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Abstract

Ferroptosis is a novel iron-sensitive subtype of regulated cell death (RCD), persisting under
extreme lipid peroxidation and iron/redox imbalances. Unlike apoptosis, necroptosis, and
pyroptosis, ferroptosis is a signaling-driven process mediated through iron metabolism
imbalance, polyunsaturated fatty acid (PUFA) exceeding oxidation, and defects in its pro-
tective systems like Xc-/GSH/GPx4. Specifically, this review establishes that iron-driven
ferroptosis is a central underlying pathomechanistic factor in a broad range of human
diseases. Significantly, whether its modulation is therapeutic, it is entirely conditional
on the specific disease context. Thus, its induction can provide a promising antidote for
destructive cancer cells when conjoined with immuno-therapies to boost anticancer im-
munity. Conversely, iron-mediated ferroptosis suppression is a key factor in countering
destructive changes in a whole range of degenerative and acute injuries. Current therapeu-
tic approaches include iron chelators, lipid oxidation inhibitors, GPx4 activators, natural
and active compounds, and novel drug delivery systems. However, against all odds and
despite its intense therapeutic promise, its translation into a practical medicinal strategy
faces many difficulties. Thus, a therapeutic agent specifically focused on its modulation is
still lacking. The availability of selective biologic markers is a concern. The challenges in
the direct pathologic identification of ferroptosis in a complex in vivo systemic scenario
remain. Current avenues for its future development are pathogen infections, the discovery
of novel regulating factors, and novel approaches to personalized medicine centered on its
organ-level in vivo signatures.

Keywords: ferroptosis; lipid peroxidation; GPx4; Nrf2; FSP1; lipid radical scavengers;
cancer; neurodegenerations; ischemia—reperfusion injury

1. Introduction

Regulated cell death (RCD) is an essential biological process that safeguards tissue
homeostasis by eliminating compromised or superfluous cells [1]. Although apoptosis was
the first form of RCD to be characterized [2], subsequent research has unveiled a diverse
landscape of programmed cell demise, including distinct modalities such as necroptosis [3]
and pyroptosis [4]. Among these, ferroptosis has recently emerged as a unique, iron-
dependent pathway of cell death, mechanistically and morphologically divergent from
other known forms of RCD [5].

Antioxidants 2025, 14, 1411

https://doi.org/10.3390/antiox14121411


https://doi.org/10.3390/antiox14121411
https://doi.org/10.3390/antiox14121411
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/antioxidants
https://www.mdpi.com
https://orcid.org/0000-0002-8827-449X
https://orcid.org/0009-0001-9875-9706
https://orcid.org/0009-0007-4367-6093
https://orcid.org/0000-0002-5155-4682
https://doi.org/10.3390/antiox14121411
https://www.mdpi.com/article/10.3390/antiox14121411?type=check_update&version=2

Antioxidants 2025, 14, 1411

20f31

The biochemical hallmark of ferroptosis is the iron-catalyzed, non-enzymatic peroxi-
dation of polyunsaturated fatty acids (PUFAs) within cellular membranes. This relentless
process culminates in a catastrophic loss of membrane integrity and eventual cell rup-
ture [5]. Atits core, ferroptosis is a consequence of a fatal collapse in the cell’s management
of iron and redox homeostasis. The true intrigue of this process, however, lies in its inherent
duality. Although described as an “essentially spontaneous and uncatalyzed chemical
process” [5], this vulnerability is paradoxically held in check by a sophisticated network of
metabolic pathways, most notably the glutathione-dependent lipid peroxide repair system
catalyzed by glutathione peroxidase 4 (GPx4) [6].

The delicate balance between an inexorable chemical reaction and its intricate bio-
logical regulation underscores the complexity of cell fate decisions. Biological systems
have evolved robust mechanisms to defend against such intrinsic chemical threats. Disease
states often arise not from a single defect, but from a failure of these defenses. Indeed,
pathology can manifest when biological control mechanisms are overwhelmed, allowing
the spontaneous peroxidative process to dominate, or when critical regulatory nodes are
actively dysregulated. Grasping this dynamic is crucial for both unraveling the etiology of
numerous diseases and designing novel therapeutic strategies.

In recent years, a surge of research has illuminated the fundamental involvement of
ferroptosis across a wide spectrum of human pathologies [7]. Its role has been implicated
in the progression of various types of cancer [7], neurodegenerative disorders such as
Alzheimer’s and Parkinson’s disease [8], as well as a range of cardiovascular [9], renal [10],
and hepatic conditions [11]. This growing focus is shifting the scientific perspective from
simple observation to a deeper understanding of ferroptosis as an active participant in
disease pathogenesis.

This review, therefore, aims to reframe the discussion, moving beyond merely cata-
loging the presence of ferroptosis to a robust exploration of its role as a central driver of
disease. The language in the scientific literature, which consistently refers to it as a “key fac-
tor in pathogenesis”, a “central contributor”, or having a “fundamental role”, underscores
its distinction from a passive, secondary effect. These descriptions strongly suggest that
ferroptosis is not merely a symptom of tissue damage but an active mechanism that directly
fuels disease progression. This paradigm shift has profound implications for therapeutic
innovation. By recognizing ferroptosis as a driver rather than a consequence, we can unlock
novel treatment strategies aimed at fundamentally altering the course of a disease, rather
than just alleviating its symptoms.

2. Molecular Underpinnings of Ferroptosis: Core Mechanisms and
Regulatory Pathways

2.1. Iron Metabolism Dysregulation

Iron is a master of duality, a critical component for vital physiological processes like
oxygen transport, and a potent catalytic agent for cell toxicity. The property that makes
iron an extremely valuable metal for physiological functions is its ability to sustain a dual
oxidation state: ferrous (FeZ") and ferric (Fe3*). However, this same chemical property
makes iron a key player in the Fenton reaction (Fe** + H,O, — Fe3* + HO® + OH ™), which
generates highly destructive hydroxyl radicals (HO®), the central initiators of the lipid
peroxidation (LPO) chain reaction that defines and drives ferroptosis [5] (Table 1, Figure 1).

To mitigate this inherent risk, cells have evolved a sophisticated and tightly controlled
system to maintain iron homeostasis [12]. The regulation of intracellular iron is a precisely
orchestrated interplay between import, export, and storage. Iron influx is mediated by
two principal pathways. The first involves Transferrin Receptor 1 (TFRC), the gatekeeper
for the uptake of transferrin-bound iron. Following endocytosis of the TFRC-transferrin
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complex, iron is released within the endosome and transported into the cytosol by Divalent
Metal Transporter 1 (DMT1) [13-15]. DMT1 also facilitates a second pathway: the direct
import of non-transferrin-bound ferrous iron (NTBI) across the plasma membrane [12,15].
Upregulation of TFRC or DMT1 expression expands the cell’s labile iron pool (LIP), pro-
foundly sensitizing it to ferroptotic insults [12,16]. Conversely, iron efflux is controlled by
the sole known cellular iron exporter, Ferroportin (FPN1). The functional activity of FPN1
is a critical determinant of ferroptosis resistance; its downregulation or degradation traps
iron intracellularly, creating a potent pro-ferroptotic state [17]. This protein is under the
systemic control of the hepatic peptide hormone hepcidin, which binds FPN1 to induce its
internalization and degradation. Hepcidin thus acts as a master switch, locking iron within
cells and increasing tissue-level sensitivity to ferroptosis [18] (Table 1).
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Figure 1. The multi-layered antioxidant defense network against ferroptosis. Ferroptosis is a form
of regulated cell death driven by iron-dependent LPO (pathways in red). The process is initiated
when a hydroxyl radical (HO®) attacks a polyunsaturated fatty acid (PUFA) within a phospholipid
(PLH), generating a lipid radical (PLe). This radical enters the propagation phase, reacting with O,
to form a lipid peroxyl radical (PLOOs). PLOOe subsequently attacks an adjacent PLH, creating
a lipid hydroperoxide (PLOOH) and a new PLe. This cascade is amplified by ferrous iron Fe?*
which catalyzes the decomposition of PLOOH into highly reactive alkoxyl radical (PLOe). Cells
employ a sophisticated, multi-layered defense system (pathways in blue) to counteract this process:
the canonical pathway relies on GPx4/GSH, while the GPX4-independent axes are represented
by FSP1/CoQ9, GCH1/BH4, DHODH and MBOATs. Created in BioRender. Smith, J. (2025).
BioRender.com/c248457.

To handle excess iron that might otherwise fuel the Fenton reaction, the multi-subunit
protein complex ferritin functions as a secure intracellular vault, sequestering thousands
of iron atoms in a non-reactive form and acting as a crucial defense against ferroptotic
stress [19]. This stored iron, however, can be rapidly weaponized through ferritinophagy,
the selective autophagy-mediated degradation of ferritin. This process is primarily initiated
by the cargo receptor Nuclear Receptor Coactivator 4 (NCOA4), which delivers ferritin to
lysosomes [19,20]. Within the acidic lysosomal environment, the ferritin cage is dismantled,
flooding the LIP with highly reactive Fe?* and driving the cell toward ferroptosis [20].
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This network is further modulated at the post-transcriptional level. Iron-Responsive
Element Binding Proteins (IRPs), particularly IRP2, sense intracellular iron levels and
bind to Iron-Responsive Elements (IREs) on target mRNAs. This action stabilizes TFRC
mRNA while repressing the translation of ferritin and FPN1 mRNAs, thereby coordinating
a program that maximizes cellular iron acquisition and bioavailability, effectively priming
the cell for ferroptosis [6]. Additional factors, such as Heme Oxygenase-1 (HO-1), can
contribute to the LIP by catabolizing heme [21]. In opposition, cytosolic iron chaperones
like Poly(rC)-Binding Protein 1 (PCBP1) provide a countervailing protective function by
ensuring iron is safely trafficked to its destinations, preventing its illicit participation in
redox reactions [22,23]. The coordinated action of these regulators highlights that ferroptosis
is not a random event, but a precisely managed process where cellular fate hinges on the
delicate and interconnected balance of its iron and redox machinery [5,6] (Table 1).

2.2. Lipid Peroxidation Mechanisms

Ferroptosis is executed through the uncontrolled LPO of PUFAs within cellular mem-
branes. This cascade is not a mere consequence of cell death but is its central driver, un-
leashing a chain reaction that culminates in the formation of cytotoxic secondary products,
including reactive aldehydes and lipid electrophiles derived from the decomposition of
lipid hydroperoxides (LOOH), which systematically compromise membrane integrity [24]
(Figure 1).

The entire destructive process unfolds in distinct phases. It begins with initiation,
where a hydroxyl radical (HO®), produced by the Fenton reaction from excess labile iron,
violently abstracts a hydrogen atom from a PUFA. This creates a carbon-centered lipid
radical (Le). The process then enters a vicious, self-sustaining propagation phase. The
lipid radical reacts with molecular oxygen to form a lipid peroxyl radical (LOOe), an
aggressive species that steals a hydrogen atom from a neighboring PUFA. This generates a
lipid hydroperoxide (LOOH) while simultaneously creating a new Le, perpetuating the
chain reaction [24-26]. This event is then dramatically amplified, as the newly formed
LOOH can itself undergo reductive cleavage by ferrous iron, generating a new, highly
reactive alkoxyl radical (LOe) and creating a critical branching point that exponentially
accelerates the oxidative damage [24] (Table 1, Figure 1).

While this free-radical chemistry is the engine of ferroptosis, its efficiency is profoundly
shaped by enzymes that tailor the lipid landscape of the cell. Susceptibility to ferroptosis
is first determined by membrane composition. Acyl-CoA synthetase long-chain family
member 4 (ACSL4) is a critical gatekeeper; it activates PUFAs like arachidonic acid and
adrenic acid for their subsequent incorporation into membrane phospholipids, effectively
priming the cell for peroxidation [27,28]. Working in concert with ACSL4, the membrane
remodeling enzyme lysophosphatidylcholine acyltransferase 3 (LPCATS3) is responsible
for inserting these activated PUFAs into the phospholipid backbone [29]. This synergistic
action enriches membranes with highly oxidizable substrates, rendering them exquisitely
sensitive to ferroptotic stimuli [30].

When the membrane is primed, iron-containing enzymes known as lipoxygenases
(LOXs) can directly and enzymatically mediate LPO. LOXs oxygenate PUFAs in biological
membranes, providing a potent pathway to generate lipid hydroperoxides and amplify
the oxidative damage. This targeted assault can be facilitated by the scaffold protein
phosphatidylethanolamine-binding protein 1 (PEBP1), which binds to 15-lipoxygenase
(15-LOX) and guides it to membrane PUFAs, dramatically increasing the efficiency of
ferroptosis induction [31] (Table 1).

The terminal products of this relentless PUFA oxidation, such as the highly reactive
aldehydes malondialdehyde (MDA) and 4-hydroxynonenal (4-HNE), serve as key biomark-
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ers of lipid peroxidation. More importantly, they are themselves toxic agents that form

adducts with proteins and DNA. In the context of ferroptosis, their most critical role is

the physical disruption of the membrane bilayer, which leads to increased permeability,

loss of electrochemical gradients, and ultimately, cell lysis [32]. However, this lytic event

is not a cell-autonomous endpoint. Recent optogenetic studies have demonstrated that

ferroptosis can propagate to neighboring cells, which subsequently undergo ferroptotic

death themselves [33]. This propagation is not mediated by soluble factors but is a physico-

chemical process requiring direct, x-catenin-dependent cell—cell contact [33]. The spread

is dependent on extracellular iron and is driven by the direct transfer of iron-dependent

LPO between the apposed plasma membranes of adjacent cells, effectively transmitting the

oxidative damage from the dying cell to its healthy neighbors [33] (Table 1).

Table 1. Determinants of ferroptotic sensitivity: the iron and lipid peroxidation axis.

Regulator/Pathway

Role and Mechanism of Action

Impact on Ferroptosis Sensitivity

Iron Metabolism Dysregulation

Fenton Reaction [5]

TFRC [13-15]
DMT1 [12,15]

FPN1 [17]

Hepcidin [18]
Ferritin [19]

NCOAA4 (Ferritinophagy) [19,20]

IRPs [6]
HO-1 [21]

PCBP1 [22,23]
LPO Mechanisms
ACSL4 [27,28]

LPCATS3 [29]
LOXs [31]

PEBP1 [31]

Cell-Cell Propagation [33]

Iron-catalyzed reaction (Fe?* + HyO, — Fe3* +
HO® + OH™) that generates highly reactive
hydroxyl radicals (HO®)

Primary receptor responsible for the endocytic
uptake of transferrin-bound iron.
Transports iron from the endosome to the cytosol
and directly imports NTBI from outside the cell.
The sole known cellular iron exporter; actively
transports iron out of the cytosol.

Binds to FPN1, inducing its internalization and
degradation. This action traps
iron intracellularly.

Safely blocks iron in a non-reactive form.
Selective autophagy cargo receptor that targets
ferritin for lysosomal degradation, releasing
large amounts of Fe?* into the LIP.
Iron-responsive element binding proteins.
Post-transcriptionally regulate iron homeostasis.
Enzyme that catabolizes heme, releasing free
iron and contributing to the LIP.
Cytosolic chaperone that safely binds and traffics
iron to its destinations,

Activates PUFAs (e.g., arachidonic acid) for
membrane incorporation.
Inserts ACSL4-activated PUFAs into
membrane phospholipids.

Directly and enzymatically oxygenate membrane
PUFAs to generate lipid
hydroperoxides (LOOH).

Scaffold protein that binds 15-LOX and guides it
to membrane PUFAs
a-catenin-dependent cell contact for the transfer
of LPO to adjacent cells.

Initiates LPO

Promotes
Promotes

Inhibits

Promotes
Inhibits

Promotes

Promotes
Promotes

Inhibits

Promotes

Promotes

Promotes

Promotes

Promotes (in adjacent cells)

2.3. Antioxidant Defense Systems

To counteract the persistent threat of oxidative damage and prevent the onset of

ferroptosis, cells deploy a sophisticated and multi-layered network of antioxidant systems.

This is not a static shield but a dynamic and highly regulated in-depth defense, orchestrated

by a master transcriptional architect that senses danger and fortifies the cell from within.
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At the heart of this proactive defense lies the Nrf2-Keap1 signaling pathway, which
acts as the primary command-and-control center for the cellular antioxidant response. The
transcription factor Nrf2 (Nuclear factor erythroid 2-related factor 2) is the key effector of
this response, yet under homeostatic conditions, its potential is constitutively suppressed
by its molecular sentinel and negative regulator, Keap1. This cysteine-rich protein continu-
ously binds to Nrf2, promoting the ubiquitination and subsequent proteasomal degradation
of the nuclear factor, thereby maintaining its activity at basal levels [34]. However, upon
exposure to oxidative or electrophilic insults, the very triggers of LPO, Keap1 undergoes
conformational changes, releasing its grip on Nrf2. This unleashes a powerful counter-
offensive: the stabilized Nrf2 translocates to the nucleus, binds to the Antioxidant Response
Element (ARE) in the genome, and initiates a coordinated wave of gene expression [35]
(Table 2, Figure 1).

This Nrf2-driven transcriptional program is foundational to LPO control, as it orches-
trates the reinforcement of the glutathione (GSH)-based defense system. Nrf2’s key targets
coordinate the entire synthesis pipeline. It upregulates SLC7A11, encoding the crucial
subunit of the cystine—glutamate antiporter System Xc~, to secure the necessary cystine
supply [36]. Concurrently, Nrf2 drives the expression of the core enzymatic machinery
for GSH synthesis. Specifically, it mediates the induction of the genes encoding for the
catalytic and modifier subunits of the glutamate—cysteine ligase, which is a rate-controlling
step catalyzing the bonding of glutamate and cysteine to produce a y-glutamylcysteine
dipeptide [37]. Moreover, Nrf2 mediates the induction of Glutathione Synthetase (GSS), a
catalyst for a final ATP-driven glycine addition to y-glutamylcysteine during the synthesis
of the tripeptide GSH [37] (Table 2, Figure 1). The ultimate effector of this axis is the
specialized enzyme GPx4 [38]. As a unique, monomeric selenoprotein, GPx4 possesses
the singular ability to navigate the hydrophobic environment of cellular membranes and
directly neutralize the LOOH [39,40]. Its catalytic cycle is critically dependent on the GSH
pool. GPx4 utilizes two molecules of reduced glutathione (GSH) as the essential cofactor to
reduce an LOOH molecule to its benign, non-reactive alcohol form (LOH) [40,41]. During
this detoxification, the GSH is oxidized to glutathione disulfide (GSSG), which must then
be recycled back to GSH by glutathione reductase (NADPH-dependent) to sustain the
defensive effort [42] (Table 2, Figure 1). The central role of this integrated Nrf2/GSH/GPx4
axis is therefore absolute. Its failure, whether through GSH depletion or direct GPx4
inhibition, removes this critical line of defense, serving as a primary executioner of the
ferroptotic death program [5]. Notably, Nrf2 also enhances the regeneration of NADPH
via the pentose—phosphate pathway [43] and it reconfigures iron metabolism by inducing
HO-1 to catabolize pro-oxidant heme [44], simultaneously increasing the expression of
ferritin heavy and light chains (FTH1, FTL) to safely sequester the released iron [45] (Table 2,
Figure 1).

While the Nrf2-GSH-GPx4 axis forms the primary line of defense, cells are equipped
with several crucial GPx4-independent systems that provide functional redundancy and
alternative protective strategies. A key parallel pathway is orchestrated by Ferroptosis
Suppressor Protein 1 (FSP1), formerly known as AIFM2 [46]. FSP1 functions as a potent
lipophilic antioxidant by catalytically regenerating coenzyme Q10 (CoQ10) to its reduced,
active form, ubiquinol (CoQjoH>), using NAD(P)H as a hydride source [47]. Ubiquinol,
in turn, functions as a radical-trapping antioxidant that directly intercepts and neutral-
izes lipid peroxyl radicals (LOOe), thereby breaking the propagation of the peroxidation
chain reaction within membranes. This mechanism is fundamentally distinct from that of
GPx4, which detoxifies the stable hydroperoxide product (LOOH) rather than the radical
propagator [48,49] (Table 2, Figure 1).
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One more system that defends the cell from damage is the GCH1-BH4 pathway. GTP
cyclohydrolase 1 (GCH1) is the enzyme that controls the rate of the reaction and the
one responsible for the synthesis of tetrahydrobiopterin (BH4) from the very beginning.
BH4 is a very effective antioxidant produced in the body that inhibits ferroptosis in at least
two ways: first, it may directly use the radicals to stop LPO, and, secondly, very importantly,
it allows the CoQ10 to be regenerated, thereby functionally coupling its activity to the
protective FSP1 axis [50]. An additional layer of defense resides within the mitochondria,
involving the enzyme dihydroorotate dehydrogenase (DHODH). Located on the inner
mitochondrial membrane, DHODH, a key enzyme in pyrimidine biosynthesis, also con-
tributes to the reduction in the mitochondrial CoQ10 pool [51] (Table 2, Figure 1). This
compartment-specific activity provides localized protection against mitochondrial LPO,
highlighting the spatially organized nature of the cell’s antioxidant defenses [51]. Beyond
these radical-trafficking and detoxification systems, a distinct surveillance mechanism
operates “upstream” by modifying the fundamental lipid composition of the membrane
itself. This pathway relies on the phospholipid remodeling enzymes membrane-bound
glycerophospholipid O-acyltransferase 1 and 2 (MBOAT1 and 2) [52]. The role of these
enzymes is to suppress ferroptosis through their preference for incorporating monoun-
saturated fatty acids (MUFAs) into their phospholipid fraction. This will competitively
reduce the level of highly peroxidizable phospholipids containing PUFAs, the primary
substrates for LPO. This protective mechanism is notable for being entirely independent of
both the GPx4 and FSP1 surveillance pathways. Furthermore, this system is under direct
transcriptional control by sex hormones: MBOAT1 is upregulated by the Estrogen Receptor
(ER) and MBOAT?2 by the Androgen Receptor (AR), directly linking sex-specific hormone
signaling to ferroptosis resistance in relevant cancers (Table 2, Figure 1).

