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Abstract

Ferroptosis is a nonapoptotic form of cell death characterized by iron-dependent
lipid peroxidation in membrane phospholipids. Since its identification in
2012, extensive research has unveiled its involvement in the pathophysiology
of numerous diseases, including cancers, neurodegenerative disorders, organ
injuries, infectious diseases, autoimmune conditions, metabolic disorders, and
skin diseases. Oxidizable lipids, overload iron, and compromised antioxidant
systems are known as critical prerequisites for driving overwhelming lipid
peroxidation, ultimately leading to plasma membrane rupture and ferroptotic
cell death. However, the precise regulatory networks governing ferroptosis and
ferroptosis-targeted therapy in these diseases remain largely undefined, hin-
dering the development of pharmacological agonists and antagonists. In this
review, we first elucidate core mechanisms of ferroptosis and summarize its epi-
genetic modifications (e.g., histone modifications, DNA methylation, noncoding
RNAs, and N6-methyladenosine modification) and nonepigenetic modifications
(e.g., genetic mutations, transcriptional regulation, and posttranslational mod-
ifications). We then discuss the association between ferroptosis and disease
pathogenesis and explore therapeutic approaches for targeting ferroptosis. We
also introduce potential clinical monitoring strategies for ferroptosis. Finally,
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disease.

KEYWORDS

1 | INTRODUCTION

Regulated cell death (RCD) refers to a controllable and
intervenable form of cell death, playing a fundamental role
in maintaining homeostasis and biological processes.' Fer-
roptosis, first described in 2012 by the Stockwell laboratory
during a screen for agents selectively lethal to RAS-mutant
cancer cells, represents a unique, nonapoptotic form of
RCD.? Unlike apoptosis, autophagy, and necroptosis, fer-
roptosis is driven by iron-dependent overwhelming lipid
peroxidation of polyunsaturated fatty acids (PUFAs) in
membrane phospholipids, underscoring the pivotal role
of lipid metabolism in its initiation and execution.® The
oxidizable lipids in the form of PUFA-containing phos-
pholipids (PUFA-PLs) provide the substrates for ferrop-
tosis execution.*> Under conditions of iron overload and
compromised antioxidant defenses, these lipids undergo
uncontrolled peroxidation, leading to plasma membrane
permeabilization, rupture, and eventual cell death.*>

The regulation of ferroptosis is complex and involves
both epigenetic modulators and nonepigenetic factors
such as histone modifications, DNA methylation, non-
coding RNAs (ncRNAs) regulation, N6-methyladenosine
(m6A) modification, genetic mutations, transcriptional
regulators, and posttranslational modifications (PTMs).>
These elements directly or indirectly control the governing
mechanisms of ferroptosis, including iron accumulation,
lipid metabolism, and antioxidant responses. Dysregu-
lation of the ferroptotic network has been increasingly
implicated in the pathogenesis of various diseases, such
as cancers, neurodegenerative disorders, organ injuries,
infectious diseases, autoimmune conditions, metabolic
disorders, and skin diseases.”'” A detailed understanding
of ferroptosis and its role in disease pathophysiology paves
the way for innovative therapeutic strategies.

To date, several ferroptosis-targeted therapies have been
developed, focusing on modulating the key drivers of fer-
roptosis and offering potential new treatment options.
This review overviews the core mechanisms of ferropto-
sis, focusing on its prerequisites and execution, and the
intricate regulatory network of ferroptosis modulated by
epigenetic and nonepigenetic factors was also illustrated.

we put forward several unresolved issues in which progress is needed to better
understand ferroptosis. We hope this review will offer promise for the clinical
application of ferroptosis-targeted therapies in the context of human health and

epigenetics, ferroptosis, human disease, lipid peroxidation

Additionally, we discuss the emerging role of ferroptosis in
human disease and summarize the primary pharmacolog-
ical strategies aimed at modulating this process. Last, we
highlight potential clinical monitoring tools for ferropto-
sis, providing a foundation for future clinical applications.

2 | CORE MECHANISMS OF
FERROPTOSIS

Plasma membrane rupture represents the final phase in
various forms of RCDs. In contrast to other RCDs that
necessitate specific pore-forming proteins for their exe-
cution, the occurrence of ferroptosis relies on distinct
lipid-centric mechanisms to disrupt plasma membrane
integrity.'"'> The peroxidation of PUFA-PLs is a key event
in ferroptosis, with oxidizable lipids, overloaded iron, and
impaired antioxidant systems serving as critical prerequi-
sites that drive this overwhelming peroxidation, ultimately
resulting in plasma membrane rupture and ferroptotic cell
death (Figure 1).

2.1 | Ferroptosis prerequisites

211 | Ogxidizable lipids

The preferential substrates in the cellular membrane, par-
ticularly PUFA-PLs, are essential for lipid oxidation and
ferroptosis onset. This is because PUFA tails within PLs
contain more than one double bond and bis-allylic moi-
eties, which are highly vulnerable to oxidative damage and
converted to PL hydroperoxides (PL-PUFA-OOHs)."* The
incorporation of PUFA into PLs requires the action of lipid
metabolism enzymes, specifically acyl-CoA synthetase
long-chain family member 4 (ACSL4) and lysophos-
phatidylcholine acyltransferase 3 (LPCAT3).'* ACSL4 cat-
alyzes the conversion of PUFA into PUFA-CoAs, which
can be integrated into PLs by LPCAT3."> The activity of
ACSL4 can be amplified by protein kinase C (PKCSII)
through phosphorylation at Thr328 and dimerization, thus
facilitating ferroptosis.'® Interestingly, recent research by
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FIGURE 1 Core mechanisms of ferroptosis. Oxidizable lipids in the cellular membrane, particularly PUFA-PLs mediated by ACSL4 and
LPCATS3, are preferential substrates of iron-dependent nonenzymatic and enzymatic lipid peroxidation. When GPX4-dependent or
-independent antioxidant systems (e.g., FSP1, DHODH, GCH1, iNOS, 7-DHC) are compromised, cellular defense against lipid peroxidation
diminishes, allowing uncontrolled lipid peroxidation. The lethal accumulation of lipid peroxidation overwhelms antioxidant defenses and
membrane repair capacity, activating mechanosensitive cation channels, disrupting ion homeostasis, and ultimately leading to membrane
rupture and ferroptotic cell death. ACSL4, acyl-CoA synthetase long-chain family member 4; ALOX, arachidonate lipoxygenase; BH4,
tetrahydrobiopterin; BSO, buthionine sulfoximine; CoQ, coenzyme Q; Cys, cysteine; Cys,, cystine; DHODH, dihydroorotate dehydrogenase;
DMT], divalent metal transporter 1; FPN, ferroportin; FSP1, ferroptosis suppressor protein 1; GCH1, GTP cyclohydrolase-1; GCL,
glutamate—-cysteine ligase; Glu, glutamate; GPX4, glutathione peroxidase 4; GSH, glutathione; H,O,, hydrogen peroxide; LIP, labile iron pool;
iNOS, inducible nitric oxide synthase; LPCAT3, lysophosphatidylcholine acyltransferase 3; MBOAT, membrane bound O-acyltransferase;
MUFA, monounsaturated fatty acid; LTF, lactotransferrin; NCOA4, nuclear receptor coactivator 4; PKCfII, protein kinase C; POR,
cytochrome P450 oxidoreductase; PUFA, polyunsaturated fatty acid; SCD1, stearoyl-CoA desaturase; Se, selenium; SFA, saturated fatty acid;
STARD7, StAR-related lipid transfer domain-containing 7; STEAP3, six-transmembrane epithelial antigens of the prostate 3; TF, transferrin;
TFRC, transferrin receptor; TRP, transient receptor potential; VK, vitamin K.

Brent R. Stockwell’s team has demonstrated that exoge- primary substrates for lipid peroxidation. The formation
nous supplementation with PUFAs stimulates the biosyn- of PL-PUFA,s facilitates mitochondrial reactive oxygen
thesis of PLs with two PUFA tails (diacyl-PUFA PLs; species (ROS) production and lipid peroxidation, thus
PL-PUFA,s),"” rather than those with a single PUFA tail inducing ferroptosis in multiple cancer cell lines.!” In addi-
(PL-PUFA;s), which were previously considered as the tion to PUFA-PLs, polyunsaturated ether phospholipids
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(PUFA-ePLs), synthesized by peroxisomes, may also serve
as substrates for lipid peroxidation and ferroptosis induc-
tion in certain cell lines.'®!” Moreover, Ca?*-independent
phospholipase A28 (iPLA2B) can cleave oxidized PUFA
residues from PLs to detoxicate lipid peroxidation and
ferroptosis mediated by TP53 and ROS stress.?’

In contrast, monounsaturated fatty acids (MUFAs) are
protective against ferroptosis by competitively inhibiting
the biosynthesis of PL-PUFA." Biologically, endogenous
MUPFAs are converted by saturated fatty acids (SFAs)
through stearoyl-CoA desaturase, and ACSL3 catalyzes
MUFAs into their corresponding MUFA-CoAs.?** Subse-
quently, members of membrane bound O-acyltransferase
(MBOAT) family, including MBOATI and MBOAT2,
mediate the incorporation of MUFA-CoA into PLs,
thereby competitively reducing the levels of PLs with
PUFA tails and suppressing ferroptosis.”> Exogenous
supplementation with MUFAs, such as oleic acid, can
hamper the interaction between PUFA and PL-PUFA; to
reduce PL-PUFA,s content, particularly when co-treated
with PUFAs like docosahexaenoic acid.” This process
contributes to the ferroptosis-inhibitory role of MUFAs. In
addition to MUFAs, the enzyme LPCAT1-mediated incor-
poration of both endogenous and exogenous SFAs into
PLs counteracts the levels of PUFA-PLs in the membrane,
thereby conferring resistance to ferroptosis.’* In sum-
mary, the interplay between various lipids and associated
lipid-modifying enzymes is critical for regulating lipid
peroxide production and determining vulnerability to
ferroptosis.

