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Ferroptosis is a form of regulated cell death that links iron metabolism, lipid peroxi-
dation, and cellular stress responses. Despite substantial progress, several aspects of 
its definition, mechanisms, and biological significance remain under active investi-
gation. In this review, we discuss ten key questions that continue to shape the field, 
covering mechanisms, regulatory networks, experimental approaches, and transla-
tional applications. These questions include whether ferroptosis represents a distinct 
cell death modality or a consequence of oxidative damage, the nature of its lethal exe-
cution mechanisms, and the context-dependent contributions of mitochondria, iron 
metabolism, and parallel antioxidant systems. We also discuss ongoing challenges re-
lated to the specificity of pharmacological tools and the lack of definitive biomarkers, 
which complicate the interpretation of ferroptosis, particularly in vivo. In addition, we 
consider the therapeutic potential of targeting ferroptosis in cancer and degenerative 
diseases, as well as the limitations associated with current approaches. By organizing 
these topics into four interconnected domains (mechanistic, regulatory, experi-
mental, and translational), we provide a framework for understanding current chal-
lenges and unresolved issues in the field. Continued progress will likely benefit from 
improved biomarkers, rigorous experimental design, careful consideration of bio-
logical context, and the integration of systems-level approaches to facilitate thera-
peutic translation.

ABSTRACT

INTRODUCTION
The maintenance of tissue homeostasis depends on a balance 
between cell survival and cell death. Beyond serving as a con-
sequence of cellular injury, regulated cell death is an essential 
biological process that shapes development, removes damaged 
cells, and enables adaptation to environmental stress[1-4].

Over the past two decades, multiple forms of regulated cell 
death have been identified and characterized on the basis of their 
underlying molecular mechanisms and biological functions[5-7]. 
Among them, ferroptosis is distinguished by iron-dependent lip-
id peroxidation and the accumulation of oxidative damage in cel-

lular membranes[8-10]. The discovery of ferroptosis has broadened 
our understanding of cell death regulation and revealed new links 
between metabolism, redox homeostasis, and disease[10-13]. De-
spite rapid progress, important questions remain regarding how 
ferroptosis should be defined, what molecular events ultimately 
drive cell death, and how these processes vary across biological 
contexts.

Since the term ferroptosis was introduced in 2012[14], interest in 
this field has grown rapidly across a wide range of experimental 
systems and disease settings[10-13]. However, the accumulation of 
new findings has not always led to consensus. Instead, differing 
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has not yet been linked to a universally accepted dedicated exe-
cution protein[14]. Instead, ferroptosis is widely believed to involve 
the accumulation of lipid peroxidation beyond the capacity 
of cellular systems that prevent or repair oxidative membrane 
damage, although the molecular events linking lipid damage to 
cell death remain incompletely understood [Figure 1]. However, 
determining when these features are sufficient to attribute a bio-
logical phenotype to ferroptosis remains an important challenge 
in the field [Box 1].

Antioxidant systems restraining ferroptosis
A characteristic feature of ferroptosis is its sensitivity to pathways 
that detoxify phospholipid hydroperoxides before they accumu-

interpretations and experimental limitations have continued to 
shape discussions in the field. In this review, we discuss ten unre-
solved questions related to ferroptosis and organize them into 
four broad areas: mechanisms, regulation, experimental models, 
and in vivo relevance [Table 1]. By bringing these issues together, 
we hope to facilitate discussion of areas of agreement and dis-
agreement, draw attention to key knowledge gaps, and provide 
context for interpreting current challenges in the field.

CONCEPTUAL FRAMEWORK OF FERROPTOSIS
Ferroptosis can be considered as a disruption of cellular mem-
brane homeostasis caused by the accumulation of phospholipid 
peroxidation[15-18]. Unlike apoptosis and necroptosis, ferroptosis 

Figure 1. Conceptual framework of ferroptosis.
Ferroptosis is characterized by the accumulation of phospholipid peroxides beyond the capacity of cellular antioxidant and repair 
systems. Cellular susceptibility is determined by the interplay among four major regulatory modules: antioxidant defense systems, iron 
metabolism, membrane lipid composition, and organelle networks. Antioxidant pathways restrain phospholipid peroxidation, whereas 
iron availability and oxidation-prone membrane lipids promote oxidative membrane damage. Inter-organelle communication coordinates 
these processes through the regulation of iron handling, lipid metabolism, and redox homeostasis. Excessive phospholipid peroxidation 
ultimately leads to membrane dysfunction, loss of membrane integrity, and ferroptotic cell death. ACSL3: Acyl-CoA synthetase long-chain 
family member 3; ACSL4: acyl-CoA synthetase long-chain family member 4; AIFM2: apoptosis-inducing factor family member 2; BH4: 
tetrahydrobiopterin; CoQH2: reduced coenzyme Q (ubiquinol); DHODH: dihydroorotate dehydrogenase; DNA: deoxyribonucleic acid; ER: 
endoplasmic reticulum; ETC: electron transport chain; GPX4: glutathione peroxidase 4; GSH: glutathione; LPCAT3: lysophosphatidylcholine 
acyltransferase 3; MBOAT1/2: membrane-bound O-acyltransferase domain-containing 1/2; MUFA: monounsaturated fatty acid; 
NCOA4: nuclear receptor coactivator 4; NFE2L2: NFE2 like BZIP transcription factor 2; PUFA: polyunsaturated fatty acid; PUFA-OOH: 
polyunsaturated fatty acid hydroperoxide; PUFA-PE: polyunsaturated fatty acid-containing phosphatidylethanolamine; ROS: reactive 
oxygen species; SLC40A1: solute carrier family 40 member 1; TF: transferrin; TFRC: transferrin receptor.
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late. Among these, the glutathione peroxidase 4 (GPX4)-centered 
pathway remains the best-characterized defense mechanism. 
GPX4 utilizes glutathione (GSH) to reduce phospholipid hydrop-
eroxides to lipid alcohols, thereby limiting the propagation of 
membrane oxidative damage[19]. Maintenance of this pathway 
depends on intracellular cysteine availability, which is largely 
supported by system xc--mediated cystine uptake[14]. Following 
import, cystine is reduced to cysteine, a rate-limiting precursor 
for GSH synthesis[20]. Disruption of cystine transport, depletion of 
GSH, or inhibition of GPX4 can therefore increase susceptibility 
to ferroptosis[19,21-23].

GPX4 exists as three isoforms that differ in their subcellular local-
ization. Among these, the cytosolic isoform is generally consid-
ered the principal mediator of ferroptosis suppression, although 
the contributions of the mitochondrial and nuclear isoforms 
remain less well understood[19,24,25]. GPX4 is a selenoprotein whose 
activity depends on the incorporation of selenocysteine[26]. Re-
cent studies have suggested that peroxiredoxin 6 (PRDX6) may 
contribute to intracellular selenium trafficking required for sele-
noprotein biosynthesis, including GPX4, and may also facilitate 
the membrane localization of GPX4[27-30]. Through these mech-

anisms, PRDX6 has been proposed to support GPX4-mediated 
detoxification of phospholipid hydroperoxides and the mainte-
nance of membrane homeostasis during ferroptosis[27-30].

However, resistance to ferroptosis is not determined by GPX4 
alone. Cells possess multiple antioxidant systems that can com-
pensate when individual protective pathways are impaired. A 
well-characterized GPX4-independent defense mechanism is 
mediated by apoptosis-inducing factor (AIF) family member 2 
[AIFM2, also known as ferroptosis suppressor protein 1 (FSP1)], 
which suppresses lipid peroxidation by reducing coenzyme Q 
(CoQ) to its antioxidant form, CoQH2, at cellular membranes[31,32]. 
Recent studies further suggest that AIFM2 may also contribute 
to ferroptosis resistance through the reduction of vitamin K[33,34]. 
Additional radical-trapping molecules, including vitamin E[14], 
reduced tetrahydrobiopterin[35,36], vitamin K[33,37], hydropersul-
fides[38,39], and serotonin-derived antioxidants[40], further contrib-
ute to limiting lipid radical propagation. The presence of these 
overlapping defense mechanisms may help explain why inhibi-
tion of a single pathway is often insufficient to induce ferroptosis.

At a broader regulatory level, both GPX4-dependent and GPX4-in-

Table 1. Summary of the ten controversies guiding the next phase of ferroptosis research

Controversy Central question Competing viewpoints Key evidence Potential resolution

1

Is ferroptosis a distinct 
form of cell death or part of 
a broader oxidative death 
continuum?