Therefore, the integration of iron metabolism, LPO, and antioxidant function defines
ferroptosis as a focal regulatory point. The involved factors are highly intertwined and
originate as follows: while iron overabundance triggers lipid peroxidation, this process
is only lethal in its interaction with dysfunctional GPx4 and FSP1. The self-containing
interconnection between iron overabundance and LPO suggests a number of therapeutic
weaknesses. This indicates that a therapy that focuses on different points in this network
(such as iron chelation, LPO inhibition, and/or support for GPx4 and FSP1) could effec-
tively target this process. Of note is that a multi-target therapeutic strategy could provide
enhanced efficacy. Furthermore, the nature of ferroptosis’ core radical chain reactions
highlights a fundamental biochemical vulnerability. Once a critical threshold is crossed,
the death cascade acquires a chemical autonomy that can become irreversible, marking a
physiological point of no return. This inherent weakness, which is exploited in various
pathological conditions, underscores the importance of preventative interventions. Con-
versely, in therapeutic settings such as oncology, intentionally pushing cells beyond this
threshold offers a compelling strategy for effectively triggering targeted cell death.

Table 2. Mechanisms of ferroptosis resistance: key defensive pathways.

Regulator/Pathway

Role and Mechanism of Action Impact on Ferroptosis Sensitivity

The GPX4-Dependent Axis

SLC7A11 [36]

Nrf2 target. Cystine/glutamate antiporter;
imports cystine, the rate-limiting precursor Inhibits
for GSH synthesis.
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Table 2. Cont.

Regulator/Pathway

Role and Mechanism of Action Impact on Ferroptosis Sensitivity

GCL and GSS [37]

Nrf2 targets. Key enzymes for GSH synthesis.
GCL (GCLC/GCLM) is the rate-limiting Inhibits
enzyme; GSS catalyzes the final step.

GPx4 [39-41]

HO-1 and FTHU/FTL [44,4

A unique selenoprotein that utilizes GSH to
directly detoxify lipid hydroperoxides Inhibits
(LOOH) into benign lipid alcohols (LOH).
Nrf2 targets. HO-1 catabolizes pro-oxidant
5] heme; ferritin sequesters the released free Inhibits
iron, reducing the LIP.

GPX4-Independent Pathways

FSP1-CoQ10 Axis [46-48]

GCH1-BH4 Pathway [50]

DHODH [51]
Substrate Remodeling

MBOAT1/MBOAT?2 [52]

NAD(P)H-dependent reductase that
regenerates coenzyme Q10 (Ubiquinone) to

its active antioxidant form, Ubiquinol Inhibits
(CoQq9H»), which neutralizes the LOOe
Rate-limiting enzyme for the synthesis of
Tetrahydrobiopterin (BH4). BH4 acts as an Inhibits

endogenous RTA and promotes
CoQ10 regeneration.
An inner mitochondrial membrane enzyme
that reduces the mitochondrial CoQQ10 pool, Inhibits
providing localized protection against LPO.

Incorporate MUFAs into membranes,
competitively displacing the highly Inhibits
peroxidizable PUFA.

3. Ferroptosis in Disease Pathogenesis: A Fundamental Role Across
Organ Systems

3.1. Cancer

For decades, oncology has focused on inducing apoptosis, a controlled form of cell
suicide. However, cancer’s frequent development of apoptosis resistance necessitates the
exploration of alternative cell death pathways. In this context, ferroptosis represents an
alternative vulnerability that can bypass conventional apoptotic blocks. Understanding
how cancer cells regulate their sensitivity to this process is crucial.

Cancer cells must actively manage the threat of ferroptosis, which is primarily achieved
by maintaining robust antioxidant defenses. The cornerstone of this defense is GPx4, which
relies on a steady supply of GSH, synthesized from precursors like cystine, imported via
the System Xc™~ transporter. Cancer cells often fortify this axis to survive the oxidative
stress inherent in rapid proliferation and metabolic activity [53,54]. However, the very
adaptations that drive malignancy can paradoxically create ferroptotic sensitivity. Cancers
driven by RAS-RAF-MEK signaling, for instance, often reprogram their metabolism to
accumulate iron, inadvertently priming themselves for ferroptosis [55]. Similarly, cells
undergoing epithelial-to-mesenchymal transition (EMT), a process linked to metastasis and
therapy resistance, frequently exhibit reduced GPx4 levels, exposing a critical susceptibil-
ity [56]. These intrinsic links have identified specific cancer types, including aggressive
triple-negative breast cancer (TNBC) [57,58] and certain renal [59] and hepatocellular carci-
nomas [60], as potentially more reliant on ferroptosis defenses. When the primary GPx4
defense is overwhelmed or bypassed, cancer cells can deploy backup systems like the
FSP1 pathway, which represents a significant secondary defense. Notably, FSP1 appears
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particularly crucial for tumor survival in vivo, protecting against physiological oxidative
stress [61]. Indeed, in mouse models of lung adenocarcinoma (LUAD), FSP1 loss triggers
LPO and suppresses tumor formation, and high FSP1 expression correlates with poorer
patient survival, indicating its biological importance in cancer progression [61,62] (Figure 2).

Neurodegeneration
Alzheimer's disease (AD)
Parkinson's disease (PD)
Huntington's disease (HD)
Amyotrophic lateral sclerosis
(ALS)

Multiple sclerosis (MS)
Neuroinflammation

@ ® . Ferroptosis

Infections

HIV, HCV, SARS-CoV-2,
Dengue

Pseudomonas aeruginosa

Plasmodium parasites y

.

Renal Diseases )

Inflammatory and Autoimmune Conditions
Chronic autoimmune disorders
Systemic Lupus Erythematosus (SLE)

) Neutropenia
k' Inflammatory Bowel Disease (IBD)
Rheumatoid Arthritis (RA)

[ '
' Hepatic Diseases
Nonalcoholic steatohepatitis
) Liver disease

Hepatic inflammation

Liver fibrosis, Cirrhosis
Drug-induced liver injury
Ischemia-reperfusion injury

i

Cardiovascular Diseases
Myocardial ischemia/
reperfusion (I/R) injury
Myocardial infarction
Atherosclerosis

Heart failure (HF)

Acute kidney injury (AKI) Y Cancer
%‘&%r;'c Kidney disease o Triple-negative breast cancer (TNBC)

Renal carcinomas
Hepatocellular carcinomas
Lung adenocarcinoma (LUAD)

Renal fibrosis

End-stage renal failure

Diabetic nephropathy
Figure 2. The multifaceted role of ferroptosis in human diseases. Ferroptosis, a distinct form
of regulated cell death characterized by iron-dependent lipid peroxidation, is implicated in the
pathophysiology of a wide array of human diseases. This figure illustrates its involvement in various
organ systems and disease categories. Ferroptosis contributes to neurodegeneration, inflammatory
and autoimmune conditions, hepatic diseases, and cardiovascular diseases. Furthermore, various
infectious events can activate ferroptosis, while cancers develop strategies to protect themselves from
ferroptotic cell death. Created in BioRender. Smith, J. (2025). BioRender.com/c248457.

Furthermore, many aggressive and therapy-resistant cancer cells develop an “iron
addiction”. Their heightened metabolic rate, rapid proliferation, and need for epigenetic
plasticity demand substantial iron as a cofactor key enzymes involved in DNA synthesis,
energy production, and demethylation [63,64]. To meet this heightened iron demand, cancer
cells frequently upregulate the iron import proteins TFRC [65-67] and DMT1 [68,69]. This
elevated iron influx consequently expands the cellular LIP, thereby increasing susceptibility
to ferroptosis [70,71]. Crucially, recent research pinpoints the lysosome as the critical
initiation site for ferroptosis [72]. This organelle naturally accumulates redox-active iron
delivered via processes like autophagy (including ferritinophagy) within an acidic, reducing
environment. This creates the ideal conditions, a chemical tinderbox, for iron to catalyze
the initial Fenton reactions that trigger the fatal LPO cascade on lysosomal and adjacent
membranes [72]. Cancer cells with high iron turnover or specific dependencies, such as
certain drug-tolerant persister (DTP) cells often characterized by high CD44 expression,
may be particularly susceptible to lysosome-initiated ferroptosis due to their reliance on
processing iron through this organelle [72].

Finally, the lytic and inflammatory nature of ferroptosis itself has biological conse-
quences within the tumor microenvironment [73]. The chaotic rupture of ferroptotic cells
releases damage-associated molecular patterns (DAMPs) and other signaling molecules [74].
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These act as potent immunostimulatory signals, capable of recruiting and activating im-
mune cells, including cytotoxic T lymphocytes, thereby potentially linking this cell death
pathway to anti-tumor immunity [75]. This immunogenic aspect represents another layer
of how ferroptosis interfaces with cancer biology, influencing the dialogue between the
dying tumor cell and the host immune system [73,75].

3.2. Neurodegenerative Diseases

The human brain, despite being the center of consciousness and possessing immense
computational complexity [76], exhibits unique physiological characteristics that create
significant metabolic vulnerabilities [77]. Due to its high oxygen consumption, large
catalytic iron reserves, and membranes rich in easily oxidized lipids, the brain is quite prone
to oxidative damage like ferroptosis [77]. Initially viewed as a specialized cell death process,
ferroptosis is now understood as a major factor in neurodegeneration and a key contributor
to Alzheimer’s disease (AD) [78], Parkinson’s disease (PD) [79], Huntington’s disease
(HD) [80], amyotrophic lateral sclerosis (ALS) [81], and multiple sclerosis (MS) [82,83].

The brain’s particular structure makes it naturally fragile. While elevated iron levels
are important for myelin formation and neurotransmitter synthesis, this high level creates a
precarious environment. Normal homeostatic controls break down during aging or disease,
and toxic iron accumulates, broadly driving oxidative stress [84]. This issue is worsened by
the brain’s special lipid makeup. Its neuron membranes have a lot of PUFAs, especially
arachidonic acid and docosahexaenoic acid [85,86]. When iron and PUFAs combine with
the brain’s high need for oxygen, this can cause a large amount of LPO. Healthy antioxidant
systems, like the GSH/GPx4 axis, cannot stop this damage [87].

Evidence connecting ferroptosis is being found in many neurodegenerative diseases,
suggesting distinct pathological contributions in each condition. In AD, ferroptosis seems
to be linked to the main signs of the disease: amyloid-beta (A[3) plaques and neurofibrillary
tau tangles. AP peptides and hyperphosphorylated tau make iron control worse, promoting
the accumulation of redox-active iron [88]. However, the GSH depletion and poor GPx4
function/expression seen in AD come from long-term oxidation caused by Af} toxicity,
neuroinflammation, mitochondrial issues, and the aforementioned iron accumulation [89].
This convergence overwhelms the neuron’s primary defenses, leaving it susceptible to
ferroptotic demise [90]. The link is perhaps even more direct in PD, characterized by the
progressive loss of dopaminergic neurons in the substantia nigra, a region uniquely rich in
iron. Dopamine metabolism itself causes oxidation. Its auto-oxidation and breakdown by
monoamine oxidase (MAQ) create hydrogen peroxide and other ROS [91]. This, along with
high iron levels and membranes full of PUFAs, creates a setting that supports ferroptosis.
Critically, a hallmark of PD pathology is a profound depletion of GSH specifically within
the substantia nigra, severely crippling the GPx4 antioxidant system and rendering these
neurons highly exposed to iron-catalyzed LPO and subsequent ferroptotic death [92-94].
In HD, the mutant huntingtin (mHTT) protein causes mitochondrial issues, leading to an
increase in ROS creation and energy loss. It also messes with antioxidant responses, causing
poor GSH synthesis and turnover [95], while altering iron metabolism in affected brain
regions [96]. This combination of increased oxidative load and compromised GSH-GPx4
defenses creates a state of heightened vulnerability to ferroptosis in the striatum [80]. A
similar condition of oxidative stress proves fatal for the motor neurons in ALS, where factors
like glutamate excitotoxicity [97], iron accumulation [98], and GSH depletion [99] create a
perfect storm that these specialized cells cannot survive [81]. In MS, ferroptosis contributes
to the disease cycle by killing oligodendrocytes, responsible for myelin production. These
cells are naturally iron-rich and depend heavily on GPx4 activity [100]. When myelin is
damaged during inflammatory attacks, it releases excess iron. This iron, combined with
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inflammation, triggers ferroptosis in the already compromised oligodendrocytes, impairing
remyelination and worsening neurodegeneration [101] (Figure 2).

This cellular destruction is amplified by a vicious cycle of neuroinflammation. Dying
ferroptotic neurons release DAMPs, which act as a siren’s wail, activating nearby glial
cells like microglia and astrocytes. Once awakened, these cells unleash a torrent of pro-
inflammatory cytokines, further disrupting iron homeostasis and generating more reactive
oxygen species, which in turn sensitize neighboring neurons to ferroptosis [102]. This
creates a self-perpetuating wave of damage that spreads through neural circuits.

3.3. Cardiovascular Diseases

The selective destruction of highly metabolically active cells extends to the cardiovas-
cular system, where ferroptosis is recognized to be a key non-apoptotic executioner in the
development and progression of a broad range of cardiovascular diseases (CVDs) [103].
Its role ranges from acute events like myocardial ischemia/reperfusion (I/R) injury [104]
and myocardial infarction [105] to chronic, insidious pathologies such as atherosclero-
sis [106] and heart failure (HF) [107]. The heart’s physiological requirements make it
peculiarly susceptible to ferroptosis. As a constantly active organ, the myocardium has
a remarkably high density of mitochondria, and therefore has a remarkably high rate of
oxygen consumption and a correspondingly high level of basal ROS production [108,109].
This high metabolic rate creates significant vulnerability when combined with two critical
factors. First, cardiac cell membranes and mitochondrial structures are highly enriched
with readily available PUFAs, especially within key phospholipids like cardiolipin and
phosphatidylethanolamines [110]. Second, CVDs frequently disrupt iron homeostasis. In
I/R injury, for example, the reperfusion phase introduces oxygenated blood, causing a
rapid release of iron from damaged mitochondria [111]. This abrupt increase in the LIP,
coinciding with the severe depletion of GSH during ischemia [111], overwhelms the GPx4
defense system. This sequence triggers extensive, uncontrolled LPO, which is considered a
major contributor to irreversible myocardial damage following infarction [112]. Similarly,
chronic conditions like heart failure are sustained by constant low-level oxidative stress
and slow myocardial iron accumulation, leading to the sustained, ferroptosis-driven loss of
functional cardiomyocytes and fibrotic remodeling [107]. Even in atherosclerosis, ferropto-
sis is implicated in the death of foam cells and endothelial cells, potentially contributing to
plaque instability and rupture [106] (Figure 2).

3.4. Renal Diseases

The kidney, acting as the body’s main filter, works under continuous metabolic stress,
which makes it vulnerable to iron-mediated oxidative damage, a key feature of ferroptosis,
now recognized as an important factor in both the acute kidney injury (AKI) [113] and
the gradual decline seen in chronic kidney disease (CKD) [10,114]. In CKD, ferroptosis
has recently emerged as an important mediator in producing renal fibrosis and excessive
scarring within this vital organ, which frequently progresses to end-stage renal failure [115].
The kidney is rendered susceptible primarily due to its peculiar tubular epithelial cell
biology. These cells possess abundant mitochondria to fuel their demanding reabsorptive
functions, making them centers for ROS production and iron handling [116]. In AKI, fre-
quently triggered by ischemia-reperfusion or nephrotoxic insults, these renal cells undergo
rapid ferroptotic death due to the combined effects of GPx4 inactivation and a surge in
catalytic iron [115,117]. Critically, this acute injury often fails to fully resolve, instead
initiating a pathological cascade leading to fibrosis [115]. Ferroptotic tubular cells secrete
pro-inflammatory and pro-fibrotic factors, including TGF-f31, which primes interstitial
fibroblasts to differentiate into myofibroblasts that produce excessive amounts of extracel-
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lular matrix materials (such as collagen) [115]. This scarring can reduce microcirculation
in the area causing hypoxia, which additionally induces ferroptosis in adjacent tubular
cells, establishing a detrimental positive feedback loop [115]. The efficacy of secondary
redundant protective pathways independent of GPx4 activity, including FSP1-CoQ10 and
GCH1-BH4 pathways [117], is important for renal protection. The dysfunction and subse-
quent failure of these redundant protective pathways in CKD render the kidneys exquisitely
sensitive to ferroptosis-inducing stimuli [10,114]. The effect is more dramatic in diabetic
nephropathy, where hyperglycemia is known to perpetually activate ferroptosis through
the enhanced induction of ROS production and altered iron metabolism and enzymatic
insertion of easily oxidizable PUFAs within cellular membranes [118,119] (Figure 2).

3.5. Hepatic Diseases

The liver plays a central role in both iron storage and lipid metabolism, positioning
it as a key organ in the study and impact of ferroptosis. In conditions like nonalcoholic
steatohepatitis (NASH), a precursor to more severe liver disease, hepatocytes accumu-
late excessive lipids (steatosis) [120]. This lipid overload, particularly involving PUFAs,
provides abundant substrates for LPO [121]. In addition, related mitochondrial dysfunc-
tion [122,123] and endoplasmic reticulum stress [124,125] produce ROS, creating favorable
conditions for ferroptosis [126,127]. The subsequent ferroptic cell death of hepatocytes
leads to the release of inflammatory mediators. In this scenario, inflammatory hepatopathy
facilitates the development of hepatic fibrosis and subsequent cirrhosis [128,129]. Simi-
larly, in acute settings such as drug-induced liver injury (e.g., acetaminophen toxicity) or
ischemia-reperfusion insults in organ transplantation, the rapid depletion of GSH com-
promises the GPx4 antioxidant defense axis, leading to widespread ferroptosis-driven
hepatocyte death [130-132]. Conversely, this cell death mechanism can be therapeutically
leveraged. In liver fibrosis, activated hepatic stellate cells (HSCs) are the primary source of
the excessive collagen deposition that leads to scarring. Importantly, activated HSCs exhibit
increased susceptibility to ferroptosis compared to quiescent HSCs or hepatocytes [133,134].
This differential sensitivity suggests a potential therapeutic strategy: selectively inducing
ferroptosis in activated HSCs to reduce fibrosis while sparing healthy liver tissue [134]
(Figure 2).

