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Abstract

Iron occupies a paradoxical position in biology: indispensable for life through enabling electron transport in metabolism, yet equally capable
of driving cellular death. This is exemplified when ferroptosis was defined in 2012 by Dixon and Stockwell (built on parallel work by Marcus
Conrad) as a distinct form of regulated cell death. Crucially, ferroptosis is not simply cell death caused by iron poisoning (i.e., iron overload);
rather, the ‘dependency of iron'is evidenced by specific iron chelators that inhibit the induction of death by agents that disrupt cellular redox
control (e.g. erastin, which depletes cellular glutathione, and RSL3, which inhibits GPX4 activity, and others). Still, the etymological emphasis
on iron does not fully capture the complexity of ferroptosis, which involves a network of potentially lethal metabolic processes encompassing
lipids, thiols, and reactive oxygen species. Adding to this tension, recent negative clinical trials of iron chelators in degenerative diseases
where ferroptosis has been implicated have tempered enthusiasm for iron-focused strategies and prompted a re-evaluation of iron's true
role in these diseases, and by extension, ferroptosis. In this perspective, we examine the evolving understanding of the ferrum in ferroptosis,
its place within the broader metabolic landscape, and its role in neurodegenerative diseases.
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1. Introduction

Iron’s role as the protagonist in ferroptosis centres on its ability to cycle between ferrous and ferric states, enabling electron transfer
and redox coupling with reactive oxygen species (ROS) generation such as hydrogen peroxidel!l. The resultant hydroxyl radicals can
initiate a chain reaction of lipid peroxidation of polyunsaturated fatty acid species that destabilize cellular membranes, leading to cell
rupture and death!?. In addition, iron-containing enzymes, including lipoxygenases, have been shown to accelerate lipid oxidation>l,
Even before the term ‘ferroptosis’ was coined, studies demonstrated a link between iron and lipid peroxidation when iron dextran
injected into healthy mice caused peroxide formation in adipose tissue that was mitigated by vitamin E, a bona fide anti-ferroptotic
radical chain-reaction quencher!>7,

Cellular ferroptosis susceptibility has also been demonstrated to be tuned by iron-handling pathways, including transferrin uptake
(via TFR1 modulation)!®-°l, iron export (via ferroportin knockout)!'®! jron storage in ferritin and ferritin degradation
(ferritinophagy)l'>>l. Collectively, these pathways control the availability of redox-active iron to affect ferroptosis. The importance of
iron in ferroptosis is most clearly demonstrated by the protection offered by iron chelators against classical inducers such as erastin
and RSL3'°l. Even the gold standard anti-ferroptotic drug liproxstatin, previously thought to exclusively exert protection via directly
trapping free radicals!!’], has recently been shown to prevent ferroptosis by inactivating iron in the lysosomel'l. This catalytic role for
iron led to the hypothesis that lowering iron availability using iron chelation would protect against ferroptosis in human diseases.

Indeed, iron chelators have been used in clinical practice for many years to protect patients from complications of iron overload due
to blood transfusions to treat thalassemia, sickle cell disease, and myelodysplastic syndromes!!>-2%l. Because there is no physiological
way for excess iron to be actively excreted, iron accumulation within tissues causes progressive organ damage that can be fatal
without chelation therapy?'l. The clinical success of iron chelation in this context validated the principle of targeting toxic iron
overload. It was therefore a natural extension to investigate whether iron chelators might also be repurposed to reduce iron burden
in neurodegenerative diseases characterized by signatures of iron overload and oxidative stress[??.

Localised ‘iron overload’ has been associated with several neurodegenerative diseases (i.e., Alzheimer’s disease and Parkinson’s
disease), based on measurements of elevated brain iron, demonstrated through magnetic resonance imaging (MRI) imaging[?3-2°l,
ferritin in cerebrospinal fluid (CSF)[?¢27] and postmortem analyses!?¢3%. Using the framework of iron as a catalyst for lipid
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peroxidation, along with evidence of lipid peroxidation and decreased glutathione (the substrate for the ferroptosis checkpoint
inhibitor, glutathione peroxidase 4, GPX4), ferroptosis has been implicated as a pathological contributor promoting neuronal loss*'-32],
Unexpectedly, clinical trials in Parkinson’s**l and Alzheimer’s diseasel>! revealed that iron chelation with deferiprone accelerated
disease progression.