Unique regulated cell death 
pathway vs. oxidative death 
continuum

Distinct genetic/pharmacological 
regulation vs. overlap with oxyto-
sis[120,238-242]

Adopt multi-parame-
ter criteria integrating 
genetic, biochemical, 
and functional evi-
dence

2
What is the ultimate execu-
tioner of ferroptosis?

Specific oxidized phospholipids 
vs. cumulative membrane dam-
age

Oxidized phospholipid species vs.  
widespread membrane dysfunc-
tion[82,243-247]

Combine quantitative 
lipidomics with func-
tional validation

3
Are mitochondria essential 
for ferroptosis?

Essential contributors vs.  dis-
pensable for core execution

Mitochondrial ROS vs. mitochondri-
al-deficient models[14,95,150,248-250]

Define stimulus-spe-
cific mitochondrial 
contributions

4
Is GPX4 the central and suffi-
cient regulator?

Master regulator vs. multiple 
antioxidant systems

GPX4 knockout lethality 
vs. AIFM2/DHODH path-
ways[19,27,31,32,34,155,156,171,251-254]

Establish hierarchy of 
defense networks

5
Does iron actively drive ferro-
ptosis or merely permit it?

Driver vs. permissive amplifier
Iron chelator protection vs. lipid 
composition 
effects[29,46,68,72,149,166,211,255]

Map iron flux, specia-
tion, and distribution

6
Does autophagy promote or 
suppress ferroptosis?

Promoter vs. suppressor
Ferritinophagy vs. protective mito-
phagy[61,100,256-265]

Dissect selective auto-
phagy pathways

7
Are ferroptosis inducers truly 
specific?

Reliable probes vs. off-target 
effects

Erastin/RSL3 utility vs. mixed death 
responses[196-198,266-268]

Develop more selec-
tive probes

8
Do we have reliable and spe-
cific biomarkers?

Current markers sufficient vs.  
non-specific

Lipid peroxidation assays vs.  over-
lap with oxidative injury[269-272]

Integrate lipidomics 
and functional assays

9
Does ferroptosis occur in 
vivo as a distinct process?

Distinct in vivo  pathway vs.  indi-
rect evidence

Animal studies vs. lack of definitive 
biomarkers[273-276]

Develop in vivo report-
ers and refined models

10
Is targeting ferroptosis 
therapeutically feasible or 
overhyped?

Therapeutic opportunity vs.  
translational barriers

Preclinical efficacy vs. toxicity/spec-
ificity concerns[83,153,226-232,235,237,277]

Use biomarker-guided, 
context-specific strate-
gies

AIFM2: Apoptosis-inducing factor family member 2; DHODH: dihydroorotate dehydrogenase; GPX4: glutathione peroxidase 4; ROS: 
reactive oxygen species.
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dependent defense pathways are influenced by NFE2 like BZIP 
transcription factor 2 (NFE2L2, also known as NRF2), a tran-
scription factor that coordinates antioxidant and detoxification 
responses[41]. Under basal conditions, NFE2L2 is negatively regu-
lated by Kelch-like ECH-associated protein 1 (KEAP1), which pro-
motes its ubiquitination and proteasomal degradation. Oxidative 
or electrophilic stress disrupts KEAP1-mediated repression, al-
lowing NFE2L2 to accumulate and induce the expression of genes 
involved in redox homeostasis, iron metabolism, GSH synthesis, 
and ferroptosis resistance[42-49]. Through the coordinated regula-
tion of these pathways, NFE2L2 can influence cellular susceptibili-
ty to ferroptosis.

Iron availability as a catalyst of ferroptotic damage
Iron is an essential cofactor for numerous biological processes, 
including oxygen transport, mitochondrial metabolism, and DNA 
synthesis. In the context of ferroptosis, however, its importance 
derives from the availability of redox-active iron capable of pro-
moting reactive oxygen species (ROS) generation and lipid perox-
idation[14]. Cellular susceptibility therefore appears to correlate 
more closely with the size of the labile iron pool than with total 
iron content.

Cellular iron availability is regulated through a network of uptake, 
storage, utilization, and export pathways. A central regulator of 
these processes is the iron regulatory protein (IRP)-iron respon-
sive element (IRE) system, which coordinates the expression of 
genes involved in iron uptake, storage, and export in response to 
intracellular iron status[50-52]. Changes in any of these processes 
can alter the size of the labile iron pool and consequently affect 
ferroptosis sensitivity[53,54]. Iron imported through transferrin 
receptor (TFRC)-mediated uptake can be mobilized for meta-
bolic needs or stored in ferritin complexes[55-63], whereas excess 
iron may be exported through solute carrier family 40 member 
1 [SLC40A1, also known as ferroportin (FPN)][64-68]. The balance 
among these pathways is dynamic and can vary across cell types 
and physiological conditions.

In addition to the overall size of the labile iron pool, the intracellu-
lar distribution of iron may also influence ferroptosis susceptibil-
ity. Mitochondria require iron for metabolic processes, including 
iron-sulfur cluster and heme biosynthesis, and can contribute to 
cellular ROS production. Alterations in mitochondrial iron ho-
meostasis have therefore been proposed to modulate ferroptotic 
responses in some settings[69,70]. Lysosomes also contribute to in-
tracellular iron homeostasis by regulating iron mobilization and 
recycling. Through ferritin degradation and related pathways, 
lysosomes can increase the availability of redox-active iron and 
thereby influence ferroptosis sensitivity[61,71,72]. Nevertheless, the 
relative contributions of mitochondrial and lysosomal iron me-
tabolism to ferroptosis remain incompletely understood and may 
vary across biological contexts.

Membrane lipid composition determines ferroptotic susceptibility
The availability of oxidizable phospholipids is a critical deter-
minant of ferroptosis susceptibility. Polyunsaturated fatty acid 
(PUFA)-containing phospholipids constitute the primary sub-
strates for lipid peroxidation and are therefore closely linked to 
ferroptotic sensitivity[73-75]. Enzymes such as acyl-CoA synthetase 
long-chain family member 4 (ACSL4) and lysophosphatidylcho-
line acyltransferase 3 (LPCAT3) facilitate the incorporation of 
PUFAs into membrane phospholipids, generating lipid species 
that are particularly susceptible to oxidative modification[76-78]. 
In addition, cytochrome P450 oxidoreductase (POR), a nicotin-
amide adenine dinucleotide phosphate (NADPH)-dependent 
oxidoreductase, is implicated in the propagation of phospholipid 

peroxidation under certain conditions[17,79]. Consistent with these 
roles, genetic or pharmacological perturbation of lipid remod-
eling pathways can substantially alter cellular susceptibility to 
ferroptosis.

By contrast, pathways that enrich membranes with monounsat-
urated or saturated fatty acids generally confer protection[80-82]. 
Monounsaturated fatty acids (MUFAs) can compete with PUFAs 
for incorporation into membrane phospholipids, thereby re-
ducing the abundance of oxidation-prone lipid species. These 
lipid-remodeling processes alter membrane composition in ways 
that reduce susceptibility to radical-mediated oxidation[83-85].

Ferroptosis sensitivity is influenced not only by the abundance 
of PUFAs, but also by the organization and trafficking of lipids 
within cells. Peroxisome-derived ether phospholipids increase 
ferroptosis susceptibility in some settings by providing addition-
al substrates for lipid peroxidation, although their contribution 
appears to vary among cell types[86-88]. Lipid droplets may also 
influence ferroptosis by sequestering PUFAs and regulating their 
availability for membrane phospholipid synthesis[89-92].

Together, these findings suggest that ferroptosis susceptibility 
is shaped by the broader cellular lipid landscape, including lipid 
composition, distribution, and remodeling. Variability in these 
processes may contribute to the context-dependent nature of 
ferroptosis observed across different cell types and physiological 
conditions.

Organelle networks coordinate ferroptotic responses
Ferroptosis emerges from the integration of multiple metabolic 
processes that are distributed across different cellular organelles 
rather than being controlled by a single subcellular compartment. 
Mitochondria contribute to energy metabolism, redox homeosta-
sis, and iron utilization[84,93-97]; lysosomes regulate iron recycling 
and nutrient turnover through degradative pathways[61,72,98-100]; 
the endoplasmic reticulum (ER) serves as a major site of lipid 
synthesis and membrane remodeling[16,101-104]; peroxisomes partic-
ipate in ether phospholipid metabolism and fatty acid oxidation; 
and lipid droplets function as dynamic reservoirs that store and 
mobilize neutral lipids[86,89-92]. The Golgi apparatus contributes to 
membrane trafficking, lipid transport, and pH homeostasis[105,106], 
whereas the nucleus coordinates transcriptional programs that 
regulate cellular metabolism, stress responses, and ferropto-
sis-associated gene expression[107,108].