21.2 | Overloaded iron

In line with its name, iron is a primary driving force
behind ferroptosis through both nonenzymatic and enzy-
matic processes. In biological systems, iron mainly varies
between ferrous (Fe?*) and ferric (Fe3*) redox states.”
Notably, the reaction between labile Fe* and hydrogen
peroxide (H,0,) results in the formation of Fe3* and
hydroxyl radicals (OHe), a highly mobile and toxic form
of ROS, and this process is commonly known as the
Fenton reaction.’® Hydroxyl radicals produced by Fenton
reaction can attack PUFA-PLs to initiate and propagate
nonenzymatic lipid peroxidation and ferroptosis.?” More-
over, iron and its derivatives serve as catalytic centers
for various enzymes, such as arachidonate lipoxygenases
(ALOXs) and cytochrome P450 (CYP450) oxidoreductase
(POR), which are involved in the generation of lipid
hydroperoxides.”” Hence, manipulating labile iron levels
can regulate cellular sensitivity to ferroptosis by a series of
iron metabolism processes, including iron import, storage,
utilization, and export.

Under physiological conditions, Fe**-bound transferrin
(TF) is recognized and internalized via the membrane pro-
tein transferrin receptor (TFRC)-mediated endocytosis.?®
Subsequently, Fe** can be reduced to Fe’* by six-
transmembrane epithelial antigens of the prostate 3 within
endosomes, and transported to the cytoplasm via divalent
metal transporter 1 (DMT1/SLCI11A2).?® The released fer-
rous iron contributes to the formation of labile iron pool
(LIP), which initiates both nonenzymatic and enzymatic
lipid peroxidation. Interfering with this endocytosis pro-
cess by genetic inhibition of TFRC indeed decreases Fe*
levels and relieves ferroptosis.”’ Similarly, lactotransferrin
is also implicated in the iron import and functions as a
ferroptosis-promoting factor.*” The excess Fe?* can bind to
ferritin for iron storage.*' Ferritin consists of ferritin heavy
chain 1 (FTH1) and ferritin light chain (FTL), with only
FTHI1 possessing ferroxidase activity, which converts Fe?*
into nontoxic Fe3* for storage.*” Consequently, inhibition
of ferritin expression, especially FTH1, increases labile iron
levels and promotes ferroptosis.**** In response to intra-
cellular iron demand, ferritin can be selectively degraded
by nuclear receptor coactivator 4 (NCOA4)-mediated fer-
ritinophagy to increase iron availability, which dictates
ferroptosis sensitivity.>>*’ Additionally, excess Fe’* can
be exported by ferroportin (FPN/SLC40A1) in the cellular
membrane. Therefore, it is not surprising that suppression
of FPN expression can lead to increased cellular iron abun-
dance and induce a proferroptotic state.>®** Together, the
regulation of iron content through various factors controls
cellular vulnerability to ferroptosis.

213 | Compromised antioxidant systems

Ferroptosis is antagonized by two main antioxidant sys-
tems, and impairment of these antioxidant mechanisms
can induce or sensitize cells to ferroptosis. The first sys-
tem involves glutathione (GSH) peroxidase 4 (GPX4), the
only known enzyme that directly reduces membrane PL
peroxides to alcohols to terminate lipid peroxidation.*’
Notably, GPX4 is a selenoprotein, and selenium is essen-
tial for its expression and activity.*' Supplementation
with selenium enhances both the transcription and pro-
tein synthesis of GPX4.*>** In contrast, treatment with
statins disrupts the translation of selenoprotein, particu-
larly GPX4, leading to increased levels of cellular lipid
peroxidation and heightened susceptibility to ferroptosis.*
GPX4 detoxifies PL peroxides dependent on its active site,
namely selenocysteine. Small molecule inhibitors, such as
RSL3, can react with the selenocysteine of GPX4, result-
ing in direct inactivation of GPX4 and potent induction
of ferroptosis.*® Genetic ablation of GPX4 or enhanced
degradation of GPX4 by pharmacological compounds (e.g.,
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N6FI11 and FIN56) also triggers an increase in lipid perox-
ides and consequent ferroptotic death.*’~*° Furthermore,
GPX4 exists in three isoforms: mitochondrial, cytoso-
lic, and nuclear GPX4.* Although mitochondrial GPX4
may contribute to inhibiting mitochondrial lipid peroxida-
tion and ferroptosis, cytosolic GPX4 is generally regarded
as the most crucial isoform for preventing ferroptosis.*
Increasing evidence suggests that cationic residues in
cytosolic GPX4 enable electrostatic interactions with the
plasma membrane surface, catalyzing the reduction of
PL-PUFA-OOHs via a charge-driven substrate recognition
mechanism, despite the absence of plasma membrane-
targeting signals in cytosolic GPX4.”! GPX4 utilizes GSH
as a cofactor to detoxify PL hydroperoxide.*>*’ GSH is
synthesized from glycine, cysteine and glutamate via the
enzyme glutamate—cysteine ligase (GCL), with cysteine
serving as the rate-limiting factor.”? Cells mainly import
cystine (the oxidized form of cysteine) via the system
Xc~, a cystine-glutamate antiporter composed of solute
carrier family 7 member 11 (SLC7A11) and solute carrier
family 3 member 2 (SLC3A2).°> Once imported, cystine
is immediately reduced to cysteine through an NADPH-
consuming reaction.>* Consequently, blocking system xc™
activity with pharmacological agents including erastin,
sulfasalazine (SAS), and sorafenib could result in impaired
cystine uptake, GSH depletion, indirect inactivation of
GPX4, and ultimate ferroptosis induction.”>>>° Similarly,
culturing cells in cystine-starved medium triggers the
rapid loss of GSH and GPX4 inactivation, thus inducing
ferroptosis.”’ Direct inhibition of GSH synthesis using the
GCL inhibitor buthionine sulfoximine (BSO) also inacti-
vates GPX4 and triggers ferroptosis in certain cell lines.*’
Together, system xc™-mediated cystine import, GSH syn-
thesis, and GPX4 activity constitute a robust ferroptosis
protection system, and intervention in this pathway can
lead to ferroptotic cell death.

Although the system xc™-GSH-GPX4 system is the cen-
ter of ferroptosis surveillance, GPX4-independent mecha-
nisms have been identified to protect against ferroptosis.
Other systems are controlled by enzymes including ferrop-
tosis suppressor protein 1 (FSP1),°*° dihydroorotate dehy-
drogenase (DHODH),’® GTP cyclohydrolase-1 (GCH1),%°
and inducible nitric oxide synthase (iNOS).°" These
enzymes generate metabolites with lipophilic radical-
trapping antioxidant (RTA) properties, thereby effectively
interrupting PL peroxidation cascades. Thus, interfering
with these antioxidant systems can promote the accu-
mulation of lipid peroxides and ferroptosis. FSP1 is a
NAD(P)H-ubiquinone reductase that can reduce coen-
zyme Q (CoQ) and vitamin K to their corresponding hydro-
quinone (CoQH, and VKH,), which function as potent
RTAs and prevent lipid peroxidation.’®>%% Notably, the
plasma-membrane localization of FSP1, mediated by the

N-terminal myristoylation, is essential for its ferroptosis-
suppressing activity.”® Dissociation of FSP1 from the
membrane and its phase separation induced by the com-
pound icFSPI, or direct inhibition of FSP1 enzyme activity
via iFSP1, could significantly enhance ferroptosis.’>* In
addition, DHODH, a mitochondrial enzyme involved in
pyrimidine biosynthesis, suppresses mitochondrial lipid
peroxidation by reducing CoQ to CoQH,, which coor-
dinates with mitochondrial GPX4 to prevent ferroptosis
within the mitochondria.’® Inhibition or inactivation of
DHODH has been linked to the promotion of ferropto-
sis in cancer cells characterized by low mitochondrial
GPX4 expression. Furthermore, CoQ biosynthesis relies on
StAR-related lipid transfer domain-containing 7 (STARD7)
within mitochondria.®* The transport of CoQ from mito-
chondria to the cytoplasm and plasm membrane requires
the presence of cytosolic STARD7.°* Both processes are
essential for CoQ-dependent antioxidant defense against
ferroptosis.** Moreover, GCHI is implicated in the biosyn-
thesis of the antioxidant tetrahydrobiopterin (BH4), which
selectively protects PL-PUFA,s from oxidative damage,
thus safeguarding cells from ferroptosis.®’ Inhibition of
GCHI expression or the regeneration of BH4 favors a pro-
ferroptotic state in cancer cells.®>°® In addition to CoQH,,
VKH,, and BH4, nitric oxide (NO*) derived from iNOS acts
as another GPX4-independent ferroptosis resistance fac-
tor, probably through its interaction with 15-lipoxygenase
(15-LOX) and lipid radicals generated by 15-LOX.°! M2
macrophages express lower levels of iNOS and NO* com-
pared with M1 macrophages, rendering them more vulner-
able to ferroptosis.®’ Metabolites involved in cholesterol
biosynthesis, such as 7-dehydrocholesterol (7-DHC), also
display ferroptosis-modulating activity.”* By reducing
lipid peroxyl radicals, 7-DHC neutralizes PL peroxidation
in both the plasma membrane and mitochondria, thus
alleviating ferroptosis.®’-°® Inhibition of 7-DHC synthesis
through the deletion of the upstream enzyme sterol-C5-
desaturase significantly increases cellular sensitivity to
ferroptosis.®”% Collectively, these endogenous RTAs and
associated metabolic enzymes form a complex network
for scavenging deleterious lipid hydroperoxides. Inhibi-
tion of RTA biosynthesis by genetic or pharmacological
approaches sensitizes cells to ferroptosis across diverse
contexts.

