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Ferroptosis, recently proposed as a novel type of cell death, is characterized by
unique characteristics and recognition functions. It is involved in diverse
physiological processes and in the onset and progression of various diseases
and is characterized by reactions between reactive oxygen species (ROS) and
iron-dependent lipid peroxidation. This process is finely requlated by a variety of
metabolic pathways. Ferroptosis fundamentally differs from conventional cell
death mechanisms such as apoptosis, necrosis, and autophagy. In recent years,
research on ferroptosis in the field of ophthalmology has gradually emerged, and
a large amount of evidence has shown that it is closely related to the occurrence
and development of ophthalmic diseases such as age-related macular
degeneration (AMD), diabetic retinopathy (DR), retinal ischemia—reperfusion
injury (RIRI), retinitis pigmentosa, dry eye disease, cataracts, and glaucoma.
This paper provides a comprehensive review of the latest advancements in
ferroptosis within ophthalmological research and systematically describes the
molecular mechanisms and pathophysiological significance of ferroptosis in the
pathogenesis and progression of ophthalmic diseases. Exploring the
mechanisms of ferroptosis holds promise for the delivery of novel molecular
targets and therapeutic approaches to prevent and treat ophthalmic diseases.
Additionally, its clinical translational and application are anticipated to surmount
current therapeutic limitations and emerge as a significant direction for
breakthroughs in the precision medicine era.
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1 Introduction

Unlike most animal eyes, human eyes do more than just
measure the intensity of ambient light (1). Clinical studies have
shown that visual deprivation directly leads to impaired plasticity in
the cerebral cortex, and this neurodevelopmental deficit is
irreversible (2). The World Health Organization (WHO) ranks
blinding eye disease, cardiovascular disease, and malignant tumors
as the three major disabling diseases worldwide. Some surveys have
indicated that eye diseases may even increase the risk of developing
depression and reduce life expectancy among patients (3). When
eye disease occurs, it undoubtedly affects the development of
personal living standards and society, and this harm is more
obvious in today’s aging society. The pathology of ocular diseases
involves multiple cell death mechanisms, including apoptosis,
necrosis, and autophagy (4, 5). Ferroptosis is a novel form of
programmed cell death resulting from the accumulation of iron-
dependent lipid peroxides (6). Its occurrence depends mainly on
increases in reactive oxygen species (ROS), phospholipids
containing polyunsaturated fatty acid chains (PUFA-PLs), and
iron accumulation (7). Alternatively, intracellular and intercellular
signaling, as well as environmental stress, can indirectly influence
ferroptosis by modulating cellular metabolic processes as well as
ROS levels (8).

In 1980, the membrane protein xCT5, associated with
ferroptosis, was discovered by S. Bannai et al. (9). In 2003,
erastin, a compound that induces cell death through non-
apoptotic pathways, was first discovered and named. It is a
compound with selective lethality for Rat Adenosarcoma (RAS)
(10). In 2008, RSL3 and RSL5 were also shown to induce non-
apoptotic cell death. Deferoxamine (DFO) and antioxidants (e.g.,
vitamin E) can inhibit this process (11). Ferroptosis, a term that was
first used by experts such as Dixon in 2012, is characterized as a
unique type of cell death that is not apoptosis and is triggered by the
compound erastin, causing cells to die via iron-dependent lipid
peroxidation (12). In 2014, Wan Seok Yang et al. reported that
glutathione peroxidase 4 (GPX4) plays a crucial role in regulating
ferroptosis (13). Since then, studies on ferroptosis have increased.
Ferroptosis is not limited to mammals; it has also been detected in
plants, protozoa, and mycota (14, 15).

This manuscript provides an overview of the mechanisms
underlying ferroptosis, recent advancements in the field, and
future directions, particularly in the context of the ocular
microenvironment and ophthalmological disorders, such as age-
related macular degeneration (AMD), diabetic retinopathy (DR),
retinal ischemia-reperfusion injury (RIRI), retinitis pigmentosa
(RP), retinoblastoma (Rb), dry eye disease (DED), corneal injury,
glaucoma, and cataract. In this manuscript, we explore how
ferroptosis is related to ocular pathology, as well as its mutual
metabolic effects, to establish a basis for further investigation into
the pathogenesis of and methods to prevent ferroptosis in
ocular diseases.

Frontiers in Immunology

10.3389/fimmu.2025.1709354

2 Mechanisms governing ferroptosis
2.1 Iron metabolism

Iron homeostasis in the human body is delicately balanced; both
alack of iron and an excess of iron can be detrimental to the human
body (16). Additionally, iron can readily accept and donate
electrons and interconvert between iron (Fe**) and ferrous iron
(Fe’*) forms. Fe** is unstable and destroys tissue by promoting the
transformation of hydrogen peroxide into free radicals that assault
cell membranes, proteins, and DNA (17, 18). Iron absorption, iron
transmembrane transport, and iron sequestration can affect
ferroptosis (19) (Figure 1).

Circulating Fe’* attaches to the transferrin receptor and is
transported into the cell via transferrin receptor 1 (TFR1) (20).
After entering the cell, Fe*" is reduced and released into the labile
iron pool (LIP) of the cytosol (21). Surplus iron is retained in
ferritin. In the intracellular LIP, iron mostly exists as Fe?*. The
instability and high reactivity of Fe* lead to the generation of
hydroxyl radicals from excess iron by means of the Fenton reaction.
These radicals can directly interact with polyunsaturated fatty acids
in the cell and plasma membranes, generating substantial amounts
of lipid ROS that induce cell death (22). Iron can also activate ROS-
generating enzymes, such as nicotinamide adenine dinucleotide
phosphate oxidase an lipoxygenase (LOX), which promote ROS
generation. The overaccumulation of ROS and lipid peroxidation
leads to cell membrane breakdown (23).

Iron involvement in the visual cycle was discovered by the
characterization of the enzyme RPE65, an iron-dependent isomeric
hydrolase critical for vision (24, 25). In the retina, iron is among the
most abundant metals, and iron metabolism plays a key role in the
retina (26). On the one hand, iron can contribute to the antioxidant
balance by stabilizing the retina, scavenging free radicals, and
shielding the retina from oxidative harm (22, 27). On the other
hand, the accumulation of iron and the decrease in the cellular
antioxidant protection system increase the susceptibility of the
retina to oxidative stress-related cell death, which may negatively
impact AMD (28). Ferroptosis induces cell death in retinal pigment
epithelial (RPE) cells, retinal photoreceptor (PR) cells, and retinal
ganglion cells (RGCs) and plays a role in the progression of retinal
diseases such as AMD, glaucoma, and DR (29, 30). Hence, the
equilibrium of iron ions is pivotal for ocular well-being.