An important feature of this organization is the extensive com-
munication between organelles. Iron, lipids, metabolites, and re-
dox signals are continuously exchanged through interconnected 
metabolic networks, allowing changes in one compartment to 
influence ferroptosis-related processes in another[9]. Consequent-
ly, ferroptosis susceptibility is shaped not only by the activity of 
individual pathways but also by the coordination of organelle 
functions at the cellular level.

This systems-level organization may help explain the context-de-
pendent nature of ferroptosis. Differences in metabolic state, 
organelle activity, or inter-organelle communication can alter 
the relative importance of specific ferroptosis regulators across 
cell types and experimental conditions. As a result, mechanisms 
identified as critical in one setting may play a more limited role in 
another.

Execution phase: from lipid peroxidation to membrane failure
The later stages of ferroptosis are associated with the accumula-
tion of lipid peroxidation products within cellular membranes. 
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Unlike apoptosis and necroptosis, which involve defined protein 
effectors that execute cell death, ferroptosis has not yet been 
linked to a universally accepted execution mechanism. Never-
theless, progressive lipid damage is widely considered a central 
event preceding loss of membrane integrity[109-112].

Current models propose that extensive phospholipid peroxi-
dation alters membrane organization, biophysical properties, 
and cellular homeostasis, ultimately contributing to membrane 
dysfunction and cell death. However, the molecular events that 
connect lipid damage to terminal membrane failure remain 
incompletely understood. Whether membrane rupture results 
directly from the accumulation of oxidized phospholipids or re-
quires additional downstream processes remains an area of active 
investigation.

Membrane failure is not determined solely by the extent of oxida-
tive damage. Cells possess repair mechanisms that can counteract 
membrane injury, including endosomal sorting complex required 
for transport III (ESCRT-III)-mediated repair pathways[113,114]. The 
balance between ongoing membrane damage and repair capacity 
may therefore influence the timing and outcome of ferroptotic 
cell death.

Defining how oxidized membranes ultimately lose integrity re-
mains an important challenge for the field. Addressing this ques-
tion may help clarify whether ferroptosis is executed primarily 
through biophysical membrane damage, specialized molecular 
mechanisms, or a combination of both.

TEN CONTROVERSIES DEFINING THE BOUNDARIES OF FER-
ROPTOSIS
Although ferroptosis is now widely recognized as a form of regu-
lated cell death, many fundamental questions remain unresolved. 
As the field has expanded, increasing mechanistic complexity and 
diverse experimental observations have often generated new de-
bates rather than consensus. These controversies extend beyond 
individual molecular pathways and reflect broader challenges in 
defining the conceptual boundaries of ferroptosis. To facilitate 
discussion, the ten controversies outlined below are organized 
into four interconnected domains: mechanistic definition, regu-
latory control, experimental interpretation, and translational rel-
evance [Figure 2]. Together, they address how ferroptosis should 
be defined, what determines ferroptotic susceptibility and execu-
tion, how it can be rigorously identified, and when it contributes 
meaningfully to physiology, pathology, and therapeutic interven-
tion.

Figure 2. Current controversies defining the boundaries of ferroptosis.
The ten controversies discussed in this review are grouped into four interconnected domains: mechanistic definition, regulatory control, 
experimental interpretation, and translational relevance. These debates encompass questions regarding the identity and execution of 
ferroptosis, the pathways that govern ferroptosis susceptibility, the criteria used for its experimental attribution, and its significance in 
disease and therapeutic intervention. GPX4: Glutathione peroxidase 4.
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Mechanistic controversies
Controversy 1: Is ferroptosis a distinct form of cell death or part of a 
broader oxidative death continuum?
Over the past decade, the Nomenclature Committee on Cell 
Death (NCCD) has established guidelines for defining and classi-
fying cell death based on morphological, biochemical, and func-
tional criteria[115]. Within these guidelines, cell death is generally 
categorized into accidental cell death and regulated cell death. 
Ferroptosis has been widely recognized as a form of regulated cell 
death characterized by iron-dependent lipid peroxidation and 
the failure of specific antioxidant defense systems, most notably 
GPX4. Genetic ablation of Gpx4 or disruption of cystine uptake 
via system xc- is sufficient to induce cell death with hallmark lipid 
peroxidation signatures, whereas this process can be selectively 
suppressed by lipophilic antioxidants (e.g., ferrostatin-1 and 
liproxstatin-1) or iron chelators (e.g., deferoxamine)[14,116-118]. In 
addition, ferroptosis displays morphological and biochemical 
features that are distinct from apoptosis and necroptosis, and its 
execution is not prevented by inhibitors of these pathways, such 
as Z-VAD-FMK or necrosulfonamide[14]. Together, these findings 
provide a framework for understanding ferroptosis as a regulated 
form of cell death with identifiable molecular features and phar-
macological vulnerabilities.

An alternative perspective, however, argues that ferroptosis may 
not represent a fundamentally distinct entity, but rather a mani-
festation of oxidative stress-induced cell death within a broader 
continuum[119]. Oxidative stress is not a singular signal, but a spec-
trum of molecular damage and signaling events whose outcomes 
depend on intensity, localization, and cellular context. Thus, 
cells may engage different death programs in response to similar 
oxidative insults[119]. Ferroptosis shares key features with earli-
er-described oxidative damage processes such as oxytosis, first 
identified in neurons in response to glutamate-induced inhibition 
of the cystine-glutamate antiporter[120-122]. Both processes involve 
depletion of GSH, inactivation of GPX4, and the accumulation of 
iron-dependent lipid peroxidation. Even earlier studies by Harry 
Eagle in the mid-20th century revealed that nutrient deprivation, 
particularly of cysteine, can induce cell death in mouse fibroblasts 
and the human HeLa cancer cell line[123], suggesting that core ele-
ments of ferroptosis-like processes have long been recognized.

Lipid peroxidation, ROS accumulation, and membrane damage 
are not unique to ferroptosis and can also be observed in other 
forms of cellular injury, including apoptosis[124-128], pyropto-
sis[129-132] and necroptosis[133]. This overlap has led to the sugges-
tion that some features commonly associated with ferroptosis 
may reflect particular metabolic conditions, such as increased 
polyunsaturated lipid content or altered iron metabolism, rather 
than a completely distinct execution mechanism. Supporting this 
possibility, several studies have reported concurrent activation 
of ferroptotic and non-ferroptotic death pathways under condi-
tions of severe stress, while the absence of definitive biomark-
ers continues to complicate the identification of ferroptosis in 
vivo [134-136]. Recent work further indicates that ferroptosis propa-
gation is often accompanied by heterogeneous cell death profiles 
that include features of apoptosis and necrosis[137]. In tissue injury 
settings, ferroptosis may therefore occur alongside other forms 
of cell death rather than as an isolated process, making it difficult 
to distinguish its specific contribution to pathology.

The persistence of this debate reflects a broader challenge in cell 
death research: biological processes rarely conform to rigid cat-
egorical boundaries. Rather than asking whether ferroptosis is 
entirely distinct from other forms of oxidative cell death, it may 
be more useful to identify the contexts in which its defining mo-

lecular features become biologically consequential. Such efforts 
should help refine the conceptual boundaries of ferroptosis while 
clarifying its relevance to human disease.

Controversy 2: What is the ultimate executioner of ferroptosis?
Ferroptosis culminates in the loss of plasma membrane integrity, 
yet the molecular events responsible for this transition remain 
incompletely defined. Because the plasma membrane is highly 
enriched in phospholipids, extensive lipid peroxidation has 
long been proposed to compromise membrane structure and 
function. Consistent with this view, ferroptosis ultimately results 
in membrane rupture and the release of intracellular contents, 
including damage-associated molecular patterns (DAMPs), 
which may influence the immunological consequences of cell 
death[138]. Despite this lytic outcome, ferroptosis differs mecha-
nistically from other forms of regulated necrosis. In necroptosis 
and pyroptosis, membrane disruption is mediated by dedicated 
pore-forming effectors, most notably mixed lineage kinase do-
main-like pseudokinase (MLKL) and members of the gasdermin 
family[8,139]. By contrast, no universally accepted executioner pro-
tein has yet been identified for ferroptosis, raising the question 
of how lipid peroxidation is translated into terminal membrane 
failure.