This discrepancy of iron chelation worsening neurodegeneration characterised by local iron overload raises a critical question: why
does iron chelation block ferroptosis induced by pro-ferroptotic agents such as RSL3 and erastin (where there is no iron elevation in
cell culture), yet fail to protect in the context of human neurodegenerative disease where iron is elevated? We propose three
explanations:

1. Iron overload may not be a central driver of ferroptosis in these disorders, which challenges current assumptions about the
physiological triggers of ferroptosis in vivol*°l. Iron elevation may reflect a homeostatic response to an underlying metabolic
disruption, e.g. supplying substrate for Fe-S cluster production*®l.

2. Ferroptosis itself may not be a significant mechanism of cell death in Alzheimer’s and Parkinson’s disease, undermining the use of
‘iron overload’ as a surrogate marker for ferroptosis in human pathology. This may be true since only trace amounts of Fe?* are
needed to drive lipid peroxidation.

3. Iron chelation is effective in preventing ferroptosis, yet iron starvation worsens disease outcomes via other mechanisms, e.g.,
depriving the formation of Fe-S clusters.

To unpack these potential explanations, we revisited the original experiments defining ferroptosis. When investigating potential
bioenergetic similarities with other cell death mechanisms, Dixon et al. highlighted that ferroptosis could not be explained by a
simple increase in H,0,-dependent, iron-catalyzed ROS production (i.e., Fenton chemistry), as H,0,, but not erastin (which depletes
cellular glutathione), induced substantial depletion of intracellular adenosine triphosphate (ATP), hinting at different toxic
mechanisms!'®l, Furthermore, cell death induced by erastin and RSL3 is blocked by iron chelators and radical trapping antioxidants
(e.g. ferrostatin) where this is less evident with H,0,-induced toxicity!*’l. Instead, Dixon postulated that ferroptosis occurs due to an
imbalance in oxidative stress defences (i.e. via erastin induced cystine deficiency), whereby ROS production outweighs antioxidant
capacity!'®l. Importantly, this imbalance may arise from either increased ROS generation (i.e., via iron) and/or depletion of antioxidant
defence (by glutathione depletion), with the latter given less weight in terms of being a cause of ferroptosis in diseases such as
Alzheimer’s and Parkinson’s where iron elevation is a signature (Figure 1).
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Figure 1. Iron at the crossroads of ferroptosis: Driver of lipid peroxidation or defender of redox homeostasis. ROS: reactive oxygen species; ATP: adenosine triphosphate;

LOX: lipoxygenases; GSH: glutathione.

However, iron can act on both sides of this ferroptosis catalysis/defence equation. The same redox flexibility of iron that can amplify
oxidative stress is also what makes it indispensable for mitochondrial energy metabolism, which we have recently shown to be a
limiting factor for glutathione synthesis required to protect against ferroptosis!?>’l. This is due to glutathione requiring 2 ATP for its
production and, given the high abundance of glutathione (~5 mM) and rapid turnover, a material tax on the ATP pool is required to
maintain glutathione antioxidant capacity. So, iron limitation could paradoxically enhance ferroptosis susceptibility if it blunts
mitochondrial energy metabolism.
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Mitochondria are avid consumers of iron, using as much as 20-50% of total cellular iron depending on cell typel*$-**l. Much of this iron
is directed to the electron transport chain, including forming iron-sulfur (Fe-S) clusters and heme groups embedded in respiratory
complexes I-1V. Beyond oxidative phosphorylation, Fe-S-dependent enzymes such as aconitase, lipoic acid synthase, and biotin
synthase sustain tricarboxylic acid cycle flux and key biosynthetic reactions![*?l. Mitochondria are also the primary site of heme
biosynthesis, where iron insertion into protoporphyrin IX produces heme for cytochromes and other hemoproteins essential for
electron transport and redox signalling!‘“l. Together, these processes have mitochondrial iron metabolism underpinning both energy
production and antioxidant capacity, thereby influencing cellular susceptibility to ferroptosis.