2.2 | Ferroptosis execution

In most forms of RCD, the terminal events typically involve
permeabilization and plasma membrane rupture.”” Fer-
roptosis is primarily executed through mechanisms cen-
tered on lipid peroxidation, which regulates plasma mem-
brane integrity. Lipid peroxidation occurs in three phases
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including initiation, propagation, and termination.”® The
initiation of PL peroxidation involves both nonenzymatic
and enzymatic mechanisms, as described above. Once PL
peroxidation is initiated and not promptly neutralized,
an auto-amplifying lipid peroxidation chain reaction will
occur. During this propagation process, the phospholipid
radical (PLe) reacts with molecular oxygen, leading to for-
mation of the phospholipid peroxyl radical (PLOQs). This
peroxyl radical subsequently interacts with a PUFA within
the PL, generating a lipid peroxide (PLOOH) and another
new PL«, which can initiate another radical chain reaction.
This autooxidation process can be terminated by GPX4 and
GPX4-independent antioxidant systems. Upon proferrop-
totic stimuli, the accumulation of lipid peroxides seems to
occur in a sequential manner across different subcellular
locations. Recent studies show that lipid peroxidation first
accumulates in the endoplasmic reticulum membrane, fol-
lowed by further cumulation in the plasma membrane,
both of which are crucial for the initiation of ferroptotic
cell death.””2

The accumulation of lipid peroxides in the plasma mem-
brane could increase plasma membrane tension, which
subsequently activates mechanosensitive cation chan-
nels, including Piezol and transient receptor potential.'?
The opening of these channels causes an influx of
Ca’* and Na*, alongside an efflux of K*. Meanwhile,
the inactivation of Na*/K*-ATPase cooperatively poten-
tiates the imbalance in ion fluxes.””> The loss of ion
homeostasis and subsequent osmotic changes across the
membrane lead to cell rounding and plasma mem-
brane breakdown.'? Blocking this osmotic process with
high molecular weight polyethyleneglycol, an osmopro-
tectant, significantly delays cell swelling, plasma mem-
brane damage, and ferroptotic cell death.”*”* The for-
mation of nanoscale pores in the membrane has been
observed during ferroptosis.’”>”* The opening of nanopores
facilitates Ca®* and water influx, leading to osmotic
swelling, plasma membrane breakdown, and ultimately
ferroptotic cell death.”>”* However, it remains unclear
whether pore-forming proteins, such as gasdermin family
proteins—known for mediating membrane rupture during
pyroptosis—contribute to pore formation and permeabi-
lization in ferroptotic cells. Furthermore, Ca?t influx
during ferroptosis could activate the endosomal sorting
complexes required for transport (ESCRT)-III complex.”*7
ESCRT-III typically mediates plasma membrane repair in
response to necroptosis or pyroptosis.”>’” Genetic inhibi-
tion of ESCRT-III has been shown to increase sensitivity
to ferroptosis, suggesting its membrane repair role in fer-
roptosis. These findings indicate the existence of a complex
interplay within cells between plasma membrane damage
and repair, and ferroptosis appears to execute when the
damage is overwhelming.

3 | EPIGENETIC AND NONEPIGENETIC
REGULATION IN FERROPTOSIS

Ferroptosis response is governed by a complex network
involving both epigenetic modifications (e.g., histone mod-
ifications, DNA methylation, ncRNAs, and m6A modifica-
tion) and nonepigenetic modifications (e.g., genetic muta-
tions, transcriptional regulation, and PTMs) (Figures 2
and 3). These modifications can influence its sensitivity
or trigger ferroptosis by dynamically regulating the expres-
sion and activity of key ferroptosis-related molecules, pro-
viding potential personalized targets for the development
of ferroptosis-based therapies.

3.1 | Epigenetic regulation in ferroptosis

3.1.1 | Histone modifications

Histones are the fundamental protein components of chro-
matin. Histone octamers, consisting of two copies each of
four histones (H2A, H2B, H3, and H4), are wrapped by
DNA forming the basic repeating unit of chromatin known
as the nucleosome. Various modifications, including acyla-
tion, methylation, and ubiquitination, have been identified
on the amino termini or tails of histones, which regulate
DNA accessibility and the expression of ferroptosis-related
genes (Figure 2A).

All histone core proteins are subject to ubiquitination,
with H2A and H2B being the most frequently modi-
fied. SLC7AI1l1 can be epigenetically activated through
the ubiquitination of histones H2A (H2Aub) and H2B
(H2Bub).”*8! Tumor suppressors such as BRCAL1 associ-
ated with deubiquitinase 1 (BAP1) and TP53 reduce the
occupancy of H2Aub and H2Bub at the SLC7A11 promoter
in a de-ubiquitination-dependent manner, suppressing its
expression and inducing ferroptosis.”*”” Recent studies
have also shown that the histone H2A deubiquitinase
MYSMI1 is essential for hematopoietic stem cells function
by protecting against ferroptosis. Mechanistically, MYSM1
deficiency reduces the translation rate of ferroptosis-
protective genes, thereby increasing the vulnerability of
hematopoietic stem cells to ferroptosis and impairing their
function.®?

Histone acetylation typically serves as a positive regula-
tory modification, enhancing gene expression by reducing
histone-DNA interactions and loosening chromatin
structure through the neutralization of histone’s positive
charge.® Inhibition of lysine acetyltransferase 5 (KATS5),
which reduces H3K27ac abundance at the GPX4 promoter,
downregulates GPX4 and promotes ferroptosis in breast
cancer cells.** NAD*-dependent histone deacetylases like
SIRT1 and SIRT3 also induce ferroptosis by epigenetically
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FIGURE 2 Epigenetic regulation in ferroptosis. (A) Posttranslational modifications of histones, such as acylation, methylation, and
ubiquitination, regulate DNA accessibility and the expression of ferroptosis-related genes, thereby modulating the cellular ferroptosis
response. (B) miRNAs regulate ferroptosis by inhibiting mRNA translation or promoting mRNA degradation, while IncRNAs and circRNAs
function as competing endogenous RNAs (ceRNAs), sponging miRNAs to modulate the expression of ferroptosis-related genes such as
SLC7A11 and GPX4. (C) m6A modifications regulate ferroptosis by altering the mRNA stability of key genes such as SLC7A11, GPX4, and FSP1
through the coordinated actions of methyltransferases, demethylases, and reader proteins. ACSL4, acyl-CoA synthetase long-chain family
member 4; BAP1, BRCAl-associated deubiquitinase 1; BECNI, beclin 1; CBS, cystathionine beta-synthase; DMTI, divalent metal transporter 1;
DPP4, dipeptidyl peptidase 4; FPN, ferroportin; FSP1, ferroptosis suppressor protein 1; FTHI, ferritin heavy chain 1; FTO, FTO
alpha-ketoglutarate dependent dioxygenase; GCH1, GTP cyclohydrolase-1; GPX4, glutathione peroxidase 4; H2Aub, ubiquitination of histones
H2A; H2Bub, ubiquitination of histones H2B; IGF2BP3, insulin-like growth factor 2 mRNA binding protein 3; KATS5, lysine acetyltransferase
5; LSH, lymphoid-specific helicase; NKAP, NF-xB activating protein; m°A, N6-methyladenosine; MAT2A, methionine adenosyltransferase
2A; METTLA4, methyltransferase-like 4; SIRTI, sirtuin 1; SLC1A5, solute carrier family 1 member 5; SLC3A2, solute carrier family 3 member 2;
SLC7A11, solute carrier family 7 member 11; Snail, snail family transcriptional repressor 1; TF, transferrin; YTHDF1, YTH
N6-methyladenosine RNA binding protein F1.

inhibiting epithelial-mesenchymal transition in cancer upstream of BRD4 by either inhibiting the histone methyl-
cells.®>®  Acetylation recognition by bromodomain- transferase G9a or enhancing histone deacetylase SIRT1
containing (BRD) proteins, such as BRD4, further activity. This, in turn, disrupts BRD4’s ability to recognize
modulates ferroptosis sensitivity. The BRD4 inhibitor acetylation sites on histones at GPX4 and SLC7A11 genes,
has been shown to elevate H3K4me3 and H3K27ac levels resulting in their downregulation and the subsequent
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FIGURE 3 Nonepigenetic regulation in ferroptosis. (A) Genetic mutations in neurodegenerative diseases and cancers are key
modulators of pathways influencing ferroptosis susceptibility as shown. (B) NRF2 transcriptionally regulates genes involved in GSH and
GPX4 biosynthesis, iron metabolism, NADPH production, and FSP1, thereby modulating cellular susceptibility to ferroptosis. TP53
transcriptionally inhibits SLC7A11 and VKORCILI and upregulates SAT1, sensitizing cells to ferroptosis. However, under cystine deprivation,
TP53 suppresses ferroptosis by promoting CDKNI1A expression. (C) Core ferroptosis-regulating proteins, including SLC7A11, GPX4, ACSL4,
FSP1, and DHODH, can undergo multiple PTMs, such as ubiquitination, phosphorylation, acetylation, O-GlcNAcylation, S-palmitoylation,
N-myristoylation, methylation, and SUMOylation, thereby influencing ferroptosis sensitivity. ACSL4, acyl-CoA synthetase long-chain family
member 4; ALOX, arachidonate lipoxygenase; BAP1, BRCAl-associated deubiquitinase 1; CARM]I, coactivator-associated arginine
methyltransferase 1; DHODH, dihydroorotate dehydrogenase; EGFR, epidermal growth factor receptor; FPN, ferroportin; FSP1, ferroptosis
suppressor protein 1; FTH], ferritin heavy chain 1; GCH1, GTP cyclohydrolase-1; GPX4, glutathione peroxidase 4; GSH, glutathione; HMOX1,
heme oxygenase 1; IDH]I, isocitrate dehydrogenase 1; iPLA2(, phospholipase A23; KEAPI, kelch-like ECH-associated protein 1; NF2,
neurofibromin 2; NRF2, nuclear factor erythroid 2-related factor 2; OGT, O-linked N-acetylglucosamine (GlcNAc) transferase; SAHH,
s-adenosylhomocysteine hydrolase; SAT1, spermidine/spermine Nl-acetyltransferase 1; SCD1, stearoyl-CoA desaturase; SENP1,
SUMO-specific peptidase 1; SODI, superoxide dismutase 1; TF, transferrin; TFRC, transferrin receptor; VKORCIL], vitamin K epoxide
reductase complex subunit 1-like 1. GCLC, glutamate-cysteine ligase catalytic subunit; SNCA, synuclein a; PIK3CA,
phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit r; YAP, Yesl-associated transcriptional regulator; TAZ, transcriptional
coactivator with PDZ-binding motif; NOX4, NADPH oxidase 4; CDKNI1A, cyclin dependent kinase inhibitor 1A; CKB, creatine kinase B; ATM,
ATM serine/threonine kinase; ZDHHCS, zinc finger DHHC-type containing 8.

induction of ferroptosis.®” Thus, BRD4 inhibitors could KAT2B, impacting the transcriptional regulation of pro-
be used alone or in combination with immunotherapy and antiferroptosis genes and ferroptosis sensitivity.”"

to kill several BRD4-proficient tumors by inducing Histone methylation also plays a significant role,
ferroptosis.®’*° Furthermore, transcription factors like with different sites and levels of methylation confer-
HICI and HNF4A compete with histone acetyltransferase ring distinct functions. H3K4me3 and H3K9me3 are
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among the most studied methylation markers in ferrop-
tosis. H3K4me3 typically promotes transcription, while
H3K9me3 represses it.”’ Methionine adenosyltransferase
2A (MAT2A) increases H3K4me3 occupancy at the ACSL3
promoter, enhancing ACSL3 expression and ferropto-
sis resistance.’? Histone methyltransferase SUV39HI1 cat-
alyzes H3K9me3 on the DPP4 promoter, thereby repress-
ing its expression and DPP4-NOXI1 complex formation,
ultimately inhibiting lipid peroxidation and ferroptosis
in clear cell renal carcinoma. The histone methyltrans-
ferase SETDBI has been shown to promote ferroptosis
by enhancing E-cadherin expression through increasing
H3K9me3 levels on the Snail promoter.”* In contrast, lysine
demethylases KDM4A reduce H3K9me3 occupancy at the
SLC7A11 promoter, upregulating SLC7A11 and resisting
ferroptosis.®! Additionally, BRD4770 has been reported to
activate the expression of key ferroptosis-regulatory genes,
including FSP1, SLC7A11, GPX4, and GCH]1, by inhibiting
H3K9mel/2/3 modifications, thus conferring resistance to
ferroptosis in vascular smooth muscle cells.”

