZDs has shown druggable
potential in ameliorating kidney dysfunction in DKD.
TZDs, agonists of PPARg, selectively inhibit ACSL4
among the ACSL family.[54] By using distinct TZDs, such
as ROSI, PIO, and troglitazone, ferroptosis and lipid
peroxidation induced by RSL3 in cells were all pre-
vented.[55] Further research revealed that ROSI could
attenuate ferroptosis in renal tubular cells and, thus,
improve kidney function in DKD mice.[140] In addition,
several new compounds inhibiting ACSL4 have emerged
in recent years. Abemaciclib, an oral cyclin-dependent
kinase 4/6 inhibitor, is a potent and selective ACSL4
inhibitor that could surprisingly ameliorate the symptoms
of NAFLDs.[56] PRGL493, also a newly found compound
inhibiting ACSL4 and its downstream steroid synthesis,
could inhibit PC cell proliferation.[57]

Although the treatment benefit of these ACSL4 inhibitors
has been elucidated in many studies, a series of
difficulties in their application in clinical practice exist.
First, since ACSL4 is a vital enzyme that activates PUFAs
for their subsequent metabolism, whether a lack of
ACSL4 could worsen the metabolic disorder remains
unexplored. Second, how to suppress ACSL4 selectively
without affecting the biological function of other
molecules is also a major obstacle. For example, triacsin
C could sensitize colorectal carcinoma cells to chemo-
therapy.[174] Triacsin C is a natural intracellular ACSL
inhibitor from Streptomyces aureofaciens that can
suppress the activity of the whole ACSL family,[52,53]

which might impair the essential function of other ACSL
members and produce excessive damage. Third, testing
the efficacy and safety of these inhibitors in clinical
research is also an unmet need. Collectively, much more
research is needed before it will be possible to target
ACSL4 in human diseases.
Conclusions

In summary, ACSL4 is a key enzyme that mainly
activates AA and AdA by inserting CoA into them,
which is a basic step necessary for their metabolism.
ACSL4 is also indispensable for FA metabolism regula-
tion and ferroptosis execution by initiating PL peroxi-
dation. Several recent studies also demonstrated a close
interaction between ACSL4 and immunity, implicating
ACSL4 as a potential target to promote antitumor
immunity by triggering ferroptosis. However, the
2532
detailed mechanism and whether this is available for
clinical practice demand further elucidation. In addition,
ACSL4-mediated ferroptosis and lipid metabolism dis-
orders are involved in I/R-induced injuries, AKI, DR,
DKD, NASH, NAFLD, and atherosclerosis. Due to the
complicated role of ACSL4 in these different diseases,
targeting ACSL4 for disease treatment is prospective but
challenging.
Acknowledgements

We thank YCHan, HZhao, JF Yang, JH Liu, TYDuan, Q
Zhao, LY Sun, YY Xi, LJ Xu, CR Li, Y Liu, and CY Zhao
for their helpful suggestions concerning the writing of this
review.
Funding

This work was supported by the Key Program of General
Program of the National Natural Science Foundation of
China (NSFC) (No. 81730018) and the Natural Science
Foundation of Hunan Province (No. 2021JC0003).
Conflicts of interest

None.

References
1. de Carvalho CCCR, CaramujoMJ. The various roles of fatty acids.

Molecules 2018;23:2583. doi: 10.3390/molecules23102583.
2. Tang Y, Zhou J, Hooi SC, Jiang YM, Lu GD. Fatty acid activation

in carcinogenesis and cancer development: essential roles of long-
chain acyl-CoA synthetases. Oncol Lett 2018;16:1390–1396. doi:
10.3892/ol.2018.8843.

3. Steensels S, Ersoy BA. Fatty acid activation in thermogenic adipose
tissue. Biochim Biophys Acta Mol Cell Biol Lipids 2019;1864:79–
90. doi: 10.1016/j.bbalip.2018.05.008.

4. Steinberg SJ, Morgenthaler J, Heinzer AK, Smith KD, Watkins PA.
Very long-chain acyl-CoA synthetases. Human “bubblegum”

represents a new family of proteins capable of activating very
long-chain fatty acids. J Biol Chem 2000;275:35162–35169. doi:
10.1074/jbc.M006403200.