2.2 Lipid peroxidation

Lipid proteins ensure the stability and normal function of cell
membranes, which are destroyed when extensive lipid peroxidation
occurs, ultimately leading to cell death (31). Lipid peroxide
agglomeration is the core mechanism of ferroptosis (32). Free
polyunsaturated fatty acids (PUFAs) function as substrates for lipid
peroxidation. Their concentration and cellular distribution directly
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The main mechanisms and signaling pathways of ferroptosis. Specifically, the core mechanism involves accumulation of iron ions, and initiation and
amplification of lipid peroxidation, as well as key regulatory pathways such as system Xc™ and GPX4. Associated signaling pathways include Nrf2
pathway. Nrf2 inhibits ferroptosis by upregulating the expression of GPX4 and SLC7A11 and inhibiting lipid peroxidation. NF-xB is activated by Toll-
like receptor ligands, TNF, IL-1, and other stimuli. [kBo binds to NF-xB dimers and inhibits NF-kB activity under resting conditions. These signaling

molecules bind to the corresponding receptors and mediate phosphorylat

ion and subsequent degradation of IkBa. Released NF-kB dimers are

transported to the nucleus and regulate transcription of target genes. On the one hand, NF-kB could decrease the transcription of antioxidant
molecules such as GPX4, NQO1, and HMOXY, indicating the role of NF-kB pathway in oxidative stress. On the other hand, LIFR deletion enhanced
IxBa ubiquitinated degradation and positively regulated NF-kB activation, which in turn promoted LCN2 secretion and sequestrated extracellular
iron. In JAK-STAT, IFN-y promotes ferroptosis by downregulating SLC7A11 and inhibiting system Xc™ through the JAK-STAT1-IRF1 axis. IL-6

upregulates hepcidin through the JAK-STAT1 axis, which can promote ferroptosis by maintaining the process outside the iron ion membrane in the
cell. In addition, the JAK-STAT pathway can also suppress ferroptosis by upregulating antioxidant genes, such as GPX4, depending on the cell type
and environment. On the one hand, P53 can further promote the upregulation of ALOX15 and promote ferroptosis by promoting the expression of
GLS2, PTGS2, and STATY, or can indirectly activate the function of ALOX12 by inhibiting the transcription of SLC7A11, resulting in ALOX12-dependent
ferroptosis after reactive oxygen species stress. On the other hand, P53 can also inhibit the generation of lipid reactive oxygen species in cells by
competitively binding DPP4 to NOX1. Meanwhile, the P53-DPP4 complex promotes the expression of SLC7A11 and CDKN1A and inhibits ferroptosis.

Abbreviations: TFR, transferrin receptor; KEAP1, Kelch-like ECH-associated protein 1; NRF2, nuclear factor erythroid 2-related factor 2; GSSG,
glutathione disulfide; ARE, antioxidant response element,; LPCAT3, lysophosphatidylcholine acyltransferase 3; DHODH, dihydroorotate
dehydrogenase; PLOOH, phospholipid hydroperoxide; CDKN1A, cyclin-dependent kinase inhibitor 1A; NOX1, NADPH oxidase 1; DPP4, dipeptidyl
peptidase-4; GLS2, glutaminase-2; IL-1R, interleukin-1 receptor; TNFR, tumor necrosis factor receptor; TNF-o, tumor necrosis factor alpha; GPX4,

glutathione peroxidase 4; NQO1, NAD(P)H quinone oxidoreductase 1.

affect lipid peroxidation and ultimately the intensity of ferroptosis.
Enzymes that can bind PUFAs to PLs play a decisive role in
ferroptosis. PUFA-PLs are the most easily peroxidized lipids because
the allylic carbons in PUFA-PLs are highly susceptible to attack by free
radicals, LOX, and O, (33, 34). The production of PUFA-PLs is
governed by two crucial enzymes: acyl-coenzyme A synthetase long-
chain family member 4 (ACSL4) and lysophosphatidylcholine
acyltransferase 3 (LPCAT3) (35). Through the esterification process
mediated by ACSL4, PUFAs can bind with CoA to produce PUFA-
CoA derivatives. After re-esterification, LPCAT3 integrates these
PUFA-CoA intermediates into the phospholipids within the plasma
membrane. This process results in the generation of PUFA-PLs, such
as arachidonic acid-phosphatidylethanolamine and adrenic acid-
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phosphatidylethanolamine. ACSL4 phosphorylation at the Thr328
site amplifies the production of PUFA-PLs, thus promoting the
buildup of lipid peroxidation byproducts (32, 36). Blocking these
enzymes decreases lipid peroxidation, decreasing the risk
of ferroptosis.

Ferroptosis can be significantly improved by inhibiting ACSL4
and LPCATS3. For instance, liproxstatin-1 suppresses ferroptosis by
lowering ACSL4 levels in the RPE-Bruch’s membrane-choroid
complex, effectively halting DR progression (37, 38). PUFAs, such
as docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA),
are crucial for the establishment of vision and the maintenance of
retinal function. DHA is the most abundant omega-3 fatty acid in
PR cells and is critical for maintaining the structural integrity and
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functional capacity of these cells. EPA exerts anti-inflammatory
effects, which can reduce the risk of AMD and other ocular diseases.
Additionally, omeg-3 PUFAs protect the retina from light-induced
damage by reducing oxidative stress in ocular tissues via antioxidant
actions (39, 40).

2.3 GPX4-dependent regulatory pathway

During ferroptosis, system Xc~ and GPX4 can coregulate lipid
oxides (41). The system Xc cystine/glutamate exchanger is a
dimeric structure with a light subunit (SLC7A11) and a heavy
subunit (SLC3A2) connected via disulfide linkages (42). Cystine is
transported into cells through the system Xc™ transporter located on
the membrane surface. Once inside, it undergoes reduction to form
cysteine. This cysteine then serves as a substrate for two key
enzymes, glutamate-cysteine ligase (GCLC) and glutathione
synthetase (GSS), which work in sequence to produce the
essential antioxidant glutathione (GSH). The glutathione
peroxidase (GPX) family encompasses various isoforms, with
GPX4 being a selenium-containing protein vital for mitigating
intracellular lipid peroxidation damage in humans (43).
Specifically, GPX4 can reduce PUFA-PL hydroperoxides (PUFA-
PL-OOHs) to non-toxic PUFA-PL alcohols (PUFA-PL-OHs) using
GSH, thereby playing a role in resistance to cellular ferroptosis (19).

Erastin and RSL3 are distinct types of agents that induce
ferroptosis. Erastin blocks cystine absorption by suppressing system
Xc', leading to intracellular cysteine depletion, which in turn causes
membrane damage and subsequent cell death (44). Notably, erastin
can also activate the tumor suppressor p53, thereby inhibiting
SLC7A11 and indirectly promoting the development of ferroptosis
(45). RSL3 acts by inhibiting GPX4 to accumulate peroxidized
phospholipids, which in turn induces the development of cellular
ferroptosis (13). Cells with low GPX4 levels are more susceptible to
ferroptosis than those with elevated GPX4 levels (11). GPX4 can
maintain the healthy state of retinal cells by protecting cell
membranes from oxidative damage (46). In GPX4-overexpressing
transgenic mice, retinal integrity and function are preserved across
multiple oxidative stress-induced degeneration models (47, 48).
Under ocular conditions such as those of DR, a reduction in GPX4
levels can result in increased oxidative stress, consequently impacting
the functionality and viability of PR cells (49). GPX4 maintains redox
homeostasis and protects RPE cells (RPECs), photoreceptors, and
RGCs against glutamate-induced cytotoxicity. Collectively, these
findings indicate that GPX4 overexpression markedly attenuates
oxidative stress-driven retinal degeneration and preserves
photoreceptor outer-segment architecture. Boosting GPX4 activity,
therefore, holds promise as a precise therapeutic strategy to delay or
even reverse AMD progression.