A commonly proposed mechanism is that ferroptosis is driven 
by the accumulation of oxidized lipid species that progressively 
disrupt membrane integrity [Table 2]. In this model, PUFA-con-
taining phospholipids, particularly phosphatidylethanolamines 
(PUFA-PEs), are selectively oxidized through enzymatic and 
non-enzymatic reactions to generate cytotoxic lipid perox-
ides[140]. Consistent with this model, genetic or pharmacological 
interventions that limit the generation of peroxidation-prone 
phospholipids reduce ferroptosis sensitivity, whereas inhibition 
of lipid peroxide detoxification promotes cell death[76-78]. Detox-
ification of lipid peroxides by GPX4 or radical-trapping antioxi-
dants, such as endogenous vitamin E, 7-dehydrocholesterol, or 
synthetic agents such as ferrostatin-1, suppresses ferroptotic cell 
death, supporting the notion that lipid peroxidation represents 
a proximal execution mechanism[19,26,141-143]. In contrast, ACSL3-de-
pendent incorporation of MUFAs into membrane phospholipids 
reduces susceptibility to peroxidation and confers resistance 
to ferroptosis[80,92]. Membrane-bound O-acyltransferase do-
main-containing proteins 1 and 2 (MBOAT1/2) are identified as 
ferroptosis suppressors that remodel phospholipid composition 
in a MUFA-dependent manner, although their functions are dis-
tinct from canonical MUFA incorporation pathways[144]. Although 
these studies support a role for specific oxidized phospholipids 
in ferroptotic execution, whether any individual lipid species is 
necessary or sufficient to drive cell death remains uncertain.

An alternative interpretation is that no single lipid species acts as 
the definitive executioner of ferroptosis. Instead, cell death may 
result from the cumulative disruption of membrane homeostasis 
caused by widespread lipid peroxidation. In this model, the over-
all burden of oxidative damage across cellular membranes pro-
gressively compromises membrane integrity, ultimately leading 
to membrane rupture[145]. Consistent with this model, oxidized 
lipids accumulate across multiple membrane compartments 
during ferroptosis, suggesting that overall membrane damage 
rather than a single lipid species may determine cell fate[82,86,146]. 
The identity and contribution of putative “lethal” lipid species 
also vary across cell types and experimental systems, indicating 
that ferroptotic execution may be context-specific.

Despite this distinction, emerging evidence suggests that ferro-
ptosis may engage additional execution-related processes be-
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yond lipid peroxidation. This possibility has attracted attention 
because several proteins traditionally associated with other lytic 
death pathways have been implicated in ferroptotic settings. For 
example, activation of gasdermin E (GSDME), a pore-forming 
protein associated with pyroptosis, has been reported to contrib-
ute to ferroptosis in specific in vivo  contexts[147]. These findings 
indicate that ferroptosis may incorporate elements of other lytic 
pathways under certain conditions, although lipid peroxidation 
remains central to its definition.

The key question is not whether lipid peroxidation occurs during 
ferroptosis, but whether it is itself sufficient to execute cell death. 
Although oxidized phospholipids are a defining feature of ferro-
ptotic cells, it remains unclear whether they directly drive mem-
brane failure or act upstream of additional execution mecha-
nisms. Resolving this distinction will be essential for determining 
whether ferroptosis is ultimately governed by discrete molecular 
effectors, cumulative membrane damage, or both.

Controversy 3: Are mitochondria essential for ferroptosis?
Like other forms of regulated cell death, the initiation and regu-

lation of ferroptosis involve multiple organelles. Among these, 
the ER plays a key role in ferroptosis due to its function as a major 
site of lipid synthesis and remodeling[103,104]. However, the role of 
mitochondria in ferroptosis remains controversial. Numerous 
studies have implicated mitochondria in ferroptosis, particularly 
under conditions of metabolic stress. Through their roles in the 
tricarboxylic acid cycle, electron transport, iron-sulfur cluster 
biogenesis, fatty acid β-oxidation, and ROS production, mito-
chondria can influence the metabolic and redox conditions that 
favor ferroptosis. Consistent with this view, cystine deprivation 
enhances mitochondrial metabolism and ROS generation, there-
by increasing ferroptosis susceptibility[93]. Characteristic mito-
chondrial morphological changes, including condensed mem-
brane densities and reduced cristae, are also frequently observed 
during ferroptotic cell death[14].

Recent studies further extend this model by identifying specific 
mitochondrial-lipid interactions that modulate ferroptosis. For 
example, phospholipids containing two polyunsaturated fatty 
acyl chains (PL-PUFA2s), including PC-PUFA2s, can interact with 
mitochondrial electron transport chain complex I and promote 

Table 2. Major regulatory pathways controlling ferroptosis and their context-dependent functions

Regulatory pathway Representative components Proposed anti-ferroptotic 
function

Proposed pro-ferroptotic func-
tion

Context-dependent consid-
erations

GPX4-GSH pathway
System xc-, cysteine, GSH, 
GPX4[19]

Detoxifies phospholipid 
hydroperoxides and preserves 
membrane integrity

Loss of GPX4 permits toxic 
lipid peroxide accumulation

Primary defense pathway 
but may be compensated 
by alternative systems

AIFM2-CoQ10 path-
way

AIFM2/FSP1, CoQ10, NA-
D(P)H[31,32]

Traps lipid radicals inde-
pendently of GPX4

Loss of AIFM2 increases ferro-
ptosis sensitivity

Importance varies 
among cell types and 
metabolic states

DHODH pathway
DHODH, mitochondrial 
CoQ[278]

Limits mitochondrial lipid 
peroxidation

DHODH inhibition sensitizes 
cells to ferroptosis

Particularly important in 
mitochondria-rich cells

GCH1-BH4 pathway GCH1, BH4[35,36] Protects membrane lipids and 
supports antioxidant defense

BH4 depletion enhances oxi-
dative damage

Contribution varies 
across tissues and dis-
ease settings

Iron metabolism
TFRC, ferritin, NCOA4, 
SLC40A1/ferroportin[61,64,100]

Iron sequestration reduces 
oxidative stress

Iron uptake and ferritinopha-
gy promote ferroptosis

Driver versus amplifier 
role remains debated

Lipid metabolism ACSL4, LPCAT3, ALOXs[76-78] Reduced PUFA incorporation 
decreases susceptibility

PUFA phospholipids provide 
oxidation substrates

Major determinant of 
ferroptosis sensitivity

MUFA remodeling 
pathway

ACSL3, MUFAs, 
MBOAT1/2[80,92,144]

MUFA incorporation suppress-
es ferroptosis

Loss of remodeling increases 
susceptibility

Depends on cellular lipid 
remodeling capacity

Autophagy-lyso-
some pathway

NCOA4, ATGs, lyso-
somes[61,71,72,100]

Mitophagy may reduce oxida-
tive stress

Ferritinophagy and lipophagy 
promote ferroptosis

Can suppress or promote 
ferroptosis depending 
on context

NFE2L2 signaling NFE2L2, KEAP1[42-49] Coordinates antioxidant de-
fense and iron homeostasis

Excessive HMOX1 may in-
crease iron availability

Effects vary with redox 
status and tissue context

Mitochondrial me-
tabolism

TCA cycle, ETC complexes, 
β-oxidation[84,97] Supports redox homeostasis

ROS generation can enhance 
ferroptosis

Depends on initiating 
stimulus

ACSL3: Acyl-CoA synthetase long-chain family member 3; ACSL4: acyl-CoA synthetase long-chain family member 4; AIFM2: Apoptosis-
inducing factor family member 2; ALOXs: arachidonate lipoxygenases; ATGs: autophagy-related genes; BH4: tetrahydrobiopterin; CoQ10: 
coenzyme Q10; DHODH: dihydroorotate dehydrogenase; ETC: electron transport chain; FSP1: ferroptosis suppressor protein 1; GCH1: 
GTP cyclohydrolase 1; GPX4: glutathione peroxidase 4; GSH: glutathione; HMOX1: heme oxygenase 1; KEAP1: Kelch-like ECH-associated 
protein 1; LPCAT3: lysophosphatidylcholine acyltransferase 3; MBOAT1/2: membrane-bound O-acyltransferase domain-containing 1/2; 
MUFA: monounsaturated fatty acid; NAD(P)H: nicotinamide adenine dinucleotide (phosphate), reduced form; NCOA4: nuclear receptor 
coactivator 4; NFE2L2: NFE2 like BZIP transcription factor 2; PUFA: polyunsaturated fatty acid; ROS: reactive oxygen species; SLC40A1: 
solute carrier family 40 member 1; TCA: tricarboxylic acid; TFRC: transferrin receptor.



Tang and Kang. Element. 2026;1:11

Review

mitochondrial ROS production, thereby facilitating ferropto-
sis[84]. Mitochondrial cellular communication network factor 1 
(CCN1) also drives ferroptosis through the promotion of fatty 
acid β-oxidation and mitochondrial ROS production[97]. Converse-
ly, cytochrome c (CYCS) released into the cytosol may inhibit 
ferroptosis by interacting with inositol polyphosphate-4-phos-
phatase type I A (INPP4A) and modulating phosphatidylinositol 
metabolism[148]. Thus, mitochondria can shape ferroptotic sensi-
tivity through metabolic and signaling pathways. These findings 
also suggest that inter-organelle communication, particularly 
between mitochondria and other subcellular compartments such 
as the ER and lysosomes, may further regulate susceptibility to 
ferroptosis[16,149].