3.6. Inflammatory and Autoimmune Conditions

Inflammation is a vital physiological process but can contribute to pathologies if
dysregulated. Ferroptosis has recently emerged as one of the key mediators that contribute
to cell death in autoimmune-inflammatory disorders [135]. The complex interplay between
inflammation and ferroptosis is bidirectional and often cyclic [136]: inflammatory mediators
can trigger and/or prime cells for ferroptosis and vice versa. In addition to this vicious
cycle, inflammatory cell death through ferroptosis can release a number of mediators that
contribute to enhanced inflammatory signaling. Specifically, ferroptosis is associated with
the release of DAMPs like high-mobility group box 1 (HMGB1), which can further amplify
the inflammatory response by activating pathways including the NLRP3 inflammasome
and the cGAS-STING axis, thereby perpetuating a detrimental feedback loop [137,138].
The pathways linking inflammation to ferroptosis induction are becoming increasingly
elucidated. Pro-inflammatory cytokines play a direct role; for instance, tumor necrosis
factor-alpha (TNF-«) can increase cellular sensitivity [139], while interferon-gamma (IFNYy),
a key T cell cytokine, actively fosters ferroptosis by transcriptionally downregulating
the SLC7A11 subunit of System Xc~, thus limiting GSH synthesis, which compromises
GPx4 function [140] (Figure 2). This disruption of the GPx4/GSH axis is a pivotal node
in both inflammatory and infectious contexts. Chronic inflammation also often elevates
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hepcidin, promoting iron sequestration in cells like macrophages, which increases the LIP
and creates a pro-ferroptotic environment [141,142]. This is exploited by pathogens; for
example, HIV upregulates hepcidin to degrade ferroportin, increasing intracellular iron and
vulnerability to Fenton reaction-mediated damage [143]. Similarly, viruses like SARS-CoV-2
and Dengue can also weaken a host’s antioxidant protection by reducing GSH [144,145]
or inhibiting GPx4 [146] (Figure 2). Some pathogens show advanced manipulation skills.
For example, the Gram-negative bacterium Pseudomonas aeruginosa causes ferroptosis in
bronchial epithelial cells by using its secreted lipoxygenase (pLoxA) to create pro-ferroptotic
signals from host PUFAs, while also starting chaperone-mediated autophagy (CMA) to
break down GPx4 [147,148] (Figure 2). However, this pathogenic role is not universal;
ferroptosis can also function as a host defense, as ferroptotic signaling in hepatocytes
controls liver-stage Plasmodium parasites [149], and its induction via fatty acid desaturase
2 (FADS2) can inhibit HCV replication [150] (Figure 2). This context-dependent duality
defines its role in chronic autoimmune disorders. In Systemic Lupus Erythematosus
(SLE), IFN-« inhibits GPx4 expression through CREM« induction, promoting ferroptosis
of neutrophils and resulting in neutropenia [151]. In Inflammatory Bowel Disease (IBD),
ferroptosis of intestinal epithelial cells caused by dysfunctional GPx4 and heightened
ACSLA4 protein level damages the mucosal barrier [152]. However, in Rheumatoid Arthritis
(RA) and Multiple Sclerosis (MS), the therapeutic strategy is inverted: while ferroptosis of
structural cells in RA is detrimental, the selective induction of ferroptosis in pathogenic
RA-Fibroblast-like Synoviocytes (RA-FLS) reduces synovitis [153] (Figure 2). Similarly, in
MS, pathogenic CD4+ T cells evade ferroptosis by upregulating GPx4 to enhance their
inflammatory survival, establishing a scenario where therapeutic ferroptosis induction is
required to eliminate the pathogenic cellular pool [83] (Figure 2). This complex, cell-type-
specific dependency dictates that effective clinical translation must move beyond general
inhibition to employ precise modulation strategies that either protect vulnerable cells or
selectively eliminate pathogenic populations.

4. Emerging Therapeutic Strategies and Clinical Translation

The expanding understanding of ferroptosis has opened new avenues for therapeutic
design. The capacity to precisely modulate this potent cell death pathway has facilitated
the development of a diverse spectrum of interventions, ranging from targeted small
molecules to advanced biological delivery systems. The therapeutic objective is fundamen-
tally dichotomous: either to induce ferroptosis for the targeted elimination of pathological
cells or to inhibit it to protect healthy tissues from damage, contingent upon the specific
disease context.

4.1. Therapeutic Induction of Ferroptosis: A Weapon Against Malignancy

The therapeutic induction of ferroptosis aims to weaponize the metabolic vulnerabili-
ties inherent in cancer cells. Foundational strategies include direct GPx4 inhibition using
small molecules like RSL3 [154-156], ML162 [157] or FIN56 [158], thereby triggering lipid
peroxide accumulation. Alternatively, GSH depletion strategies employ agents such as
erastin [159,160] or the FDA-approved drug and multi-kinase inhibitor sorafenib [161,162]
to block the System Xc™ antiporter, cutting off the supply of cystine required for GSH
synthesis and thus starving GPx4 of its essential cofactor. However, sorafenib’s action
is often considered less potent or specific for inducing ferroptosis, potentially due to its
pleiotropic effects [163] (Table 3). Expanding the clinical repertoire, APR-246 (eprenetapopt)
has emerged as a dual-action therapeuticparticularly effective in acute myeloid leukemia
(AML) and solid tumors. While primarily developed to reactivate mutant p53, APR-246
has been shown to potently induce ferroptosis by disrupting the GSH/GPx4 antioxidant
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axis; furthermore, it triggers ferritinophagy, thereby increasing the labile iron pool and
fueling lethal lipid peroxidation [164] (Table 3)

Beyond targeting the primary GPx4/GSH axis, therapies can focus on backup antioxi-
dant pathways. The pharmacologic inhibition of FSP1, which generates the radical-trapping
antioxidant ubiquinol independently of GSH, has shown preclinical promise, particularly
in lung cancer models where FSP1 appears crucial for in vivo tumor survival [165,166].
Another strategy involves targeting DHODH, an enzyme linked to mitochondrial CoQ10
metabolism and ferroptosis defense. Indeed, the DHODH inhibitor brequinar has been
shown to selectively suppress the growth of tumors with low GPx4 expression by induc-
ing ferroptosis [167] (Table 3). Furthermore, combining brequinar with sulfasalazine, an
FDA-approved drug known to induce ferroptosis by downregulating the expression of
Nrf2 [168], synergistically triggers ferroptosis and effectively suppresses the growth of
tumors with high GPx4 expression [167] (Table 3). Similarly, targeting the MBOAT1/2
pathway, which remodels lipids to reduce peroxidizable substrates, represents another
GPx4/FSP1/DHODH-independent approach [169]. Cancer’s frequent “iron addiction”
presents another avenue; iron overload strategies seek to manipulate iron metabolism, inten-
tionally increasing the LIP to enhance iron-catalyzed Fenton reactions and LPO. This could
involve targeting iron import proteins like TFRC [67] and DMT1 [170] or CD44-mediated
processes [72]. Recognizing the lysosome as a key initiation site due to its accumulation of
redox-active iron has led to novel strategies, such as developing agents like the phospho-
lipid degrader fentomycin-1, which is specifically activated within the lysosome to trigger
ferroptosis, proving effective against therapy-resistant DTP cells [72] (Table 3).

Furthermore, the immunogenic nature of ferroptosis opens the possibility of com-
bination with immunotherapy. The release of DAMPs during ferroptotic cell death can
recruit and activate T cells, potentially converting “cold” tumors into “hot” ones, thereby
synergizing with immune checkpoint inhibitors (ICls) like anti-PD-1 or anti-CTLA-4 mon-
oclonal antibodies [171]. For instance, inhibition of the receptor tyrosine kinase TYRO3
has been shown to promote ferroptosis and sensitize tumors to anti-PD-1 therapy [172].
This represents a significant conceptual evolution: ferroptosis is not merely a cell-killing
mechanism but an active signaling event that can prime or enhance the immune system’s
attack on cancer cells (Table 3).

Finally, the complexity of these pathways and the potential for resistance, such as
adaptive changes involving CD44 downregulation following fentomycin-1 exposure [173],
highlights the critical need for the development of biomarkers. Identifying signatures
based on metabolic profiles, the expression levels of key regulators like FSP1, or lipid
composition will be essential for patient stratification and guiding effective, personalized
ferroptosis-based therapies.

Table 3. Therapeutic inducers of ferroptosis.

Class Compound Mechanism of Action
GPx4 Inhibitors RSL3 [154-156] Direct GPx4 inhibitor.
ML162 [157] Direct GPx4 inhibitor.
FIN56 [158] Direct GPx4 inhibitor (promotes degradation).
P53 activator, induce ferroptosis by disrupting the
ARP-246 [164] GSH/GPx4 axis
GSH Depletors Erastin [159,160] Blocks System Xc™ antiporter, inhibiting cystine uptake.
Sorafenib [161-163] Multi-kinase inhibitor; also blocks System Xc™ antiporter.
Sulfasalazine [168] Induces ferroptosis (Nrf2 downregulation).
GPx4-Independent Brequinar [167] DHODH inhibitor (targets mitochondrial
Pathway Inhibitors 91 CoQ10 metabolism).
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Table 3. Cont.

Class Compound Mechanism of Action
Lysosome-Targeting Agents Fentomycin-1 [72] Phospholipid degrader specifically activated within
the lysosome.
Immunf)the.rapy Anti-PD-1 mAb [171] Immune checl.<p01nt 1nh1b1.tor (synergizes
(Combination) with ferroptosis).

Immune checkpoint inhibitor (synergizes

Anti-CTLA-4 mADb [171] with ferroptosis)

4.2. Therapeutic Inhibition of Ferroptosis: A Shield for Degenerative Disease and Injury

In stark contrast, the therapeutic goal in degenerative diseases and acute injuries is to
staunchly inhibit ferroptosis to preserve tissue and function [12]. This strong mechanistic
link confirms that ferroptosis is a critical therapeutic target across a surprisingly broad
range of pathologies, with strategies focused on disarming the main drivers of the cascade.
The most direct approach involves meticulous iron management and chelation, a strategy
hinging on the deployment of agents capable of sequestering the catalytically active iron
that fuels LPO chain reaction [12].

A quartet of such molecules, deferoxamine (DFO), deferiprone (DFP), deferasirox
(DFX), and dexrazoxane (DZR), have emerged as powerful, albeit distinct, tools for this
purpose, and their application now extends far beyond their initial indications (Table 4).
While DFO remains a classic treatment for systemic iron overload, its utility has been
demonstrated in models of acute, localized iron toxicity [174]. In the catastrophic setting of
hemorrhagic stroke or traumatic brain injury, for example, where the lysis of erythrocytes
unleashes a flood of toxic heme-iron, DFO can mitigate secondary brain injury by scav-
enging this free radical catalyst [174]. A similar principle applies to acute kidney injury,
where DFO confers significant nephroprotection against ischemia-reperfusion damage by
curbing ferroptosis in renal tubular cells [175,176].

The true therapeutic frontier, however, may lie with orally available, brain-penetrant
agents. DFP, due to its ability to cross the blood-brain barrier, has become a focal point
of research not just for Parkinson’s disease, but also for other neurodegenerative condi-
tions defined by iron dyshomeostasis [84]. This includes Friedreich’s Ataxia, a disease
directly caused by a defect in mitochondrial iron handling [177,178], and Huntington’s
disease, where DFP has shown promise in reducing toxic protein aggregates in preclin-
ical models [80]. Its oral counterpart, DFX, is also being explored beyond systemic iron
overload for its potential to quell the iron-driven oxidative stress within the smolder-
ing inflammatory landscape of NASH, aiming to halt its progression to fibrosis [179].
Standing somewhat apart is DZR, the designated cardioprotectant. While its primary
mechanism involves topoisomerase II inhibition [180], its function as a powerful iron mop,
proven to mitigate myocardial ischemia—-reperfusion injury, cements its role as a potent
anti-ferroptotic agent [181,182].

Beyond the realm of synthetic pharmacology, nature provides its own sophisticated
arsenal of iron-chelating agents, chiefly in the form of plant-derived polyphenols and
flavonoids. These phytochemicals are of particular interest due to their pleiotropic effects,
combining direct iron sequestration with potent intrinsic antioxidant and anti-inflammatory
activities [183]. Epigallocatechin-3-gallate (EGCG) from green tea, for instance, has demon-
strated significant neuroprotective capacity in models of Alzheimer’s and Parkinson’s
disease, a feat attributed to its ability to cross the blood-brain barrier and quell iron-driven
oxidative stress [184,185]. Similarly, curcumin, the bioactive compound in turmeric, func-
tions as a powerful chelator and has shown efficacy in mitigating iron accumulation in both
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neurodegenerative and hepatic injury models [186,187]. Other widely studied flavonoids,
such as quercetin and the stilbenoid resveratrol, exert comparable protective effects in
contexts of cardiovascular and renal ischemia-reperfusion injury [188,189], where they
inhibit ferroptosis by disarming the catalytic iron at the heart of the damage cascade [190]
(Table 4). The therapeutic translation of these natural agents, however, is not without chal-
lenges. Significant hurdles in bioavailability, metabolic stability and the standardization of
extracts currently limit their clinical application; however, ongoing research into advanced
delivery systems, such as nano-formulations, could overcome these limitations. Recent
advances underscore the potential of this approach. In one instance, curcumin encapsulated
in polymeric nanoparticles was found to possess greater anti-ferroptotic activity, and better
retain this activity, in an acute kidney injury model compared to free curcumin [191,192].
Similarly, EGCG coordinated metal-organic networks have been created with stability and
targeted delivery properties to protect cells from death due to lipid peroxidation [193,194].
In addition, biomimetic strategies like quercetin-loaded exosomes are being developed
as carrier systems to cross physiological barriers and upregulates the Nrf2/GPx4 axis to
promote neuroprotective effects [195,196]. Thus, in addition to improving pharmacokinetic
properties, these nano-architectures have the potential to precisely target the ferroptotic
machinery in damaged tissues.

Orthogonal to the strategy of iron sequestration is a more direct approach: erecting a
bulwark to protect lipids themselves using potent, radical-trapping antioxidants (RTAs).
This tactic aims to neutralize the destructive cascade at its point of action. The body’s
endogenous implementation of this strategy is embodied by Vitamin E, a family of eight
related lipophilic compounds (tocopherols and tocotrienols) that constitute the primary
physiological RTAs [197] (Table 4). Their mechanism is highly specific: they are not efficient
scavengers of the highly reactive species that initiate the oxidative cascade, such as HO*
or LOe. Instead, they function as peerless chain-breaking antioxidants, intercepting the
lipid peroxyl radicals LOOe that propagate the chain reaction [197,198]. This physiological
mechanism, which distinguishes between forms like a-tocopherol as the principal LOOe
scavenger and y-tocopherol as a specialized scavenger for reactive nitrogen species, also
defines its critical limitation [197,198]. By focusing solely on propagation, Vitamin E can
be overwhelmed in the face of potent oxidative insults where the rate of initiation is too
high, proving insufficient to compete with the destructive cascade [198]. This limitation
of the endogenous system spurred the development of synthetic RTAs capable of a more
comprehensive defense. Prototypical lipophilic sentinels like ferrostatin-1 (Fer-1) and
liproxstatin-1 (Lip-1) physically intercalate within cellular membranes, where they act as
sacrificial shields, intercepting and quenching both the initiation and the propagation steps
of LPO, thus preserving membrane integrity [24,199] (Table 4). The therapeutic potential of
these molecules has been validated across a remarkable spectrum of preclinical models,
including acute kidney and cardiac ischemia-reperfusion injury [200-202], traumatic brain
injury [203,204], and neurodegenerative diseases [205-207]. However, their clinical transla-
tion has been hampered by poor pharmacokinetic profiles, spurring the development of
next-generation RTAs with enhanced stability and bioavailability.

A parallel and highly strategic approach is to fortify the cell’s intrinsic cytoprotective
machinery, primarily the central GSH/GPx4 axis. This can be achieved by increasing
substrate availability, most classically through the administration of the GSH precursor
N-acetylcysteine (NAC) [208]. However, a more sought-after goal is the direct pharma-
cological modulation of the master enzyme itself. The development of small molecules
capable of binding to and either stabilizing GPx4 protein or allosterically enhancing its
catalytic activity represents a “holy grail” in the field. However, the rational design of
protein activators, as opposed to inhibitors, presents a formidable pharmacological hurdle.
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This challenge is exemplified by the trajectory of ebselen; though once reported as a GPx4
mimetic, its advancement into the clinic ultimately resulted in a series of unsuccessful trials,
underscoring the difficulty of achieving true enzymatic gain-of-function [209] (Table 4).
Beyond modulating individual defense pathways, an even more encompassing strategy
involves activating the master regulator of the antioxidant response, Nrf2 (Table 4). Its
powerful, proactive reinforcement of cellular defenses can be triggered by a range of ac-
tivators, both natural and synthetic. These molecules act as electrophiles that covalently
modify critical sensor cysteines on Keap1, releasing Nrf2 to the nucleus where it activates
a broad set of genes that build up cellular defenses [210]. Potent natural activators in-
clude sulforaphane, an isothiocyanate from cruciferous vegetables [211], and pleiotropic
compounds like curcumin and resveratrol, which augment their direct iron-chelating and
antioxidant effects with robust Nrf2 induction [212,213]. On the synthetic front, this strategy
has achieved significant clinical success. Fumaric acid esters, such as Dimethyl Fumarate
(DMF) and its next-generation prodrug Diroximel Fumarate (DRF), are approved therapies
for multiple sclerosis that function primarily through potent Nrf2 activation [214,215].
More targeted still are molecules like Bardoxolone Methyl and its analog Omaveloxolone,
recently approved for Friedreich’s Ataxia, a landmark clinical validation of Nrf2 activation
for a pathology intimately linked to ferroptosis [216] (Table 4).

Perhaps the most groundbreaking recent advances have come from elucidating the
cell’s sophisticated, GPx4-independent defense systems, which function as a multi-layered,
redundant network. The discovery of these pathways has opened entirely new therapeutic
avenues. A prominent example is the FSP1/CoQ10/ubiquinol pathway, which regenerates
the lipophilic antioxidant ubiquinol (CoQHy) [46], therefore offering a powerful, GPx4-
parallel defense mechanism [217]. Concurrently, the GCH1-mediated synthesis of BH4
provides a distinct pool of potent radical-trapping antioxidants that protect PUFAs [50].
More recently, the mitochondrial enzyme DHODH was identified as a third defense system,
protecting the inner mitochondrial membrane by reducing coenzyme Q [218]. Targeting
these pathways, FSP1, GCH1, and DHODH, could offer a sophisticated way to build
cellular resilience, not by introducing an external antioxidant, but by activating the body’s
own powerful and highly regulated backup machinery against ferroptotic assault.

The central role of ferroptosis in driving pathologies, such as the transition from acute
renal injury to irreversible fibrosis, has established it as a prime target for cutting-edge
interventions. Looking forward, the field is advancing toward revolutionary therapeutic
modalities. One promising avenue is the use of exosome-based gene delivery systems;
these natural nanoparticles can be engineered to deliver protective cargo, such as specific
microRNAs or GPx4 itself, directly to target cells [219]. In parallel, cell-based therapies
using stem cells hold immense potential for neurodegeneration. This strategy is twofold:
it aims to provide not only cell replacement but also robust support, as the stem cells
can secrete a cocktail of neuroprotective factors or antioxidant key enzymes that shield
vulnerable neurons from ferroptotic insults [220].

Table 4. Therapeutic inhibitors of ferroptosis.

Class Compound Primary Mechanism of Action
Deferoxamine (DFO) .
Iron Chelators [174-176] Iron chelator (systemic).
Deferiprone (DFP) [80,84,177,178] Iron chelator (oral, brain-penetrant).
Deferasirox (DFX) [179] Iron chelator (oral).
Dexrazoxane (DZR)

[180-182] Iron chelator; Topoisomerase II inhibitor.
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Table 4. Cont.
Class Compound Primary Mechanism of Action
Natural Products EGCG [184,185] Natural polyphenol; iron chelator; antioxidant.
(Polyphenols)
Curcumin [186,187,212] Natural polyphenol; iron chelator; Nrf2 activator.
Quercetin [188,190] Natural flavonoid; iron chelator.
Resveratrol [189,213] Natural stilbenoid; iron chelator; Nrf2 activator.

Radical-Trapping
Antioxidants (RTAs)

GSH/GPx4 Axis Support

Nrf2 Activators

Vitamin E (x-tocopherol) [197,198] Physiological RTA (chain-breaking scavenger).

Ferrostatin-1 (Fer-1) [24,199] Synthetic RTA (blocks LPO initiation

and propagation).
Liproxstatin-1 (Lip-1) [24,19] Synthetic RTA (blocks LPO initiation
and propagation).
N-acetylcysteine (NAC) [208] GSH precursor.
Ebselen [209] GPx4 mimetic (organoselenium compound).
Sulforaphane [211] Natural Nrf2 activator (isothiocyanate).

Dimethyl Fumarate (DMF) [214,215] Synthetic Nrf2 activator (fumaric acid ester).

Diroximel Fumarate (DRF) [214,215] Synthetic Nrf2 activator (Prodrug of DMF).
Bardoxolone Methyl [216] Synthetic Nrf2 activator (triterpenoid).
Omaveloxolone [216] Synthetic Nrf2 activator (triterpenoid).

5. Challenges and Future Perspectives in Ferroptosis Research

Despite the rapid ascent of ferroptosis from a cellular curiosity to a central player in
pathophysiology, a profound translational gap remains. The field’s foundational tools,
such as erastin and RSL3, are invaluable for mapping the molecular pathways, but they
are ill-suited for clinical use due to poor pharmacokinetics. They are excellent probes, not
viable drugs. This has created a paradox: we have a wealth of mechanistic knowledge but
a stark scarcity of clinically approved, direct ferroptosis modulators. While agents like
omaveloxolone and DMF have received regulatory approval, their mechanism, activating
the master antioxidant regulator Nrf2, represents a broad, indirect reinforcement of cellular
defenses rather than a precision strike against a core driver like GPx4. Conversely, edar-
avone, approved for the treatment of ALS [221], exhibits generic antioxidant properties,
but its specific mechanism has not been fully elucidated and appears to straddle a dual
role as both a lipid radical scavenger [222] and an activator of the Nrf2 pathway [223,224].
To bridge this void, one promising strategy is drug repositioning: identifying existing,
approved drugs that can be repurposed as direct lipid antioxidants. For example, com-
pounds such as the asthma medication zileuton [225], along with seratrodast [226] and
formoterol [227], have demonstrated the ability to directly intercept LPO. This approach
offers a potential fast-track to the clinic by leveraging established safety profiles, yet it still
underscores the lack of a de novo “statin-equivalent”, a bespoke agent specifically designed
to potently inhibit a key node in the ferroptosis cascade.

