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Abstract

Sickle cell anemia (SCA) is a hereditary hemoglobinopathy marked by chronic hemolysis, vaso-occlusion, and
systemic inflammation. In recent years, ferroptosis—a form of regulated cell death driven by iron-dependent lipid
peroxidation—has emerged as a potential contributor to the pathophysiology of SCA. Unlike apoptosis or necrosis,
ferroptosis is triggered by oxidative stress, intracellular iron accumulation, and depletion of key antioxidants such as
glutathione, all of which are features observed in patients with SCA. In SCA, chronic hemolysis results in excessive
release of free heme and iron into circulation, promoting reactive oxygen species (ROS) generation and lipid
membrane damage. The loss of glutathione and impaired activity of glutathione peroxidase 4 (GPX4), a central
enzyme protecting against ferroptosis, further predispose erythrocytes, endothelial cells, and organ tissues to
ferroptotic injury. The resulting oxidative damage amplifies inflammation, vascular dysfunction, and end-organ
complications, suggesting that ferroptosis may serve as a central link between iron overload and disease progression
in SCA.
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Introduction

Sickle cell anemia (SCA) is a debilitating genetic
blood disorder characterized by a single point
mutation in the B-globin gene, leading to the
formation of sickle hemoglobin (HbS). Under
conditions of low oxygen tension, HbS
polymerizes, causing red blood cells to assume a
rigid, sickled shape. This deformation results in
chronic hemolysis, vaso-occlusive crises, and
multi-organ damage, contributing significantly to
morbidity and mortality in affected individuals
worldwide [1-3].Over the years, the focus of SCA
research has extended beyond the mechanical and
hemolytic complications of the disease to include
the underlying molecular pathways that
exacerbate tissue injury. One such emerging
pathway is ferroptosis—a regulated, iron-
dependent form of cell death distinct from
apoptosis and necrosis. Ferroptosis is primarily
driven by the accumulation of lipid peroxides,
depletion of intracellular antioxidants, and
dysregulated iron metabolism, all of which are
central themes in the pathophysiology of SCA [4-
6].The link between chronic hemolysis in SCA
and iron metabolism is well established; repeated
cycles of red blood cell destruction lead to the
release of free heme and non-transferrin-bound
iron into the circulation. This excess free iron
participates in Fenton reactions, generating
reactive oxygen species (ROS) that subsequently
initiate  lipid peroxidation—a hallmark of
ferroptotic cell death. Therefore, the biochemical
environment in SCA provides the essential
triggers needed to activate ferroptosis [7-8].

Molecular regulators of ferroptosis, particularly
glutathione peroxidase 4 (GPX4), play a pivotal
role in controlling the oxidative state of cells. In
healthy cells, GPX4 catalyzes the reduction of
lipid hydroperoxides, preventing uncontrolled
lipid peroxidation. However, in SCA, persistent
oxidative stress coupled with diminished
antioxidant  defenses,  including  reduced
glutathione levels, compromises GPX4 activity.
This impairment accelerates lipid peroxidation
and primes cells for ferroptotic death, thereby
exacerbating tissue damage [9-10].The
endothelial cells lining the vasculature are
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particularly vulnerable to ferroptosis due to their
exposure to circulating iron and ROS. In SCA,
endothelial dysfunction is a critical factor that
underlies the development of vaso-occlusive
events and organ injury. Ferroptosis in these cells
can amplify inflammatory responses, promote the
formation of microthrombi, and contribute to the
cascade of vascular occlusion. Thus, endothelial
ferroptosis emerges as a potential mechanism
linking iron overload to the clinical
manifestations  observed in  SCA  [11-
12].Emerging studies have begun to elucidate the
intricate network of signaling pathways involved
in mediating ferroptosis in various cell types,
including those impacted by SCA. Key pathways
involve the regulation of lipid metabolism by
acyl-CoA synthetase long-chain family member 4
(ACSL4), modulation of intracellular iron
homeostasis, and the redox control exerted by
antioxidant systems. The interplay between these
pathways ultimately determines the susceptibility
of cells to ferroptotic death, highlighting potential
molecular targets for therapeutic intervention
[13].Therapeutic strategies aimed at modulating
ferroptosis hold promise in mitigating the disease
complications associated with SCA. Experimental
interventions such as iron chelation therapy,
administration of lipid peroxidation inhibitors,
and supplementation with antioxidants like N-
acetylcysteine (NAC) have shown potential in
preclinical models. These approaches seek to
restore the balance between oxidative stress and
antioxidant defenses, thereby reducing ferroptotic
cell death and its deleterious consequences [14-
15].