3.1.2 | DNA methylation

DNA methylation involves the addition of a methyl group
to cytosine residues within DNA, a process mediated by
DNA methyltransferases.”> This modification is typically
associated with gene silencing.”> Key ferroptosis defense
genes, such as GPX4 and FSP1, can be silenced by DNA
methylation, enhancing ferroptosis susceptibility.”>"” For
instance, glycine increases levels of the DNA methylation
donor SAM, thereby promoting GPX4 methylation and
inducing ferroptosis in rheumatoid arthritis.”® Hyperme-
thylation of the FSP1 promoter underpins the dependence
of acute lymphoblastic leukemia on the GSH system,
increasing its vulnerability to ferroptosis,”’ while DNA
methylation silences lipid metabolism genes like ELOVL
fatty acid elongase 5 and fatty acid desaturase 1, conferring
resistance to ferroptosis in gastric cancers.”®

3.1.3 | ncRNAs regulation

ncRNAs, accounting for over 90% of human genome-
derived RNAs, play critical roles in biological processes
and disease.”” ncRNAs are classified into various cat-
egories primarily according to their size, each play-
ing a crucial role in regulating ferroptosis (Figure 2B).
Among these, microRNAs (miRNAs) regulate ferroptosis
by inhibiting messenger RNAs (mRNAs) translation or
promoting mRNA degradation.'’’ Specific miRNAs, such
as miR-5096, miR-375, and miR-378a-3p, induce ferropto-
sis through the downregulation of SLC7A11.!°"1%% Simi-

larly, miRNAs including miR-15a-5p, miR-324-3p, miR-182-
5p, and miR-541-3p facilitate ferroptosis by suppressing
GPX4.,102104-106 Conversely, miR-137 inhibits ferroptosis
by downregulating the glutamine transporter SLC1A5,'
while miR-670-3p and miR-424-5p reduce ferroptosis by
targeting the lipid metabolism gene ACSL4.!%%1%° More-
over, miRNAs act as versatile modulators of ferroptosis by
influencing various iron metabolism processes. For exam-
ple, miR-302a-3p and miR-335 inhibit FPN expression and
enhance FTHI1 degradation, thereby increasing cellular
iron levels and promoting ferroptosis."'*!!! In contrast,
miR-545 and miR-23a-3p target TF and DMTI to prevent
iron accumulation, thus suppressing ferroptosis.!'*!!?

LncRNAs also regulate ferroptosis, often function-
ing as competing endogenous RNAs (ceRNAs).”” By
competitively binding to miRNAs, IncRNAs modulate
the availability of miRNAs to interact with their target
mRNAs, thereby influencing the expression of key genes
involved in ferroptosis. For example, IncRNA OIP5-AS1
and IncRNA SLC16A1-AS1 upregulate SLC7A11 and
inhibit ferroptosis by targeting miR-128-3p and miR-
143-3p.1*15 LncRNA LINC00336 promotes resistance to
ferroptosis by upregulating cystathionine beta-synthase
and activating the transsulfuration pathway through
competing with miR-6852.1° Additionally, IncRNAs
interact with proteins to regulate gene expression and
ferroptosis susceptibility.!”!'® For example, nuclear
IncRNA LINCO618 interacts with lymphoid-specific
helicase, reducing its binding to the SLC7A1l pro-
moter, thereby inhibiting SLC7AIll transcription and
promoting ferroptosis.'?’ Similarly, cytosolic IncRNA
LINCO00472/P53RRA binds to G3BP stress granule assem-
bly factor 1 (G3BP1), displacing TP53 and retaining it in the
nucleus, which in turn promotes ferroptosis by affecting
the transcription of multiple metabolic genes.'?!

Notably, circular RNAs (circRNAs), a subclass of IncR-
NAs generated through back-splicing of pre-mRNA, also
act as ceRNAs in regulating ferroptosis sensitivity. Cir-
cEPSTI1 promotes SLC7AI11 expression and inhibits fer-
roptosis by sponging several miRNAs, including miR-375,
miR-409-3p, and miR-515-5p.'*? CircKIF4A, circIL4R, cir-
c¢DTL, and circ0000309 protect against ferroptosis by
enhancing GPX4 expression via competitive binding
to miR-1231, miR-541-3p, miR-1287-5p, and miR-188-3p,
respectively.!%>!23-12> Conversely, circPtpnl4 promotes fer-
roptosis by targeting miR-351-5p, which has been reported
to inhibit the expression of 5-LOX.'%°

3.1.4 | m6A modification

m6A is the most prevalent internal modification in eukary-
otic mRNA and refers to a methylation that takes place at
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the N6 site of adenosine.'”’ This process is reversible, with
methyltransferases (writers) adding the modification and
demethylases (erasers) removing it, while reader proteins
recognize the modified mRNA.'”” m6A modifications
regulate ferroptosis by altering the mRNA stability of
ferroptosis-related genes (Figure 2C). Elevated levels of
m6A modification have been observed during ferroptosis
in hepatic stellate cells, attributed to increased expression
of methyltransferase-like 4 (METTL4) and decreased
expression of the demethylase FTO.'”® Inhibiting this
elevated m6A modification can suppress the stability of
BECN1 mRNA mediated by the m6A reader protein YTH
m6A RNA binding protein F1 (YTHDF1), thereby defend-
ing against ferroptosis.'*® Consistently, demethylase FTO
reduces SLC7A11 expression through m6A demethylation,
sensitizing cells to ferroptosis.””” Methyltransferases
METTLI14 and METTL3 promote ferroptosis by accelerat-
ing the degradation of SLC7A11 mRNA through a YTHDF2
and YTHDC2-dependent mechanism, respectively.!**:!!
Interestingly, METTL3 can also stabilize and increase
SLC7A11 mRNA levels, protecting against ferroptosis
by facilitating the recognition of the m6A-modified
SLC7A11 motif by YTHDFI and IGF2 mRNA-binding
protein 12133 Additionally, another m6A reader pro-
tein, NF-xB activating protein, enhances the splicing
of SLC7A11 mRNA in a METTL3-dependent manner,
further inhibiting ferroptosis.'** Several antiferroptotic
genes, including GPX4, ACSL3, FTHI, and SLC3A2, are
stabilized by METTL3-mediated m6A methylation via
IGF2BP3 recognition, contributing to desensitization to
ferroptosis.'*> METTL3 has also been implicated in pro-
moting the methylation of FSP1 and GPX4 mRNAs, which
inhibits their expression and increases vulnerability to
ferroptosis.! 30138

3.2 | Nonepigenetic regulation in
ferroptosis
3.21 | Genetic mutations
Ample evidence underscores the critical role of genetic
mutations in the regulation of ferroptosis, laying the
groundwork for understanding the involvement of fer-
roptosis in disease pathophysiology and identifying pop-
ulations suitable for ferroptosis-targeted therapies.'**~'#!
Currently, research on the role of genetic mutations in fer-
roptosis regulation focuses on neurodegenerative diseases
and cancers, which are closely associated with genetic
mutations (Figure 3A).139142

Neurodegenerative disease-causing mutations in pro-
teins play an important role in modulating pathways that

affect ferroptosis susceptibility, supporting the notion that
ferroptosis serves as a mechanism in the development
of neurodegenerative diseases. For example, the R152H
missense mutation in GPX4 leads to partially reduced
enzymatic activity and impaired ferroptosis resistance,
which could be linked to the pathological phenotypes
observed in spondylometaphyseal dysplasia patients car-
rying this mutation.'** Familial Alzheimer’s disease and
amyotrophic lateral sclerosis (ALS)-associated mutations
in presenilins and superoxide dismutase 1 confer ferrop-
tosis vulnerability by inhibiting GPX4 expression through
limiting LRP8-mediated selenium uptake and impairing
the NRF2 pathway and GSH synthesis, respectively.'#+145
Furthermore, Parkinson’s disease-related loss-of-function
mutations in DJ-1 (E64D, M26I, A104T, L166P) and iPLA2(3
(R747W) increase susceptibility to ferroptosis by sup-
pressing s-adenosylhomocysteine hydrolase-mediated cys-
teine generation for GSH production and inhibiting the
hydrolysis of 15-HpETE from phosphatidylethanolamine
(PE).!6!%7 In addition, a-synuclein triplication-mediated
increases in a-synuclein levels confer vulnerability of
neurons to ferroptosis by affecting ether-linked phospho-
lipid synthesis, contributing to familial Parkinson’s disease
pathology.!#%149