This primary challenge is compounded by two further issues: complex biology and the
absence of reliable biomarkers. In virtually no disease, be it stroke, neurodegeneration, or
organ failure, does ferroptosis occur in isolation. It is intricately interwoven with apoptosis,
necroptosis, and inflammatory signaling. This creates a formidable “attribution problem”
for clinical trials: proving that a drug’s benefit stems specifically from inhibiting ferroptosis,
rather than a general anti-inflammatory effect, is exceedingly difficult [228]. This ambiguity
is exacerbated by a lack of specific biomarkers. Current methods, which rely on invasive
tissue sampling to measure LPO products like 4-HNE or MDA, are neither specific to
ferroptosis nor practical for routine monitoring. The development of non-invasive, real-
time biomarkers, perhaps PET tracers or unique circulating lipid signatures, remains a
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critical, unmet need [229]. It is noteworthy that in response to these methodological
challenges and the rapid expansion of the field, expert recommendations have recently
been published. These guidelines aim to increase the robustness and reproducibility of
ferroptosis research by outlining state-of-the-art assessment methods, discussing common
experimental pitfalls, and providing guidance on validated animal models and small-
molecule modulators [230,231].

However, these hurdles do not signal an impasse; rather, they define the exciting
frontiers of future research. A primary goal is the development of tissue-specific ferroptosis
modulators. Systemically blocking a fundamental cell death process is a high-risk strategy;
a drug that protects neurons could inadvertently promote the survival of nascent cancer
cells or impair immune function. The pharmacological “holy grail” is therefore to design
therapies that selectively modulate ferroptosis only in the target organ, a challenge requiring
a deeper understanding of tissue-specific metabolic vulnerabilities.

Another burgeoning frontier is the complex interplay between ferroptosis and the
immune system. The immunogenic nature of ferroptotic cell death, driven by the release
of DAMPs, presents a fascinating therapeutic dichotomy. In cancer, inducing ferroptosis
can serve as an adjuvant to immunotherapy, transforming immunologically “cold” tumors
into “hot” ones that are visible to the immune system. Conversely, in chronic inflam-
matory diseases, blocking the ferroptosis-driven release of DAMPs could be a powerful
anti-inflammatory strategy. Finally, the regulatory landscape controlling ferroptosis is
proving far more complex than initially envisioned. The role of iron as a “micronutrient
battleground” during viral infections, where ferroptosis may function as both a host de-
fense and a pathway exploited by pathogens, offers new paradigms for antiviral therapies,
suggesting we are only just scratching the surface of its intricate regulation.

6. Conclusions

Ferroptosis has come to the forefront as a fundamental and unique regulated form
of cell death that plays an essential role in the pathophysiology of numerous diseases,
such as cancer, neurodegenerative disorders, cardiovascular disease, renal and hepatic
disease, and inflammatory conditions, among others. The molecular wiring, relating to iron
dysregulation, LPO, and reduced antioxidant capacity, remains conservatively maintained
throughout all diseases. However, while the nature of ferroptosis and its potential to
modulate therapy will be dependent on disease context, a very exciting aspect pertains to
research on modulating human immune response via immunogenic cell death.

Even though ferroptosis provides an ample opportunity for novel therapeutic options,
there are obstacles in translating this to clinical use due to a lack of available approved drugs,
the limitations of biomarkers, and the challenges of isolating its role in a disease-related
context in vivo. Future opportunities center upon the development of novel therapies,
including natural active compounds and targeted delivery methods, and also addressing
poorly explored topic areas, such as ferroptosis’ role in viral infections and novel regulatory
mechanisms, among others. Ongoing continued and innovative research will be needed
to enable advances in our understanding of ferroptosis and determine potential effective
targeted therapeutic strategies for human disease.

As a conclusive remark it should be noted that, despite the exponential growth of the
literature and the thousands of reviews published in the last decade, a distinct translational
gap persists. Consequently, the significance of the present review lies in looking beyond
the current limitations to propose a concrete roadmap for the future. We posit that bridging
this void will not come from generic antioxidants, but from a three-pronged strategy: the
drug repositioning of safe lipophilic agents (e.g., zileuton), the validation of pleiotropic
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natural compounds, and the engineering of advanced nano-delivery systems to ensure
tissue specificity.
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15-LOX 15-lipoxygenase
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ACSL4 Acyl-CoA synthetase long-chain family member 4
AD Alzheimer’s disease

AKI acute kidney injury

ALS amyotrophic lateral sclerosis

AR androgen receptor

ARE antioxidant response element

BH4 Tetrahydrobiopterin

CKD chronic kidney disease

CMA chaperone-mediated autophagy
CoQ10 coenzyme Q10

CoQH,/CoQpH, Ubiquinol

CVDs cardiovascular diseases

DAMPs damage-associated molecular patterns
DFO Deferoxamine

DFP Deferiprone

DFX Deferasirox

DHODH dihydroorotate dehydrogenase
DMT1 divalent metal transporter 1

DMF dimethyl fumarate

DRF diroximel fumarate

DTP drug-tolerant persister

DZR Dexrazoxane

EGCG epigallocatechin-3-gallate

EMT epithelial-to-mesenchymal transition
ER estrogen receptor

FADS2 fatty acid desaturase 2

Fer-1 ferrostatin-1

FPN1 ferroportin

FSP1 ferroptosis suppressor protein 1
FTH1 ferritin heavy chain

FTL ferritin light chain

GCH1 guanosine triphosphate cyclohydrolase 1
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GCL
GPx4
GSH
GSS
GSSG
HD

HF
HMGB1
HO-1
HSCs
IBD
ICIs
IFNy
I/R
IREs
IRPs

Le
Lip-1
LIP
LOe
LOOe
LOOH
LOXs
LPCAT3
LPO
LUAD
MAO
MBOAT
MDA
mHTT
MS
MUFAs
NAC
NACs
NASH
NCOA4
Nrf2
NTBI
PCBP1
PD
PEBP1
PUFA
RA
RA-FLS
RCD
ROS
RTAs
SLE
TFRC
TNBC
TNF-«

glutamate—cysteine ligase
glutathione peroxidase 4
glutathione

glutathione synthetase

glutathione disulfide
Huntington’s disease

heart failure

high-mobility group box 1

heme oxygenase-1

hepatic stellate cells

inflammatory bowel disease
immune checkpoint inhibitors
interferon-gamma
ischemia/reperfusion
iron-responsive elements
iron-responsive element binding proteins
lipid radical

liproxstatin-1

labile iron pool

alkoxyl radical

lipid peroxyl radical

lipid hydroperoxides
lipoxygenases
lysophosphatidylcholine acyltransferase 3
lipid peroxidation

lung adenocarcinoma

monoamine oxidase
membrane-bound glycerophospholipid O-acyltransferase
malondialdehyde

mutant huntingtin

multiple sclerosis
monounsaturated fatty acids
N-acetylcysteine

natural active compounds
nonalcoholic steatohepatitis
nuclear receptor coactivator 4
nuclear factor erythroid 2-related factor 2
non-transferrin-bound ferrous iron
poly(rC)-binding protein 1
Parkinson’s disease
phosphatidylethanolamine-binding protein 1
polyunsaturated fatty acid
rheumatoid arthritis
RA-fibroblast-like synoviocytes
regulated cell death

reactive oxygen species
radical-trapping antioxidants
systemic lupus erythematosus
transferrin receptor 1
triple-negative breast cancer
tumor necrosis factor-alpha



Antioxidants 2025, 14, 1411 22 of 31

References

1. Fuchs, Y;; Steller, H. Programmed Cell Death in Animal Development and Disease. Cell 2011, 147, 742-758. [CrossRef]

2. Kerr, ] ER.; Wyllie, A.H.; Currie, A.R. Apoptosis: A Basic Biological Phenomenon with Wide-Ranging Implications in Tissue
Kinetics. Br. |. Cancer 1972, 26, 239-257. [CrossRef] [PubMed]

3.  Galluzzi, L,; Kepp, O.; Krautwald, S.; Kroemer, G.; Linkermann, A. Molecular Mechanisms of Regulated Necrosis. Semin. Cell
Dev. Biol. 2014, 35, 24-32. [CrossRef]

4. Man, SM.; Karki, R.; Kanneganti, T.D. Molecular Mechanisms and Functions of Pyroptosis, Inflammatory Caspases and
Inflammasomes in Infectious Diseases. Immunol. Rev. 2017, 277, 61-75. [CrossRef]

5. Dixon, S.J.; Lemberg, K.M.; Lamprecht, M.R.; Skouta, R.; Zaitsev, E.M.; Gleason, C.E.; Patel, D.N.; Bauer, A.].; Cantley, A.M.;
Yang, W.S.; et al. Ferroptosis: An Iron-Dependent Form of Nonapoptotic Cell Death. Cell 2012, 149, 1060-1072. [CrossRef]

6.  Stockwell, B.R.; Friedmann Angeli, J.P.; Bayir, H.; Bush, A.L; Conrad, M.; Dixon, S.J.; Fulda, S.; Gascon, S.; Hatzios, S.K,;
Kagan, V.E,; et al. Ferroptosis: A Regulated Cell Death Nexus Linking Metabolism, Redox Biology, and Disease. Cell 2017,
171,273-285. [CrossRef] [PubMed]

7. Jiang, X.; Stockwell, B.R.; Conrad, M. Ferroptosis: Mechanisms, Biology and Role in Disease. Nat. Rev. Mol. Cell Biol. 2021,
22,266-282. [CrossRef]

8. Tang, S.; Zhang, J.; Chen, J.; Zhou, Z.; Lin, Q. Ferroptosis in Neurodegenerative Diseases: Potential Mechanisms of Exercise
Intervention. Front. Cell Dev. Biol. 2025, 13, 1622544. [CrossRef] [PubMed]

9. Wang, K.; Chen, X.Z.; Wang, Y.H.; Cheng, X.L.; Zhao, Y.; Zhou, L.Y.; Wang, K. Emerging Roles of Ferroptosis in Cardiovascular
Diseases. Cell Death Discov. 2022, 8, 394. [CrossRef]

10. Li, S;; Han, Q,; Liu, C.; Wang, Y.; Liu, F; Pan, S.; Zuo, L.; Gao, D.; Chen, K; Feng, Q.; et al. Role of Ferroptosis in Chronic Kidney
Disease. Cell Commun. Signal. 2024, 22, 113. [CrossRef]

11.  Chen,J; Li, X,; Ge, C.; Min, J.; Wang, F. The Multifaceted Role of Ferroptosis in Liver Disease. Cell Death Differ. 2022, 29, 467-480.
[CrossRef]

12. Ru, Q.; Li, Y;; Chen, L.; Wu, Y.; Min, J.; Wang, F. Iron Homeostasis and Ferroptosis in Human Diseases: Mechanisms and
Therapeutic Prospects. Signal Transduct. Target. Ther. 2024, 9, 271. [CrossRef] [PubMed]

13. Lee, PL.; Gelbart, T.; West, C.; Halloran, C.; Beutler, E. The Human Nramp2 Gene: Characterization of the Gene Structure,
Alternative Splicing, Promoter Region and Polymorphisms. Blood Cells Mol. Dis. 1998, 24, 199-215. [CrossRef] [PubMed]

14. Gruenheid, S.; Cellier, M.; Vidal, S.; Gros, P. Identification and Characterization of a Second Mouse Nramp Gene. Genomics 1995,
25,514-525. [CrossRef]

15. Liu, Q.; Barker, S.; Knutson, M.D. Iron and Manganese Transport in Mammalian Systems. Biochim. Biophys. Acta (BBA)-Mol. Cell
Res. 2021, 1868, 118890. [CrossRef]

16. Yi, L;Hu, Y,; Wu, Z; Li, Y.; Kong, M.; Kang, Z.; Zuoyuan, B.; Yang, Z. TFRC Upregulation Promotes Ferroptosis in CVB3 Infection
via Nucleus Recruitment of Sp1l. Cell Death Dis. 2022, 13, 592. [CrossRef] [PubMed]

17. Feng, S.; Tang, D.; Wang, Y.; Li, X.; Bao, H.; Tang, C.; Dong, X.; Li, X.; Yang, Q.; Yan, Y.; et al. The Mechanism of Ferroptosis and Its
Related Diseases. Mol. Biomed. 2023, 4, 33. [CrossRef]

18. Camaschella, C.; Nai, A.; Silvestri, L. Iron Metabolism and Iron Disorders Revisited in the Hepcidin Era. Haematologica 2020,
105, 260-272. [CrossRef]

19. Ohshima, T.; Yamamoto, H.; Sakamaki, Y.; Saito, C.; Mizushima, N. NCOA4 Drives Ferritin Phase Separation to Facilitate
Macroferritinophagy and Microferritinophagy. J. Cell Biol. 2022, 221, e202203102. [CrossRef]

20. Mandias, ].D.; Wang, X.; Gygi, S.P.; Harper, ].W.; Kimmelman, A.C. Quantitative Proteomics Identifies NCOA4 as the Cargo
Receptor Mediating Ferritinophagy. Nature 2014, 509, 105-109. [CrossRef]

21. Han,S,; Lin, F; Qi, Y;; Liu, C.; Zhou, L.; Xia, Y.; Chen, K; Xing, J.; Liu, Z.; Yu, W,; et al. HO-1 Contributes to Luteolin-Triggered
Ferroptosis in Clear Cell Renal Cell Carcinoma via Increasing the Labile Iron Pool and Promoting Lipid Peroxidation. Oxidative
Med. Cell Longev. 2022, 2022, 3846217. [CrossRef] [PubMed]

22. Protchenko, O.; Baratz, E.; Jadhav, S.; Li, F; Shakoury-Elizeh, M.; Gavrilova, O.; Ghosh, M.C.; Cox, J.E.; Maschek, J.A.;
Tyurin, V.A; et al. Iron Chaperone Poly RC Binding Protein 1 Protects Mouse Liver from Lipid Peroxidation and Steatosis.
Hepatology 2021, 73, 1176-1193. [CrossRef]

23.  Wang, Y.; Protchenko, O.; Huber, K.D.; Shakoury-Elizeh, M.; Ghosh, M.C.; Philpott, C.C. The Iron Chaperone Poly(RC)-Binding
Protein 1 Regulates Iron Efflux through Intestinal Ferroportin in Mice. Blood 2023, 142, 1658-1671. [CrossRef]

24. Miotto, G.; Rossetto, M.; Di Paolo, M.L.; Orian, L.; Venerando, R.; Roveri, A.; Vuc¢kovié¢, A.M.; Bosello Travain, V.; Zaccarin, M.;
Zennaro, L.; et al. Insight into the Mechanism of Ferroptosis Inhibition by Ferrostatin-1. Redox Biol. 2020, 28, 101328. [CrossRef]

25. Girotti, A.W. Lipid Hydroperoxide Generation, Turnover, and Effector Action in Biological Systems. ]. Lipid Res. 1998,
39, 1529-1542. [CrossRef]

26. Yin, H.; Xu, L.; Porter, N.A. Free Radical Lipid Peroxidation: Mechanisms and Analysis. Chem. Rev. 2011, 111, 5944-5972.

[CrossRef] [PubMed]


https://doi.org/10.1016/j.cell.2011.10.033
https://doi.org/10.1038/bjc.1972.33
https://www.ncbi.nlm.nih.gov/pubmed/4561027
https://doi.org/10.1016/j.semcdb.2014.02.006
https://doi.org/10.1111/imr.12534
https://doi.org/10.1016/j.cell.2012.03.042
https://doi.org/10.1016/j.cell.2017.09.021
https://www.ncbi.nlm.nih.gov/pubmed/28985560
https://doi.org/10.1038/s41580-020-00324-8
https://doi.org/10.3389/fcell.2025.1622544
https://www.ncbi.nlm.nih.gov/pubmed/40661149
https://doi.org/10.1038/s41420-022-01183-2
https://doi.org/10.1186/s12964-023-01422-8
https://doi.org/10.1038/s41418-022-00941-0
https://doi.org/10.1038/s41392-024-01969-z
https://www.ncbi.nlm.nih.gov/pubmed/39396974
https://doi.org/10.1006/bcmd.1998.0186
https://www.ncbi.nlm.nih.gov/pubmed/9642100
https://doi.org/10.1016/0888-7543(95)80053-O
https://doi.org/10.1016/j.bbamcr.2020.118890
https://doi.org/10.1038/s41419-022-05027-w
https://www.ncbi.nlm.nih.gov/pubmed/35821227
https://doi.org/10.1186/s43556-023-00142-2
https://doi.org/10.3324/haematol.2019.232124
https://doi.org/10.1083/jcb.202203102
https://doi.org/10.1038/nature13148
https://doi.org/10.1155/2022/3846217
https://www.ncbi.nlm.nih.gov/pubmed/35656025
https://doi.org/10.1002/hep.31328
https://doi.org/10.1182/blood.2023020504
https://doi.org/10.1016/j.redox.2019.101328
https://doi.org/10.1016/S0022-2275(20)32182-9
https://doi.org/10.1021/cr200084z
https://www.ncbi.nlm.nih.gov/pubmed/21861450

Antioxidants 2025, 14, 1411 23 of 31

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Doll, S.; Proneth, B.; Tyurina, Y.Y.; Panzilius, E.; Kobayashi, S.; Ingold, I.; Irmler, M.; Beckers, J.; Aichler, M.; Walch, A.; et al.
ACSLA4 Dictates Ferroptosis Sensitivity by Shaping Cellular Lipid Composition. Nat. Chem. Biol. 2017, 13, 91-98. [CrossRef]
Kagan, V.E.;; Mao, G.; Qu, F; Angeli, ].PFE,; Doll, S.; Croix, C.S.; Dar, H.H.; Liu, B.; Tyurin, V.A,; Ritov, V.B,; et al. Oxidized
Arachidonic and Adrenic PEs Navigate Cells to Ferroptosis. Nat. Chem. Biol. 2017, 13, 81-90. [CrossRef]

Cui, J.; Wang, Y; Tian, X.; Miao, Y.; Ma, L.; Zhang, C.; Xu, X.; Wang, ].; Fang, W.; Zhang, X. LPCAT3 Is Transcriptionally Regulated
by YAP/ZEB/EP300 and Collaborates with ACSL4 and YAP to Determine Ferroptosis Sensitivity. Antioxid. Redox Signal. 2023,
39, 491-511. [CrossRef] [PubMed]

Hao, J.; Wang, T.; Cao, C.; Li, X,; Li, H.; Gao, H.; Li, J.; Shen, H.; Chen, G. LPCAT3 Exacerbates Early Brain Injury and Ferroptosis
after Subarachnoid Hemorrhage in Rats. Brain Res. 2024, 1832, 148864. [CrossRef]

Manivarma, T.; Kapralov, A.A.; Samovich, S.N.; Tyurina, Y.Y.; Tyurin, V.A.; VanDemark, A.P.; Nowak, W.; Bayir, H.; Bahar, I;
Kagan, V.E.; et al. Membrane Regulation of 15LOX-1/PEBP1 Complex Prompts the Generation of Ferroptotic Signals, Oxygenated
PEs. Free Radic. Biol. Med. 2023, 208, 458-467. [CrossRef]

Hirata, Y.; Cai, R.; Volchuk, A; Steinberg, B.E.; Saito, Y.; Matsuzawa, A.; Grinstein, S.; Freeman, S.A. Lipid Peroxidation Increases
Membrane Tension, Piezol Gating, and Cation Permeability to Execute Ferroptosis. Curr. Biol. 2023, 33, 1282-1294.e5. [CrossRef]
[PubMed]

Roeck, B.F; Lotfipour Nasudivar, S.; Vorndran, M.R.H.; Schueller, L.; Yapici, FI; Riibsam, M.; von Karstedt, S.; Niessen, C.M.;
Garcia-Saez, A.]. Ferroptosis Spreads to Neighboring Cells via Plasma Membrane Contacts. Nat. Commun. 2025, 16, 2951.
[CrossRef]

Itoh, K.; Wakabayashi, N.; Katoh, Y.; Ishii, T.; Igarashi, K.; Engel, ].D.; Yamamoto, M. Keap1 Represses Nuclear Activation of
Antioxidant Responsive Elements by Nrf2 through Binding to the Amino-Terminal Neh2 Domain. Genes. Dev. 1999, 13, 76-86.
[CrossRef]

Dhakshinamoorthy, S.; Jain, A.K.; Bloom, D.A.; Jaiswal, A.K. Bachl Competes with Nrf2 Leading to Negative Regulation of
the Antioxidant Response Element (ARE)-Mediated NAD(P)H:Quinone Oxidoreductase 1 Gene Expression and Induction in
Response to Antioxidants. . Biol. Chem. 2005, 280, 16891-16900. [CrossRef]

Sasaki, H.; Sato, H.; Kuriyama-Matsumura, K.; Sato, K.; Maebara, K.; Wang, H.; Tamba, M.; Itoh, K.; Yamamoto, M.; Bannai, S.
Electrophile Response Element-Mediated Induction of the Cystine/Glutamate Exchange Transporter Gene Expression. J. Biol.
Chem. 2002, 277, 44765-44771. [CrossRef]