This potential link between impaired mitochondrial bioenergetics and ferroptotic vulnerability may not be apparent in short-term in
vitro experiments, which are typically conducted in nutrient-rich media that support metabolic flexibility and compensate for
transient energy deficits, explaining why iron chelators only suppress ferroptosis in this context. In contrast, chronic iron chelation
in vivo, where cells are subject to tighter metabolic constraints, may unintentionally restrict iron availability necessary for
mitochondrial energy production. For instance, in a mouse model of muscle atrophy characterized by systemic iron overload and
heightened lipid peroxidation, deferiprone treatment further reduced mitochondrial iron-containing proteins without altering
ferritin levels!*!l. If mitochondrial dysfunction due to iron insufficiency compromises ATP-dependent glutathione biosynthesis, this
could shift the balance toward ferroptosis even in the context of diminished labile iron pools. This challenges the prevailing
therapeutic rationale for targeting iron as a straightforward anti-ferroptotic strategy and underscores the dual nature of iron, as both
an essential antioxidant cofactor and a potential catalyst of ferroptotic cell death. Consequently, in disease states marked by intrinsic
energy insufficiency, such as neurodegeneration!*’], it may be the failure of metabolic resilience, rather than the presence of excess
free iron, which acts as the primary driver of ferroptosis.

In the case of Alzheimer’s and Parkinson’s diseases, and likely in other conditions marked by energetic insufficiency, iron
accumulation may paradoxically coexist with a functional iron deficiency, starving the mitochondria. This concept, proposed in the
“Azalea Hypothesis” by Steve LeVine!*’], suggests that despite appearing iron overloaded, cells may be unable to access usable iron for
mitochondrial processes (Figure 2). Pathological immobilisation of iron by protein aggregates such as amyloid  and tau may
sequester iron in a non-bioavailable form, or impaired autophagy may prevent efficient breakdown of ferritin to mobilise iron,
thereby impairing mitochondrial ATP production and subsequently glutathione synthesis, an essential component of the ferroptosis
defence system!*‘],

NOILVTIHO NOHI

Figure 2. Distinct forms of “iron overload” and their implications for iron-chelation efficacy. Cells may appear iron-overloaded, yet much of the iron can be sequestered in
pathological aggregates (such as neurofibrillary tangles, amyloid plaques), or trapped in ferritin, rendering it inaccessible for normal mitochondrial function. In this scenario,
chelation is ineffective because the excess iron is not part of the labile iron pool. Conversely, when iron overload reflects an accumulation of labile, redox-active iron, this
promotes ROS generation and lipid peroxidation, driving ferroptosis. Under these conditions, iron chelation is likely effective in reducing oxidative stress and mitigating

ferroptotic cell death. Created in Biorender.com. ROS: reactive oxygen species.
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Under this framework, apparent “iron overload” in neurodegenerative disease does not necessarily signify an excess of freely reactive
iron, but rather a breakdown in the dynamic trafficking, localisation, and utilisation of iron that ultimately impairs cellular
bioenergetics. Most investigations of iron dysregulation have traditionally relied on the paradigm of iron homeostasis in health; they
assume that cells regulate iron through predictable adjustments in import, export, and storage. However, this model is overly
reductive in the context of human pathology. Simply lowering total iron has repeatedly failed to ameliorate neurodegenerative
changes, indicating that iron quantity alone is not the core problem.

Instead, iron accumulation in Alzheimer’s disease (AD) and related disorders should be interpreted through the lens of iron stasis
(ferrostasis); a state in which iron becomes mislocalised, improperly mobilised, or trapped in dysfunctional compartments. This
perspective emphasises not only how much iron is present, but where it resides, in what chemical form, and how it is dynamically
regulated within the cell. Within this framework, iron accumulation may signal heightened susceptibility to ferroptosis, reflecting
defective iron mobilisation and organellar crosstalk rather than simply a reservoir of pro-oxidant potential. By reframing iron
pathology as a problem of iron stasis rather than simple overload, we challenge conventional interpretations of iron in
neurodegeneration and highlight the need to consider both iron immobilisation and metabolic insufficiency as central determinants
of ferroptosis-related disease mechanisms.