2.4 GPX4-independent regulatory pathway

Although GPX4 acts as a central suppressor of ferroptosis, three
other ways to inhibit ferroptosis have been found, irrespective of
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GPX4. Ferroptosis inhibitor protein 1 (FSP1) is an effective
antiferroptosis factor and a coenzyme Q (CoQ) oxidoreductase
(50). Mechanistically, FSP1 exhibits nicotinamide adenine
dinucleotide + hydrogen (NADH) ubiquinone reductase activity.
This mechanism facilitates the conversion of ubiquinone (CoQ10)
into its reduced form, ubiquinol (CoQ10H,), which effectively curbs
the production of lipid free radicals. Another pathway involves
enhancing vitamin E regeneration, which in turn suppresses lipid
peroxidation and prevents ferroptosis. The FSP1-CoQ10-NAD(P)
H axis serves as a key cellular defense against oxidative stress and an
alternative pathway for inhibiting ferroptosis (51).

In 2019, Bersuker et al. reported that tumor cells lose resistance
to the ferroptosis inducer RAS-selective lethal 3 (RSL3) when they
are depleted of FSP1, thereby becoming more susceptible to
ferroptosis (52). FSP1 is crucial for corneal and retinal repair,
enhancing tissue regeneration through cell cohesion and
facilitating movement (53). Moreover, FSP1 supports RPE cells by
ensuring that they remain robust and well-aligned, which are
crucial for maintaining photoreceptor functionality. Furthermore,
ESP1 could play a role in controlling abnormal vascular growth and
scar formation in the context of vascular diseases such as DR (54).
ESP1 is a vital player in fixing both the cornea and the retina. When
the cornea becomes injured, FSP1 forms a temporary framework
that supports the regeneration of the outer layer, which speeds up
the healing process. Moreover, it is crucial in the protection of
RPECs. In cases where blood vessels malfunction, like in DR, FSP1
may play a role in controlling the growth of extra blood vessels and
the formation of tough scar tissue by communicating with growth
factors and the cell surface receptors, which in turn affects how the
extracellular matrix changes and the series of events that lead to new
blood vessel formation. Furthermore, FSP1 may also be a factor in
AMD by influencing the growth of abnormal blood vessels behind
the retina and the development of scar tissue.

The dihydroorotate dehydrogenase (DHODH) pathway
generates reduced coenzyme Q (CoQH,) within the inner
mitochondrial membrane, which plays a key role in suppressing
ferroptosis. By functioning as a potent radical-trapping antioxidant,
CoQH, effectively blocks lipid peroxidation—a critical mechanism
that halts the progression of ferroptosis. In this process, DHODH
functions concurrently with the mitochondrial GPX4, separate
from the cytoplasmic GPX4 and FSP1 (55). In an experiment in
which a stable DHODH knockout human corneal epithelial cell
(HCEC) line was established, the balance of expression between
DHODH and GPX4 closely regulated cellular ferroptosis
homeostasis (56). Recently, KIO-101 ophthalmic solution, a
topical DHODH inhibitor, has been shown to be safe and
effective at reducing conjunctival hyperemia at low and medium
doses over a 12-day period in patients with herpesvirus (HV)
infection and conjunctival hyperemia (57). The enzyme DHODH
acts as a safeguard against ferroptosis in eye tissues like the cornea
and retina without relying on GPX4, but when this protective
pathway is diminished, particularly when disrupted by oxidative
stress, it could lead to damage of corneal and retinal cells by
facilitating the progress of ferroptosis. In addition, researchers
have deciphered the link between DHODH’s activity and several
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serious eye conditions, including AMD, DR, and abnormal blood
vessel growth in the cornea.

Guanosine-5'-triphosphate (GTP) cyclohydrolase-1 (GCH1), a
key biosynthetic enzyme, regulates tetrahydrobiopterin (BH4)
production. BH4 serves as a coenzyme for critical
neurotransmitter (e.g., dopamine) and nitric oxide synthesis
pathways (58) and coregulates ferroptosis through two
mechanisms. First, GCHI produces the lipophilic antioxidant
BH4, which functions similarly to CoQ10 to prevent lipid
peroxidation. Second, GCH1 remodels the lipid membrane
environment by promoting the uptake of PUFA-PL, an inducer of
ferroptosis, while increasing CoQ10 (CoQ10H,) levels, thereby
counteracting lipid peroxidation. In ophthalmology, the role of
GCHI could be crucial for maintaining retinal integrity and
eliminating specific eye disorders, such as AMD and other retinal
degenerative diseases (59).

2.5 JAK-STAT

Janus kinases (JAKs) are intracellular non-receptor tyrosine
kinases that include JAK1, JAK2, JAK3, and TYK2. These kinases
are widely distributed across various tissues and cells. Signal
transducers and activators of transcription (STATSs) act as
substrates for JAKs and function as transcription factors. The
STAT family includes genes such as STATI, STAT2, and STAT3.
Following phosphorylation by JAKs, STATs translocate to the
nucleus to modulate gene transcription. The JAK-STAT signaling
pathway is defined by these key components and is distinguished by
their diverse interactions (60). When IL-6 acts on its receptor, it
causes the phosphorylation of JAK2, leading to the phosphorylation
of STAT3 and resulting in an increase in hepcidin expression.
When excess hepcidin is transferred to the extracellular space, it
inhibits the release of Fe*" from the cell, ultimately leading to
ferroptosis. IFN-y acts on the IFN-y receptor, resulting in the
phosphorylation of JAK1/2, which triggers the phosphorylation of
STAT1 and leads to an increase in interferon regulatory factor 1
(IRF1) expression, which inhibits the function of SLC7A11 with
SLC3A2 (system Xc"), ultimately leading to ferroptosis (61).

In ophthalmology, corticosteroids (CSs) are a common
treatment for patients with non-infectious uveitis (NIU).
Potentially severe side effects may result from prolonged CS use.
JAK/STAT inhibitors can provide additional therapeutic options for
patients with NIU. Primary Sjogren’s syndrome (pSS) is a systemic
autoimmune disorder that mainly affects exocrine glands and
contributes to DED development (62). JAK1 may influence pSS
progression, offering therapeutic potential (63).