Lu, S.C. Glutathione Synthesis. Biochim. Biophys. Acta Gen. Subj. 2013, 1830, 3143-3153. [CrossRef] [PubMed]

Ursini, F; Maiorino, M.; Gregolin, C. The Selenoenzyme Phospholipid Hydroperoxide Glutathione Peroxidase. Biochim. Biophys.
Acta 1985, 839, 62-70. [CrossRef] [PubMed]

Cozza, G.; Rossetto, M.; Bosello-Travain, V.; Maiorino, M.; Roveri, A.; Toppo, S.; Zaccarin, M.; Zennaro, L.; Ursini, F. Glutathione
Peroxidase 4-Catalyzed Reduction of Lipid Hydroperoxides in Membranes: The Polar Head of Membrane Phospholipids Binds
the Enzyme and Addresses the Fatty Acid Hydroperoxide Group toward the Redox Center. Free Radic. Biol. Med. 2017, 112, 1-11.
[CrossRef]

Ursini, F.; Maiorino, M. Lipid Peroxidation and Ferroptosis: The Role of GSH and GPx4. Free Radic. Biol. Med. 2020, 152, 175-185.
[CrossRef]

Yang, W.S.; Sriramaratnam, R.; Welsch, M.E.; Shimada, K.; Skouta, R.; Viswanathan, V.S.; Cheah, ].H.; Clemons, P.A.; Shamji, A.F;
Clish, C.B.; et al. Regulation of Ferroptotic Cancer Cell Death by GPX4. Cell 2014, 156, 317-331. [CrossRef]

Roveri, A.; Di Giacinto, F.; Rossetto, M.; Cozza, G.; Cheng, Q.; Miotto, G.; Zennaro, L.; Di Paolo, M.L.; Arner, ESJ,;
De Spirito, M; et al. Cardiolipin Drives the Catalytic Activity of GPX4 on Membranes: Insights from the R152H Mutant.
Redox Biol. 2023, 64, 102806. [CrossRef]

Wu, K.C,; Cui, J.Y,; Klaassen, C.D. Beneficial Role of N1f2 in Regulating NADPH Generation and Consumption. Toxicol. Sci. 2011,
123, 590. [CrossRef]

Liu, C,; Xu, X.; He, X.; Ren, J.; Chi, M.; Deng, G.; Li, G.; Nasser, M.I. Activation of the Nrf-2/HO-1 Signalling Axis Can Alleviate
Metabolic Syndrome in Cardiovascular Disease. Ann. Med. 2023, 55, 2284890. [CrossRef]

Anandhan, A.; Dodson, M.; Shakya, A.; Chen, J.; Liu, P.; Wei, Y.; Tan, H.; Wang, Q.; Jiang, Z.; Yang, K.; et al. NRF2 Controls Iron
Homeostasis and Ferroptosis through HERC2 and VAMPS. Sci. Adv. 2023, 9, eade9585. [CrossRef] [PubMed]

Doll, S.; Freitas, F.P.; Shah, R.; Aldrovandi, M.; da Silva, M.C.; Ingold, I.; Grocin, A.G.; Xavier da Silva, T.N.; Panzilius, E.;
Scheel, C.H.; et al. FSP1 Is a Glutathione-Independent Ferroptosis Suppressor. Nature 2019, 575, 693—698. [CrossRef] [PubMed]
Nakamura, T.; Mishima, E.; Yamada, N.; Santos, A.; Mourao, D.; Triimbach, D.; Doll, S.; Wanninger, J.; Lytton, E,;
Sennhenn, P; et al. Integrated Chemical and Genetic Screens Unveil FSP1 Mechanisms of Ferroptosis Regulation. Nat. Struct.
Mol. Biol. 2023, 30, 1806-1815. [CrossRef] [PubMed]

Bersuker, K.; Hendricks, ].M.; Li, Z.; Magtanong, L.; Ford, B.; Tang, PH.; Roberts, M.A.; Tong, B.; Maimone, T.].; Zoncu, R.; et al.
The CoQ Oxidoreductase FSP1 Acts Parallel to GPX4 to Inhibit Ferroptosis. Nature 2019, 575, 688-692. [CrossRef]


https://doi.org/10.1038/nchembio.2239
https://doi.org/10.1038/nchembio.2238
https://doi.org/10.1089/ars.2023.0237
https://www.ncbi.nlm.nih.gov/pubmed/37166352
https://doi.org/10.1016/j.brainres.2024.148864
https://doi.org/10.1016/j.freeradbiomed.2023.09.001
https://doi.org/10.1016/j.cub.2023.02.060
https://www.ncbi.nlm.nih.gov/pubmed/36898371
https://doi.org/10.1038/s41467-025-58175-w
https://doi.org/10.1101/gad.13.1.76
https://doi.org/10.1074/jbc.M500166200
https://doi.org/10.1074/jbc.M208704200
https://doi.org/10.1016/j.bbagen.2012.09.008
https://www.ncbi.nlm.nih.gov/pubmed/22995213
https://doi.org/10.1016/0304-4165(85)90182-5
https://www.ncbi.nlm.nih.gov/pubmed/3978121
https://doi.org/10.1016/j.freeradbiomed.2017.07.010
https://doi.org/10.1016/j.freeradbiomed.2020.02.027
https://doi.org/10.1016/j.cell.2013.12.010
https://doi.org/10.1016/j.redox.2023.102806
https://doi.org/10.1093/toxsci/kfr183
https://doi.org/10.1080/07853890.2023.2284890
https://doi.org/10.1126/sciadv.ade9585
https://www.ncbi.nlm.nih.gov/pubmed/36724221
https://doi.org/10.1038/s41586-019-1707-0
https://www.ncbi.nlm.nih.gov/pubmed/31634899
https://doi.org/10.1038/s41594-023-01136-y
https://www.ncbi.nlm.nih.gov/pubmed/37957306
https://doi.org/10.1038/s41586-019-1705-2

Antioxidants 2025, 14, 1411 24 of 31

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Espinosa-Garcia, J. Theoretical Study of the Trapping of the OOH Radical by Coenzyme Q. J. Am. Chem. Soc. 2004, 126, 920-927.
[CrossRef]

Kraft, V.AN.; Bezjian, C.T.; Pfeiffer, S.; Ringelstetter, L.; Miiller, C.; Zandkarimi, F.; Merl-Pham, J.; Bao, X.; Anastasov, N;
Kossl, J.; et al. GTP Cyclohydrolase 1/Tetrahydrobiopterin Counteract Ferroptosis through Lipid Remodeling. ACS Cent. Sci.
2019, 6, 41. [CrossRef]

Li, D,; Lu, X,; Xu, G,; Liu, S.; Gong, Z.; Lu, E; Xia, X,; Jiang, ].; Wang, H.; Zou, E; et al. Dihydroorotate Dehydrogenase Regulates
Ferroptosis in Neurons after Spinal Cord Injury via the P53-ALOX15 Signaling Pathway. CNS Neurosci. Ther. 2023, 29, 1923.
[CrossRef]

Liang, D.; Feng, Y.; Zandkarimi, F.; Wang, H.; Zhang, Z.; Kim, J.; Cai, Y.; Gu, W,; Stockwell, B.R.; Jiang, X. Ferroptosis Surveillance
Independent of GPX4 and Differentially Regulated by Sex Hormones. Cell 2023, 186, 2748-2764.e22. [CrossRef]

Viswanathan, V.S.; Ryan, M.].; Dhruv, H.D.; Gill, S.; Eichhoff, O.M.; Seashore-Ludlow, B.; Kaffenberger, S.D.; Eaton, ].K,;
Shimada, K.; Aguirre, A.].; et al. Dependency of a Therapy-Resistant State of Cancer Cells on a Lipid Peroxidase Pathway. Nature
2017, 547, 453-457. [CrossRef] [PubMed]

Wei, J.; Zhu, L. The Role of Glutathione Peroxidase 4 in the Progression, Drug Resistance, and Targeted Therapy of Non-Small
Cell Lung Cancer. Oncol. Res. 2025, 33, 863. [CrossRef]

Jiang, H.; Muir, RK.; Gonciarz, R.L.; Olshen, A.B.; Yeh, I.; Hann, B.C.; Zhao, N.; Wang, Y.H.; Behr, S.C.; Korkola, J.E.; et al. Ferrous
Iron—Activatable Drug Conjugate Achieves Potent MAPK Blockade in KRAS-Driven Tumors. . Exp. Med. 2022, 219, e20210739.
[CrossRef]

Lee, J.; Roh, J.L. Epithelial-Mesenchymal Plasticity: Implications for Ferroptosis Vulnerability and Cancer Therapy. Crit. Rev.
Oncol. Hematol. 2023, 185, 103964. [CrossRef] [PubMed]

Lorito, N.; Subbiani, A.; Smiriglia, A.; Bacci, M.; Bonechi, E.; Tronci, L.; Romano, E.; Corrado, A.; Longo, D.L.; Iozzo, M.; et al.
FADS1/2 Control Lipid Metabolism and Ferroptosis Susceptibility in Triple-Negative Breast Cancer. EMBO Mol. Med. 2024,
16, 1533-1559. [CrossRef] [PubMed]

Yang, F,; Xiao, Y.; Ding, J.H.; Jin, X.; Ma, D.; Li, D.Q.; Shi, ].X.; Huang, W.; Wang, Y.P; Jiang, Y.Z.; et al. Ferroptosis Heterogeneity
in Triple-Negative Breast Cancer Reveals an Innovative Immunotherapy Combination Strategy. Cell Metab. 2023, 35, 84-100.e8.
[CrossRef]

He, C.; Li, Q.; Wu, W,; Liu, K;; Li, X.; Zheng, H.; Lai, Y. Ferroptosis-Associated Genes and Compounds in Renal Cell Carcinoma.
Front. Immunol. 2024, 15, 1473203. [CrossRef]

Nie, J.; Lin, B.; Zhou, M.; Wu, L.; Zheng, T. Role of Ferroptosis in Hepatocellular Carcinoma. J. Cancer Res. Clin. Oncol. 2018,
144,2329-2337. [CrossRef]

Wu, Y.C,; Huang, C.S.; Hsieh, M.S.; Huang, C.M.; Setiawan, S.A.; Yeh, C.T.; Kuo, K.T,; Liu, S.C. Targeting of FSP1 Regulates
Iron Homeostasis in Drug-Tolerant Persister Head and Neck Cancer Cells via Lipid-Metabolism-Driven Ferroptosis. Aging 2024,
16, 627. [CrossRef]

Meng, X.; Peng, F; Yu, S.; Chi, X.; Wang, W.; Shao, S. Knockdown of NADK Promotes LUAD Ferroptosis via NADPH/FSP1 Axis.
J. Cancer Res. Clin. Oncol. 2024, 150, 228. [CrossRef]

Rodriguez, R.; Schreiber, S.L.; Conrad, M. Persister Cancer Cells: Iron Addiction and Vulnerability to Ferroptosis. Mol. Cell 2022,
82,728-740. [CrossRef] [PubMed]

Basuli, D.; Tesfay, L.; Deng, Z.; Paul, B.; Yamamoto, Y.; Ning, G.; Xian, W.; McKeon, F; Lynch, M.; Crum, C.P,; et al. Iron Addiction:
A Novel Therapeutic Target in Ovarian Cancer. Oncogene 2017, 36, 4089-4099. [CrossRef]

Yang, Y.; Ning, Y.; Chen, Y.; Tian, T.; Gao, X.; Kong, Y.; Lei, K.; Cui, Z. Transferrin Receptor Promotes Endometrial Cancer
Proliferation by Activating the Iron-Dependent PI3K/AKT/MTOR Signaling Pathway. Cancer Sci. 2025, 116, 1352-1365. [CrossRef]
Feng, G.; Arima, Y.; Midorikawa, K.; Kobayashi, H.; Oikawa, S.; Zhao, W.; Zhang, Z.; Takeuchi, K.; Murata, M. Knockdown of
TFRC Suppressed the Progression of Nasopharyngeal Carcinoma by Downregulating the PI3K/Akt/MTOR Pathway. Cancer Cell
Int. 2023, 23, 185. [CrossRef] [PubMed]

Si, Q.; Wang, Y.; Lu, W.; Liu, Z.; Song, Y.; Chen, S; Xia, S.; Li, H.; Weng, P; Jing, Y.; et al. Transferrin Receptor Uptakes Iron from
Tumor-Associated Neutrophils to Regulate Invasion Patterns of OSCC. Cancer Immunol. Immunother. 2025, 74, 43. [CrossRef]
Tan, Q.; Zhang, X.; Li, S.; Liu, W,; Yan, J.; Wang, S.; Cui, F,; Li, D.; Li, ]. DMT1 Differentially Regulates Mitochondrial Complex
Activities to Reduce Glutathione Loss and Mitigate Ferroptosis. Free Radic. Biol. Med. 2023, 207, 32—44. [CrossRef] [PubMed]
Barra, J.; Crosbourne, I.; Roberge, C.L.; Bossardi-Ramos, R.; Warren, ].5.A.; Matteson, K.; Wang, L.; Jourd'heuil, F,; Borisov, S.M.;
Bresnahan, E.; et al. DMT1-Dependent Endosome-Mitochondria Interactions Regulate Mitochondrial Iron Translocation and
Metastatic Outgrowth. Oncogene 2024, 43, 650-667. [CrossRef]

Bayanbold, K.; Singhania, M.; Fath, M.A.; Searby, C.C.; Stolwijk, ].M.; Henrich, ].B.; Pulliam, C.E; Schoenfeld, ].D.; Mapuskar, K.A;
Sho, S.; et al. Depletion of Labile Iron Induces Replication Stress and Enhances Responses to Chemoradiation in Non-Small-Cell
Lung Cancer. Antioxidants 2023, 12, 2005. [CrossRef]


https://doi.org/10.1021/ja037858j
https://doi.org/10.1021/acscentsci.9b01063
https://doi.org/10.1111/cns.14150
https://doi.org/10.1016/j.cell.2023.05.003
https://doi.org/10.1038/nature23007
https://www.ncbi.nlm.nih.gov/pubmed/28678785
https://doi.org/10.32604/or.2024.054201
https://doi.org/10.1084/jem.20210739
https://doi.org/10.1016/j.critrevonc.2023.103964
https://www.ncbi.nlm.nih.gov/pubmed/36931615
https://doi.org/10.1038/s44321-024-00090-6
https://www.ncbi.nlm.nih.gov/pubmed/38926633
https://doi.org/10.1016/j.cmet.2022.09.021
https://doi.org/10.3389/fimmu.2024.1473203
https://doi.org/10.1007/s00432-018-2740-3
https://doi.org/10.18632/aging.205409
https://doi.org/10.1007/s00432-024-05752-z
https://doi.org/10.1016/j.molcel.2021.12.001
https://www.ncbi.nlm.nih.gov/pubmed/34965379
https://doi.org/10.1038/onc.2017.11
https://doi.org/10.1111/cas.70015
https://doi.org/10.1186/s12935-023-02995-7
https://www.ncbi.nlm.nih.gov/pubmed/37644594
https://doi.org/10.1007/s00262-024-03894-0
https://doi.org/10.1016/j.freeradbiomed.2023.06.023
https://www.ncbi.nlm.nih.gov/pubmed/37419216
https://doi.org/10.1038/s41388-023-02933-x
https://doi.org/10.3390/antiox12112005

Antioxidants 2025, 14, 1411 25 of 31

71.
72.
73.
74.
75.

76.
77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.
88.

89.

90.

91.

92.

93.

94.

95.

96.

Loftus, L.V.; Rolle, L.T.A.; Wang, B.; Pienta, K.J.; Amend, S.R. Dysregulation of Labile Iron Predisposes Chemotherapy Resistant
Cancer Cells to Ferroptosis. Int. . Mol. Sci. 2025, 26, 4193. [CrossRef]

Cafieque, T.; Baron, L.; Miiller, S.; Carmona, A.; Colombeau, L.; Versini, A.; Solier, S.; Gaillet, C.; Sindikubwabo,
F.; Sampaio, ].L.; et al. Activation of Lysosomal Iron Triggers Ferroptosis in Cancer. Nature 2025, 642, 492-500. [CrossRef]

Qi, D.; Peng, M. Ferroptosis-Mediated Immune Responses in Cancer. Front. Immunol. 2023, 14, 1188365. [CrossRef] [PubMed]
Chen, R.; Zou, |; Liu, ].; Kang, R.; Tang, D. DAMPs in the Immunogenicity of Cell Death. Mol. Cell 2025, 85, 3874-3889. [CrossRef]
Wang, W.; Green, M.; Choi, ].E.; Gijén, M.; Kennedy, P.D.; Johnson, ] K; Liao, P.; Lang, X.; Kryczek, I; Sell, A.; et al. CD8+ T Cells
Regulate Tumour Ferroptosis during Cancer Immunotherapy. Nature 2019, 569, 270-274. [CrossRef]

Gebicke-Haerter, PJ. The Computational Power of the Human Brain. Front. Cell Neurosci. 2023, 17, 1220030. [CrossRef] [PubMed]
Clemente-Sudrez, V.J.; Beltran-Velasco, A.IL; Redondo-Flérez, L.; Martin-Rodriguez, A.; Yéfiez-Septlveda, R.; Tornero-Aguilera, J.F.
Neuro-Vulnerability in Energy Metabolism Regulation: A Comprehensive Narrative Review. Nutrients 2023, 15, 3106. [CrossRef]
Majernikovd, N.; Marmolejo-Garza, A.; Salinas, C.S.; Luu, M.D.A.; Zhang, Y.; Trombetta-Lima, M.; Tomin, T.; Birner-Gruenberger,
R.; Lehtonen, S.; Koistinaho, J.; et al. The Link between Amyloid  and Ferroptosis Pathway in Alzheimer’s Disease Progression.
Cell Death Dis. 2024, 15, 782. [CrossRef] [PubMed]

Ding, X.S.; Gao, L.; Han, Z.; Eleuteri, S.; Shi, W.; Shen, Y.; Song, Z.Y.; Su, M.; Yang, Q.; Qu, Y.; et al. Ferroptosis in Parkinson’s
Disease: Molecular Mechanisms and Therapeutic Potential. Ageing Res. Rev. 2023, 91, 102077. [CrossRef]

Jamal, M.H.; Dhupar, M.; Aran, K.R. Exploring the Role of Ferroptosis Pathways in Huntington’s Disease: Insight of Pathophysi-
ology to Emerging Treatment. Brain Disord. 2025, 18, 100207. [CrossRef]

Wang, T.; Tomas, D.; Perera, N.D.; Cuic, B.; Luikinga, S.; Viden, A.; Barton, S.K.; McLean, C.A.; Samson, A.L.; Southon, A.; et al.
Ferroptosis Mediates Selective Motor Neuron Death in Amyotrophic Lateral Sclerosis. Cell Death Differ. 2022, 29, 1187-1198.
[CrossRef] [PubMed]

Yao, M.Y,; Liu, T.; Zhang, L.; Wang, M.].; Yang, Y.; Gao, ]J. Role of Ferroptosis in Neurological Diseases. Neurosci. Lett. 2021,
747,135614. [CrossRef] [PubMed]

Van San, E.; Debruyne, A.C.; Veeckmans, G.; Tyurina, Y.Y.; Tyurin, V.A.; Zheng, H.; Choi, S.M.; Augustyns, K.; van Loo, G,;
Michalke, B.; et al. Ferroptosis Contributes to Multiple Sclerosis and Its Pharmacological Targeting Suppresses Experimental
Disease Progression. Cell Death Differ. 2023, 30, 2092-2103. [CrossRef]

Levi, S.; Ripamonti, M.; Moro, A.S.; Cozzi, A. Iron Imbalance in Neurodegeneration. Mol. Psychiatry 2024, 29, 1139. [CrossRef]
Ng, S.C.W,; Furman, R.; Axelsen, PH.; Shchepinov, M.S. Free Radical Chain Reactions and Polyunsaturated Fatty Acids in Brain
Lipids. ACS Omega 2022, 7, 25337-25345. [CrossRef]

Bazinet, R.P; Layé, S. Polyunsaturated Fatty Acids and Their Metabolites in Brain Function and Disease. Nat. Rev. Neurosci. 2014,
15,771-785. [CrossRef]

Benarroch, E. What Is the Role of Ferroptosis in Neurodegeneration? Neurology 2023, 101, 312. [CrossRef]

Everett, J.; Brooks, J.; Lermyte, F.; O’Connor, P.B.; Sadler, PJ.; Dobson, J.; Collingwood, J.F.; Telling, N.D. Iron Stored in Ferritin Is
Chemically Reduced in the Presence of Aggregating Af(1-42). Sci. Rep. 2020, 10, 10332. [CrossRef] [PubMed]