A recent study by Remesal et al. demonstrates this notion using the example of a model of ferritin over-expression!*!l. They identified
the iron storage protein, ferritin light chain 1 (FTL1), as a pro-ageing neuronal factor: its overexpression in the hippocampus of young
mice accelerated cognitive decline, whereas knockdown in aged mice preserved synaptic integrity and prevented cognitive
deterioration. Overexpression of FTL1 diminished iron availability, gene expression of mitochondrial/oxidative phosphorylation
pathway components, and consequent ATP production. Without sufficiently bioavailable iron, mitochondrial respiration is impaired,
leading to reduced ATP synthesis, which is required to fuel glutathione (GSH) synthesis, a key co-factor required for ferroptosis
defencel?**!l. Analogously, iron overload apparent in Alzheimer’s?®) and Parkinson’s diseases!*”!, may in fact be a compensation for the
inability of mitochondria to mobilize iron to produce ATP and, hence, GSH. Thus, targeting bioavailable forms of iron via iron
chelation in an energy-deprived context could weaken ferroptosis defences, which would explain the paradoxical clinical worsening
in iron chelator trials(®334.

While the central role of labile iron in driving ferroptosis is well established, the presence of excess iron alone does not distinguish
between its functional forms, namely, redox-active labile iron versus iron incorporated into metabolic or storage pools. Without this
resolution, interpreting “iron overload” as an indication for therapeutic iron chelation becomes problematic. Common iron
quantification methods such as Quantitative susceptibility mapping[?*2%-1°l, an MRI modality sensitive to Fe®, or ICP-MS, that measures
total iron!*-*7l, are not capable of differentiating between pro-ferroptotic labile Fe?* and functionally essential intracellular iron, such
as that required for mitochondrial ATP production. A major unmet need in ferroptosis research is the ability to quantify redox-active
iron with spatial, temporal, and oxidation-state resolution in intact tissues. Promising advancements, such as genetically encoded
iron sensors (i.e., FEOX!*8]), fluorescent probes capable of distinguishing between specific iron species (i.e., FerrOrange, which
selectively detects Fe?" ions!*”)), and synchrotron-based nano-x-ray analysisl®’l, offer a path toward physiologically accurate
measurement of labile iron pools. Integration of these emerging tools with lipid peroxidation reporters, ROS probes, and single-cell
transcriptomics will be essential for establishing the causal hierarchy of iron dysregulation in pathophysiological ferroptosis.

Consequently, iron chelation is likely to be beneficial only when ferroptosis is the primary driver of neurodegeneration and when the
initiating event is an excess of labile iron driving Fenton chemistry and lipid peroxidation. Although ferroptosis is often described as
an “iron-dependent” cell death pathway, an explicit increase in the labile iron pool is not universally required as a trigger. As
demonstrated recently by Liu et al., an increase in labile iron was required for ferroptosis triggered by cysteine deficiency but not
direct inhibition of GPX4'l. In contrast, in diseases characterised by mitochondrial dysfunction and bioenergetic failure (often
reflected by reduced FDG-PET signal), elevated iron may instead represent a compensatory response to functional iron deficiency
rather than a pathogenic surplus. In these contexts, iron chelation may fail to address the upstream drivers of cell death and may
even activate alternative death pathways. For example, iron chelation has been shown to induce apoptosis in osteosarcoma cells
through ROS-dependent MAPK signalling>?. Recently, cuproptosis in acute myeloid leukemia was shown to be initiated by inhibiting
heme biosynthesisl>?l, therefore it is conceivable that iron chelation limited heme to induce cuproptosis in the clinical trials of
deferiprone. The capacity of iron chelation to influence other regulated cell death modalities is less well studied, but this possibility
should be carefully considered when evaluating why iron chelators have, in some cases, exacerbated neurodegenerative conditions
featuring multiple overlapping cell death mechanisms.