2.6 NF-xB

The classical transcription factor NF-kB was identified more
than three decades ago (64). A growing body of research has
indicated that ferroptosis is linked to the NF-xB signaling
pathway. At rest, IxBo suppresses NF-xB by binding to its
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dimers. Upon external stimulation, signaling molecules bind to
their receptors, leading to the activation of the IKK complex (via
phosphorylation of IKKp), which phosphorylates IkBo., causing its
degradation and dissociation from NF-xB dimers. In certain
pathological contexts, the nuclear translocation of NF-xB dimers
can suppress the expression of antioxidant-related genes such as
GPX4, thereby promoting ferroptosis (61).

Wen-Jing Liang et al. speculated that high-mobility group box 1
(HMGBI1) could trigger apoptosis in retinal endothelial cells via the
NF-kB pathway, leading to ischemic regions and subsequently
triggering compensatory blood vessel growth and enhanced new
vessel formation (65). In the mammalian retina, NF-xB signaling
promotes glial reactivity and inhibits glia-mediated neuronal
regeneration (66). Kaiwen Jiang et al. found that fosinopril (FOS),
a TLR4 inhibitor, can inhibit NF-B signaling in both in vivo and in
vitro models. This inhibition can regulate diabetic DED, providing
new therapeutic options for diabetic DED (67). Increased high-
temperature requirement for A serine peptidase 1 (HTRA1) levels
activate NF-xB protein synthesis, whereas HTRA1 knockdown
downregulates NF-xB protein expression. Elevated NF-xB
expression is a known risk factor for AMD (68).

2.7 Nrf2

With respect to nuclear transcription factors, such as Nrf2, Sun
et al. reported the role of the p62-Keap1-Nrf2 antioxidant signaling
cascade in safeguarding hepatoma cells against ferroptosis (69).
First, the p62-mediated degradation of Keapl activates Nrf2.
Activated Nrf2 translocates to the nucleus, where it triggers the
expression of antioxidants such as glutathione redox system
components, enzymes that regulate iron metabolism, and other
pertinent molecules, which can inhibit ferroptosis. Nrf2 cannot
undergo the above manipulations when it is degraded by
ubiquitination. Second, the antioxidant response element (ARE)
acts as a pivotal modulator of Nrf2-driven SLC7A11 activation, with
its relationship to Nrf2 occurring irrespective of p53 involvement
(70). Activating the p62-Keapl-Nrf2 signaling pathway increases
systemic Xc~ levels, thereby mitigating lipid peroxide accumulation
and inhibiting ferroptosis (71).

The eye serves as a key marker of oxidative damage (72, 73).
Oxidative stress is involved in numerous eye diseases. The Keapl-
Nrf2-ARE pathway serves as an antioxidant pathway. Many studies
have utilized Nrf2-activating drugs to evaluate the cytoprotective
effects of Nrf2 in retinal tissue, particularly in rescuing RPECs from
oxidation-induced injury and death. Xu et al. enhanced
bioavailability by combining quercetin with phospholipids. This
approach resulted in a nearly 80% increase in the proliferation of
RPECs, decreased ROS and malondialdehyde (MDA) levels, and
inhibited apoptosis. The observed outcomes were facilitated
through increased Nrf2 protein transport and the activation of its
target genes, including heme oxygenase-1 (HO-1) and NAD(P)H
quinone oxidoreductase 1 (NQO1) (74). Nrf2-Keapl signaling is
central to the complex pathology of DR (75). Empirical research has
demonstrated that elevated glucose levels in diabetic mice blunt
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Nrf2-mediated protection; indeed, compared with wild-type mice,
Nrf2-deficient diabetic rodents exhibited significantly greater
retinal superoxide levels after 5 weeks of diabetic modeling (75).
von Otter et al. reported that Nrf2 gene mutations may promote
cataract progression but do not invariably increase the likelihood of
cataract onset (76). The gene loci of Nrf2 and Keapl were analyzed
in 489 cataract patients of European ancestry. One Nrf2 haplotype,
GAAAA, was associated with the progression of cataract formation.
Specifically, this haplotype was significantly linked to an earlier
onset of cataracts by approximately 4 years. However, the
GAAGAGGC haplotype of the Nrf2 gene delayed the need for
cataract surgery by 4 years (77). This undoubtedly provides new
research directions for addressing the challenges posed by an aging
population and the increasing demand for cataract surgery.
Activating Nrf2 not only scavenges ROS but also inhibits
inflammation and promotes epithelial repair, providing an ideal
target for treating DED (78).

2.8 p53

The p53 gene was discovered in 1979, and studies have shown
that p53 serves dual functions in ferroptosis regulation (79). On the
one hand, it enhances ALOX15 expression by suppressing SLC7A11
expression, thereby deactivating ALOX12. Furthermore, it
upregulates the expression of metabolic genes such as SAT1 and
glutaminase-2 (GLS2); their combined activity increases lipid—ROS
production and GSH turnover, thereby sensitizing cells to
ferroptosis (80, 81). On the other hand, p53 suppresses ROS
generation in cellular lipids by competitively binding to dipeptidyl
peptidase-4 (DPP4), thereby preventing NOX1 activation.
Moreover, SLC7A11 and cyclin-dependent kinase inhibitor 1A
(CDKN1A) gene expression is stimulated by the p53-DPP4
interaction, thereby inhibiting ferroptosis (82). p53 activation
does not noticeably affect GPX4 activity, suggesting that it does
not induce ferroptosis via GPX4 (71). Recent research has indicated
that wild-type p53 can promote ferroptosis in certain contexts (e.g.,
by repressing SLC7A11), whereas selected gain-of-function mutants
may also sensitize tumor cells to ferroptosis, although many
mutants confer resistance (70).

p53 can be rapidly activated to induce cell cycle arrest when
retinal cells are subjected to photodamage, hypoxia, or metabolic
stress, enabling DNA repair (83). When injury is extreme, p53
triggers programmed cell death to prevent the growth of damaged
cells and mitigate tumor development. Wai Kit Chu presented
evidence that targeting the MDM2-p53 pathway could help
elucidate the pathogenesis of pterygium and develop new
treatments to reduce the postoperative recurrence rate (84). Ying
Chen et al. revealed a mechanism by which p53 increases FoxO3a
ubiquitination levels through ubiquitin-conjugating enzyme E2 L6
(UBE2L6) and promotes aging in diabetic retinal endothelial cells,
suggesting a novel therapeutic focus for the mitigation and
treatment of DR (85). Moreover, p53 plays a role in modulating
cellular metabolism and influences the progression of ocular
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disorders such as DR through its influence on blood glucose
regulation and fatty acid metabolism (86).