Mathys, H.; Davila-Velderrain, ].; Peng, Z.; Gao, F.; Mohammadi, S.; Young, ].Z.; Menon, M.; He, L.; Abdurrob, F; Jiang, X.; et al.
Single-Cell Transcriptomic Analysis of Alzheimer’s Disease. Nature 2019, 570, 332-337, Erratum in Nature 2019, 571, E1. [CrossRef]
[PubMed]

Greenough, M.A; Lane, D.J.R,; Balez, R.; Anastacio, H.T.D.; Zeng, Z.; Ganio, K.; McDevitt, C.A.; Acevedo, K.; Belaidi, A.A;
Koistinaho, J.; et al. Selective Ferroptosis Vulnerability Due to Familial Alzheimer’s Disease Presenilin Mutations. Cell Death
Differ. 2022, 29, 2123-2136. [CrossRef]

Rasool, A.; Manzoor, R.; Ullah, K.; Afzal, R.; Ul-Haq, A.; Imran, H.; Kaleem, I.; Akhtar, T,; Farrukh, A.; Hameed, S.; et al. Oxidative
Stress and Dopaminergic Metabolism: A Major PD Pathogenic Mechanism and Basis of Potential Antioxidant Therapies. CNS
Neurol. Disord. Drug Targets 2024, 23, 852-864. [CrossRef]

Sofic, E.; Lange, K.W,; Jellinger, K.; Riederer, P. Reduced and Oxidized Glutathione in the Substantia Nigra of Patients with
Parkinson’s Disease. Neurosci. Lett. 1992, 142, 128-130. [CrossRef] [PubMed]

Pearce, RK.B.; Owen, A.; Daniel, S.; Jenner, P.; Marsden, C.D. Alterations in the Distribution of Glutathione in the Substantia
Nigra in Parkinson’s Disease. |. Neural Transm. 1997, 104, 661-677. [CrossRef]

Colamartino, M.; Duranti, G.; Ceci, R.; Sabatini, S.; Testa, A.; Cozzi, R. A Multi-Biomarker Analysis of the Antioxidant Efficacy of
Parkinson’s Disease Therapy. Toxicol. Vitr. 2018, 47, 1-7. [CrossRef]

Malik, M.Y,; Guo, E; Asif-Malik, A.; Eftychidis, V.; Barkas, N.; Eliseeva, E.; Timm, K.N.; Wolska, A.; Bergin, D.; Zonta, B.; et al.
Impaired Striatal Glutathione-Ascorbate Metabolism Induces Transient Dopamine Increase and Motor Dysfunction. Nat. Metab.
2024, 6,2100-2117. [CrossRef]

Niu, L.; Ye, C.; Sun, Y; Peng, T; Yang, S.; Wang, W.; Li, H. Mutant Huntingtin Induces Iron Overload via Up-Regulating IRP1 in
Huntington’s Disease. Cell Biosci. 2018, 8, 41. [CrossRef]


https://doi.org/10.3390/ijms26094193
https://doi.org/10.1038/s41586-025-08974-4
https://doi.org/10.3389/fimmu.2023.1188365
https://www.ncbi.nlm.nih.gov/pubmed/37325669
https://doi.org/10.1016/j.molcel.2025.09.007
https://doi.org/10.1038/s41586-019-1170-y
https://doi.org/10.3389/fncel.2023.1220030
https://www.ncbi.nlm.nih.gov/pubmed/37608987
https://doi.org/10.3390/nu15143106
https://doi.org/10.1038/s41419-024-07152-0
https://www.ncbi.nlm.nih.gov/pubmed/39468028
https://doi.org/10.1016/j.arr.2023.102077
https://doi.org/10.1016/j.dscb.2025.100207
https://doi.org/10.1038/s41418-021-00910-z
https://www.ncbi.nlm.nih.gov/pubmed/34857917
https://doi.org/10.1016/j.neulet.2020.135614
https://www.ncbi.nlm.nih.gov/pubmed/33485988
https://doi.org/10.1038/s41418-023-01195-0
https://doi.org/10.1038/s41380-023-02399-z
https://doi.org/10.1021/acsomega.2c02285
https://doi.org/10.1038/nrn3820
https://doi.org/10.1212/WNL.0000000000207730
https://doi.org/10.1038/s41598-020-67117-z
https://www.ncbi.nlm.nih.gov/pubmed/32587293
https://doi.org/10.1038/s41586-019-1195-2
https://www.ncbi.nlm.nih.gov/pubmed/31042697
https://doi.org/10.1038/s41418-022-01003-1
https://doi.org/10.2174/1871527322666230609141519
https://doi.org/10.1016/0304-3940(92)90355-B
https://www.ncbi.nlm.nih.gov/pubmed/1454205
https://doi.org/10.1007/BF01291884
https://doi.org/10.1016/j.tiv.2017.10.020
https://doi.org/10.1038/s42255-024-01155-z
https://doi.org/10.1186/s13578-018-0239-x

Antioxidants 2025, 14, 1411 26 of 31

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.
108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

Wu, W.L.; Gong, X.X.; Qin, Z.H.; Wang, Y. Molecular Mechanisms of Excitotoxicity and Their Relevance to the Pathogenesis of
Neurodegenerative Diseases—An Update. Acta Pharmacol. Sin. 2025, 46, 3129-3142. [CrossRef]

Kwan, J.Y,; Jeong, S.Y.; van Gelderen, P; Deng, H.X.; Quezado, M.M.; Danielian, L.E.; Butman, J.A.; Chen, L.; Bayat, E,;
Russell, J.; et al. Iron Accumulation in Deep Cortical Layers Accounts for MRI Signal Abnormalities in ALS: Correlating 7 Tesla
MRI and Pathology. PLoS ONE 2012, 7, e35241. [CrossRef] [PubMed]

Chi, L.; Ke, Y.; Luo, C.; Gozal, D.; Liu, R. Depletion of Reduced Glutathione Enhances Motor Neuron Degeneration In Vitro and
In Vivo. Neuroscience 2006, 144, 991. [CrossRef] [PubMed]

Shen, D.; Wu, W,; Liu, J.; Lan, T,; Xiao, Z.; Gai, K; Hu, L.; Luo, Z.; Wei, C.; Wang, X.; et al. Ferroptosis in Oligodendrocyte
Progenitor Cells Mediates White Matter Injury after Hemorrhagic Stroke. Cell Death Dis. 2022, 13, 259. [CrossRef]

Riedl, CJ.; Bormann, D.; Steinmaurer, A.; Novak, A.; Testa, G.; Poldlehner, E.; Haider, C.; Berger, T.; Mildner, M,;
Hoftberger, R.; et al. Inflammation Alters Myeloid Cell and Oligodendroglial Iron-Handling in Multiple Sclerosis. Acta Neu-
ropathol. Commun. 2025, 13, 124. [CrossRef] [PubMed]

Lin, M.M.; Liu, N.; Qin, Z.H.; Wang, Y. Mitochondrial-Derived Damage-Associated Molecular Patterns Amplify Neuroinflamma-
tion in Neurodegenerative Diseases. Acta Pharmacol. Sin. 2022, 43, 2439-2447. [CrossRef]

Fang, W.; Xie, S.; Deng, W. Ferroptosis Mechanisms and Regulations in Cardiovascular Diseases in the Past, Present, and Future.
Cell Biol. Toxicol. 2024, 40, 17. [CrossRef]

Luan, X.; Chen, P.; Miao, L.; Yuan, X.; Yu, C.; Di, G. Ferroptosis in Organ Ischemia—Reperfusion Injuries: Recent Advancements
and Strategies. Mol. Cell. Biochem. 2025, 480, 19-41. [CrossRef] [PubMed]

Huang, L.; Wang, X.; Hu, B.; Rong, S. Expression Levels and Clinical Significance of Ferroptosis-Related Genes in Patients with
Myocardial Infarction. Sci. Rep. 2024, 14, 1870. [CrossRef]

Ouyang, S.; You, J.; Zhi, C; Li, P; Lin, X,; Tan, X.; Ma, W,; Li, L.; Xie, W. Ferroptosis: The Potential Value Target in Atherosclerosis.
Cell Death Dis. 2021, 12, 782. [CrossRef]

Yang, X.; Kawasaki, N.K.; Min, J.; Matsui, T.; Wang, F. Ferroptosis in Heart Failure. ]. Mol. Cell Cardiol. 2022, 173, 141. [CrossRef]
Li, T.; Wang, N.; Yi, D.; Xiao, Y.; Li, X,; Shao, B.; Wu, Z.; Bai, J.; Shi, X.; Wu, C.; et al. ROS-Mediated Ferroptosis and Pyroptosis in
Cardiomyocytes: An Update. Life Sci. 2025, 370, 123565. [CrossRef]

Bugger, H.; Pfeil, K. Mitochondrial ROS in Myocardial Ischemia Reperfusion and Remodeling. Biochim. Biophys. Acta (BBA)-Mol.
Basis Dis. 2020, 1866, 165768. [CrossRef]

Ma, X.H,; Liu, ] H.Z,; Liu, C.Y;; Sun, W.Y.; Duan, W.J.; Wang, G.; Kurihara, H.; He, RR,; Li, Y.F,; Chen, Y,; et al. ALOX15-Launched
PUFA-Phospholipids Peroxidation Increases the Susceptibility of Ferroptosis in Ischemia-Induced Myocardial Damage. Signal
Transduct. Target. Ther. 2022, 7, 288. [CrossRef] [PubMed]

Miyamoto, H.D.; Ikeda, M.; Ide, T.; Tadokoro, T.; Furusawa, S.; Abe, K.; Ishimaru, K.; Enzan, N.; Sada, M.; Yamamoto, T.; et al.
Iron Overload via Heme Degradation in the Endoplasmic Reticulum Triggers Ferroptosis in Myocardial Ischemia-Reperfusion
Injury. JACC Basic Transl. Sci. 2022, 7, 800-819, Erratum in JACC Basic Transl. Sci. 2022, 9, 162. [CrossRef]

Buffon, A.; Santini, S.A.; Ramazzotti, V.; Rigattieri, S.; Liuzzo, G.; Biasucci, L.M.; Crea, E; Giardina, B.; Maseri, A. Large, Sustained
Cardiac Lipid Peroxidation and Reduced Antioxidant Capacity in the Coronary Circulation after Brief Episodes of Myocardial
Ischemia. J. Am. Coll. Cardiol. 2000, 35, 633—-639. [CrossRef] [PubMed]

Ni, L.; Yuan, C.; Wu, X. Targeting Ferroptosis in Acute Kidney Injury. Cell Death Dis. 2022, 13, 182. [CrossRef] [PubMed]

Wang, F.; Huang, X.; Wang, S.; Wu, D.; Zhang, M.; Wei, W. The main molecular mechanisms of ferroptosis and its role in chronic
kidney disease. Cell Signal. 2024, 121, 111256. [CrossRef]

Zhang, Y,; Mou, Y.; Zhang, J.; Suo, C.; Zhou, H.; Gu, M.; Wang, Z.; Tan, R. Therapeutic Implications of Ferroptosis in Renal
Fibrosis. Front. Mol. Biosci. 2022, 9, 890766. [CrossRef]

Stadler, K.; Ilatovskaya, D.V. Renal Epithelial Mitochondria: Implications for Hypertensive Kidney Disease. Compr. Physiol. 2023,
14, 5225. [CrossRef]

Ye, K.; Lan, R,; Chen, Z.; Lai, K.; Song, Y.; Li, G.; Ma, H.; Chen, H.; Xu, Y. Roles of ACSL4/GPX4 and FSP1 in Oxalate-Induced
Acute Kidney Injury. Cell Death Discov. 2025, 11, 279. [CrossRef] [PubMed]

Shen, R.; Yu, X,; Shi, C.; Fang, Y.; Dai, C.; Zhou, Y. ACSL4 Predicts Rapid Kidney Function Decline in Patients with Diabetic
Kidney Disease. Front. Endocrinol. 2025, 16, 1499555. [CrossRef]

Mengstie, M.A.; Seid, M.A.; Gebeyehu, N.A.; Adella, G.A.; Kassie, G.A.; Bayih, W.A.; Gesese, M.M.; Anley, D.T.; Feleke, S.F;
Zemene, M.A; et al. Ferroptosis in Diabetic Nephropathy: Mechanisms and Therapeutic Implications. Metab. Open 2023, 18,
100243. [CrossRef]

Minami, Y.; Hoshino, A.; Higuchi, Y.; Hamaguchi, M.; Kaneko, Y.; Kirita, Y.; Taminishi, S.; Nishiji, T.; Taruno, A.; Fukui, M.; et al.
Liver Lipophagy Ameliorates Nonalcoholic Steatohepatitis through Extracellular Lipid Secretion. Nat. Commun. 2023, 14, 4084.
[CrossRef]

Bellanti, E; Villani, R.; Facciorusso, A.; Vendemiale, G.; Serviddio, G. Lipid Oxidation Products in the Pathogenesis of Non-
Alcoholic Steatohepatitis. Free Radic. Biol. Med. 2017, 111, 173-185. [CrossRef]


https://doi.org/10.1038/s41401-025-01576-w
https://doi.org/10.1371/journal.pone.0035241
https://www.ncbi.nlm.nih.gov/pubmed/22529995
https://doi.org/10.1016/j.neuroscience.2006.09.064
https://www.ncbi.nlm.nih.gov/pubmed/17150307
https://doi.org/10.1038/s41419-022-04712-0
https://doi.org/10.1186/s40478-025-02020-0
https://www.ncbi.nlm.nih.gov/pubmed/40468400
https://doi.org/10.1038/s41401-022-00879-6
https://doi.org/10.1007/s10565-024-09853-w
https://doi.org/10.1007/s11010-024-04978-2
https://www.ncbi.nlm.nih.gov/pubmed/38556592
https://doi.org/10.1038/s41598-023-49336-2
https://doi.org/10.1038/s41419-021-04054-3
https://doi.org/10.1016/j.yjmcc.2022.10.004
https://doi.org/10.1016/j.lfs.2025.123565
https://doi.org/10.1016/j.bbadis.2020.165768
https://doi.org/10.1038/s41392-022-01090-z
https://www.ncbi.nlm.nih.gov/pubmed/35970840
https://doi.org/10.1016/j.jacbts.2022.03.012
https://doi.org/10.1016/S0735-1097(99)00581-1
https://www.ncbi.nlm.nih.gov/pubmed/10716465
https://doi.org/10.1038/s41419-022-04628-9
https://www.ncbi.nlm.nih.gov/pubmed/35210424
https://doi.org/10.1016/j.cellsig.2024.111256
https://doi.org/10.3389/fmolb.2022.890766
https://doi.org/10.1002/j.2040-4603.2024.tb00287.x
https://doi.org/10.1038/s41420-025-02557-y
https://www.ncbi.nlm.nih.gov/pubmed/40527896
https://doi.org/10.3389/fendo.2025.1499555
https://doi.org/10.1016/j.metop.2023.100243
https://doi.org/10.1038/s41467-023-39404-6
https://doi.org/10.1016/j.freeradbiomed.2017.01.023

Antioxidants 2025, 14, 1411 27 of 31

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

Borgne-Sanchez, A.; Fromenty, B. Mitochondrial Dysfunction in Drug-Induced Hepatic Steatosis: Recent Findings and Current
Concept. Clin. Res. Hepatol. Gastroenterol. 2025, 49, 102529. [CrossRef] [PubMed]

Prasun, P.; Ginevic, I.; Oishi, K. Mitochondrial Dysfunction in Nonalcoholic Fatty Liver Disease and Alcohol Related Liver
Disease. Transl. Gastroenterol. Hepatol. 2021, 6, 4. [CrossRef]

Boslem, E.; Reibe, S.; Carlessi, R.; Smeuninx, B.; Tegegne, S.; Egan, C.L.; McLennan, E.; Terry, L.V.; Nobis, M.; Mu, A_; et al.
Therapeutic Blockade of ER Stress and Inflammation Prevents NASH and Progression to HCC. Sci. Adv. 2023, 9, eadh0831,
Erratum in Sci. Adv. 2023, 9, eadl4279. [CrossRef]

Sharma, R.S.; Harrison, D.J.; Kisielewski, D.; Cassidy, D.M.; McNeilly, A.D.; Gallagher, ].R.; Walsh, S.V.; Honda, T.; McCrim-
mon, RJ.; Dinkova-Kostova, A.T.; et al. Experimental Nonalcoholic Steatohepatitis and Liver Fibrosis Are Ameliorated by
Pharmacologic Activation of Nrf2 (NF-E2 P45-Related Factor 2). Cell Mol. Gastroenterol. Hepatol. 2017, 5, 367. [CrossRef] [PubMed]
Hino, K,; Nishina, S.; Yanatori, I. Ferroptosis: Biology and role in liver disease. J. Gastroenterol. 2025, 60, 1339-1361. [CrossRef]
Yu, Y;; Jiang, L.; Wang, H.; Shen, Z.; Cheng, Q.; Zhang, P.; Wang, J.; Wu, Q.; Fang, X.; Duan, L.; et al. Hepatic Transferrin Plays a
Role in Systemic Iron Homeostasis and Liver Ferroptosis. Blood 2020, 136, 726-739. [CrossRef] [PubMed]

Peleman, C.; Francque, S.; Berghe, T. Vanden Emerging Role of Ferroptosis in Metabolic Dysfunction-Associated Steatotic Liver
Disease: Revisiting Hepatic Lipid Peroxidation. EBioMedicine 2024, 102, 105088. [CrossRef]

Yu, Q.; Song, L. Unveiling the Role of Ferroptosis in the Progression from NAFLD to NASH: Recent Advances in Mechanistic
Understanding. Front. Endocrinol. 2024, 15, 1431652. [CrossRef]

Okuda, M.; Lee, H.C.; Chance, B.; Kumar, C. Glutathione and Ischemia-Reperfusion Injury in the Perfused Rat Liver. Free Radic.
Biol. Med. 1992, 12, 271-279. [CrossRef]

Dimova, S.; Hoet, PH.M.; Dinsdale, D.; Nemery, B. Acetaminophen Decreases Intracellular Glutathione Levels and Modulates
Cytokine Production in Human Alveolar Macrophages and Type II Pneumocytes In Vitro. Int. |. Biochem. Cell Biol. 2005,
37,1727-1737. [CrossRef]

Rousar, T.; Paiik, P; Kugera, O.; Bartos, M.; Cervinkova, Z. Glutathione Reductase Is Inhibited by Acetaminophen-Glutathione
Conjugate In Vitro. Physiol. Res. 2010, 59, 225-232. [CrossRef] [PubMed]

Tang, R.; Luo, J.; Zhu, X.; Miao, P,; Tang, H.; Jian, Y.; Ruan, S.; Ling, F.; Tang, M. Recent Progress in the Effect of Ferroptosis of
HSCs on the Development of Liver Fibrosis. Front. Mol. Biosci. 2023, 10, 1258870. [CrossRef]

Wang, Y.; Kuang, S.; Li, K.; Chen, S.; Yang, M.; Deng, K.; Li, M,; Xie, S.; Chen, Q.; Wen, ].; et al. Astragalin Promotes HSCs
Ferroptosis through NCOA4 Mediated Ferritinophagy to Alleviate Liver Fibrosis in Zebrafish and Mice. Commun. Biol. 2025,
8,1081. [CrossRef]

Zeng, L.; Yang, K.; Yu, G.; Hao, W.; Zhu, X.; Ge, A.; Chen, ].; Sun, L. Advances in Research on Immunocyte Iron Metabolism,
Ferroptosis, and Their Regulatory Roles in Autoimmune and Autoinflammatory Diseases. Cell Death Dis. 2024, 15, 481, Erratum
in Cell Death Dis. 2024, 15, 765. [CrossRef]

Chen, Y,; Fang, Z.M.; Yi, X.; Wei, X,; Jiang, D.S. The Interaction between Ferroptosis and Inflammatory Signaling Pathways. Cell
Death Dis. 2023, 14, 205. [CrossRef]

Eltyar, ES.; El-Tanbouly, D.M.; Zaki, H.F.; El-Sayed, R.M. Crosstalk between Ferroptosis and NLRP3, a Possible Therapeutic
Target in Experimentally-Induced Rheumatoid Arthritis: Role of P2Y12R Inhibition in Modulating P53 /SLC7A11/ALOX15
Signaling. Inflammopharmacology 2025, 33, 3947. [CrossRef]

Davaanyam, D.; Lee, H.; Seol, S.I; Oh, S.A.; Kim, S.W.; Lee, ]. K. HMGBI1 Induces Hepcidin Upregulation in Astrocytes and
Causes an Acute Iron Surge and Subsequent Ferroptosis in the Postischemic Brain. Exp. Mol. Med. 2023, 55, 2402-2416. [CrossRef]
[PubMed]

Zeng, F.; Chen, A.; Chen, W,; Cheng, S.; Lin, S.; Mei, R.; Mei, X. Knockout of TNF-« in Microglia Decreases Ferroptosis and
Convert Microglia Phenotype after Spinal Cord Injury. Heliyon 2024, 10, e36488. [CrossRef]