Aim

The primary aim of this review is to explore and
elucidate the emerging role of ferroptosis as a
critical molecular mechanism in the pathogenesis
of sickle cell anemia (SCA), with a focus on its
contribution to red blood cell injury, chronic
inflammation, and end-organ damage.

Review Methods

In conducting this review on the role of
ferroptosis in sickle cell anemia (SCA), a
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comprehensive and systematic approach was
adopted to gather, evaluate, and synthesize
relevant literature. The review process was
designed to ensure academic rigor, breadth of
coverage, and relevance to current scientific and
clinical contexts. A combination of electronic
database searches, manual screening of reference
lists, and cross-referencing of related studies was
employed to retrieve high-quality peer-reviewed
articles, research papers, and clinical reviews
published on ferroptosis and its association with
SCA. The primary databases used for the
literature search included PubMed, Scopus, Web
of Science, and Google Scholar, covering
publications from the early 2000s to the most
recent updates in 2025. Keywords and Medical
Subject Headings (MeSH) terms such as
“ferroptosis,”  “sickle cell anemia,” “lipid
peroxidation,” ‘“‘iron metabolism,” “oxidative
stress,” “glutathione,” “GPX4,” ‘“erythrocyte
injury,” and “therapeutic modulation” were used
either singly or in combination to capture a wide
spectrum of relevant studies. Boolean operators
(AND, OR) were employed to refine and broaden
search results where necessary.

Inclusion criteria for selecting articles involved:
studies published in English, research focusing
specifically on ferroptosis and its molecular
mechanisms, articles addressing the role of
oxidative stress in SCA, and those evaluating
therapeutic strategies targeting ferroptosis. Both
in vitro and in vivo experimental studies, clinical
trials, and high-quality review articles were
considered. Exclusion criteria included articles
lacking relevance to either SCA or ferroptosis,
studies with insufficient methodological detail,
and preprints not subjected to peer review.Each
retrieved article was independently reviewed for
relevance and quality. Data were extracted
concerning molecular mechanisms,
pathophysiological  implications, therapeutic
interventions, and gaps in knowledge. Special
attention was paid to articles that provided novel
insights into the regulation of ferroptosis, the
intersection of iron metabolism and redox
imbalance in SCA, and emerging therapeutic
candidates.  Articles were grouped and
synthesized under thematic subheadings to
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provide a structured and coherent analysis.The
review  methodology  emphasized  critical
appraisal, consistency in interpretation, and
evidence-based synthesis. While this review is
narrative in nature, the methodical selection and
evaluation of sources were guided by the
principles of transparency and replicability.
Ultimately, this process ensured that the article
presents an integrative, up-to-date perspective on
ferroptosis as a promising target for molecular
intervention in the context of sickle cell anemia.