2.9 AMPK

Energy stress is a metabolic condition characterized by ATP
depletion and elevated AMP levels. Energy stress triggers the
activation of AMP-activated protein kinase (AMPK). AMPK
phosphorylates downstream targets to promote ATP production
(87). The inhibition of ATP depletion restores energy balance.
AMPK acts as a core regulator of ATP balance in cells and can
have diametrically opposite effects on substrate-dependent
ferroptosis. AMPK-induced BECN1 phosphorylation promotes
ferroptosis by either suppressing SLC7A11 function or triggering
autophagy (88, 89). In contrast, mitochondrial energy stress may
suppress ferroptosis through AMPK-mediated acetyl-CoA
carboxylase alpha (ACACA) phosphorylation. Experimental
results have revealed a lack of significant ferroptosis when glucose
concentration was insufficient, even when erastin was added,
demonstrating that the energy stress-mediated AMPK pathway
could inhibit ferroptosis (87).

AMPK also plays a role in controlling mitochondrial formation
and inflammation. It promotes mitochondrial quality control,
helping to replace dysfunctional mitochondria, which is essential
for maintaining the health of eye cells. Additionally, AMPK can
control the progression of ocular diseases by inhibiting the
mTORCI1 pathway (90, 91). Yuli Guo et al. reported that the
AMPK agonist metformin could ameliorate hyperglycemia-
induced meibomian gland dysfunction (MGD), demonstrating
that AMPK may be a therapeutic target for diabetes-induced
MGD (92). Fangli Peng et al. found that AMPK/MFF signaling
plays a key role in DED progression by actively promoting
mitochondrial fission and mitophagy. Suppressing excessive
mitochondrial fragmentation helps mitigate oxidative stress and
inflammation associated with DED, offering promising therapeutic
targets for clinical intervention. These findings establish a scientific
foundation for the development of novel DED treatment
strategies (93).

2.10 HSPs

Heat shock proteins (HSPs) are popular representative protein
families of chaperones and have traditionally been divided into nine
subfamilies according to molecular weight (94). They mitigate
cellular stress, provide antioxidant protection, and steer immune
activity toward an anti-inflammatory state, collectively constituting
key mechanisms against ferroptosis (95). The phosphorylation of
heat shock protein B1 (HSPBI1), also referred to as HSP25 or
HSP27, mediated by protein kinase C (PKC), limits cytoskeleton-
mediated iron uptake. This action restricts the death of iron-tropic
cancer cells by reducing iron uptake, thereby decreasing ferroptosis
(96). In addition, the phosphorylation of HSPB1 by PKC triggers
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the increased expression of ferritin light chain (FTL) and ferritin
heavy polypeptide 1 (FTH1), both of which are important
components associated with ferritin. Increased ferritin expression
decreases cellular iron levels and mitigates the formation of ROS in
lipids. HSPBL1 also regulates TFR1 expression.

Activating the expression of heat shock protein family A
(HSP70) member 5 (HSPA5) can prevent erastin-induced GPX4
degradation through the formation of HSPA5-GPX4 protein
complexes, thereby inhibiting ferroptosis (97). In contrast, heat
shock protein 90 can induce ferroptosis by phosphorylating
receptor-interacting protein 1 (RIP1), a key regulator of
necroptosis, and inhibiting GPX4 (98).

Heat shock proteins play a protective role in ocular diseases
under oxidative, inflammatory, thermal, UV, or metabolic stress. T-
cell reactions targeted at heat shock proteins contribute to
glaucomatous neuronal degeneration (99, 100). In cases of
glaucoma and neurodegenerative eye disorders, HSPs serve as a
protective barrier for RGCs against mechanical stress and
neurotoxicity associated with these diseases (101, 102). HSPBI
expression increases sharply when the retina is subjected to
injury, such as ischemia, oxidative stress, trauma, or ocular
hypertension. On the one hand, it maintains cell structural
integrity; on the other hand, it inhibits apoptotic signal
amplification, thereby increasing the survival rate of retinal cells
under toxic stimuli (103). However, Alyce Alven et al. reported
increased levels of HSPB11 and HSP60 in the tear film of DED
patients after acute exposure to dry conditions, a trend that was
consistently noted (104).

2.11 NADPH

NADPH plays a crucial role in maintaining cellular redox
balance, and each NADPH molecule provides two electrons to
ensure the integrity of antioxidant defense mechanisms (105).
Glutathione reductase (GR), FSP1, NAD(P)H quinone
dehydrogenase 1 (NQO1), and thioredoxin reductase (TR)
maintain the reduced state of retinol, GSH, CoQ10, and vitamin
K molecules through the electron supply of NADPH, effectively
inhibiting the occurrence of phospholipid peroxidation (106, 107).

NADPH promotes both phospholipid synthesis and the
function of heme-dependent NADPH oxidases (NOXs). These
specialized enzymes transfer electrons from cytoplasmic NADPH
to generate ROS that initiate lipid peroxidation. Concurrently, the
same pool of NADPH fuels the GPX4, thioredoxin reductase, and
lipid-remodeling pathways, both neutralizing peroxides and
synthesizing protective phospholipids (PUFA-OHs) to counteract
ferroptosis. Under steady-state conditions, NADPH is recruited
primarily for ferroptosis defense, thereby potentially inhibiting its
support of the pro-ferroptosis pathway (107). These findings
indicate that NADPH plays a critical role in ferroptosis-related
chemical processes (108).

NADPH functions in biosynthetic reactions, as well as
maintains a reducing environment within the cell, and is crucial
for the dark-phase reactions of photosynthesis in mitigating
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oxidative stress. In ophthalmology, ensuring NADPH levels and
functionality is crucial for safeguarding ocular health and managing
eye disorders (109). NADPH oxidase 4 (NOX4) contributes to DED
progression by modulating IL-18, NLRP3, and MUC5AC
expression; inhibiting NOX4 using drugs and inhibitors may
improve DES (110). The targeted suppression or blockage of
NADPH oxidase 2 (NOX2) function significantly alleviates
oxidative damage in the retina, corrects immune system
imbalances, prevents damage to the inner blood-retinal barrier
(iBRB), and mitigates neurovascular unit (NVU) impairment.
Additionally, it reduces RGC death and optic nerve (ON) axon
deterioration caused by high intraocular pressure (H-IOP). These
findings suggest a promising therapeutic strategy for managing
glaucoma (111).

There are many ferroptosis inhibitors. AA-861, zileuton, and
PD-146176 inhibit ferroptosis by reducing the generation of LOX-
induced lipid peroxidation products. ATV regulates iron content,
ROS levels, and GSH to reduce lipid peroxidation. CoQ10 acts on
FSP1 and GPX4 to reduce cholesterol metabolism disorders and
inhibit ferroptosis. Deferoxamine and other iron chelators work by
reducing iron content. Ferrostatin-1 (Fer-1) regulates ROS and the
GSH/GPX4 axis to reduce lipid peroxidation. Lipstatin-1 (Lip-1)
inhibits ferroptosis by suppressing the activation of lipid
metabolism. Naringenin increases cellular sensitivity to ferroptosis
by enhancing the SIRT1/FOXO3a signaling pathway. SAK increases
the expression of antioxidant genes by activating the NRF2
signaling pathway. Selenium, sodium, and selenite increase the
expression of antioxidant genes by acting on GPX4 and system
Xc™. Tangeretin reduces lipid peroxidation by acting on GPX4 and
NRF2. Taurine reduces iron content by regulating the OGT/GPX4
signaling pathway. Trolox and VitE reduce lipid peroxidation by
scavenging hydroxyl radicals and regulating GPX4 (Table 1).