In contrast, other studies indicate that mitochondria are not es-
sential for ferroptosis, challenging their role as core components 
of the execution machinery. Cells lacking functional mitochon-
dria, including mitochondrial DNA-deficient (ρ0) cells, remain 
capable of undergoing ferroptosis, particularly when GPX4 is 
directly inhibited[14]. However, ρ⁰ cells exhibit broad metabolic 
and redox alterations beyond the loss of mitochondrial DNA[150], 
which may influence ferroptosis sensitivity and should be taken 
into account when interpreting these findings. Similarly, fer-
roptosis induced by GPX4 inhibitors, such as RSL3, proceeds 
independently of mitochondrial metabolism, relying instead on 
lipid peroxidation at cellular membranes[93,151]. In these contexts, 
iron-dependent lipid peroxide accumulation and cell death can 
occur without detectable contributions from mitochondrial ROS 
or bioenergetics.

Overall, the key question may not be whether mitochondria 
participate in ferroptosis, but whether they are required for its 
execution. Current evidence indicates that mitochondrial activ-
ity can strongly influence ferroptosis under specific metabolic 
conditions, yet ferroptotic death can also occur in their absence. 
These findings suggest that mitochondria function as important 
modulators of ferroptosis in some settings rather than as univer-
sally required components of the ferroptotic machinery.

Regulatory controversies
Controversy 4: Is GPX4 the central and sufficient regulator of ferro-
ptosis?
GPX4 is widely regarded as the canonical suppressor of ferropto-
sis because of its ability to reduce phospholipid hydroperoxides 
within cellular membranes and limit the accumulation of lipid 
peroxidation products[152]. Consistent with this role, genetic de-
letion of Gpx4 induces ferroptotic cell death in multiple tissues, 
whereas pharmacological inhibition of GPX4 robustly triggers 
ferroptosis across diverse experimental systems[116,153]. Whole-
body Gpx4 knockout is embryonically lethal in mice, underscor-
ing the importance of GPX4 for maintaining cellular viability and 
redox homeostasis[154].

Despite these observations, whether GPX4 is universally required 
or sufficient to determine ferroptosis sensitivity remains debat-
ed. As discussed above, AIFM2 represents one of the best-char-
acterized GPX4-independent ferroptosis defense pathways[155,156]. 
Upon myristoylation-dependent translocation to the plasma 
membrane, AIFM2 is thought to reinforce membrane-associated 
antioxidant capacity and limit lipid peroxidation[31,32]. The discov-
ery of this pathway demonstrated that ferroptosis resistance can, 
under certain conditions, be maintained independently of GPX4, 
indicating that multiple protective systems contribute to ferro-
ptosis regulation[155,156].

4-hydroxynonenal (4-HNE) is a highly reactive α,β-unsaturated 

aldehyde generated during the peroxidation of ω-6 PUFAs, par-
ticularly arachidonic acid and linoleic acid. As one of the most ex-
tensively investigated secondary products of lipid peroxidation, 
it can directly induce ferroptosis[157]. Of note, 4-HNE-mediated 
adduction of AIFM2 can alter its function, promoting its translo-
cation to the nucleus and shifting its activity from an NAD(P)H 
oxidoreductase toward a pro-apoptotic role[158], suggesting that 
excessive lipid peroxidation may redirect cell death programs 
from ferroptosis toward apoptosis. Conversely, cells with intact 
GPX4 can still exhibit ferroptotic sensitivity when oxidative 
stress exceeds the combined capacity of these defense path-
ways. In addition, other GPX family members (e.g., GPX1[159,160] 
and GPX7[161-163]) inhibit ferroptosis in a context-specific manner, 
suggesting that their functions may be partially complementary.

Genetic studies further illustrate the complexity of ferroptosis 
regulation. Although global Gpx4  deletion causes embryonic 
lethality, global Aifm2 knockout mice remain viable. In addition, 
tissue-specific Gpx4 deletion produces markedly different pheno-
types across organs, causing spontaneous severe injury in some 
tissues, such as the kidney[116], whereas producing more limited or 
context-dependent effects in others, including the pancreas[164]. 
Such variability suggests that the relative contribution of GPX4 
depends on cellular context, metabolic state, and the availability 
of alternative defense mechanisms.

Collectively, these findings indicate that GPX4 is a major regula-
tor of ferroptosis but not necessarily its sole determinant. The 
central question is whether ferroptosis is organized around GPX4 
as a dominant defense pathway or a broader network of partially 
overlapping protective mechanisms. Resolving this issue will 
likely depend on genetic strategies capable of defining when 
GPX4-dependent and GPX4-independent defenses function re-
dundantly, cooperatively, or independently across different bio-
logical contexts.

Controversy 5: Does iron actively drive ferroptosis or merely permit 
it?
The requirement for iron is one of the most distinctive features 
of ferroptosis, yet its role in the process remains a matter of dis-
cussion. Whether iron functions as a direct mediator of cell death 
or primarily enables lipid peroxidation is not fully understood. 
A commonly proposed mechanism is that iron promotes ferro-
ptosis through its participation in redox reactions that generate 
lipid-damaging radicals. The labile iron pool can support Fenton 
chemistry, whereby hydrogen peroxide is converted into highly 
reactive hydroxyl radicals capable of initiating and propagating 
lipid peroxidation[165]. Substantial genetic and pharmacological 
evidence supports this model: increasing intracellular iron levels 
enhances ferroptotic sensitivity, whereas iron chelators such 
as deferoxamine potently suppress ferroptotic cell death[14]. In 
addition, endogenous iron-binding molecules, including poly-
amines such as spermine, limit ferroptosis in certain tumors 
and tissue injury models[166]. Pathways that mobilize stored iron, 
such as ferritin degradation (ferritinophagy), further promote 
ferroptosis[61,100], reinforcing the idea that iron availability directly 
influences its execution. Although iron is distributed across mul-
tiple organelles, lysosomal iron may play a particularly important 
role in ferroptosis initiation, potentially by serving as a readily 
mobilizable redox-active pool[71,72]. Together, these findings posi-
tion iron as a major catalytic contributor that can drive oxidative 
membrane damage.

In contrast, a complementary view proposes that iron is not nec-
essarily the primary driver but rather a permissive factor that 
enables ferroptosis under specific metabolic conditions. From this 
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perspective, lipid peroxidation can be initiated through enzymatic 
pathways, such as lipoxygenase-mediated oxidation of polyun-
saturated phospholipids [e.g., arachidonate 15-lipoxygenase 
(ALOX15)-phosphatidylethanolamine binding protein 1 (PEBP1)-de-
pendent phosphatidylethanolamine oxidation[167]], and subse-
quently propagated via non-enzymatic radical chain reactions[168]. 
Once initiated, these lipid peroxidation chains can proceed with-
out continuous iron catalysis, relying instead on self-sustaining 
radical propagation within membrane lipids. The requirement for 
iron may therefore reflect its role in establishing or amplifying a 
pro-oxidant environment rather than serving as the central execu-
tor of cell death. Supporting this interpretation, modulation of lip-
id composition (e.g., PUFA availability) or antioxidant capacity can 
strongly influence ferroptotic sensitivity, in some cases overriding 
the effects of altered iron levels[19,84,169-172]. Moreover, ferroptotic 
susceptibility varies across cell types and conditions despite com-
parable intracellular iron content, highlighting the importance of 
additional regulatory factors.

Thus, whether iron is considered a driver or a permissive factor 
may depend on the biological scale being examined. Although 
iron provides the redox potential that underlies lipid oxidation, its 
effects are ultimately shaped by the metabolic and antioxidant net-
works in which it operates.

Controversy 6: Does autophagy promote or suppress ferroptosis?
Early studies suggested that ferroptosis may be independent of au-
tophagy, based in part on observations that the lysosomal inhibitor 
chloroquine failed to block erastin-induced cell death[14]. However, 
this interpretation has certain limitations. Chloroquine disrupts 
lysosomal function and affects multiple pathways beyond autoph-
agy, and its experimental use can be confounded by variability in 
stability and dosing[173]. Thus, these early findings do not definitive-
ly exclude a role for autophagy in ferroptosis.