Molecular Mechanisms of Ferroptosis in Sickle
Cell Anemia (SCA)

Ferroptosis is a distinct form of regulated cell
death characterized by the accumulation of lipid
peroxides in an iron-dependent manner. Unlike
apoptosis, necrosis, or autophagy, ferroptosis is
specifically driven by metabolic disturbances in
redox homeostasis and lipid metabolism. In the
context of sickle cell anemia (SCA), where
chronic hemolysis, oxidative stress, and iron
overload are prevalent, the molecular machinery
of ferroptosis becomes critically relevant in
understanding disease progression and organ
damage [16].At the core of ferroptosis is the
peroxidation of polyunsaturated fatty acids
(PUFAs) within cellular membranes. This process
is initiated by iron-catalyzed Fenton reactions that
generate reactive oxygen species (ROS),
particularly hydroxyl radicals, which attack lipid
bilayers. In SCA, chronic intravascular hemolysis
leads to persistent release of free hemoglobin and
heme into circulation. These hemolytic
byproducts are potent pro-oxidants and major
sources of labile iron that feed into the ferroptotic
pathway by catalyzing lipid peroxidation in red
blood cells, endothelial cells, and organ tissues
[17].

Another central mechanism involves the depletion
of intracellular glutathione (GSH) and subsequent
inactivation of glutathione peroxidase 4 (GPX4),
an enzyme essential for detoxifying lipid
hydroperoxides. In SCA, high oxidative burden
depletes GSH reserves and disrupts redox
equilibrium, compromising GPX4’s ability to
neutralize lipid ROS. This creates a permissive
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environment for lipid peroxide accumulation,
thereby triggering ferroptosis in vulnerable cell
types, especially within the vascular endothelium
and renal epithelium [18].Iron metabolism
dysregulation is a hallmark of SCA and plays a
pivotal role in amplifying ferroptotic signaling.
Transferrin saturation, elevated ferritin, and non-
transferrin-bound iron levels are frequently
observed in SCA patients. The iron-import protein
transferrin receptor 1 (TfR1) and the iron-storage
protein ferritin heavy chain (FTH1) are key
modulators of intracellular iron availability. Their
expression and degradation, particularly through
ferritinophagy  (autophagic  degradation  of
ferritin), can enhance the labile iron pool and
promote ferroptosis. In SCA, the increased
activity of these iron-regulatory pathways
escalates ferroptotic susceptibility [19].

Additionally, the enzyme acyl-CoA synthetase
long-chain family member 4 (ACSL4) has
emerged as a crucial determinant of ferroptosis
sensitivity. ACSL4 facilitates the incorporation of
PUFAs into phospholipids, creating substrates
highly prone to peroxidation. Its upregulation has
been observed in various inflammatory and
oxidative contexts, including those resembling the
pathophysiological  environment of  SCA.
Furthermore, lysophosphatidylcholine
acyltransferase 3 (LPCAT3) contributes to the
remodeling of phospholipids, enhancing the
incorporation of oxidizable fatty acids that can
precipitate ferroptosis [20].Mitochondrial
dysfunction and altered energy metabolism
further potentiate ferroptotic cascades. In SCA,
hypoxia-reperfusion  cycles and  chronic
inflammation contribute to mitochondrial ROS
production, which in turn accelerates lipid
oxidation. The mitochondrial voltage-dependent
anion channels (VDACs) and associated
metabolic enzymes are implicated in the
amplification of oxidative signals, although their
precise role in SCA-related ferroptosis remains an
area of ongoing investigation [21].Recent studies
have also highlighted the involvement of nuclear
factor erythroid 2-related factor 2 (NRF2), a
master regulator of cellular antioxidant responses.
While NRF2 activation generally confers
protection against oxidative damage, its
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regulation is impaired in SCA, further
exacerbating oxidative stress and ferroptotic
vulnerability. Additionally, tumor suppressor
protein p53 has been shown to suppress the
expression of SLC7A1l, a subunit of the
cystine/glutamate antiporter system Xc—, which is
critical for GSH biosynthesis. The repression of
SLC7A11 thereby Ilimits cystine uptake and
glutathione production, sensitizing cells to
ferroptosis—a mechanism likely to be relevant in
SCA’s inflammatory milieu [22-23].