3 Ferroptosis and other forms of cell
death

Ferroptosis represents an iron-driven cell elimination process
that is distinct from apoptosis, marked by the excessive buildup of
lipid peroxides (125). This biological mechanism plays a pivotal role
in the development and progression of numerous diseases. When it
comes to cellular characteristics, ferroptosis causes mitochondria to
shrink, with their cristae either diminishing or completely
vanishing, while also increasing membrane density. Additionally,
the cell membrane becomes fragmented and develops blebbing,
although the nucleus remains largely unchanged in
appearance (126).

3.1 Ferroptosis and apoptosis

Apoptosis serves as a natural, programmed mechanism in the
course of development, effectively eliminating unnecessary cells for
an organism to function well. This biological process is key to
maintaining balance within the body by selectively removing cells as
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TABLE 1 The inhibitors of the ferroptosis pathway.

10.3389/fimmu.2025.1709354

Reagent Ferroptosis-related targets Mechanism References
AA-861, zileuton, PD-146176 LOX-induced lipid peroxidation Decreasing the generation of lipid peroxides (112)
ATV Iron content, ROS levels, GSH Decreasing lipid peroxidation (113)
CoQ10 FSP1, GPX4 Decreasing dysregulation of cholesterol metabolism (114)
Deferoxamine, deferiprone, piroctone olamine Iron chelator Decreasing iron levels (115)
Fer-1 Cytosolic and lipid ROS, GSH/GPX4 axis Decreasing lipid peroxidation (116)
Lip-1 Lipid peroxidation Decreasing the activation of lipid metabolism (117)
Naringenin The SIRT1/FOXO3a signaling pathway Increasing cellular susceptibility to ferroptosis (118)
SAK The NRF2 pathway Increasing the expression of antioxidant genes (119)
Selenium, sodium, selenite GPX4, system Xc~ Increasing the expression of antioxidant genes (120)
Tangeretin GPX4, NRF2 Decreasing lipid peroxidation (121)
Taurine OGT/GPX4 signaling Decreasing iron levels (122)
Trolox Hydroxyl radicals Decreasing lipid peroxidation (123)
VitE Hydroxyl radicals, GPX4 Decreasing lipid peroxidation (124)

Fer-1, Ferrostatin-1; Lip-1, liproxstatin-1; ATV, atorvastatin; VitE, vitamin E; SAK, sakuranetin; GSH, glutathione; CoQ10, coenzyme Q10; FSP1, ferroptosis suppressor protein 1; System Xc~

(xCT), cystine/glutamate antiporter; LOX, lipoxygenase; ROS, reactive oxygen species; GPX4, glutathione peroxidase 4.

needed. Additionally, it acts as a safeguard, eliminating
compromised, infected, or potentially cancerous cells, and it plays
a vital part in shaping and sustaining a robust immune system
(127). During programmed cell death, cells systematically contract
and develop blebs, bulbous protrusions resembling bubbles along
their outer membrane. Concurrently, nuclear DNA disintegrates
while certain internal structures, including the endoplasmic
reticulum, fragment into smaller components. The cell ultimately
divides into numerous membrane-encased packets known as
apoptotic bodies, which are subsequently cleared by phagocytic
cells like macrophages without triggering any inflammatory
response (128).

Cancer treatment has recently capitalized on the combined
impact of ferroptosis and apoptosis, with researchers successfully
engineering a two-dimensional catalytic nanozyme known as
Cu,Mo;05 nanosheets (CMO) NSs. This innovative compound
not only boosts ROS production to stimulate ferroptosis but also
mimics glucose oxidase activity, essentially cutting oft the tumor’s
nutrient supply by breaking down glucose and generating H,0,. In
addition, CMO NSs facilitate calcium release alongside ROS-
induced buildup of endogenous calcium, causing calcium
overload that leads to mitochondrial malfunction and apoptosis.
This multi-pronged approach makes CMO NSs a promising
candidate for antitumor therapy (129). Under specific conditions,
ferroptosis and apoptosis can also achieve mutual transition (130).
Harnessing the synergy between ferroptosis and apoptotic pathways
holds immense potential for advancing cancer treatment strategies.
By focusing on this interconnected cell death network, researchers
are working toward a more holistic blueprint to curb tumor
progression and potentially tackle other conditions linked to these
mechanisms. This exciting frontier continues to be a focus of
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scientific exploration, with investigations delving deeper into its
therapeutic possibilities (131).

In the eye field, 24 hours after retinal ischemia-reperfusion, key
indicators of ferroptosis, such as lipid peroxidation and the
downregulation of GPX4, rise in tandem with apoptosis markers,
including cleaved caspase-3 and TUNEL-positive cells (132).
Treatment with the ferroptosis inhibitor ferrostatin-1 can
simultaneously reduce both types of cell death, indicating that
they jointly mediate acute damage. In a chronic ocular
hypertension mouse model, RGCs exhibit both ferroptosis
(characterized by the upregulation of ACSL4 and increased lipid
ROS) and apoptosis (marked by Bax/Bcl-2 imbalance and the
release of cytochrome c). The iron chelator deferoxamine or the
GPX4 activator RSL3 can concurrently reduce both types of death
and decrease RGC loss by approximately 40%. In corneal epithelial
cells stimulated by hyperosmosis or cigarette smoke extract (CSE),
both ferroptosis and apoptosis occur simultaneously (133). The
combined inhibition of Fer-1 and z-VAD more significantly
restores cell viability than either agent alone. Overall, ferroptosis
and apoptosis form a connection through an interplay involving
ROS, mitochondrial dysfunction, and inflammation. Targeting both
ferroptosis and apoptosis together has shown superior efficacy
compared to single-pathway intervention, providing a new and
precise therapeutic strategy for the treatment of ocular diseases.

3.2 Ferroptosis and pyroptosis
Pyroptosis is a cell death mode in which cell membrane

Gasdermin family proteins form pores that lead to the release of
cell contents and cell rupture (134). Pyroptosis is an important
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defense mechanism in the immune system that can clear pathogen-
infected cells and trigger inflammatory responses. Inflammasomes
and GasderminD (GSDMD) play critical roles in pyroptosis (135).

Programmed cell death (PCD) manifests in various guises, each
with its own distinctive features shaped by unique molecular
pathways, and these forms often cross paths in complex ways
(136). Interestingly, ferroptosis and pyroptosis may be somehow
connected, although the exact nature of their relationship remains
to be elucidated. Recent experiments, however, have revealed their
antagonistic relationship by tracking how HMGCR shifts its
position during cell death and how BRCC36 controls both
processes by removing ubiquitin from HMGCR. Moving forward,
diving deeper into the precise mechanics of how ferroptosis and
pyroptosis interact could pave the way for more targeted and
effective disease treatments (137).