Subsequent studies suggest that excessive autophagy and lyso-
somal activation can promote ferroptosis, at least in part, by facil-
itating iron mobilization and enhancing lipid peroxidation under 
various pathological conditions[174-181]. A central mechanism is 
ferritinophagy, a selective form of autophagy mediated by nuclear 
receptor coactivator 4 (NCOA4) that targets ferritin for lysosomal 
degradation, thereby increasing the labile iron pool[61,100]. Genetic 
inhibition of core autophagy components or NCOA4 suppresses 
ferroptosis in multiple models, whereas activation of autophagy 
can sensitize cells to ferroptotic stimuli[56,182-187]. Upstream regu-
latory pathways also contribute: for example, the E3 ligase mem-
brane associated Ring-CH-type finger 7 (MARCHF7, also known as 
MARCH7) promotes proteasomal degradation of NCOA4, thereby 
limiting ferritinophagy and reducing ferroptosis[188]. Beyond iron 
metabolism, autophagic processes such as lipophagy may increase 
the availability of PUFAs, providing substrates for lipid peroxida-
tion[189-191]. Collectively, these findings support a model in which au-
tophagy acts upstream of ferroptosis by remodeling intracellular 
metabolism in a manner that favors oxidative membrane damage.

In contrast, an alternative perspective emphasizes the cytopro-
tective functions of autophagy, arguing that it can suppress ferro-
ptosis by maintaining cellular homeostasis and limiting oxidative 
stress. Autophagy contributes to the clearance of damaged mito-
chondria (mitophagy) and oxidized macromolecules, thereby re-
ducing sources of ROS and preventing the accumulation of toxic 
lipid peroxides[192-194]. GPX4 stabilizes BCL2 interacting protein 3 
(BNIP3), thereby promoting mitophagy and reinforcing mito-
chondrial quality control[195]. These findings challenge a strictly 
pro-ferroptotic model and instead suggest that autophagy can 
buffer against ferroptotic damage under certain conditions.

Thus, the relationship between autophagy and ferroptosis may 
be better understood as a question of selectivity rather than di-
rectionality. Different autophagic pathways influence iron metab-
olism, lipid homeostasis, and organelle quality control in distinct 
ways, making it unlikely that autophagy exerts a uniformly pro- or 
anti-ferroptotic effect across all biological settings.

Experimental controversies
Controversy 7: Are ferroptosis inducers truly specific?
Canonical ferroptosis inducers are commonly used to investigate 
ferroptotic cell death and have provided important insights into 
its regulation and execution. Compounds such as erastin and 
RSL3 have been instrumental in defining the field by targeting 
key nodes of ferroptosis regulation: system xc--mediated cystine 
uptake and GPX4 activity, respectively[14,19]. These agents repro-
ducibly induce iron-dependent lipid peroxidation and cell death 
that can often be rescued by ferroptosis inhibitors, including 
lipophilic radical-trapping antioxidants and iron chelators. Their 
consistent use across diverse models has helped establish oper-
ational criteria for ferroptosis and enabled the identification of 
many genetic regulators.

However, accumulating evidence raises concerns that these 
compounds are not fully pathway-specific. Erastin was originally 
identified as a mutant RAS-selective lethal compound and has 
been reported to target mitochondrial voltage-dependent anion 
channels (VDACs), including VDAC2 and VDAC3, in addition to in-
hibiting system xc-, suggesting that it can influence mitochondrial 
metabolism and broader cellular stress responses[196]. RSL3 and 
related GPX4 inhibitors are more direct tools for disabling lipid 
peroxide repair, but concerns remain regarding off-target effects, 
including reported activity toward other redox enzymes such as 
thioredoxin reductase 1 (TXNRD1)[197]. RSL3 can also trigger pyro-
ptosis-associated features in cancer cells, including gasdermin 
cleavage and inflammatory cytokine release[198], indicating that 
ferroptotic stress may engage convergent cell death programs in 
some contexts. The use of relatively high concentrations of RSL3 
(e.g., in the micromolar range) in some studies may induce mixed 
or non-canonical forms of cell death, thereby complicating mech-
anistic attribution.

Other commonly used ferroptosis inducers illustrate the same 
issue. Sorafenib can inhibit system xc- and induce ferroptosis in 
some settings[45,102,199], but it is also a multi-kinase inhibitor and can 
trigger non-ferroptotic death at higher concentrations, making 
mechanistic attribution difficult[200,201]. Sulfasalazine inhibits sys-
tem xc-, but evidence for its ability to induce bona fide ferroptosis 
is context-dependent and less consistent[202,203]. FIN56 induces 
ferroptosis through at least two distinct mechanisms, namely 
GPX4 degradation and CoQ10 depletion downstream of squalene 
synthase activation[204]. In addition, FINO2 induces ferroptosis by 
indirectly impairing GPX4 activity while simultaneously oxidiz-
ing labile iron, thereby promoting lipid peroxidation[205]. These 
examples highlight the mechanistic complexity of ferroptosis 
induction and illustrate that even widely used ferroptosis induc-
ers often engage multiple pathways rather than acting through a 
single, well-defined target.

A balanced interpretation is that current ferroptosis inducers are 
indispensable experimental tools, yet their specificity should not 
be presumed. This limitation extends beyond pharmacological 
agents to the biological contexts in which ferroptosis is studied. 
Widely used pathological models, such as ischemia-reperfusion 
injury[206,207], acute kidney injury[208-210], and neurodegenera-
tion[211,212], engage complex and overlapping cell death programs, 
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including apoptosis, necroptosis, and inflammatory responses. 
Consequently, ferroptotic features observed under these con-
ditions may represent one component of a broader, integrated 
stress response rather than an isolated execution pathway.

Given these limitations, responses to canonical ferroptosis in-
ducers should be interpreted with appropriate caution and not 
regarded as definitive evidence of ferroptosis in isolation. Rather, 
confidence in ferroptosis attribution increases when pharmaco-
logical observations are supported by complementary biochem-
ical and genetic evidence. Continued refinement of experimental 
standards and chemical tools should improve the interpretation 
of ferroptosis studies and help distinguish ferroptosis-driven 
phenotypes from broader oxidative stress responses.

Controversy 8: Do we have reliable and specific biomarkers of ferro-
ptosis?
A common assumption is that combining established biochem-
ical and functional readouts is generally sufficient to identify 
ferroptosis. Lipid peroxidation assays, such as boron-dipyr-
romethene undecanoic acid (BODIPY-C11) oxidation, together 
with measurements of malondialdehyde (MDA) and 4-HNE, are 
widely used to detect oxidative damage to cellular membranes. 
In parallel, depletion or inactivation of GPX4, accumulation of 
labile iron, and sensitivity to ferroptosis inhibitors are often con-
sidered supportive evidence. When these features are observed 
together, many studies interpret them as indicative of ferroptotic 
cell death. This multi-parameter approach, particularly when 
combined with genetic manipulation and pharmacological res-
cue, has enabled reproducible identification of ferroptosis across 
diverse experimental systems.

In contrast, a growing body of work argues that none of these 
markers are truly specific to ferroptosis, raising concerns about 
overinterpretation. Lipid peroxidation is a general consequence 
of oxidative stress and occurs in multiple forms of cell death 
and tissue injury. Similarly, increases in MDA and 4-HNE reflect 
nonspecific membrane damage rather than a ferroptosis-de-
fining signature. Even functional criteria, such as sensitivity to 
antioxidants or iron chelators, can overlap with other oxidative 
processes. Expression changes in genes involved in iron and lipid 
metabolism, such as ACSL4[76] and TFRC[213], or oxidation states 
of proteins such as peroxiredoxin 3 (PRDX3)[214], are frequently 
associated with ferroptosis but are not uniquely specific and may 
reflect broader metabolic remodeling.

In addition, ferroptosis is accompanied by the release of DAMPs, in-
cluding high mobility group box 1 (HMGB1) and adenosine triphos-
phate (ATP)[111,215]; however, these signals are not unique to ferropto-
sis and are shared across multiple cell death modalities, limiting 
their specificity. Molecules such as decorin (DCN)[216] and GPX4[217] 
are proposed as potential ferroptosis-associated DAMPs, but their 
specificity, mode of release, and relevance under physiological 
or inflammatory conditions remain incompletely defined. The 
absence of a single, definitive biomarker makes it difficult to distin-
guish ferroptosis from related cell death modalities, particularly in 
vivo, where complex and overlapping pathways are engaged.

These limitations highlight a broader challenge: the search for a 
ferroptosis biomarker may ultimately be more complex than the 
identification of a single molecular signature. Because ferroptosis 
reflects the integration of iron metabolism, lipid peroxidation, 
antioxidant defenses, and cellular context, no individual marker 
is likely to capture all ferroptotic states. Greater diagnostic con-
fidence may therefore depend on combinations of biochemical, 
genetic, and functional indicators rather than any single readout. 