Moreover, loss-of-function mutations in tumor sup-
pressor genes often confer resistance to ferroptosis, pro-
moting tumorigenesis. For instance, acetylation-deficient
p53 mutants (p53 4KR: K117R, K161R, K162R, K98R)
and the African-specific S47 polymorphism (p53 P47S)
contribute to ferroptosis resistance by impairing p53’s
ability to downregulate SLC7A11.°%5! Similarly, loss-
of-function mutations in BAP1 and kelch-like ECH-
associated protein 1 (KEAP1) have also been reported
to lose their ability to inhibit SLC7A1l, thereby facil-
itating tumor growth.”®">!53 KEAP1 mutations have
also been shown to upregulate FSP1 expression, lead-
ing to ferroptosis resistance in non-small cell lung can-
cer cells.™ The activation of oncogenes can also confer
resistance to ferroptosis. For example, oncogenic muta-
tions in KRAS promote ferroptosis resistance by upreg-
ulating SLC7A11, ACSL3, and FSP1, while mutations
in PIK3CA enhance mechanistic target of rapamycin
kinase signaling, which also contributes to ferroptosis
resistance.™ > Notably, in certain cases, mutations in
tumour suppressors and oncogenes can confer vulner-
ability to ferroptosis in cancers. It was reported that
inactivation of neurofibromin 2 renders cancer cells
susceptible to ferroptosis through inhibiting YAP/TAZ
signaling, whereas activation of epidermal growth fac-
tor receptor (EGFR) and isocitrate dehydrogenase 1
promote ferroptosis by inhibiting SLC7A11 and GPX4,
respectively.!>? 16!
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3.2.2 | Transcriptional regulation
Transcriptional master regulators are critical in coor-
dinating pathways that govern ferroptosis sensitivity.
Numerous transcription factors, such as TP53,6>7164
NRF2,154157.165166.167  NFE2[],159168169  yAP1/TAZ,1%
ATF3,'° HIF2a,'" ZEBL* STATL'? PPARa,'” and
MYCN,7#176 can shape the ferroptosis threshold in
cells by directly or indirectly modulating ferroptosis
vulnerability-governed genes or metabolites levels.
Notably, the role of these transcription factors is context
specific, as some transcription factors play significant
roles in ferroptosis regulation in certain cell types but
not in others.* In this section, we focus on the complex
roles of transcription factors NRF2 and TP53 in ferroptosis
regulation (Figure 3B).

NRF?2 is a major transcriptional activator of antioxidant
defense mechanisms. Under basal conditions, NRF2 is
bound by KEAP1 and undergoes proteasomal degradation,
but during ferroptosis, it is released and translocated to the
nucleus to promote the expression of target genes.** Many
of the genes involved in antiferroptotic pathway are targets
of NRF2, such as genes involved in GSH biosynthesis (e.g.,
SLC7A11, GCLC, and GCLM), GPX4 synthesis (peroxire-
doxin 6), iron regulation (e.g., FTH1/FTL and SLC40Al,
and metallothionein 1G), and NADPH production (e.g.,
G6PD, PGD), as well as the key antiferroptosis factor
FSP1.15314177.178 NRF2 can positively regulate the tran-
scription of these genes to resist ferroptosis. Notably, the
role of NRF2 in resisting ferroptosis seems to be context-
dependent. In cells with high ferrous ion levels, it promotes
ferroptosis by upregulating heme oxygenase 1 (HMOX1)
expression.'”’

TP53, another crucial regulator, exhibits dual roles in
ferroptosis regulation. As mentioned above, TP53 can
transcriptionally and epigenetically repress SLC7All
expression, sensitizing ferroptosis through an ALOX12-
dependent lipid peroxidation response.’®!02180.181 More-
over, TP53 sensitizes ferroptosis by promoting polyamine
catabolism through the upregulation of spermidine/
spermine Nl-acetyltransferase 1 (SAT1) and inhibiting
vitamin K synthesis via downregulation of vitamin K epox-
ide reductase complex subunit 1-like 1.!%'%? However,
TP53 can suppress ferroptosis under conditions of cystine
deprivation by promoting the expression of CDKNIA,
thereby conserving intracellular GSH.'%*

323 | PTMs

PTMs of ferroptosis-related proteins are crucial in mod-
ulating ferroptosis susceptibility by influencing protein
structure, activity, localization, and function (Figure 30).8

Among these modifications, ubiquitination plays a piv-
otal role in protein degradation and stability via the
proteasome system, directly impacting the levels of key
proteins involved in ferroptosis.'®*'%4 Core ferroptosis pro-
teins, such as SLC7AIL' GPX4,'® ACSL4,'s” FSP1,'®®
DHODH,'® and iron metabolism-related proteins includ-
ing TFRC and SLC40A1,'”°"1%? can be directly labeled by
ubiquitin to undergo ubiquitination-proteasomal degra-
dation, thereby affecting ferroptosis response. Moreover,
linear ubiquitination, mediated by the HOIL-interacting
protein, has been shown to stabilize GPX4, thereby confer-
ring protection against ferroptosis.'”® Interestingly, ubiq-
uitination’s role extends beyond protein degradation to
influencing protein localization, which further regulates
ferroptosis. For instance, a recent study demonstrated that
the E3 ubiquitin ligase TRIM21 mediates K63-linked ubig-
uitination of FSP1 at Lys322 and Lys366, promoting its
translocation to the plasma membrane, thus mitigating
ferroptosis.'**

Phosphorylation is another emerging mechanism regu-
lating ferroptosis. Three key ferroptosis-related proteins,
GPX4, ACSL4, and NCOA4, are subject to phosphoryla-
tion, which modulates their ferroptotic function. Specifi-
cally, creatine kinase B-induced phosphorylation of GPX4
at Ser104 inhibits ferroptosis by preventing its interaction
with HSC70, thereby reducing autophagic degradation.'®
Similarly, phosphorylation of ACSL4 at Thr328 by PKCBII
enhances its dimerization and activity, driving ferroptotic
cell death.!® Furthermore, the serine/threonine kinase
ATM-mediated phosphorylation of NCOA4 at Ser550
plays a crucial role in ferritinophagy and the ferroptosis
induction.”’

Acetylation, O-GlcNAcylation, S-palmitoylation, N-
myristoylation, methylation, and small ubiquitin-like
modifier (SUMO)ylation also contribute to ferropto-
sis regulation. For example, inhibition of acetylation
in ALOXI2 reduces ferroptosis susceptibility.”® O-
GlcNAc transferase-mediated O-GlcNAcylation and zinc
finger DHHC-type palmitoyltransferase 8 (ZDHHCS)-
mediated S-palmitoylation of SLC7AI11,"7'%® as well as
ACSLl-induced N-myristoylation of FSP1,°*!°° enhance
ferroptosis resistance. Conversely, coactivator-associated
arginine methyltransferase 1-mediated methylation of
ACSL4 reduces ferroptosis susceptibility, while inhibition
of ACSL4 SUMOylation by SUMO-specific peptidase 1
promotes ferroptosis.??%-2%!

Together, these findings wunderscore the multi-
faceted role of PTMs in the regulation of ferroptosis.
The specific effects of PTMs on ferroptosis are likely
determined by the substrate involved and the par-
ticular type and site of modification. A deeper
understanding of the mechanisms through which
PTMs regulate ferroptosis will provide insights for
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FIGURE 4 Role of ferroptosis in various diseases across different organs and tissues. Ferroptosis serves as an intrinsic

tumor-suppressive mechanism, with its evasion supporting tumorigenesis and progression. Additionally, ferroptosis activation is implicated

in the pathogenesis of multiple neurodegenerative diseases, organ injuries, metabolic dysfunction-associated steatotic liver disease, and

dermatological conditions such as psoriasis, vitiligo, and UV-induced skin damage. Notably, due to its complex interaction with the immune

system, ferroptosis may exert dual effects, particularly in immune and infectious diseases.

developing targeted therapies for ferroptosis-related
diseases.

4 | THE ROLE OF FERROPTOSIS IN
DISEASES

In recent years, ferroptosis has been recognized as a phys-
iological process vital for maintaining homeostasis, par-
ticularly in tumor suppression. Dysregulated ferroptosis is
implicated in the pathogenesis of various diseases, includ-
ing cancer, neurodegenerative diseases, organ injury, infec-
tious diseases, autoimmune diseases, metabolic diseases,

and skin diseases (Figure 4). Impaired system xc™-GPX4
pathways, iron overload and elevated oxidizable lipids
contents are common key ferroptotic mechanisms medi-
ating these diseases. Deciphering the specific cellular and
molecular mechanisms triggering ferroptosis across dif-
ferent diseases will facilitate the development of disease-
specific ferroptosis-targeted therapeutic approaches.

4.1 | Cancer

The initial identification of ferroptosis in RAS-mutant can-
cer cells through a cytotoxicity screening of compounds
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established a direct connection between ferroptosis and
cancer pathophysiology.> Since then, a growing body of
evidence has elucidated the critical role of ferroptosis in
tumor biology and its therapeutic potential.”?*>*°* Ferrop-
tosis functions as an intrinsic defense mechanism against
tumorigenesis and tumor progression.'®? The inability
to induce ferroptosis may promote tumor development.
For instance, the retention of tumor-suppressive function
in p53*¥R mutant, which possesses ferroptosis-promoting
capabilities while lacking traditional abilities to promote
cell-cycle arrest, apoptosis, and senescence, alongside the
loss of tumor-suppressive function in p53*R mutant,
which lacks ferroptosis regulatory activity, support the
above viewpoint."”""'? Besides, the reports of several tumor
suppressor proteins function as ferroptosis promoters also
provide evidence for this.?0>204

To counteract this intrinsic tumor suppressive mech-
anism, tumors have developed multiple mechanisms
to evade ferroptosis, which supports their growth and
metastasis.”?*> These include inhibition of PUFA-PLs
synthesis and peroxidation, restriction of labile iron avail-
ability, and upregulation of cellular defense systems such
as SLC7A11, GPX4, and FSP1, all of which enable can-
cer cells to bypass ferroptosis and continue proliferating.”
Of particular interest is the protective role of lymph fluid
in metastasizing melanoma cells, where elevated levels of
oleic acid and reduced free iron create an environment
that shields these cells from ferroptosis, facilitating their
metastasis.”%°

Despite these evasive mechanisms, certain cancer cells
exhibit susceptibility to ferroptosis due to oncogene addic-
tion and metabolic reprogramming, which provides a
potential vulnerability for overcoming both intrinsic and
acquired resistance to therapy.>*>16%-296297 For example,
EGFR-mutant non-small cell lung cancer cells, as well
as de-differentiated and persistent cancer cells are vul-
nerable to ferroptosis due to their dependence on cystine
and metabolic rewiring or the acquisition of a mesenchy-
mal state.*>1°0-20% Inducing ferroptosis has been func-
tionally validated as an effective approach to suppress
tumor growth across multiple cancer models in preclinical
studies, 14-34:57,208

Additionally, ferroptosis not only directly modulates the
fate of tumor cells but also plays a significant role in
the tumor microenvironment to influence tumor devel-
opment. Ferroptosis exhibits dual effects in antitumor
immunity by directly modulating the fate and function of
immune cells and indirectly inducing the release of mul-
tiple signals from ferroptotic cancer cells (e.g., DAMPs,
MHC class I molecules, cytokines, and PTGS2).>"> The
complex interplay between ferroptosis and the tumor
microenvironment highlights the significance of therapeu-
tic time window for ferroptosis-targeted therapy in cancer.