Ferroptosis in Red Blood Cell Injury and
Hemolysis

Red blood cells (RBCs) are the primary cellular
targets affected in sickle cell anemia (SCA), and
their structural and functional integrity is crucial
for oxygen delivery and vascular health. In the
sickling  process, the polymerization of
hemoglobin S under low oxygen tension causes
RBC:s to adopt rigid, crescent-like shapes, making
them prone to hemolysis and entrapment within
the microvasculature. While hemolysis has
traditionally been attributed to mechanical
fragility and oxidative stress, emerging evidence
suggests that ferroptosis—an iron-dependent,
lipid peroxidation-driven form of cell death—may
be a central contributor to RBC injury in SCA
[24].Though mature RBCs lack nuclei and
mitochondria, they are not immune to regulated
cell death. The susceptibility of RBCs to
ferroptotic-like processes arises from their high
heme and iron content, abundant polyunsaturated
fatty acids in their membranes, and continuous
exposure to oxidative stress. In SCA, oxidative
stress is further intensified due to hemoglobin
auto-oxidation, increased reactive oxygen species
(ROS) production, and impaired antioxidant
defenses, including glutathione depletion. These
conditions favor lipid peroxidation within the
RBC membrane, initiating a ferroptosis-like
phenotype that compromises membrane integrity
and promotes premature lysis [25-26].

Hemolysis in SCA results in the release of free
hemoglobin, heme, and iron into circulation,
amplifying oxidative injury and creating a
feedback loop that predisposes surrounding RBCs
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to further oxidative and ferroptotic damage. The
oxidation of membrane lipids causes decreased
deformability, = membrane  blebbing, and
phosphatidylserine  exposure, hallmarks of
programmed erythrocyte death—or “eryptosis.”
Although not classical ferroptosis due to the lack
of organelles in RBCs, eryptosis shares key
molecular features with ferroptosis, including iron
overload, lipid peroxidation, and glutathione
imbalance [27].The  antioxidant  enzyme
glutathione peroxidase 4 (GPX4), essential for
mitigating lipid peroxides in nucleated cells, is
absent in mature RBCs, rendering them
particularly vulnerable to lipid peroxidation.
Instead, RBCs rely on peroxiredoxins, catalase,
and the glutathione system to defend against
oxidative damage. In SCA, chronic oxidative
stress  depletes these protective systems,
promoting ferroptotic injury. The deficiency in
cellular mechanisms to repair oxidized lipids
under such persistent stress conditions may lead
to hemolytic episodes and contribute to the
chronic anemia seen in SCA patients
[28].Furthermore, repeated hemolysis contributes
to  endothelial dysfunction, nitric  oxide
scavenging, and vascular inflammation, all of
which exacerbate disease severity. The ongoing
destruction of RBCs releases pro-oxidant
molecules into the extracellular space, including
heme, which activates toll-like receptor 4 (TLR4)
and triggers downstream inflammatory pathways.
These interactions highlight the systemic ripple
effects of ferroptotic-like RBC injury in
promoting both local and systemic inflammation
in SCA [29].Recent experimental models have
demonstrated that pharmacological inhibition of
lipid peroxidation can reduce hemolysis and
improve RBC lifespan. For instance, ferrostatin-1
and liproxstatin-1, both ferroptosis inhibitors,
have shown protective effects in oxidatively
stressed erythrocytes by scavenging lipid radicals
and preserving membrane architecture. These
findings suggest that targeting ferroptotic
pathways in RBCs may offer a novel therapeutic
approach to reducing hemolysis and its
downstream complications in SCA [29-30].
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Vascular and Organ Damage Mediated by
Ferroptosis