Whether a universally applicable ferroptosis biomarker exists 
remains uncertain, but resolving this issue will be critical for de-
fining the contribution of ferroptosis in physiological and disease 
settings.

Translational controversies
Controversy 9: Does ferroptosis occur in vivo as a distinct process?
Substantial evidence supports the occurrence of ferroptosis in 
vivo  and suggests that it contributes to a range of physiological 
and pathological processes. In multiple disease models, including 
cancer[155,156,218], acute kidney injury[208,219,220], and neurodegenera-
tive disorders[221,222], hallmarks associated with ferroptosis (such as 
iron accumulation, lipid peroxidation, altered ferroptosis-related 
gene expression, and responsiveness to ferroptosis-modulating 
interventions) have been reported. Genetic and pharmacological 
studies further indicate that manipulation of ferroptosis-related 
pathways can influence disease progression, supporting the bio-
logical relevance of ferroptosis beyond cultured cells.

Nevertheless, establishing ferroptosis in vivo  remains consider-
ably more challenging than demonstrating it in simplified experi-
mental systems. Most evidence relies on combinations of indirect 
observations rather than direct visualization of ferroptotic cell 
death. Several hallmarks commonly used to infer ferroptosis are 
shared with other forms of tissue injury, complicating the inter-
pretation of in vivo  findings[119,223,224]. In addition, pharmacological 
interventions may exert broader antioxidant or metabolic effects 
that are not exclusively linked to ferroptosis inhibition. These 
limitations complicate the interpretation of in vivo  studies and 
raise questions regarding the strength of evidence required to 
attribute pathological outcomes to ferroptosis.

An additional challenge arises from the complexity of tissue 
environments. Cell populations within the same tissue often dif-
fer substantially in their metabolic state, antioxidant capacity, 
and susceptibility to oxidative injury. Ferroptotic features may 
therefore be restricted to specific cellular subsets and vary across 
stages of disease progression. At the same time, multiple forms of 
regulated and non-regulated cell death frequently coexist within 
injured tissues, making it difficult to determine the relative con-
tribution of ferroptosis to overall pathology.

The central challenge is therefore not whether ferroptosis can 
occur in vivo, but how confidently it can be identified, quantified, 
and distinguished from related forms of cellular injury within 
complex biological systems. Progress in this area will likely de-
pend on approaches that combine genetic perturbation, spatially 
resolved analyses, and direct assessment of ferroptosis-associ-
ated molecular events. Such advances should help clarify when 
ferroptosis is a major driver of tissue pathology and when it rep-
resents one component of a broader injury response.

Controversy 10: Is targeting ferroptosis therapeutically feasible or 
overhyped?
Modulation of ferroptosis is increasingly being explored as a ther-
apeutic strategy in human disease [Table 3]. In cancer, inducing 
ferroptosis has been proposed as a strategy to eliminate cells that 
evade apoptosis, including therapy-resistant and metabolically 
adapted tumor populations[225]. In contrast, in degenerative and 
inflammatory conditions, suppressing ferroptosis may mitigate 
tissue injury driven by oxidative lipid damage[83,153,226-232]. Human 
genetic studies further support the biological relevance of ferro-
ptosis. For example, the GPX4R152H variant identified in individuals 
with Sedaghatian-type spondylometaphyseal dysplasia is associ-
ated with neuronal damage and impaired forebrain organoid de-
velopment, consistent with increased susceptibility to ferropto-
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sis[233,234].

The translational potential of ferroptosis has begun to extend 
beyond experimental models. Although no ferroptosis-specific 
therapy has yet been approved, several ongoing clinical studies 
are evaluating agents that target ferroptosis-related pathways. In 
oncology, interventions affecting iron metabolism, lipid peroxi-
dation, and antioxidant defense systems are being investigated in 
combination with chemotherapy, radiotherapy, and immunother-
apy (NCT06048367; NCT06218524; NCT07433283). At the same 
time, ferroptosis-suppressing approaches are being explored 
for conditions associated with oxidative tissue injury, including 
neurodegenerative diseases, sepsis, ischemia-reperfusion inju-
ry, and inflammatory disorders (NCT07260942; NCT05924074; 
NCT05269901; NCT05410665). These efforts suggest that the 
therapeutic appeal of ferroptosis lies in its bidirectional manipu-

lability, with either induction or suppression potentially provid-
ing benefit depending on disease context [Box 2].

Despite this promise, significant challenges remain. Many 
compounds commonly used to modulate ferroptosis influence 
multiple biological pathways, making it difficult to distinguish 
ferroptosis-specific effects from broader alterations in cellular 
metabolism and redox homeostasis. Pharmacokinetic limitations, 
including poor bioavailability, rapid metabolism, and restricted 
tissue penetration, further complicate translation from experi-
mental systems to patients. In addition, ferroptosis susceptibility 
varies substantially among cell types and tissues, raising concerns 
regarding therapeutic selectivity and unintended toxicity.

The identification of clinically useful biomarkers represents an-
other major challenge. Beyond establishing whether ferroptosis 

Table 3. Therapeutic opportunities and translational barriers in ferroptosis-targeted interventions

Disease context Therapeutic strategy Potential opportunities Major translational barriers Potential solutions

Cancer
Ferroptosis induc-
tion

Elimination of apoptosis-resistant 
and therapy-resistant tumor cells; 
enhancement of antitumor immu-
nity

Limited tumor selectivity; sys-
temic toxicity; tumor hetero-
geneity

Biomarker-guided patient 
stratification, targeted de-
livery systems, and rational 
combination therapies

Immunother-
apy-resistant 
cancer

Ferroptosis induc-
tion combined with 
immunotherapy

Sensitization to immune check-
point blockade and enhancement 
of immunogenic cell death

Variable immune responses 
and potential ferroptosis of 
immune effector cells

Context-specific combination 
regimens and immune moni-
toring strategies

Acute kidney 
injury

Ferroptosis inhibi-
tion

Protection against oxidative tissue 
damage and preservation of organ 
function

Narrow therapeutic window 
and difficulty identifying re-
sponsive patients

Early intervention guided by 
predictive biomarkers and 
risk stratification

Ischemia-reper-
fusion injury

Ferroptosis inhibi-
tion

Reduction of oxidative damage 
during reperfusion and attenuation 
of tissue injury

Coexistence of multiple cell 
death pathways complicates 
therapeutic targeting

Combination approaches tar-
geting complementary injury 
mechanisms

Neurodegenera-
tive diseases

Ferroptosis inhibi-
tion

Prevention of neuronal loss and 
chronic oxidative injury

Blood-brain barrier penetra-
tion, disease heterogeneity, 
and prolonged treatment 
requirements

Development of brain-pene-
trant compounds and longi-
tudinal biomarker monitor-
ing

Cardiovascular 
diseases

Ferroptosis modula-
tion

Reduction of lipid peroxidation-as-
sociated tissue injury and patholog-
ical remodeling

Context-dependent roles of 
ferroptosis during disease 
progression

Precision interventions 
tailored to disease stage and 
tissue context

Rare genetic 
disorders associ-
ated with GPX4 
dysfunction

Ferroptosis suppres-
sion

Correction of ferroptosis-associat-
ed cellular vulnerability

Limited patient populations 
and lack of validated biomark-
ers

Precision medicine approach-
es and genotype-guided 
interventions

Biomarker devel-
opment

Lipidomic, metabol-
ic, and protein-based 
biomarkers

Improved patient selection, diag-
nosis, prognosis, and treatment 
monitoring

Insufficient specificity, plat-
form variability, and lack of 
standardized thresholds 

Multi-parameter biomarker 
panels and large-scale clinical 
validation studies

Drug develop-
ment

Small molecules, 
biologics, and nano-
medicine platforms

Improved pharmacological control 
of ferroptosis pathways

Poor pharmacokinetics, 
off-target effects, and limited 
tissue specificity

Rational drug design and tar-
geted delivery technologies

Clinical transla-
tion

Context-specific fer-
roptosis modulation

Establishment of a new therapeutic 
paradigm across multiple diseases

Incomplete mechanistic 
understanding and lack of 
validated clinical endpoints

Integration of biomarkers, 
precision medicine, and 
systems-level therapeutic 
strategies

GPX4: Glutathione peroxidase 4.
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occurs, biomarkers will likely be required for patient selection, 
monitoring target engagement, and assessing therapeutic re-
sponses. Although numerous candidate markers have been 
proposed, few have been validated sufficiently for clinical use. 
Variability in detection methods, uncertainty regarding optimal 
sampling time points, and heterogeneity within diseased tissues 
further complicate biomarker development. Consequently, the 
absence of robust biomarkers remains a significant obstacle to 
the clinical translation of ferroptosis-targeted therapies.