Open Access,

On one hand, owing to the immunostimulatory effects
of ferroptosis and its involvement in immunotherapy, fer-
roptosis induction appears to be a promising strategy
for enhancing antitumor immunity and offers synergistic
effects when combined with immunotherapy to kill well-
established tumors.'”>?%°-?!1 On the other hand, ferroptosis
inhibition also could impede tumorigenesis, particularly in
early-stage tumors, due to the immune-suppressive effect
of ferroptosis in polymorphonuclear myeloid-derived sup-
pressor cells.?'>?* Thus, ferroptosis-targeted therapy in
cancer must consider the intricate nature of ferroptosis in
the tumor microenvironment.

4.2 | Neurodegenerative diseases
Neurodegenerative diseases, such as Alzheimer’s disease,
Parkinson’s disease, ALS, and Huntington’s disease, are
characterized by progressive neuronal death and neuro-
logical dysfunction.?'* Although the exact pathogenesis of
neurodegenerative diseases remains unclear, a common
pathophysiological hallmark, including iron accumulation
and lipid peroxidation within affected regions, suggests
that ferroptosis, an iron-dependent form of cell death,
plays a significant role in neuronal degeneration in these
disorders.?”"140:215-218 Fyurthermore, glutamate excitotoxi-
city, a key contributor to neurodegenerative diseases,
may also involve ferroptosis by inhibiting system xc™
and triggering STING-dependent autophagic degradation
of GPX4.2219220 Several pathogenic genes and proteins
implicated in neurodegenerative diseases, such as DJ-1
and PLA2G6 in Parkinson’s disease and f-amyloid and
tau in Alzheimer’s disease, have been associated with
ferroptosis.46:147:221.222

Experimental models have demonstrated that condi-
tional genetic deletion of GPX4, a key ferroptosis regulator,
leads to neurodegenerative phenotypes, including cogni-
tive impairment and motor neuron death.'*>??* Ferroptosis
inhibitors, lipophilic antioxidants, and iron chelators have
shown promise in ameliorating neurodegeneration in ALS,
Alzheimer’s disease, and Parkinson’s disease.!77-223-225
Indeed, several approved drugs for neurodegenerative
diseases, such as idebenone for Alzheimer’s disease, and
edaravone for ALS, have been proven to alleviate neurode-
generation by inhibiting ferroptosis.??°-??® Additionally,
Copper(I1)-diacetylbis(N4-methylthiosemicarbazone)
(CuATSM), a novel drug currently undergoing clinical tri-
als for patients with neurodegenerative diseases, has also
been reported to possess antiferroptotic properties.’*’ All
of these findings suggest that ferroptosis is a contributing
factor in neurodegenerative diseases, and its inhibition
may serve as a promising therapeutic strategy for these
conditions.
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4.3 | Organinjury
Ferroptosis has been identified as a key driver of tissue
injury across multiple organs, with varying susceptibil-
ity across different organs and cell types.” Transgenic
studies in mice have shown that proximal renal tubule
cells are particularly sensitive to ferroptosis outside of
the brain, as evidenced by the spontaneous development
of acute renal failure in tamoxifen-induced Gpx4 knock-
out mice.*’ Ischemia/reperfusion-induced organ damage,
which underlies multiple devastating diseases, including
myocardial infarction?*” and stroke,*>3! as well as injuries
in other organs such as the liver,*’ kidney,”*? lung,?** and
intestine,”** has been partially identified as a consequence
of ferroptotic cell death. Inhibition of ferroptosis has con-
sistently alleviated ischemia/reperfusion-induced damage
in various preclinical models. Furthermore, suppressing
ferroptosis presents a promising therapeutic approach for
improving outcomes in solid organ transplantation, where
ischemia/reperfusion injury is an inevitable complication
during implantation.?3>23

Beyond ischemia/reperfusion injury, ferroptosis has
also been observed in other modes of organ injury,
including doxorubicin (DOX)-induced cardiomyopathy,*°
rhabdomyolysis-induced kidney injury,”?’ and environ-
mental pollutants-associated liver and lung injuries.?**?%
In critically ill patients, features of ferroptosis, including
elevated malondialdehyde (MDA) and catalytic iron lev-
els, have been observed in cases of multiorgan dysfunction,
suggesting that ferroptosis inhibition may offer therapeutic
benefits in these contexts.**"

4.4 | Infectious diseases

Ferroptosis has been reported to be activated during sev-
eral infectious diseases and is associated with the burden
of infections. Pseudomonas aeruginosa triggers ferrop-
tosis in bronchial epithelial cells by secreting ALOXI5,
which catalyzes the oxidation of host arachidonic acid-
phosphatidylethanolamine (AA-PE) into 15-hydroperoxy-
AA-PE (15-HOO-AA-PE).**! Elevated levels of oxidized
AA-PE correlate with worse clinical outcomes, likely due
to ALOX15-mediated ferroptotic activity promoting persis-
tent biofilm formation and compromising the bronchial
epithelial barrier function.’*! Similarly, Mycobacterium
tuberculosis induces ferroptosis in macrophages, and fer-
roptosis inhibitors significantly reduce bacterial burden
in infected mice.?*> Supporting this, zebrafish Hmoxla
protects against Mycobacterium marinum infection by
limiting iron availability and reducing susceptibility to
ferroptosis.”* In contrast, ferroptosis has been shown to

inhibit hepatitis C virus (HCV) replication by altering
the conformation of the HCV replicase complex through
lipid peroxidation, with FADS2-dependent fatty acid desat-
uration playing a key role.’** Additionally, ferroptotic
characteristics, such as lipid alterations and upregulation
of TFRC, have been observed in severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2)-infected hamsters,
suggesting a potential link between SARS-CoV-2 infection
and ferroptosis.”* However, the precise causal relation-
ship between ferroptosis and these infections, as well as
its role in subsequent inflammatory responses, requires
further investigation.

4.5 | Autoimmune diseases

Ferroptosis has been implicated in autoimmune dis-
eases, such as multiple sclerosis, systemic lupus ery-
thematosus (SLE), inflammatory bowel disease, and
rheumatoid arthritis. Recent research identified STING-
dependent ferroptosis in neurons as a critical regulator
in inflammation-induced neurodegeneration, including
multiple sclerosis.”?® Moreover, ferroptotic neurons have
been shown to enhance T-cell activation by modulat-
ing T-cell receptor signaling, thereby accelerating the
progression of experimental autoimmune encephalitis,
the murine model of multiple sclerosis.’*® These find-
ings suggest that ferroptosis plays a detrimental role in
the development of multiple sclerosis. Similarly, in SLE,
autoantibody- and interferon-alpha-mediated suppression
of GPX4 induces ferroptosis in neutrophils, contribut-
ing to the immunopathogenesis of the disease. Inhibiting
neutrophil ferroptosis has been shown to significantly
reduce lupus severity in mice.?*’ Ferroptosis is also asso-
ciated with the progression of SLE-related conditions,
such as lupus nephritis,’*® likely due to the susceptibil-
ity of human proximal tubular cells to ferroptotic triggers
present in lupus serum. Further research is needed to
identify endogenous triggers of ferroptosis in SLE, which
may illuminate the disease’s pathological processes and
provide novel therapeutic targets. In inflammatory bowel
disease, ferroptosis is notably elevated in intestinal epithe-
lial cells in both ulcerative colitis and Crohn’s disease,
accompanied by reduced GPX4 activity.?*>>° Addition-
ally, Gpx4-deficient mice fed with PUFAs develop enteritis
resembling Crohn’s disease, underscoring the role of fer-
roptosis in inflammatory bowel disease pathogenesis.”"
In the context of rheumatoid arthritis, enhanced ferrop-
tosis in chondrocytes and anti-inflammatory macrophages
correlates with disease progression and severity, while pro-
moting ferroptosis in synovial fibroblasts has been shown
to alleviate inflammation and improve symptoms.>>'~253
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Therefore, targeting cell-specific ferroptosis offers promis-
ing therapeutic strategies for autoimmune diseases.

4.6 | Metabolic disease
Ferroptosis, as a consequence of dysregulated metabolism,
has increasingly been linked to metabolic disorders, such
as metabolic dysfunction-associated steatotic liver disease
(MASLD) and diabetes mellitus.>* In the liver, ferrop-
totic stress contributes to the onset and progression of
MASLD.?* Initially, hepatic iron overload and lipid per-
oxidation induce ferroptosis, leading to the formation
of lipid droplets and simple hepatic steatosis, character-
ized by lipid accumulation.”> Over time, excessive lipid
buildup disrupts hepatic lipid metabolism, exacerbating
ferroptosis-mediated hepatocyte damage and triggering
inflammatory responses. This can drive the progression
from simple hepatic steatosis to metabolic dysfunction-
associated steatohepatitis (MASH), a more advanced stage
of MASLD.?>*?7 In addition to hepatocyte ferroptosis,
a recent study found that NCF1-mediated ferroptosis in
Kupffer cells worsens MASH progression.>® Inhibition of
ferroptosis has been shown to significantly alleviate MASH
and its progression toward fibrosis and hepatocellular
carcinoma.?>?-262

In diabetes, ferroptosis-associated pathways are acti-
vated in response to hyperglycemia.’%*2** Activated ferrop-
tosis contributes to pancreatic S-cell dysfunction and the
development of various diabetic complications.>®263-26¢
However, a recent study revealed that the deficiency of
CXCLI16 in islet-resident macrophages leads to excessive
exposure to oxidized low-density lipoprotein, which pro-
motes ferroptosis in pathogenic CD8* T cells, thereby
inhibiting the progression of diabetes.”’”” These findings
underscore the complexity of ferroptosis in metabolic dis-
eases. Further research is required to elucidate the interac-
tions between ferroptosis and tissue-resident cells to better
understand its role in metabolic diseases pathogenesis.