Ferroptosis plays a significant role in the
pathophysiology of vascular and organ damage in
sickle cell anemia (SCA), a disease marked by
chronic hemolysis, inflammation, and end-organ
dysfunction. The vascular endothelium, kidneys,
liver, spleen, and lungs are among the most
affected tissues in SCA, and emerging studies
suggest that ferroptosis contributes to tissue injury
through lipid peroxidation, oxidative stress, and
iron toxicity. This iron-dependent cell death
mechanism exacerbates microvascular occlusion,
endothelial dysfunction, and progressive organ
damage that characterizes severe sickle cell
complications [31].The vascular endothelium is
highly vulnerable to oxidative damage in SCA
due to its constant exposure to hemolytic
byproducts such as free hemoglobin, heme, and
iron. These molecules catalyze the formation of
reactive oxygen species (ROS), triggering lipid
peroxidation and ultimately leading to ferroptotic
death of endothelial cells. Damage to the
endothelium promotes a pro-thrombotic, pro-
adhesive phenotype that facilitates the adhesion of
sickled erythrocytes and leukocytes, worsening
vaso-occlusion and tissue ischemia. Moreover, the
death of endothelial cells disrupts the vascular
barrier, allowing further infiltration of
inflammatory cells and amplifying local injury
[32].

In the kidneys, ferroptosis contributes to the
pathogenesis of sickle cell nephropathy, a
common and serious complication of SCA. The
renal tubular epithelium, particularly in the
medulla where oxygen tension is low, is
extremely susceptible to ferroptosis due to the
presence of labile iron, oxidative stress, and
frequent hypoxia-reperfusion injury. Studies in
animal models have shown that inhibition of
ferroptosis can reduce tubular cell death,
proteinuria, and glomerular damage, indicating its
central role in renal injury. The chronic activation
of ferroptotic pathways may also lead to
progressive fibrosis and eventual loss of renal
function in SCA patients [33].The liver and
spleen, as major iron-handling and blood-filtering
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organs, are also sites of significant ferroptotic
damage. In the liver, excess iron accumulation
from repeated hemolysis and transfusions
overwhelms antioxidant defenses, leading to
hepatocyte lipid peroxidation and ferroptosis.
This  contributes to  liver  dysfunction,
inflammation, and fibrosis. Similarly, the spleen,
which plays a role in filtering abnormal
erythrocytes, experiences iron overload and
oxidative damage, impairing its function and
promoting splenic  atrophy—particularly in
pediatric SCA cases. These changes can diminish
immune surveillance and increase susceptibility to
infections [34].

In the lungs, ferroptosis is implicated in the
development of acute chest syndrome (ACS) and
pulmonary  hypertension—two  major life-
threatening complications in SCA. Pulmonary
endothelial cells and alveolar epithelial cells are
exposed to oxidative stress and iron toxicity,
particularly during vaso-occlusive episodes. The
resultant ferroptotic cell death compromises
pulmonary microcirculation and gas exchange,
fostering inflammation and vascular remodeling.
Additionally, iron-induced ferroptosis may
amplify  hypoxia-induced signaling, further
worsening  pulmonary  vascular  resistance
[35].Systemically, the chronic activation of
ferroptotic ~ pathways in multiple organs
contributes to the multi-organ dysfunction
observed in severe SCA. The release of damage-
associated molecular patterns (DAMPs) from
ferroptotic cells can exacerbate systemic
inflammation, perpetuating a vicious cycle of
tissue injury and immune activation. This
interplay between ferroptosis, inflammation, and
organ dysfunction underscores its central role in
disease progression [35-36].

Therapeutic Potential of  Ferroptosis
Modulation in Sickle Cell Anemia (SCA)

The growing understanding of ferroptosis as a key
driver of red blood cell destruction, vascular
dysfunction, and end-organ damage in sickle cell
anemia (SCA) has opened new avenues for
therapeutic intervention. Targeting ferroptosis
represents a novel molecular strategy that
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complements  traditional  treatments  like
hydroxyurea, blood transfusions, and
hematopoietic stem cell transplantation. By
modulating ferroptotic pathways, it may be

possible to attenuate oxidative damage, preserve
cellular  integrity, and alleviate chronic
inflammation, thereby addressing multiple
pathological processes of SCA simultaneously
[37].Pharmacological inhibition of ferroptosis has
emerged as a promising therapeutic strategy.
Small-molecule ferroptosis inhibitors such as
ferrostatin-1, liproxstatin-1, and vitamin E
derivatives have demonstrated efficacy in
preclinical models by scavenging lipid peroxides
and preserving membrane stability. These
compounds act by halting the lipid peroxidation
cascade that drives ferroptosis, thereby reducing
cellular injury and death. In SCA models, such
interventions have shown potential in prolonging
erythrocyte lifespan, reducing hemolysis, and
mitigating organ injury, especially in the kidneys
and lungs [38].