Kong, R.; Wang, N.; Han, W.; Bao, W.; Lu, ]. IFNy-Mediated Repression of System Xc- Drives Vulnerability to Induced Ferroptosis
in Hepatocellular Carcinoma Cells. J. Leukoc. Biol. 2021, 110, 301-314. [CrossRef] [PubMed]

Liu, M,; Peng, M.; Ma, J.; Hu, R.; Xu, Q.; Hu, P; Chen, L. Hepcidin Deficiency Disrupts Iron Homeostasis and Induces Ferroptosis
in Zebrafish Liver. Fishes 2025, 10, 243. [CrossRef]

Zhang, H.; Ostrowski, R.; Jiang, D.; Zhao, Q.; Liang, Y.; Che, X.; Zhao, ].; Xiang, X.; Qin, W.; He, Z. Hepcidin Promoted Ferroptosis
through Iron Metabolism Which Is Associated with DMT1 Signaling Activation in Early Brain Injury Following Subarachnoid
Hemorrhage. Oxidative Med. Cell. Longev. 2021, 2021, 9800794. [CrossRef] [PubMed]

Xu, M.; Kashanchi, E,; Foster, A.; Rotimi, J.; Turner, W.; Gordeuk, V.R.; Nekhai, S. Hepcidin Induces HIV-1 Transcription Inhibited
by Ferroportin. Retrovirology 2010, 7, 104. [CrossRef]

Wang, J.; Chen, Y.; Gao, N.; Wang, Y.; Tian, Y.; Wu, ].; Zhang, J.; Zhu, J.; Fan, D.; An, ]. Inhibitory Effect of Glutathione on Oxidative
Liver Injury Induced by Dengue Virus Serotype 2 Infections in Mice. PLoS ONE 2013, 8, e55407. [CrossRef]

Labarrere, C.A.; Kassab, G.S. Glutathione Deficiency in the Pathogenesis of SARS-CoV-2 Infection and Its Effects upon the Host
Immune Response in Severe COVID-19 Disease. Front. Microbiol. 2022, 13, 979719. [CrossRef]


https://doi.org/10.1016/j.clinre.2025.102529
https://www.ncbi.nlm.nih.gov/pubmed/39798918
https://doi.org/10.21037/tgh-20-125
https://doi.org/10.1126/sciadv.adh0831
https://doi.org/10.1016/j.jcmgh.2017.11.016
https://www.ncbi.nlm.nih.gov/pubmed/29552625
https://doi.org/10.1007/s00535-025-02300-5
https://doi.org/10.1182/blood.2019002907
https://www.ncbi.nlm.nih.gov/pubmed/32374849
https://doi.org/10.1016/j.ebiom.2024.105088
https://doi.org/10.3389/fendo.2024.1431652
https://doi.org/10.1016/0891-5849(92)90114-V
https://doi.org/10.1016/j.biocel.2005.03.005
https://doi.org/10.33549/physiolres.931744
https://www.ncbi.nlm.nih.gov/pubmed/19537930
https://doi.org/10.3389/fmolb.2023.1258870
https://doi.org/10.1038/s42003-025-08421-0
https://doi.org/10.1038/s41419-024-06807-2
https://doi.org/10.1038/s41419-023-05716-0
https://doi.org/10.1007/s10787-025-01841-8
https://doi.org/10.1038/s12276-023-01111-z
https://www.ncbi.nlm.nih.gov/pubmed/37907744
https://doi.org/10.1016/j.heliyon.2024.e36488
https://doi.org/10.1002/JLB.3MA1220-815RRR
https://www.ncbi.nlm.nih.gov/pubmed/34318944
https://doi.org/10.3390/fishes10050243
https://doi.org/10.1155/2021/9800794
https://www.ncbi.nlm.nih.gov/pubmed/34987706
https://doi.org/10.1186/1742-4690-7-104
https://doi.org/10.1371/journal.pone.0055407
https://doi.org/10.3389/fmicb.2022.979719

Antioxidants 2025, 14, 1411 28 of 31

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

Ding, L. Ferroptosis in Viral Infection: A Potential Therapeutic Target. Future Microbiol. 2024, 19, 519. [CrossRef]

Ousingsawat, J.; Schreiber, R.; Gulbins, E.; Kamler, M.; Kunzelmann, K.P. Aeruginosa Induced Lipid Peroxidation Causes
Ferroptotic Cell Death in Airways. Cell. Physiol. Biochem. 2021, 55, 590-604. [CrossRef] [PubMed]

Dar, H.H.; Tyurina, Y.Y.; Mikulska-Ruminska, K.; Shrivastava, I.; Ting, H.C.; Tyurin, V.A.; Krieger, J.; Croix, C.M.S.; Watkins, S.;
Bayir, E.; et al. Pseudomonas Aeruginosa Utilizes Host Polyunsaturated Phosphatidylethanolamines to Trigger Theft-Ferroptosis
in Bronchial Epithelium. . Clin. Investig. 2018, 128, 4639. [CrossRef] [PubMed]

Kain, H.S.; Glennon, E.K.K,; Vijayan, K.; Arang, N.; Douglass, A.N.; Fortin, C.L.; Zuck, M.; Lewis, A.J.; Whiteside, S.L.;
Dudgeon, D.R;; et al. Liver Stage Malaria Infection Is Controlled by Host Regulators of Lipid Peroxidation. Cell Death Differ. 2020,
27,44-54. [CrossRef]

Yamane, D.; Hayashi, Y.; Matsumoto, M.; Nakanishi, H.; Imagawa, H.; Kohara, M.; Lemon, S.M.; Ichi, I. FADS2-Dependent Fatty
Acid Desaturation Dictates Cellular Sensitivity to Ferroptosis and Permissiveness for Hepatitis C Virus Replication. Cell Chem.
Biol. 2022, 29, 799-810. [CrossRef]

Li, P; Jiang, M.; Li, K.; Li, H.; Zhou, Y.; Xiao, X.; Xu, Y.; Krishfield, S.; Lipsky, P.E.; Tsokos, G.C.; et al. Glutathione Peroxidase 4
Regulated Neutrophil Ferroptosis Induces Systemic Autoimmunity. Nat. Immunol. 2021, 22, 1107. [CrossRef]

Niu, R; Lan, J.; Liang, D.; Xiang, L.; Wu, J.; Zhang, X.; Li, Z.; Chen, H.; Geng, L.; Xu, W.; et al. GZMA Suppressed GPX4-Mediated
Ferroptosis to Improve Intestinal Mucosal Barrier Function in Inflammatory Bowel Disease. Cell Commun. Signal. 2024, 22, 474.
[CrossRef]

Zhao, H.; Tang, C.; Wang, M.; Zhao, H.; Zhu, Y. Ferroptosis as an Emerging Target in Rheumatoid Arthritis. Front. Immunol. 2023,
14, 1260839. [CrossRef] [PubMed]

Herrera-Abreu, M.T.; Guan, ].; Khalid, U.; Ning, J.; Costa, M.R.; Chan, J.; Li, Q.; Fortin, J].P.; Wong, W.R.; Perampalam, P.; et al.
Inhibition of GPX4 Enhances CDK4/6 Inhibitor and Endocrine Therapy Activity in Breast Cancer. Nat. Commun. 2024, 15, 9550.
[CrossRef]

Hangauer, M.].; Viswanathan, V.S.; Ryan, M.].; Bole, D.; Eaton, ].K.; Matov, A.; Galeas, J.; Dhruv, H.D.; Berens, M.E.; Schreiber,
S.L.; et al. Drug-Tolerant Persister Cancer Cells Are Vulnerable to GPX4 Inhibition. Nature 2017, 551, 247. [CrossRef]

Weiwer, M.; Bittker, J.A.; Lewis, T.A.; Shimada, K.; Yang, W.S.; MacPherson, L.; Dandapani, S.; Palmer, M.; Stockwell, B.R,;
Schreiber, S.L.; et al. Development of Small-Molecule Probes That Selectively Kill Cells Induced to Express Mutant RAS. Bioorganic
Med. Chem. Lett. 2012, 22, 1822-1826. [CrossRef]

Wiernicki, B.; Maschalidi, S.; Pinney, J.; Adjemian, S.; Vanden Berghe, T.; Ravichandran, K.S.; Vandenabeele, P. Cancer Cells Dying
from Ferroptosis Impede Dendritic Cell-Mediated Anti-Tumor Immunity. Nat. Commun. 2022, 13, 3676. [CrossRef]

Sun, Y.; Berleth, N.; Wu, W.; Schliitermann, D.; Deitersen, J.; Stuhldreier, E; Berning, L.; Friedrich, A.; Akgiin, S,;
Mendiburo, M.].; et al. Fin56-Induced Ferroptosis Is Supported by Autophagy-Mediated GPX4 Degradation and Functions
Synergistically with MTOR Inhibition to Kill Bladder Cancer Cells. Cell Death Dis. 2021, 12, 1028. [CrossRef] [PubMed]

Zhang, Y.; Tan, H.; Daniels, ].D.; Zandkarimi, F,; Liu, H.; Brown, L.M.; Uchida, K.; O’Connor, O.A.; Stockwell, B.R. Imidazole
Ketone Erastin Induces Ferroptosis and Slows Tumor Growth in a Mouse Lymphoma Model. Cell Chem. Biol. 2019, 26, 623.
[CrossRef] [PubMed]

Yang, W.S.; Stockwell, B.R. Synthetic Lethal Screening Identifies Compounds Activating Iron-Dependent, Nonapoptotic Cell
Death in Oncogenic-RAS-Harboring Cancer Cells. Chem. Biol. 2008, 15, 234-245. [CrossRef]

Dixon, S.J.; Patel, D.N.; Welsch, M.; Skouta, R.; Lee, E.D.; Hayano, M.; Thomas, A.G.; Gleason, C.E.; Tatonetti, N.P;
Slusher, B.S.; et al. Pharmacological Inhibition of Cystine-Glutamate Exchange Induces Endoplasmic Reticulum Stress and
Ferroptosis. Elife 2014, 3, e02523. [CrossRef] [PubMed]

Lachaier, E.; Louandre, C.; Godin, C.; Saidak, Z.; Baert, M.; Diouf, M.; Chauffert, B.; Galmiche, A. Sorafenib Induces Ferroptosis in
Human Cancer Cell Originating from Different Solid Tumors. Anticancer Res. 2014, 34, 6417-6422.

Zheng, ]J.; Sato, M.; Mishima, E.; Sato, H.; Proneth, B.; Conrad, M. Sorafenib Fails to Trigger Ferroptosis across a Wide Range of
Cancer Cell Lines. Cell Death Dis. 2021, 12, 698. [CrossRef]

Birsen, R.; Larrue, C.; Decroocq, J.; Johnson, N.; Guiraud, N.; Gotanegre, M.; Cantero-Aguilar, L.; Grignano, E.; Huynh, T,
Fontenay, M.; et al. APR-246 Induces Early Cell Death by Ferroptosis in Acute Myeloid Leukemia. Haematologica 2021, 107, 403.
[CrossRef]

Hendricks, ].M.; Doubravsky, C.E.; Wehri, E.; Li, Z.; Roberts, M.A.; Deol, K.K.; Lange, M.; Lasheras-Otero, I.; Momper, ].D.;
Dixon, S.J.; et al. Identification of Structurally Diverse FSP1 Inhibitors That Sensitize Cancer Cells to Ferroptosis. Cell Chem. Biol.
2023, 30, 1090-1103.e7. [CrossRef]

Xavier da Silva, T.N.; Friedmann Angeli, J.P. Sabotaging the Breaks: FSEN1 Expands the Toolbox of FSP1 Inhibitors. Cell Chem.
Biol. 2023, 30, 1006—1008. [CrossRef] [PubMed]

Mao, C.; Liu, X,; Zhang, Y.; Lei, G.; Yan, Y.; Lee, H.; Koppula, P; Wu, S.; Zhuang, L.; Fang, B.; et al. DHODH-Mediated Ferroptosis
Defence Is a Targetable Vulnerability in Cancer. Nature 2021, 593, 586-590, Erratum in Nature 2021, 596, E13. [CrossRef] [PubMed]


https://doi.org/10.2217/fmb-2023-0186
https://doi.org/10.33594/000000437
https://www.ncbi.nlm.nih.gov/pubmed/34637202
https://doi.org/10.1172/JCI99490
https://www.ncbi.nlm.nih.gov/pubmed/30198910
https://doi.org/10.1038/s41418-019-0338-1
https://doi.org/10.1016/j.chembiol.2021.07.022
https://doi.org/10.1038/s41590-021-00993-3
https://doi.org/10.1186/s12964-024-01836-y
https://doi.org/10.3389/fimmu.2023.1260839
https://www.ncbi.nlm.nih.gov/pubmed/37928554
https://doi.org/10.1038/s41467-024-53837-7
https://doi.org/10.1038/nature24297
https://doi.org/10.1016/j.bmcl.2011.09.047
https://doi.org/10.1038/s41467-022-31218-2
https://doi.org/10.1038/s41419-021-04306-2
https://www.ncbi.nlm.nih.gov/pubmed/34716292
https://doi.org/10.1016/j.chembiol.2019.01.008
https://www.ncbi.nlm.nih.gov/pubmed/30799221
https://doi.org/10.1016/j.chembiol.2008.02.010
https://doi.org/10.7554/eLife.02523
https://www.ncbi.nlm.nih.gov/pubmed/24844246
https://doi.org/10.1038/s41419-021-03998-w
https://doi.org/10.3324/haematol.2020.259531
https://doi.org/10.1016/j.chembiol.2023.04.007
https://doi.org/10.1016/j.chembiol.2023.08.015
https://www.ncbi.nlm.nih.gov/pubmed/37738951
https://doi.org/10.1038/s41586-021-03539-7
https://www.ncbi.nlm.nih.gov/pubmed/33981038

Antioxidants 2025, 14, 1411 29 of 31

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

Qin, Q.; Zhang, H.; Lai, M.; Wei, ].; Qian, J.; Chen, X.; Wang, X.; Wang, Y. Sulfasalazine Induces Ferroptosis in Osteosarcomas by
Regulating Nrf2/SLC7A11/GPX4 Signaling Axis. Sci. Rep. 2025, 15, 30197. [CrossRef]

Belavgeni, A.; Tonnus, W.; Linkermann, A. Cancer Cells Evade Ferroptosis: Sex Hormone-Driven Membrane-Bound O-
Acyltransferase Domain-Containing 1 and 2 (MBOAT1/2) Expression. Signal Transduct. Target. Ther. 2023, 8, 336. [CrossRef]
Song, Q.; Peng, S.; Sun, Z.; Heng, X.; Zhu, X. Temozolomide Drives Ferroptosis via a DMT1-Dependent Pathway in Glioblastoma
Cells. Yonsei Med. |. 2021, 62, 843-849. [CrossRef]

Zamani, M.R.; Sacha, P. Immune Checkpoint Inhibitors in Cancer Therapy: What Lies beyond Monoclonal Antibodies? Med.
Oncol. 2025, 42, 273. [CrossRef]

Jiang, Z.; Lim, S.O.; Yan, M.; Hsu, J.L.; Yao, J.; Wei, Y,; Chang, S.S.; Yamaguchi, H.; Lee, HH.; Ke, B.; et al. TYRO3 Induces
Anti-PD-1/PD-L1 Therapy Resistance by Limiting Innate Immunity and Tumoral Ferroptosis. J. Clin. Investig. 2021, 131.
[CrossRef]

Wang, Z.; Xiao, Y; Chen, R.; Tang, E.; Tang, S. From Mechanisms to Therapy: Exploring the Role of Ferroptosis in Cervical Cancer
Transformation and Treatment. Traffic 2025, 26, 7-9. [CrossRef]

Liang, Y.; Wang, Y.; Sun, C; Xiang, Y.; Deng, Y. Deferoxamine Reduces Endothelial Ferroptosis and Protects Cerebrovascular
Function after Experimental Traumatic Brain Injury. Brain Res. Bull. 2024, 207, 110878. [CrossRef]

Huanga, H.; He, Z.; Roberts, L.].; Salahudeen, A.K. Deferoxamine Reduces Cold-Ischemic Renal Injury in a Syngeneic Kidney
Transplant Model. Am. J. Transplant. 2003, 3, 1531-1537. [CrossRef]

Zager, R.A. Combined Mannitol and Deferoxamine Therapy for Myohemoglobinuric Renal Injury and Oxidant Tubular Stress.
Mechanistic and Therapeutic Implications. J. Clin. Investig. 1992, 90, 711-719. [CrossRef]

Lee, YK,; Lau, YM.; Ng, KM,; Lai, W.H.; Ho, S.L.; Tse, H.E,; Siu, C.W.; Ho, PW.L. Efficient Attenuation of Friedreich’s Ataxia
(FRDA) Cardiomyopathy by Modulation of Iron Homeostasis-Human Induced Pluripotent Stem Cell (HiPSC) as a Drug Screening
Platform for FRDA. Int. ]. Cardiol. 2016, 203, 964-971, Erratum in Int. J. Cardiol. 2016, 207, 393. [CrossRef]

Soriano, S.; Llorens, ].V.; Blanco-Sobero, L.; Gutiérrez, L.; Calap-Quintana, P.; Morales, M.P.; Molté, M.D.; Martinez-Sebastian, M.]J.
Deferiprone and Idebenone Rescue Frataxin Depletion Phenotypes in a Drosophila Model of Friedreich’s Ataxia. Gene 2013,
521, 274-281. [CrossRef] [PubMed]

Adel, N.; Mantawy, E.M.; El-Sherbiny, D.A.; El-Demerdash, E. Iron Chelation by Deferasirox Confers Protection against
Concanavalin A-Induced Liver Fibrosis: A Mechanistic Approach. Toxicol. Appl. Pharmacol. 2019, 382, 114748. [CrossRef]
[PubMed]

Hasinoff, B.B.; Patel, D.; Wu, X. The Role of Topoisomerase II in the Mechanisms of Action of the Doxorubicin Cardioprotective
Agent Dexrazoxane. Cardiovasc. Toxicol. 2020, 20, 312-320. [CrossRef] [PubMed]

Upshaw, ].N.; Parson, S.K.; Buchsbaum, R.J.; Schlam, I.; Ruddy, K.J.; Durani, U.; Epperla, N.; Leong, D.P. Dexrazoxane to Prevent
Cardiotoxicity in Adults Treated with Anthracyclines: JACC: CardioOncology Controversies in Cardio-Oncology. Cardio Oncol.
2024, 6, 322-324. [CrossRef]

Zhang, H.; Wang, Z.; Liu, Z.; Du, K.; Lu, X. Protective Effects of Dexazoxane on Rat Ferroptosis in Doxorubicin-Induced
Cardiomyopathy Through Regulating HMGBL1. Front. Cardiovasc. Med. 2021, 8, 685434. [CrossRef]

Scarano, A.; Laddomada, B.; Blando, F,; De Santis, S.; Verna, G.; Chieppa, M.; Santino, A. The Chelating Ability of Plant
Polyphenols Can Affect Iron Homeostasis and Gut Microbiota. Antioxidants 2023, 12, 630. [CrossRef] [PubMed]

Al Amin, M.; Zehravi, M.; Sweilam, S.H.; Shatu, M.M.; Durgawale, T.P.; Qureshi, M.S.; Durgapal, S.; Haque, M.A.; Vodeti,
R.; Panigrahy, U.P,; et al. Neuroprotective Potential of Epigallocatechin Gallate in Neurodegenerative Diseases: Insights into
Molecular Mechanisms and Clinical Relevance. Brain Res. 2025, 1860, 149693. [CrossRef] [PubMed]

Settakorn, K.; Kongkarnka, S.; Chompupoung, A.; Svasti, S.; Fucharoen, S.; Porter, ].B.; Srichairatanakool, S.; Koonyosying, P.
Effects of Green Tea Extract Treatment on Erythropoiesis and Iron Parameters in Iron-Overloaded (-Thalassemic Mice. Front.
Physiol. 2022, 13, 1053060. [CrossRef]

Jalali, M.; Mahmoodi, M.; Mosallanezhad, Z.; Jalali, R.; Imanieh, M.H.; Moosavian, S.P. The Effects of Curcumin Supplementation
on Liver Function, Metabolic Profile and Body Composition in Patients with Non-Alcoholic Fatty Liver Disease: A Systematic
Review and Meta-Analysis of Randomized Controlled Trials. Complement. Ther. Med. 2020, 48, 102283. [CrossRef]

Genchi, G.; Lauria, G.; Catalano, A.; Carocci, A.; Sinicropi, M.S. Neuroprotective Effects of Curcumin in Neurodegenerative
Diseases. Foods 2024, 13, 1774. [CrossRef]

Chen, Y.Q.; Chen, H.Y;; Tang, Q.Q.; Li, Y.E; Liu, X.S.; Lu, EH.; Gu, Y.Y. Protective Effect of Quercetin on Kidney Diseases: From
Chemistry to Herbal Medicines. Front. Pharmacol. 2022, 13, 968226. [CrossRef]

Gal, R.; Deres, L.; Toth, K.; Halmosi, R.; Habon, T. The Effect of Resveratrol on the Cardiovascular System from Molecular
Mechanisms to Clinical Results. Int. |. Mol. Sci. 2021, 22, 10152. [CrossRef]