5. Quan J, Bode AM, LuoX. ACSL family: the regulatorymechanisms
and therapeutic implications in cancer. Eur J Pharmacol
2021;909:174397. doi: 10.1016/j.ejphar.2021.174397.

6. Yan S, Yang XF, Liu HL, Fu N, Ouyang Y, Qing K. Long-chain
acyl-CoA synthetase in fatty acid metabolism involved in liver and
other diseases: an update. World J Gastroenterol 2015;21:3492–
3498. doi: 10.3748/wjg.v21.i12.3492.

7. Radif Y, Ndiaye H, Kalantzi V, Jacobs R, Hall A, Minogue S, et al.
The endogenous subcellular localizations of the long chain fatty
acid-activating enzymes ACSL3 and ACSL4 in sarcoma and breast
cancer cells. Mol Cell Biochem 2018;448:275–286. doi: 10.1007/
s11010-018-3332-x.

8. Golej DL, Askari B, Kramer F, Barnhart S, Vivekanandan-Giri A,
Pennathur S, et al. Long-chain acyl-CoA synthetase 4 modulates
prostaglandin E2 release from human arterial smooth muscle cells.
J Lipid Res 2011;52:782–793. doi: 10.1194/jlr.M013292.

9. Klett EL, Chen S, Edin ML, Li LO, Ilkayeva O, Zeldin DC, et al.
Diminished acyl-CoA synthetase isoform 4 activity in INS 832/13
cells reduces cellular epoxyeicosatrienoic acid levels and results in
impaired glucose-stimulated insulin secretion. J Biol Chem
2013;288:21618–21629. doi: 10.1074/jbc.M113.481077.

10. Shimbara-Matsubayashi S, Kuwata H, Tanaka N, KatoM, Hara S.
Analysis on the substrate specificity of recombinant human acyl-
CoA synthetase ACSL4 variants. Biol Pharm Bull 2019;42:850–
855. doi: 10.1248/bpb.b19-00085.

11. Gan B. ACSL4, PUFA, and ferroptosis: new arsenal in anti-tumor
immunity. Signal Transduct Target Ther 2022;7:128. doi: 10.1038/
s41392-022-01004-z.

http://www.cmj.org


Chinese Medical Journal 2023;136(21) www.cmj.org
12. Kuwata H, Nakatani E, Shimbara-Matsubayashi S, Ishikawa F,
Shibanuma M, Sasaki Y, et al. Long-chain acyl-CoA synthetase 4
participates in the formation of highly unsaturated fatty acid-
containing phospholipids inmurinemacrophages. Biochim Biophys
Acta Mol Cell Biol Lipids 2019;1864:1606–1618. doi: 10.1016/j.
bbalip.2019.07.013.

13. Killion EA, Reeves AR, El Azzouny MA, Yan Q-W, Surujon D,
Griffin JD, et al. A role for long-chain acyl-CoA synthetase-4
(ACSL4) in diet-induced phospholipid remodeling and obesity-
associated adipocyte dysfunction. Mol Metab 2018;9:43–56. doi:
10.1016/j.molmet.2018.01.012.

14. Wang W, Hao X, Han L, Yan Z, Shen WJ, Dong D, et al. Tissue-
specific ablation of ACSL4 results in disturbed steroidogenesis.
Endocrinology 2019;160:2517–2528. doi: 10.1210/en.2019-00464.

15. Piccini M, Vitelli F, Bruttini M, Pober BR, Jonsson JJ, VillanovaM,
et al. FACL4, a new gene encoding long-chain acyl-CoA synthetase
4, is deleted in a family with Alport syndrome, elliptocytosis, and
mental retardation. Genomics 1998;47:350–358. doi: 10.1006/
geno.1997.5104.

16. Meloni I,MuscettolaM,RaynaudM, Longo I, BruttiniM,Moizard
M-P, et al. FACL4, encoding fatty acid-CoA ligase 4, is mutated in
nonspecific X-linked mental retardation. Nat Genet 2002;30:436–
440. doi: 10.1038/ng857.

17. Ropers H-H, Hamel BCJ. X-linked mental retardation. Nat Rev
Genet 2005;6:46–57. doi: 10.1038/nrg1501.
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