This raises a fundamental challenge for the field: what initiates ferroptosis in neurodegeneration, if ferroptosis is relevant at all? Only
with a clearer understanding of disease-specific ferroptotic triggers®>’! can we determine whether iron chelation is mechanistically
justified. Until then, broad application of chelation strategies risks exacerbating the very vulnerabilities they are intended to treat.
Ferroptosis in degenerative diseases is unlikely to be driven by a single event such as iron excess. Rather, it may arise from a
progressive erosion of anti-ferroptotic defences, including glutathione depletion, impaired lipid-repair capacity, membrane PUFA
remodelling, and mitochondrial energetic failure. In these settings, targeting the lipid peroxidation arm of ferroptosis directly may
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prove both more effective and less disruptive than manipulating iron itself.

Several strategies fall into this category, including the use of non-chelating radical trapping agents such as liproxstatin-1 or
ferrostatin-1, targeting phospholipid remodelling enzyme ACSL4[5%%), promoting GPX4 expressionl>®l, or modulating ether lipidsP’l. To
date, no classical ferroptosis inhibitors have entered neurodegenerative disease-specific clinical trials but several antioxidant and
radical-trapping agents (RTAs) have/are being evaluated in AD or MCI, including vitamin E (NCT00235716: 2000 IU/d of alpha
tocopherol compared with placebo resulted in slower functional decline ~19% delay in clinical progression per year!$l; however at a
lower dose, 800 IU/d in NCT00117403, results show no meaningful benefitl>l), N-acetylcysteine (NCT01320527: N-acetyl cysteine
present in a nutraceutical formulation (NF) along with folate, alpha-tocopherol, B12, S-adenosyl methioinine, and acetyl-L-carnitine.
Relative to placebo, NF cohort showed improvements in Clox-1 and Dementia Rating Scalel®’l; NCT04740580: result pending), and the
phenolic lipid-lowering drug probucol (ACTRN12621000726853: trial in process)l®!l. Notably, several factors reported may limit the
clinical impact of such agents!®?l. RTAs often lack target engagement biomarkers or companion diagnostics, making it difficult to
confirm whether they reach and modulate the intended ferroptotic pathways in vivo. In addition, non-enzymatic antioxidants require
high local concentrations and rapid reaction kinetics to meaningfully intercept lipid radicals.

If Alzheimer’s disease reflects a state of functional iron deficiency, then an alternative therapeutic paradigm emerges that contrasts
sharply with iron-chelation strategies. Iron supplementation, a well-established intervention for restoring systemic iron balance and
correcting iron-deficiency anaemial®’l, may similarly prove beneficial within the central nervous system. Supporting this concept, a
long-term dietary iron supplementation study in rodents showed that co-administration of iron and vitamin B6 markedly enhanced
mitochondrial bioenergetics, substantially increasing complex I- and complex II-driven ATP production in intact mitochondria
isolated from the brain and skeletal musclel®!l. These findings suggest that targeted iron repletion could help alleviate the
bioenergetic deficits contributing to Alzheimer’s disease progression.

Total iron content should not be equated with ferroptotic potential. A functional iron deficiency may paradoxically present as “iron
overload” due to homeostasis, sequestration, misdistribution, or oxidation state changes. Bioenergetic dysregulation and
mitochondrial dysfunction are signatures of functional iron deficiency!*!-¢>¢°l; thus a functional iron deficiency presenting as ‘iron
overload’ cannot be excluded by measuring total markers of iron. In this context, iron may be protective, not harmful, supporting ATP
synthesis and redox buffering rather than catalyzing lipid peroxidation. Thus, as we have learnt, therapeutic strategies should not rely
solely on crude iron measures, but instead incorporate assessments of iron speciation, bioenergetic status, and lipid peroxidation.
Iron’s dual nature, as both a vital cofactor and a potential catalyst of oxidative damage, demands a more nuanced appreciation.
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