Kato, K.; Takahashi, M.; Oh-hashi, K.; Ando, K.; Hirata, Y. Quercetin and Resveratrol Inhibit Ferroptosis Independently of
Nrf2-ARE Activation in Mouse Hippocampal HT22 Cells. Food Chem. Toxicol. 2023, 172, 113586. [CrossRef]


https://doi.org/10.1038/s41598-025-13324-5
https://doi.org/10.1038/s41392-023-01593-3
https://doi.org/10.3349/ymj.2021.62.9.843
https://doi.org/10.1007/s12032-025-02822-1
https://doi.org/10.1172/JCI139434
https://doi.org/10.1111/tra.70018
https://doi.org/10.1016/j.brainresbull.2024.110878
https://doi.org/10.1046/j.1600-6135.2003.00264.x
https://doi.org/10.1172/JCI115942
https://doi.org/10.1016/j.ijcard.2015.11.101
https://doi.org/10.1016/j.gene.2013.02.049
https://www.ncbi.nlm.nih.gov/pubmed/23542074
https://doi.org/10.1016/j.taap.2019.114748
https://www.ncbi.nlm.nih.gov/pubmed/31499193
https://doi.org/10.1007/s12012-019-09554-5
https://www.ncbi.nlm.nih.gov/pubmed/31773441
https://doi.org/10.1016/J.JACCAO.2024.02.004
https://doi.org/10.3389/fcvm.2021.685434
https://doi.org/10.3390/antiox12030630
https://www.ncbi.nlm.nih.gov/pubmed/36978878
https://doi.org/10.1016/j.brainres.2025.149693
https://www.ncbi.nlm.nih.gov/pubmed/40350140
https://doi.org/10.3389/fphys.2022.1053060
https://doi.org/10.1016/j.ctim.2019.102283
https://doi.org/10.3390/foods13111774
https://doi.org/10.3389/fphar.2022.968226
https://doi.org/10.3390/ijms221810152
https://doi.org/10.1016/j.fct.2022.113586

Antioxidants 2025, 14, 1411 30 of 31

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

Wang, N.; Xue, X.; Zhang, Z.; Gao, M.; Yin, L.; Xu, L.; Zhao, X.; Peng, J. Curcumin-Loaded Nanoparticles for Renal Ischemia-
Reperfusion Injuries: Triple-Play of Redox Homeostasis Accommodation, Lipid Metabolism Regulation, and Nuclear Magnetic
Tracing. Mater. Today Bio 2025, 33, 101986. [CrossRef] [PubMed]

Yang, C.; Han, M,; Li, R;; Zhou, L.; Zhang, Y.; Duan, L.; Su, S.; Li, M.; Wang, Q.; Chen, T.; et al. Curcumin Nanoparticles Inhibiting
Ferroptosis for the Enhanced Treatment of Intracerebral Hemorrhage. Int. J. Nanomed. 2021, 16, 8049. [CrossRef]

Wei, H.; Qin, J.; Huang, Q.; Jin, Z.; Zheng, L.; Zhao, J.; Qin, Z. Epigallocatechin-3-Gallate (EGCG) Based Metal-Polyphenol Nanofor-
mulations Alleviates Chondrocytes Inflammation by Modulating Synovial Macrophages Polarization. Biomed. Pharmacother. 2023,
161, 114366. [CrossRef] [PubMed]

Wang, Z.; Fan, Y,; Luo, Y.; Guo, C.; Hu, Y.; Guo, X,; Zhou, D.; Zhu, B. Mechanisms of Epigallocatechin-3-Gallate-Loaded
Metal —organic Framework in Preventing Oxidative Degradation of Shrimp (Litopenaeus vannamei) Surimi Gel. Food Chem. 2025,
473, 143036. [CrossRef]

Zhang, L.; Zhan, M.; Sun, H.; Zou, Y,; Laurent, R.; Mignani, S.; Majoral, ].P.; Cao, X.; Shen, M.; Shi, X. Mesenchymal Stem-Cell-
Derived Exosomes Loaded with Phosphorus Dendrimers and Quercetin Treat Parkinson’s Disease by Modulating Inflammatory
Immune Microenvironment. ACS Appl. Mater. Interfaces 2025, 17, 32013-32027. [CrossRef]

Zhao, L.; Dong, X.; Guo, B.; Song, J.; Bi, H. Quercetin-Loaded Exosomes Delivery System Prevents Myopia Progression by
Targeting Endoplasmic Reticulum Stress and Ferroptosis in Scleral Fibroblasts. Mater. Today Bio 2025, 32, 101896. [CrossRef]
Niki, E. Lipid Oxidation That Is, and Is Not, Inhibited by Vitamin E: Consideration about Physiological Functions of Vitamin E.
Free Radic. Biol. Med. 2021, 176, 1-15. [CrossRef]

Chiabrando, C.; Avanzini, F,; Rivalta, C.; Colombo, E; Fanelli, R.; Palumbo, G.; Roncaglioni, M.C.; Pioltelli, M.B.; Capra, A;
Cristofari, M.; et al. Long-Term Vitamin E Supplementation Fails to Reduce Lipid Peroxidation in People at Cardiovascular Risk:
Analysis of Underlying Factors. Curr. Control. Trials Cardiovasc. Med. 2002, 3, 5. [CrossRef]

Zilka, O.; Shah, R.; Li, B.; Friedmann Angeli, J.P.; Griesser, M.; Conrad, M.; Pratt, D.A. On the Mechanism of Cytoprotection by
Ferrostatin-1 and Liproxstatin-1 and the Role of Lipid Peroxidation in Ferroptotic Cell Death. ACS Cent. Sci. 2017, 3, 232-243.
[CrossRef]

Feng, Y.; Madungwe, N.B.; Imam Aliagan, A.D.; Tombo, N.; Bopassa, J.C. Ferroptosis Inhibitor, Liproxstatin-1, Protects the
Myocardium against Ischemia/Reperfusion Injury by Decreasing VDAC1 Levels and Rescuing GPX4 Levels. Biochem. Biophys.
Res. Commun. 2019, 520, 606. [CrossRef] [PubMed]

Shi, Z.; Du, Y.; Zheng, J.; Tang, W.; Liang, Q.; Zheng, Z.; Liu, B.; Sun, H.; Wang, K.; Shao, C. Liproxstatin-1 Alleviated
Ischemia/Reperfusion-Induced Acute Kidney Injury via Inhibiting Ferroptosis. Antioxidants 2024, 13, 182. [CrossRef]

Fang, X.; Wang, H.; Han, D.; Xie, E.; Yang, X.; Wei, J.; Gu, S.; Gao, F.; Zhu, N.; Yin, X,; et al. Ferroptosis as a Target for Protection
against Cardiomyopathy. Proc. Natl. Acad. Sci. USA 2019, 116, 2672-2680. [CrossRef]

Jing, S.; Liu, Y.; Ye, Z.; Ghaleb Al-bashari, A.A.; Zhou, H.; He, Y. Ferrostatin-1 Loaded Gelatin Methacrylate Scaffold Promotes
Recovery from Spinal Cord Injury via Inhibiting Apoptosis and Ferroptosis. Nano TransMed 2023, 2, 100005. [CrossRef]

Cao, Y;; Li, Y;; He, C; Yan, E; Li, ] R.; Xu, H.Z.; Zhuang, J.F.; Zhou, H.; Peng, Y.C.; Fu, X.J.; et al. Selective Ferroptosis Inhibitor
Liproxstatin-1 Attenuates Neurological Deficits and Neuroinflammation After Subarachnoid Hemorrhage. Neurosci. Bull. 2021,
37, 535. [CrossRef] [PubMed]

Fan, B.Y.; Pang, Y.L.; Li, W.X; Zhao, C.X.; Zhang, Y.; Wang, X.; Ning, G.Z.; Kong, X.H.; Liu, C; Yao, X,; et al. Liproxstatin-1 Is an
Effective Inhibitor of Oligodendrocyte Ferroptosis Induced by Inhibition of Glutathione Peroxidase 4. Neural Regen. Res. 2020,
16, 561. [CrossRef]

Li, Y;; Sun, M,; Cao, F; Chen, Y.; Zhang, L.; Li, H.; Cao, J.; Song, J.; Ma, Y.; Mi, W.; et al. The Ferroptosis Inhibitor Liproxstatin-1
Ameliorates LPS-Induced Cognitive Impairment in Mice. Nutrients 2022, 14, 4599. [CrossRef] [PubMed]

Naderi, S.; Motamedi, F; Pourbadie, H.G.; Rafiei, S.; Khodagholi, F.; Naderi, N.; Janahmadi, M. Neuroprotective Effects of
Ferrostatin and Necrostatin Against Entorhinal Amyloidopathy-Induced Electrophysiological Alterations Mediated by Voltage-
Gated CaZ* Channels in the Dentate Gyrus Granular Cells. Neurochem. Res. 2024, 49, 99-116. [CrossRef]

Zheng, J.; Zhang, W.; Ito, J.; Henkelmann, B.; Xu, C.; Mishima, E.; Conrad, M. N-Acetyl-L-Cysteine Averts Ferroptosis by Fostering
Glutathione Peroxidase 4. Cell Chem. Biol. 2025, 32, 767-775. [CrossRef]

Conrad, M.,; Proneth, B. Selenium: Tracing Another Essential Element of Ferroptotic Cell Death. Cell Chem. Biol. 2020, 27, 409—-419.
[CrossRef]

Moretti, D.; Tambone, S.; Cerretani, M.; Fezzardi, P.; Missineo, A.; Sherman, L.T.; Munoz-Sajuan, I.; Harper, S.; Dominquez, C.;
Pacifici, R.; et al. NRF2 Activation by Reversible KEAP1 Binding Induces the Antioxidant Response in Primary Neurons and
Astrocytes of a Huntington’s Disease Mouse Model. Free Radic. Biol. Med. 2021, 162, 243-254. [CrossRef]

Houghton, C.A.; Fassett, R.G.; Coombes, ].S. Sulforaphane and Other Nutrigenomic Nrf2 Activators: Can the Clinician’s
Expectation Be Matched by the Reality? Oxid. Med. Cell. Longev. 2016, 2016, 7857186. [CrossRef]


https://doi.org/10.1016/j.mtbio.2025.101986
https://www.ncbi.nlm.nih.gov/pubmed/40600177
https://doi.org/10.2147/IJN.S334965
https://doi.org/10.1016/j.biopha.2023.114366
https://www.ncbi.nlm.nih.gov/pubmed/36857913
https://doi.org/10.1016/j.foodchem.2025.143036
https://doi.org/10.1021/acsami.5c05809
https://doi.org/10.1016/j.mtbio.2025.101896
https://doi.org/10.1016/j.freeradbiomed.2021.09.001
https://doi.org/10.1186/1468-6708-3-5
https://doi.org/10.1021/acscentsci.7b00028
https://doi.org/10.1016/j.bbrc.2019.10.006
https://www.ncbi.nlm.nih.gov/pubmed/31623831
https://doi.org/10.3390/antiox13020182
https://doi.org/10.1073/pnas.1821022116
https://doi.org/10.1016/j.ntm.2023.100005
https://doi.org/10.1007/s12264-020-00620-5
https://www.ncbi.nlm.nih.gov/pubmed/33421025
https://doi.org/10.4103/1673-5374.293157
https://doi.org/10.3390/nu14214599
https://www.ncbi.nlm.nih.gov/pubmed/36364859
https://doi.org/10.1007/s11064-023-04006-7
https://doi.org/10.1016/j.chembiol.2025.04.002
https://doi.org/10.1016/j.chembiol.2020.03.012
https://doi.org/10.1016/j.freeradbiomed.2020.10.022
https://doi.org/10.1155/2016/7857186

Antioxidants 2025, 14, 1411 31 of 31

212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

224.

225.

226.

227.

228.

229.

230.

231.

Badria, F A ; Ibrahim, A.S.; Badria, A.F; Elmarakby, A.A. Curcumin Attenuates Iron Accumulation and Oxidative Stress in the
Liver and Spleen of Chronic Iron-Overloaded Rats. PLoS ONE 2015, 10, e0134156, Erratum in PLoS ONE 2020, 15, e0243398; PLoS
ONE 2025, 20, €0321563. [CrossRef] [PubMed]

Ni, C.; Ye, Q.; Mi, X,; Jiao, D.; Zhang, S.; Cheng, R.; Fang, Z.; Fang, M.; Ye, X. Resveratrol Inhibits Ferroptosis via Activating
NRF2/GPX4 Pathway in Mice with Spinal Cord Injury. Microsc. Res. Tech. 2023, 86, 1378-1390. [CrossRef]

Jonasson, E.; Sejbaek, T. Diroximel Fumarate in the Treatment of Multiple Sclerosis. Neurodegener. Dis. Manag. 2020, 10, 267-276.
[CrossRef] [PubMed]

Gales, S.M.; Obeidat, A.Z.; Neall, A.; Lloyd, K.A.; Belviso, N.; Levin, S.; Bozin, I.; Mendoza, J.P.; Lewin, ].B.; Kornberg, M.D.
Lymphocyte Dynamics in Patients with Multiple Sclerosis Who Were Treated with Dimethyl Fumarate and Subsequently Switched
to Diroximel Fumarate. Brain Disord. 2025, 18, 100229. [CrossRef]

Pilotto, F.; Chellapandi, D.M.; Puccio, H. Omaveloxolone: A Groundbreaking Milestone as the First FDA-Approved Drug for
Friedreich Ataxia. Trends Mol. Med. 2024, 30, 117-125. [CrossRef]

Yang, ].S.; Morris, A.].; Kamizaki, K.; Chen, J.; Stark, J.; Oldham, W.M.; Nakamura, T.; Mishima, E.; Loscalzo, J.; Minami, Y.; et al.
ALDHT7AT1 Protects against Ferroptosis by Generating Membrane NADH and Regulating FSP1. Cell 2025, 188, 2569-2585.
[CrossRef]

Ladds, M.J.G.W.; Popova, G.; Pastor-Ferndndez, A.; Kannan, S.; van Leeuwen, LM.M.; Hdkansson, M.; Walse, B.; Tholander, E;
Bhatia, R.; Verma, C.S.; et al. Exploitation of Dihydroorotate Dehydrogenase (DHODH) and P53 Activation as Therapeutic
Targets: A Case Study in Polypharmacology. . Biol. Chem. 2021, 295, 17935-17949. [CrossRef]

Ye, ].; Xie, Y.; Liang, Y.; Gao, S.; Hua, C. The Multifaceted Role of Exosomes in Ferroptosis-Associated Diseases and Its Potential
Applications. Cell. Signal. 2025, 135, 111983. [CrossRef] [PubMed]

Zhang, T.; Zhang, Y; Xie, J.; Lu, D.; Wang, L.; Zhao, S.; Zhou, J.; Cheng, Y.; Kou, T.; Wang, J.; et al. Ferroptosis in Neurodegenerative
Diseases: Mechanisms and Therapeutic Potential of Stem Cell Derivatives. Front. Cell Dev. Biol. 2025, 13, 1577382. [CrossRef]
Brooks, B.R.; Berry, ].D.; Ciepielewska, M.; Liu, Y.; Zambrano, G.S.; Zhang, J.; Hagan, M. Intravenous Edaravone Treatment in
ALS and Survival: An Exploratory, Retrospective, Administrative Claims Analysis. EClinicalMedicine 2022, 52, 101590. [CrossRef]
Fujisawa, A.; Yamamoto, Y. Edaravone, a Potent Free Radical Scavenger, Reacts with Peroxynitrite to Produce Predominantly
4-NO-Edaravone. Redox Rep. 2016, 21, 98-103. [CrossRef]

Michali¢kovd, D.; Oztiirk, HK.; Hroudov4, J.; Luptak, M.; Kucera, T.; Hrn¢if, T.; Canova, N.K,; Sima, M.; Slana¥, O. Edaravone
Attenuates Disease Severity of Experimental Auto-Immune Encephalomyelitis and Increases Gene Expression of Nrf2 and HO-1.
Physiol. Res. 2022, 71, 147-157. [CrossRef]

Veroni, C.; Olla, S.; Brignone, M.S,; Siguri, C.; Formato, A.; Marra, M.; Manzoli, R.; Macario, M.C.; Ambrosini, E.; Moro, E.; et al.
The Antioxidant Drug Edaravone Binds to the Aryl Hydrocarbon Receptor (AHR) and Promotes the Downstream Signaling
Pathway Activation. Biomolecules 2024, 14, 443. [CrossRef]

Sun, P.; Zhou, J.; Zhao, T.; Qi, H.; Qian, G. Zileuton Ameliorates Neuronal Ferroptosis and Functional Recovery After Spinal Cord
Injury. Altern. Ther. Health Med. 2023, 29, 314-319. [PubMed]

Tschuck, J.; Skafar, V.; Friedmann Angeli, ].P.; Hadian, K. The Metabolic Code of Ferroptosis: Nutritional Regulators of Cell Death.
Trends Biochem. Sci. 2025, 50, 663-676. [CrossRef]

Teng, L.S.; Ying, Z.D.; Sun, X.H.; Hou, H.C.; Qiu, S.D.; Liu, P; Li, K.]J.; Zhang, L.; Sheng, X.H. Formoterol, a Clinically Approved
Drug, Inhibits Ferroptosis by Suppressing Lipid Peroxidation and Attenuates APAP-Induced Acute Liver Injury. Chem. Biol.
Interact. 2025, 421, 111724. [CrossRef]

Xu, L.; Liu, Y.; Chen, X.; Zhong, H.; Wang, Y. Ferroptosis in Life: To Be or Not to Be. Biomed. Pharmacother. 2023, 159, 114241.
[CrossRef]

Wang, S.; Guo, Q.; Zhou, L.; Xia, X. Ferroptosis: A Double-Edged Sword. Cell Death Discov. 2024, 10, 265. [CrossRef] [PubMed]
Mishima, E.; Nakamura, T.; Doll, S.; Proneth, B.; Fedorova, M.; Pratt, D.A.; Pedro, J.; Angeli, F; Dixon, S.J.; Wahida, A.; et al. Na-
ture Reviews Molecular Cell Biology Expert Recommendation Check for Updates Recommendations for Robust and Reproducible
Research on Ferroptosis. Nat. Rev. Mol. Cell Biol. 2025, 26, 615-630. [CrossRef] [PubMed]

Rubin, M.; Artusi, I.; Cozza, G.; Mattoscio, D.; Laselva, O.; Yang, F. Mapping the Oxidative Landscape in Cystic Fibrosis:
Methodological Frontiers and Application. Front. Pharmacol. 2025, 16, 1632924. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1371/journal.pone.0321563
https://www.ncbi.nlm.nih.gov/pubmed/40173115
https://doi.org/10.1002/jemt.24335
https://doi.org/10.2217/nmt-2020-0025
https://www.ncbi.nlm.nih.gov/pubmed/32686599
https://doi.org/10.1016/j.dscb.2025.100229
https://doi.org/10.1016/j.molmed.2023.12.002
https://doi.org/10.1016/j.cell.2025.03.019
https://doi.org/10.1074/jbc.RA119.012056
https://doi.org/10.1016/j.cellsig.2025.111983
https://www.ncbi.nlm.nih.gov/pubmed/40669677
https://doi.org/10.3389/fcell.2025.1577382
https://doi.org/10.1016/j.eclinm.2022.101590
https://doi.org/10.1179/1351000215Y.0000000025
https://doi.org/10.33549/physiolres.934800
https://doi.org/10.3390/biom14040443
https://www.ncbi.nlm.nih.gov/pubmed/37171943
https://doi.org/10.1016/j.tibs.2025.04.007
https://doi.org/10.1016/j.cbi.2025.111724
https://doi.org/10.1016/j.biopha.2023.114241
https://doi.org/10.1038/s41420-024-02037-9
https://www.ncbi.nlm.nih.gov/pubmed/38816377
https://doi.org/10.1038/s41580-025-00843-2
https://www.ncbi.nlm.nih.gov/pubmed/40204928
https://doi.org/10.3389/fphar.2025.1632924
https://www.ncbi.nlm.nih.gov/pubmed/40740993

	Introduction 
	Molecular Underpinnings of Ferroptosis: Core Mechanisms and Regulatory Pathways 
	Iron Metabolism Dysregulation 
	Lipid Peroxidation Mechanisms 
	Antioxidant Defense Systems 

	Ferroptosis in Disease Pathogenesis: A Fundamental Role Across Organ Systems 
	Cancer 
	Neurodegenerative Diseases 
	Cardiovascular Diseases 
	Renal Diseases 
	Hepatic Diseases 
	Inflammatory and Autoimmune Conditions 

	Emerging Therapeutic Strategies and Clinical Translation 
	Therapeutic Induction of Ferroptosis: A Weapon Against Malignancy 
	Therapeutic Inhibition of Ferroptosis: A Shield for Degenerative Disease and Injury 

	Challenges and Future Perspectives in Ferroptosis Research 
	Conclusions 
	References