Inflammasomes are an important marker of pyroptosis. In
recent years, the intricate relationship between ferroptosis and
inflammasomes has been progressively unveiled by a growing
body of research. Specifically, iron overload serves as a catalyst
for lipid peroxidation, which subsequently triggers a substantial
surge in the production of ROS. This surge in ROS acts as a driving
force that propels the assembly and activation of inflammasomes,
such as NLRP3 (138). Once activated, these inflammasomes
orchestrate the release of proinflammatory cytokines IL-1B and
IL-18 (139). Moreover, the formation of GSDMD pores, which are
also induced by the activated inflammasomes, further exacerbates
the accumulation of iron and oxidative damage within the cells.
Collectively, these events culminate in a cascade amplification of
cell death and inflammatory response. In the context of RPECs,
which play a pivotal role in maintaining retinal homeostasis, the
targeted knockdown of cGAS or STING has been shown to
effectively disrupt a critical sequence of events (140). This
sequence includes iron accumulation, leakage of mitochondrial
DNA, and subsequent NLRP3 activation. By interrupting this
pathway, the levels of ferroptosis and inflammatory factors are
significantly reduced by more than 50% in photochemical injury
models. This reduction underscores the potential of targeting this
intersection to simultaneously block cell death and the
inflammatory storm, thereby offering a novel and combined
intervention strategy for retinal degenerative diseases (141).

3.3 Ferroptosis and necroptosis

Historically, apoptosis was widely regarded as the sole
mechanism of programmed cell death, with necrosis dismissed as
a chaotic and unregulated phenomenon. The tide began to turn in
1988 when research revealed that TNF-o could trigger both
apoptotic and necrotic cell death, suggesting that necrosis may
not be a mere accident but a controlled process. A pivotal study by
Holler’s team later identified receptor-interacting serine/threonine-
protein kinase 1 (RIPK1) as a key player in Fas-mediated cell death.
The discovery of necrostatin-1 (NEC-1), a specific inhibitor of
RIPK1 kinase activity, which effectively halts death receptor-
induced necrosis, further cemented the idea that this type of cell
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demise is under strict regulation. Dubbed “necroptosis”, this
programmed necrotic pathway is marked by plasma membrane
disruption and shares upstream components, such as RIPK1, with
caspase-8-dependent apoptosis. Its morphological hallmarks
include cell swelling and ballooning, bubble-like protrusions, and
rupture of the plasma membrane (142).

Necroptosis and ferroptosis differ in morphological
characteristics and regulatory mechanisms. These two modes of
cell death can coexist in diseases and jointly drive pathological
progression (143). Studies have shown that the simultaneous
inhibition of both forms of cell death can enhance therapeutic
efficacy against complex necrosis-related disorders. However,
targeting both types with a single compound remains challenging
because they involve distinct molecular pathways.

High-level ROS not only act as a “catalyst” for ferroptosis but also
directly phosphorylate RIPK3, thereby triggering necroptosis. Once
the RIPK3-MLKL pores are formed, they further promote the Ca*
*/Na? influx and a mitochondrial ROS burst, which in turn
exacerbates ferroptosis (144). In ARPE-19 cells, the ferroptosis
inducer RSL3 suppresses GPX4 and simultaneously significantly
increases RIPK3 phosphorylation. Conversely, the necroptosis
inducer shikonin induces mild lipid peroxidation, indicating that
the two pathways converge at RIPK3. Treatment with the RIPK1
inhibitor Nec-1 concurrently blocks both necroptosis and ferroptosis,
and its protective effect is significantly superior to that of ferrostatin-1
or z-VAD alone (145). In a retinal ischemia-reperfusion model, the
intravitreal administration of Nec-1 or the iron chelator
deferoxamine increases RGC survival by 45% and 38%,
respectively. However, their combination raises survival to 62%,
suggesting synergistic protection through dual-pathway inhibition
(132). In a dry-eye corneal epithelial model, hyperosmotic stress
triggers both ferroptosis and RIPK3-MLKL phosphorylation, which
is associated with necroptosis. Ferrostatin-1 + Nec-1 combined
inhibitors restore more than 80% of epithelial integrity,
significantly outperforming either agent alone. Ferroptosis and
necroptosis thus form a self-amplifying, reciprocal loop mediated
by ROS, RIPK3, and lipid peroxidation in ocular diseases, with RIPK3
serving as the molecular intersection (146). Combined blockade of
necroptosis and ferroptosis provides synergistic protection and offers
a novel multi-target intervention strategy for retinal degenerative
diseases and corneal epithelial injury (132).

4 Ferroptosis in the ocular
microenvironment

In the ophthalmic microenvironment, ferroptosis affects both
structural and immune cells (Figure 2). Corneal epithelial cells lose
the GPX4 shield under hyperosmotic conditions, and lipid ROS
rapidly break through the cell membrane and induce corneal
opacity. RPECs experience a rapid iron surge from ingesting
outer photoreceptor segments high in PUFAs, leading to
geographic atrophy. Once GSH is depleted, RGCs undergo
apoptosis and signal transduction to amplify retinal degeneration
in glaucoma or ischemia-reperfusion scenarios because of the dual
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FIGURE 2

The role of ferroptosis in the ocular microenvironment. Ferroptosis plays an important role in keratocyte injury. Inhibition of ferroptosis can protect
corneal epithelial cells from oxidative stress-induced cell death in the absence of GPX4. Corneal alkali burn activates ferroptosis. Reactive oxygen
species attack mitochondria and jointly promote the occurrence of ferroptosis in corneal tissue. In RPECs, GPX4 inhibitors 1s and RSL3 can elevate
LAMP2, resulting in ferroptosis. Supplementation with cysteine and glutamine restored GSH function, thereby inhibiting ROS-induced death in
LAMP2 knockout RPEC. Reduction of NCOA4 leads to increased degradation of FTH1 and increased Fe* content in the retina. This significantly
increases iron ion levels, leading to RGC damage. Macrophages can clear cells that undergo ferroptosis. HMGBL1 released from ferroptosis cells can
interact with AGRE on macrophages and mediate inflammatory responses in macrophages. In addition, TLR2 on macrophages recognizes and binds
SAPE-OOH on the surface of ferroptosis cells to help clear ferroptosis cells. Macrophages are central to the regulation of iron homeostasis, and
normally, the body can maintain the stability of iron content. When this stabilization is broken, abnormal iron metabolism may oversupply the active
form of iron, ultimately leading to the development of ferroptosis. Iron accumulation and excess can lead to increased oxidative stress in natural
killer cells, which triggers ferroptosis. T cells themselves may also develop ferroptosis, which may attenuate their immune response. T cells lacking
GPX4 rapidly accumulate membrane lipid peroxides, leading to ferroptosis, and CD8" cytotoxic T cells can eliminate tumor cells by inducing
ferroptosis, which may enhance the effect of cancer immunotherapy. Abbreviations: RSL3, RAS-selective lethal 3; IRP1, iron-regulatory protein 1;
PUFAs, polyunsaturated fatty acids; LDH, lactate dehydrogenase; LAMP2, lysosome-associated membrane protein 2; 4-HNE, 4-hydroxynonenal;
VEGF, vascular endothelial growth factor; IOP, intraocular pressure; NCOA4, nuclear receptor coactivator 4; CD4?T, CD4-positive T lymphocytes;
CD8? T, CD8-positive T lymphocytes; TLR2, Toll-like receptor 2; SAPE-OOH, 1-stearoyl-2-arachidonoyl-sn-glycero-3-phosphoethanolamine-
hydroperoxide; HMGB1, high-mobility group box 1; NK cells, natural killer cells; GPX4, glutathione peroxidase 4; RPECs, retinal pigment epithelial
cells; GSH, glutathione; ROS, reactive oxygen species; FTH1, ferritin heavy polypeptide 1; RGC, retinal ganglion cell.
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effects of mitochondrial iron deposition and hypoxia. Moreover,
infiltrating T cells upregulate Nox4 in the inflammatory
microenvironment and produce a large number of extracellular
ROS, such that they themselves undergo ferroptosis, thereby
weakening immune surveillance. The activity of the natural killer