Iron chelation therapy, traditionally used to
manage iron overload in transfused SCA patients,
also holds relevance in the context of ferroptosis
modulation. Agents such as deferoxamine,
deferasirox, and deferiprone reduce labile iron
pools that fuel ferroptotic reactions. By limiting
iron availability, these chelators diminish ROS
production and lipid peroxidation, thus
interrupting the ferroptotic cascade. While their
primary indication is iron overload, their role in
directly countering ferroptosis warrants further
exploration in SCA-specific contexts
[39].Another important axis of therapeutic
intervention is glutathione metabolism. The
antioxidant glutathione (GSH) is a crucial
defender against oxidative stress, and its depletion
in SCA creates a pro-ferroptotic environment.
Strategies aimed at restoring glutathione levels—
such as supplementation with N-acetylcysteine
(NAC) or enhancing cysteine uptake via system
Xc~ activators—can  replenish  intracellular
antioxidant reserves and bolster resistance to
ferroptosis. Adjunct therapies that support
glutathione peroxidase 4 (GPX4) activity or
mimic its function may further fortify cellular
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defense mechanisms against lipid peroxidation
[40].

Gene therapy and gene editing technologies also
offer exciting opportunities for ferroptosis
modulation. By correcting hemoglobinopathies or
enhancing the expression of antioxidant genes,
these approaches could indirectly reduce
ferroptosis ~ susceptibility. =~ For  example,
upregulating fetal hemoglobin (HbF) reduces
hemoglobin S polymerization and oxidative
burden, thereby minimizing one of the upstream
triggers of ferroptosis. Additionally, CRISPR-
Cas9-mediated modulation of ferroptosis-related
genes (e.g., ACSL4, SLC7AI1l, or GPX4) may
offer precise and lasting protection against
ferroptotic cell death [39.Importantly,
combination therapy approaches that integrate
ferroptosis inhibitors with current SCA treatments
hold potential for synergistic effects. For instance,
combining hydroxyurea—which increases HbF
and reduces hemolysis—with lipid peroxidation
blockers or iron chelators may offer enhanced
protection against RBC fragility and organ
damage. Such integrated strategies could yield
improved quality of life and clinical outcomes in
patients with moderate to severe disease [40].

Conclusion

Ferroptosis has emerged as a pivotal contributor
to the pathophysiology of sickle cell anemia
(SCA), linking red blood cell fragility, chronic
inflammation, and progressive organ damage
through a distinct iron-dependent mechanism of
regulated cell death. Unlike traditional forms of
cell death such as apoptosis or necrosis,
ferroptosis is  uniquely driven by lipid
peroxidation and iron overload—both of which
are profoundly dysregulated in SCA. This
molecular pathway not only exacerbates
hemolysis but also contributes to endothelial
dysfunction, renal impairment, hepatic injury, and
pulmonary complications, thereby amplifying the
multisystem burden of the disease. Targeting key
regulators of this pathway—including iron
metabolism, antioxidant defense mechanisms
(e.g., glutathione and GPX4), and lipid oxidation
enzymes—offers promising opportunities for
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intervention.  Pharmacological inhibitors of
ferroptosis, iron chelators, and agents that restore
redox balance represent innovative strategies that
may complement existing treatments such as
hydroxyurea and transfusion therapy. Moreover,
advances in gene therapy and precision medicine
have the potential to manipulate ferroptosis-
related genes to provide long-lasting protection
against oxidative injury and organ failure.
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ACSL4 — Acyl-CoA Synthetase Long-Chain
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