4.7 | Skin diseases

Ferroptosis is also a key contributor to pathogenesis of
various skin diseases.’ In psoriasis, ferroptosis triggers a
cascade of inflammatory responses through lipid peroxi-
dation in keratinocytes, contributing to the initiation and
progression of psoriatic lesions.” Studies have shown that
ferroptosis inhibitors, such as ferrostatin-1, can effectively
alleviate inflammatory symptoms in psoriasis.’®® Simi-
larly, in vitiligo, ferroptosis is a key factor. The elevated
iron content in melanocytes and impaired antioxidant
defenses make these cells highly susceptible to ferroptosis,

Open Access,

leading to skin depigmentation.?*° Ferroptosis also exacer-
bates skin damage induced by ultraviolet (UV) radiation.
UV-exposed skin exhibits abnormal iron metabolism and
increased lipid peroxidation, worsening skin damage. The
application of ferroptosis inhibitors has been shown to
effectively mitigate UV-induced skin damage.””’ In con-
clusion, ferroptosis plays a central role in the pathogenesis
of various skin diseases. Drugs that modulate ferrop-
tosis offer significant therapeutic potential, presenting
promising avenues for treatment.

5 | THERAPEUTIC APPROACHES
TARGETING FERROPTOSIS

The role of ferroptosis in disease pathogenesis, both
through its activation and inhibition, highlights lipid
metabolism, iron homeostasis, and redox systems as key
pathways for therapeutic intervention. Modulating these
pathways offers a promising strategy for the treatment
of ferroptosis-related diseases. This section primar-
ily summarizes clinical drugs that exhibit therapeutic
potential by targeting key components of ferroptosis,
providing a foundation for future clinical applications
(Table 1).

5.1 | Targeting lipid metabolic pathway
Since the incorporation of PUFA-PLs into cell mem-
branes is a prerequisite for ferroptosis, lipid metabolic
pathways that modulate membrane lipid composition
present promising therapeutic targets.”’>*° For exam-
ple, thiazolidinediones, such as rosiglitazone, reduce
mortality associated with acute kidney injury and pre-
vent ischemia/reperfusion intestinal injury by selectively
inhibiting ACSL4, an enzyme that facilitates the incorpora-
tion of PUFA-PLs into membranes.'*?** Similarly, baicalin,
a natural flavonoid glycoside, has shown myocardial
protection against ischemia/reperfusion by suppressing
ACSL4-mediated ferroptosis.””> However, clinical drugs
targeting other key molecules involved in membrane lipid
composition, such as LPCAT3, ACSL3, and MBOAT1/2,
have yet to be identified. Interestingly, exogenous lipid sup-
plementation, particularly a PUFA-rich diet, may serve as
an adjuvant therapy for ferroptosis-related diseases, as it
has been shown to delay tumor growth in colon cancer by
enhancing acidosis-driven ferroptosis. This effect is aug-
mented by ferroptosis inducers such as SAS or erastin, and
blocked by the inhibitor ferrostatin-1.3%!

Additionally, peroxidation of PUFA-PLs is a critical
event in ferroptosis. ALOX enzymes, which catalyze PUFA
oxidation, are important regulators of ferroptosis.**> The
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(Continued)

TABLE 1

References

Trial phase and

Indication

Effects Experimental model  Outcomes

Mechanism

Agents

identifier number

and/or target

RTA

298

Phase III NCT04082832

ALS

Rescues embryonic fibroblasts
and hippocampal cells from

ferroptosis

Mouse embryonic

fibroblasts and

Inhibiting

CuATSM

ferroptosis

hippocampal cells

Open Access,

Abbreviations: ACSL4, acyl-CoA synthetase long-chain family member 4; AKI, acute kidney injury; ALOX12/15, arachidonate lipoxygenases 12/15; ALS, amyotrophic lateral sclerosis; ALT, alanine aminotransferase; APAP,

acetaminophen; AST, aspartate aminotransferase; BSO, buthionine sulfoximine; ccRCC, clear cell renal cell carcinoma; CSDS, chronic social defeat stress; DFO, deferoxamine; DFP, deferiprone; DFX, deferasirox; DHODH,

dihydroorotate dehydrogenase; DOX, doxorubicin; DSS, dextran sulfate sodium; DXZ, dexrazoxane; GCL, glutamate-cysteine ligase; Gpx4, glutathione peroxidase 4; GSH, glutathione; I/R, ischemia/reperfusion; ICH,
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ZHOU ET AL.

United States Food and Drug Administration (US FDA)-
approved drug Zileuton, an ALOXS5 inhibitor, has shown
neuroprotective effects by preventing ALOX5-induced
glutamate excitotoxicity and ferroptosis.””* Selective
ALQOX12/15 inhibitor baicalin has been found to effec-
tively mitigate cisplatin-induced acute kidney injury
and CPT-11-induced gastrointestinal dysfunction by
suppressing ALOX12/15-dependent ferroptosis.’"*’> Pan-
LOX inhibitor nordihydroguaiaretic acid has also shown
promise in inhibiting ferroptosis in acute lymphoblastic
leukemia.””> However, its therapeutic effects and appli-
cations in improving ferroptosis-induced diseases remain
unclear, warranting further study.

5.2 | Targeting iron homeostasis

Excess iron is a major driver of ferroptosis, and iron
chelation therapies using agents like deferoxamine,
deferiprone, and deferasirox can effectively alleviate
diseases associated with iron overload, including neu-
rodegeneration, organ injury, and MASH, by inhibiting
ferroptosis.?36-266:276-280.303.304 " Dexrazoxane (DXZ), the
only US FDA-approved iron chelator for reducing DOX-
induced cardiotoxicity, also exhibits therapeutic effects
related to ferroptosis by chelating mitochondrial iron.>*°
However, iron chelation poses risks of adverse effects such
as anemia and renal toxicity, limiting its broader clinical
application.?9>-307

Regulating iron homeostasis-related molecules offers
another potential therapeutic strategy for ferroptosis-
involved diseases. For example, baicalin, previously recog-
nized for its antiferroptotic effects through the inhibition
of ALOX12/15 and ACSL4, has also been shown to induce
ferroptosis in bladder cancer cells by downregulating
FTH], inhibiting tumor growth.* Clinical trials involving
iron export regulators, such as the FPN inhibitor vam-
ifeport and hepcidin antagonists PRS-080, NOX-H94, and
LY2787106, which reduce intracellular iron levels by alle-
viating hepcidin-mediated FPN suppression, have been
reported. However, their potential to modulate ferroptosis
in the management of ferroptosis-related diseases has yet
to be fully elucidated.’"’

5.3 | Targeting redox systems

The maintenance of normal biological functions relies
on the coordinated action of redox systems to preserve
oxidative-reductive homeostasis within the body. Dys-
regulation of key redox pathways, such as the system
xc~-GSH-GPX4, FSP1-CoQ,,-NAD(P)H, and DHODH
systems, often leads to the onset of ferroptosis-related dis-
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eases. Investigating clinically available drugs that target
these redox systems is crucial for advancing the clinical
translation of ferroptosis-based therapies.

The system xc™-GSH-GPX4 pathway is a key guardian
against ferroptosis. Small molecule inhibitors like erastin
and RSL3 have been identified as research tools for target-
ing this pathway, while US FDA-approved drugs such as
antirheumatic SAS, antitumor kinase inhibitor sorafenib,
and the muscle relaxant lanperisone have been shown
to inhibit tumor growth by inducing ferroptosis through
the inhibition of system xc=.3%3>281-284310=315 However,
sorafenib’s inability to induce ferroptosis in certain can-
cer cell lines highlights its limited clinical applicability for
ferroptosis-mediated tumor inhibition.!

In the context of GSH synthesis, as previously men-
tioned, BSO can induce ferroptosis in tumor cells by
inhibiting GCL and depleting GSH.**72317  Despite
its relative safety, BSO’s clinical benefits for cancer
patients remain limited.’'® Identifying sensitive patient
populations and exploring combination strategies may
expand its clinical applications.’'73!9=32! Cisplatin, a
widely used antitumor drug, also induces ferroptosis
by depleting GSH, adding another anticancer mecha-
nism beyond apoptosis.*> Notably, cisplatin resistance
is associated with ferroptosis resistance, and combin-
ing cisplatin with ferroptosis inducers may enhance
efficacy in overcoming this resistance.’>?%2%0-323 How-
ever, cisplatin-induced ferroptosis is also implicated
in chemotherapy-related side effects, such as ovarian
damage and acute kidney injury.”>*?* The antioxidant
N-acetylcysteine (NAC) has been shown to mitigate these
side effects by inhibiting ferroptosis through modula-
tion of cysteine metabolism.?®’-290-324:325 This protective
effect of NAC has also been observed in alleviating
ferroptosis-related acetaminophen (APAP) hepatotoxicity
and neurodegeneration.*?%**” Furthermore, mifepristone
has been shown to reduce APAP-induced hepatotoxicity
by promoting GSH synthesis.””!

Inhibiting GPX4 directly triggers ferroptosis, with com-
pounds like RSL3, ML162, and FIN56 showing preclinical
potential. However, due to poor pharmacokinetics, their
clinical applications remain limited. Natural compounds
such as withaferin A and gemcitabine have shown tumor-
inhibiting effects by targeting GPX4, offering potential
therapeutic avenues.?>2°3313328 However, the direct inhi-
bition of GPX4 requires caution, as GPX4 deficiency
can cause severe side effects, such as acute kidney fail-
ure and embryonic lethality. Conversely, GPX4 activators,
including selenium compounds like selenomethionine
and selenocysteine-containing peptides like Tat SelPep,
have demonstrated the ability to alleviate DOX-induced
cardiomyopathy and promote stroke recovery by suppress-
ing GPX4-dependent ferroptosis.*>*** The identification of

Open Access,

other GPX4 activators with potent ferroptosis-suppressing
capabilities, such as 1d4 and natural compounds like cur-
culigoside and puerarin, further expands the therapeutic
potential of GPX4-targeted treatments.>??33!