A further challenge concerns the therapeutic window of ferro-
ptosis modulation. In cancer, systemic induction of ferroptosis 
may affect not only malignant cells but also normal tissues and 
immune populations that depend on tightly regulated lipid ho-
meostasis[235,236]. Conversely, prolonged suppression of ferropto-
sis could interfere with physiological stress responses, immune 
regulation, or mechanisms that limit malignant transformation. 
These considerations suggest that successful therapeutic strat-
egies may require precise control over where, when, and to what 
extent ferroptosis is modulated. Early experimental studies sup-
port this possibility. For example, the small molecule N6F11 has 

been reported to preferentially induce ferroptosis in tumor cells 
while preserving antitumor immune responses, although such 
findings remain largely confined to preclinical settings[237].

The central question may therefore not be whether ferroptosis 
can be targeted therapeutically, but whether its contribution to 
disease is sufficiently large and specific to justify intervention. In 
some settings, ferroptosis may represent a major driver of pathol-
ogy and a viable therapeutic target; in others, it may constitute 
only one component of a broader injury response. Determining 
where ferroptosis lies along this spectrum will be critical for 
translating mechanistic insights into clinical benefit.

CONCLUSION AND FUTURE DIRECTIONS
The rapid expansion of ferroptosis research has transformed a 
once narrowly defined form of oxidative cell death into a broad 
area of investigation spanning metabolism, redox biology, immu-
nology, and disease. As highlighted throughout this review, many 
of the major questions in the field no longer stem from a lack of 
experimental observations but from uncertainty regarding how 
those observations should be interpreted. Debates surrounding 

Ferroptosis

A regulated form of cell death 
characterized by iron-dependent 
lipid peroxidation and disruption 
of membrane integrity.

Iron homeostasis

The processes that regulate iron 
uptake, storage, utilization, and 
export to maintain cellular iron 
balance.

Labile iron pool

The metabolically active 
and redox-reactive fraction 
of intracellular iron that can 
participate in oxidative reactions.

Lipid peroxidation

The oxidative modification of 
membrane lipids, widely regarded 
as a central feature of ferroptosis.

Lipid remodeling

The dynamic alteration of 
membrane lipid composition 
that influences susceptibility to 
oxidative damage and ferroptosis.

Necroptosis

A regulated necrotic cell death 
pathway driven by RIPK1-
RIPK3 necrosome signaling and 
MLKL-mediated membrane 
disruption, characterized by 
plasma membrane rupture 
and inflammatory release of 
intracellular contents.

Oxidative injury

Cellular damage caused 
by excessive oxidation of 
biomolecules, including lipids, 
proteins, and nucleic acids.

Oxidative stress

A state in which the production 
of oxidants exceeds the capacity 
of antioxidant defense systems.

Oxytosis

A form of regulated cell 
death originally described in 
neurons, induced by oxidative 
stress and glutathione 
depletion, and characterized 
by ROS accumulation and lipid 
peroxidation, with significant 
overlap with ferroptosis.

Pyroptosis

A regulated inflammatory 
cell death pathway driven by 
inflammasome activation and 
gasdermin-mediated membrane 
pore formation, resulting in cell 
swelling, membrane rupture, 
and release of pro-inflammatory 
cytokines.

Redox regulation

The control of cellular processes 
through oxidation-reduction 
reactions and maintenance of 
redox balance.

Regulated cell death

A genetically and biochemically 
controlled form of cell death that 
occurs through defined molecular 
pathways.

Therapeutic window

The range of conditions under 
which a therapeutic intervention 
can achieve beneficial effects 
without causing unacceptable 

toxicity.

Apoptosis

A regulated form of programmed 
cell death mediated by caspases 
and characterized by cell 
shrinkage, DNA fragmentation, 
and apoptotic body formation, 
typically occurring without 
inducing inflammation.

Autophagy

A cellular degradation process 
that recycles intracellular 
components through lysosome-
dependent pathways. Depending 
on context, autophagy may either 
promote or suppress ferroptosis.

Biomarker

A measurable biological indicator 
used to detect, monitor, or predict 
a biological process, disease 
state, or therapeutic response.

Ferritinophagy

A selective form of autophagy 
that degrades ferritin and 
increases the availability of 
intracellular iron.
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ferroptosis often reflect differences in definition, biological scale, 
and experimental context rather than simple disagreements over 
individual findings.

A recurring theme across these controversies is that ferroptosis 
cannot be fully understood through any single pathway, mol-
ecule, or model system. Iron metabolism, lipid peroxidation, 
antioxidant defenses, organelle function, and tissue microen-
vironments each contribute to ferroptotic susceptibility, but 
their relative importance varies across biological settings. This 
complexity helps explain why mechanisms that appear central in 
one context may be less influential in another and why seemingly 
contradictory findings can coexist within the literature.

Looking forward, one of the most important goals will be to de-
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TEXT BOX
Box 1. What evidence is sufficient to establish ferroptosis?
A recurring challenge in ferroptosis research is determining when 
the available evidence is sufficient to attribute a biological phe-
notype to ferroptosis. Although several features are commonly 
associated with ferroptotic cell death, no single observation is 
currently considered definitive.

Many studies rely on evidence such as lipid peroxidation, iron 
dependence, sensitivity to ferroptosis inhibitors, or alterations in 
GPX4 and system xc− activity. However, each of these features can 
also occur in other forms of oxidative stress or tissue injury. As 
a result, the interpretation of similar experimental findings may 
differ among studies, particularly in complex in vivo  settings.

For this reason, ferroptosis is generally inferred from converging 
lines of evidence rather than any individual readout. Stronger 
support typically comes from combining biochemical measure-
ments with genetic and pharmacological approaches, while also 
considering alternative cell death pathways that may contribute 
to the observed phenotype. The level of evidence that is feasible 
or necessary may vary according to the experimental context. 
Mechanistic studies in cultured cells often permit direct interro-
gation of ferroptosis pathways, whereas studies in tissues and or-
ganisms frequently depend on indirect indicators and therefore 
require greater caution in interpretation.

The absence of a universally accepted diagnostic criterion re-
mains one of the central challenges in the field. Rather than 
asking whether a single marker proves ferroptosis, a more useful 
question may be whether the collective evidence supports fer-
roptosis as a major contributor to the biological process under 
investigation.

Box 2. What would constitute successful clinical translation of 
ferroptosis research?
The growing interest in ferroptosis has generated considerable 
enthusiasm for its therapeutic potential. However, successful 
clinical translation cannot be defined simply by the ability to in-
duce or inhibit ferroptosis pharmacologically. A more meaningful 
benchmark is whether modulation of ferroptosis produces mea-
surable clinical benefit in diseases where ferroptotic mechanisms 
make a substantial contribution to pathology.

Several lines of evidence would strengthen the case for clinical 
translation. First, ferroptosis-related pathways should demon-
strate clear relevance to disease progression in human patients 
rather than solely in experimental models. Second, therapeutic 
interventions should show evidence of target engagement, indicat-
ing that ferroptosis-associated processes are being modified in the 
intended tissues. Third, modulation of ferroptosis should provide 
benefits beyond existing standards of care, either by improving 
efficacy, reducing toxicity, or overcoming treatment resistance.

An additional consideration is that ferroptosis is unlikely to play 
an equivalent role across all diseases or patient populations. The 
greatest therapeutic impact may occur in settings where ferro-
ptosis represents a major driver of pathology rather than a sec-
ondary consequence of tissue injury. Consequently, identifying 
the appropriate biological context for intervention may prove as 
important as the intervention itself.

Ultimately, the question is not whether ferroptosis can be manipulat-
ed, but whether such manipulation can be translated into meaningful 
improvements in patient outcomes. Demonstrating this connection 
will represent a critical milestone in the maturation of ferroptosis 
research from mechanistic discovery to clinical application.

fine the circumstances under which ferroptosis makes a unique 
biological contribution. In some settings, ferroptosis may repre-
sent a dominant driver of cellular dysfunction and disease, where-
as in others it may constitute only one component of a broader 
network of stress responses and cell death pathways. Distinguish-
ing between these possibilities will be essential for refining the 
conceptual boundaries of ferroptosis and for determining its 
physiological and pathological significance.

The future impact of ferroptosis research will depend not only 
on identifying additional molecular regulators but also on estab-
lishing when, where, and to what extent ferroptosis matters. Re-
solving these questions will help determine whether ferroptosis 
ultimately emerges as a broadly applicable biological principle, a 
clinically actionable therapeutic target, or both.
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