The FSP1-CoQ;o-NAD(P)H and DHODH systems func-
tion as parallel defense mechanisms against ferropto-
sis, making them promising therapeutic targets. Small
molecules like iFSP1,° NPD4928,33> and FSEN1**? selec-
tively inhibit FSPI1, sensitizing cancer cells to ferroptosis
and providing a strategy to enhance therapies resis-
tant to ferroptosis. In contrast, diphenylbutene deriva-
tive compounds 3f can inhibit ferroptosis by increasing
FSP1 protein levels, offering protection against ischemic
stroke.>** DHODH, which compensates for the loss of
GPX4, also holds therapeutic potential for tumors with low
GPX4 expression. Several clinical trials involving DHODH
inhibitors, such as brequinar, leflunomide, and terifluno-
mide, have been reported.””'#>3> Combining DHODH
inhibitors with AMPK activators, SAS, or oxaliplatin has
shown synergistic tumor inhibition through ferroptosis
induction.>"-18%:336

Free radicals play a crucial role in lipid peroxidation,
driving ferroptosis through the formation and propagation
of lipid radicals. RTAs can block these processes, with
lipophilic RTAs such as ferrostatin-1 and liproxstatin-1
being potent specific ferroptosis inhibitors.” Compared
with ferrostatin-1, liproxstatin-1 demonstrates supe-
rior pharmacokinetics and efficacy in treating various
ferroptosis-related diseases in vivo, such as hepatic
ischemia/reperfusion injury and acute renal failure.*’
However, liproxstatin-1’s inhibition of CYP450 limits its
clinical utility, as this inhibition may slow down drug
metabolism and clearance, thus increasing the risk of
adverse effects.*’ Recent study suggests that sulfane sulfur
species, particularly hydropersulfides (RSSH), may act
as endogenous radical scavengers and could offer novel
approaches to ferroptosis treatment.>*”33® Furthermore,
vitamin K derivative hydroquinone, reduced by FSPI,
exhibits RTA functionality and significant antiferrop-
totic effects.®” Additionally, diarylamine derivatives,
such as phenothiazine, a key pharmaceutical core struc-
ture, have been identified as effective RTA inhibitors.
Among them, the derivative drug promethazine demon-
strates a stronger ability to protect kidney function
compared with ferrostatin-1, highlighting the potential
therapeutic applications of diarylamine derivatives in
treating ferroptosis-related diseases.?”>*° The clinically
approved RTA edaravone, used to treat cerebral ischemic
injury and ALS, likely exerts its neuroprotective effects
through ferroptosis suppression.??’*#9:341  CuATSM, a
clinical candidate for treating Parkinson’s disease and
ALS, also suppresses ferroptosis via its RTA activity.®
These discoveries underscore the importance of RTAs in
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TABLE 2 Summary of ferroptosis biomarkers.
Name Property Alteration Detection technique Samples Description References
Lipid Oxidation  Up BODIPY 581/591 C11 probes Cells Detecting ROS 2,346
ROS product formed from
hydroperoxides, but
not to hydroperoxides
themselves
4-HNE Oxidation  Up Antibody staining Cells; ex Aldehyde secondary 347348
product vivo tissue  products of lipid
peroxidation
MDA Oxidation  Up TBARSs assay; antibody staining  Cells; ex Aldehyde secondary 349350
product vivo tissue  products of lipid
peroxidation
TFRC Protein Increased plasma 3F3-FMA antibody and Cells; ex Selectively staining &l
localization additional anti-TFRC antibodies  vivo tissue  ferroptotic cells in
tissue sections
PRDX3 Protein Hyperoxidized and  Antibody staining Cells; ex Identifying 32
translocated from vivo tissue  ferroptotic cells in
mitochondria to tissue sections
plasma membranes
PTGS2 mRNA Up qRT-PCR assay Cells; ex Upregulated in Gy
vivo tissue  specific contexts
CHAC1 mRNA Up qRT-PCR assay Cells; ex Primarily B
vivo tissue  upregulated by
system xc~ inhibitors,
but not by other
ferroptosis inducers
SLC7A11  Protein Up Antibody assay Cells; ex Upregulated in 4l
vivo tissue  specific contexts
ACSL4 Protein Up Antibody assay Cells; ex Upregulated in 353

vivo tissue  specific contexts

Abbreviations: 4-HNE, 4-hydroxynonenal; ACSL4, acyl-CoA synthetase long chain family member; CHACI, ChaC glutathione-specific gamma-
glutamylcyclotransferase 1; MDA, malondialdehyde; PRDX3, peroxiredoxin 3; PTGS2, prostaglandin-endoperoxide synthase 2; ROS, reactive oxygen species;
SLC7AI11, solute carrier family 7 member 11; TBARSs, thiobarbituric acid reactive substances; TFRC, transferrin receptor; qRT-PCR, quantitative real-time PCR.

ferroptosis-related therapies, offering new opportunities
for clinical translation.

6 | POTENTIAL CLINICAL
MONITORING APPROACHES FOR
FERROPTOSIS

Given the involvement of ferroptosis in disease pathogen-
esis and therapy, identifying effective clinical monitoring
approaches is crucial. Several biomarkers of ferroptosis
have been described (Table 2), including mitochondrial
alterations (e.g., shrinkage, increased membrane density,
and reduced cristae), elevated ferrous iron levels and iron
metabolism, increased lipid peroxidation along with its
byproducts (e.g., lipid ROS, MDA, and 4-hydroxynonenal
[4-HNE]), and changes in ferroptosis-related genes (e.g.,
CHACI, PTGS2, SLC7A1l, and ACSL4).3*>3%> While ele-
vated ferrous iron levels and lipid peroxidation are key

biomarkers for ferroptosis, their transient nature and
low expression levels pose challenges for direct detection
in clinical settings.**>**+*%> Biomarkers such as 4-HNE,
MDA, hyperoxidized peroxiredoxin 3, and TFRC show rel-
ative potential for clinical detection of ferroptosis due to
their stability and detectability in tissue sections.”?” How-
ever, these molecules indicate the ferroptotic response in
an indirect and static manner. More potential clinical mon-
itoring approaches for detecting ferroptosis directly and
dynamically should be developed.

Imaging techniques are gaining attention for their abil-
ity to detect ferroptosis both spatially and temporally.
Fluorescence- and probe-based methods are regarded as
key approaches in ferroptosis imaging. Three such tech-
niques, BODIPY 581/591 C11, photochemical activation of
membrane lipid peroxidation, and hydrogen peroxide fluo-
rescent probes, have been developed to capture and visual-
ize ferroptotic processes.***334-3% Among these, BODIPY
581/591 C11 has become a primary method for identifying
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ferroptosis by specifically detecting lipid ROS production.
However, these techniques are largely restricted to tissue
sections and cell cultures, limiting their use for dynamic,
in vivo detection of ferroptotic activity in clinical set-
tings. Similarly, mass spectrometry remains limited to the
detection of lipid hydroperoxide levels in ex vivo tissue
samples during ferroptosis.®' Notably, this technique offers
detailed insights into lipid molecular mass, elemental
composition, and chemical structure throughout the fer-
roptotic process, facilitating the identification of potential
biomarkers for ferroptosis.’>*>” Moreover, positron emis-
sion tomography (PET) imaging with tracers like 18F-TRX,
18F-FSPG, and 68Ga-NOTAT{ enables real-time, nonin-
vasive monitoring of ferroptosis in vivo, by measuring
the intracellular LIP, system xc~ activity, and TF uptake,
respectively.* 3% Notably, ongoing clinical trials using
18F-FSPG for PET imaging in tumor patients represent
a significant step forward in detecting system xc™ activ-
ity, potentially revolutionizing the clinical monitoring of
ferroptosis.¢!3%2

Another emerging technique for noninvasive in vivo
imaging of ferroptosis is magnetic resonance imaging
(MRI), which excels at resolving soft tissue and anatomical
structures. Recently, an artemisinin-based probe (Art-Gd)
was developed for contrast-enhanced MRI to detect fer-
roptosis, leveraging the radical formation reaction between
labile Fe?* and artemisinin. This reaction allows Art-Gd to
form complexes that enhance tissue retention and improve
longitudinal relaxation time (T1) contrast, enabling real-
time MRI detection of ferroptosis in vivo.*> However,
MRTI’s limitations in molecular-scale imaging pose chal-
lenges, as there is a scarcity of contrast agents capable of
detecting other ferroptosis-related molecules such as lipid
peroxides, GSH, and iron transporters. Further research is
needed to overcome these limitations and enable the detec-
tion of multiple ferroptosis biomarkers, providing a more
accurate and comprehensive assessment of this process.

7 | OPPORTUNITIES AND
CHALLENGES

Numerous preclinical studies suggest that targeting fer-
roptosis offers promising therapeutic opportunities for
related conditions. However, our understanding of ferrop-
tosis remains insufficient, with several unresolved issues
potentially hindering its clinical translation.

Although overwhelming lipid oxidation and subsequent
plasma membrane rupture are recognized as central events
in ferroptosis, the intricate cellular biology underlying this
process, including intracellular lipid transport between
organelles, the propagation of lipid peroxidation reac-
tions within cells, the degradation of specific lipid species

Open Access,

during peroxidation, and the role of fragmented oxida-
tive products in membrane rupture—remains to be fully
elucidated.* Additionally, much of the current under-
standing of ferroptosis stems from studies in cultured
cancer cells. More research is needed to explore ferropto-
sis in cell lines from other diseases and normal tissues, as
these may involve distinct mechanisms.* A comprehensive
understanding of the biological activities of ferroptosis is
essential for advancing research in this field.

A host of molecules and metabolic products related to
lipid and iron metabolism, as well as redox systems, have
been identified as regulators of ferroptosis. However, fur-
ther research is required to identify and quantify endoge-
nous triggers and inhibitors of ferroptosis across various
pathophysiological states. This will enhance our under-
standing of ferroptosis responses in different individuals,
tissues, and conditions, elucidate the causal relationships
between ferroptosis and diseases, and guide the develop-
ment of targeted biomarkers and therapies, as well as the
evaluation of their efficacy and side effects.**

In terms of clinical monitoring, assessing ferroptosis
remains in its early stages. There is a need for more spe-
cific and less toxic detection reagents to enable precise,
noninvasive real-time in vivo monitoring of ferroptosis.
Given the specific substances released from ferroptotic
cells, developing detection methods based on blood, urine,
and fecal samples represents a promising future direction.
Additionally, identifying populations most likely to benefit
from ferroptosis-targeted therapies and achieving precise,
ferroptosis-specific treatments are key goals in ongoing
ferroptosis research.
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