Frontiers in Immunology 10

cell-dependent and iron-dependent perforin—granzyme pathway is
blocked by iron overload, thereby decreasing the killing function of
these cells. After M1 polarization, macrophages release large
amounts of Fe** via ferritin autophagy mediated by nuclear
receptor coactivator 4 (NCOA4), which not only promotes
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ferroptosis but also causes the further release of ferroptosis-
promoting factors into the cornea, RPE, and RGCs, forming a
vicious cycle in the ocular microenvironment. Targeted blockade of
this transcellular ferroptotic network is emerging as an innovative
approach for safeguarding the visual ecosystem.

4.1 Ferroptosis in corneal epithelial cells

The cornea is part of the optometric pathway, and corneal
damage occurs when the protective function and structural integrity
of the corneal epithelium are compromised (147). This disruption
can result in partial or complete loss of corneal epithelial cells.
Patients can present with widespread punctate lesions or surface
erosions of the cornea, as well as persistent detachment and
epithelial damage, and inflammatory reactions, ultimately
endangering vision (148, 149). Corneal epithelial cells face greater
susceptibility to oxidative damage (150).

GPX4 serves as a pivotal regulator of ferroptosis-driven
processes. Nonetheless, it is a crucial antioxidant enzyme that is
integral to maintaining the balance of redox reactions and fostering
the repair of corneal epithelial cells. GPX4 does this by transforming
harmful lipid peroxides into harmless lipid alcohols, thereby
accelerating the healing process (151). Lower GPX4 levels trigger
oxidative damage and cell toxicity, resulting in reduced corneal
epithelial cell survival and impaired wound healing ability. Sakai
introduced specific siRNAs against catalase, GPX4, superoxide
dismutase 1 (SOD1), and SOD2 into HCECs (150) and found
that lactate dehydrogenase (LDH) release was significantly elevated
in the GPX4-, SOD1-, SOD2-, and CAT-knockdown groups, with
the greatest increase observed in the GPX4-knockdown group
compared with the SOD1-knockdown group. Further studies have
revealed delayed wound recovery in GPX4 siRNA-treated cells 2
days after wounding. However, a-tocopherol alleviated the delay in
wound healing caused by GPX4 deficiency. This study
demonstrated that a decrease in GPX4 levels in HCECs resulted
in elevated levels of lipid peroxidation markers such as LDH and 4-
hydroxynonenal (4-HNE), which triggered ferroptosis (150). In
addition, the application of the ferroptosis inhibitor Fer-1 could
mitigate the decreased cell viability and elevated LDH associated
with GPX4 gene knockout (152). Research has indicated that
compared with their wild-type counterparts, mice with partial
GPX4 deficiency exhibit delayed corneal wound healing after
epithelial damage, highlighting the critical role of GPX4 in
postinjury tissue repair. These findings suggest that blocking
ferroptosis may shield corneal epithelial cells from oxidative
stress-related cell death when GPX4 activity is compromised (153).

Corneal alkali burns have severe clinical manifestations because
of their ability to dissolve proteins. Such injuries frequently result in
corneal scarring, neovascular growth, and, in advanced cases, loss of
vision (153). Existing therapies are limited in terms of efficacy and
possible adverse reactions (154, 155). Alkali burns elevate ROS
levels, upregulating the expression of genes such as Nox2, Nox4,
vascular endothelial growth factor (VEGF), and matrix
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metalloproteinase (MMP). This upregulation exacerbates corneal
injury by triggering an inflammatory response and driving the
growth of new blood vessels, resulting in significant corneal
damage through neovascularization (155, 156). New blood vessel
growth may cause lipid leakage and buildup in the cornea (157).
Elevated ROS levels induce lipid peroxidation, resulting in
ferroptosis (158). Research has indicated that the ferroptosis
inhibitor Fer-1 shows promise for treating conditions linked to
ferroptosis. In a murine model of alkali-induced corneal injury, Fer-
1 administration significantly reduced corneal opacity and
abnormal neovascularization. These findings strongly implicate
ferroptosis as a key mechanism in alkali burn-related corneal
damage. Further studies have shown that alkali burns activate
ferroptosis and that ROS attack mitochondria and jointly
promote the development of ferroptosis in corneal tissue. The
efficacy of Fer-1 treatment suggests that ferroptosis may be a
potential target for the treatment of corneal alkali burns.
Furthermore, compared with free Fer-1, Fer-1 encapsulated in
liposomes was more effective at healing corneal alkali burns, and
safety assessments conducted both in vitro and in vivo revealed no
significant adverse effects from Fer-1 liposomes (159, 160).

Corneal injury caused by inflammation, trauma, surgery, or
infection also results in the excessive production of ROS and
reactive nitrogen species (RNS) (161). These compounds
stimulate iron ion release and lipid oxidation, inducing
ferroptosis (162). Corneal conjunctival lesions and corneal ulcers
can occur in severe cases of DED, and recent studies have shown
that AKRIC1 safeguards corneal epithelial cells against damage
caused by oxidative stress in DED (163). Excessive oxidative stress
triggers ferroptosis, which contributes to DED progression in a
mouse in vivo DED model and an immortalized HCEC line. In
addition, Nrf2 can trigger AKRICI expression to attenuate iron
toxicity-induced cell injury and inflammation in HCECs.

In summary, ferroptosis is key to keratocyte damage.
Thoroughly examining how central players contribute to
ferroptosis and keratocyte damage and designing potent
ferroptosis inhibitors could open the way for novel treatments for
corneal injury.

4.2 Ferroptosis in retinal pigment epithelial
cells

The RPE serves as a cornerstone of retinal structure and
function, playing an indispensable part in vision. On its external
side, it borders Bruch’s membrane and the choroid, whereas
internally, it makes direct contact with PR outer segments. The
basal surface exhibits intricate infoldings that dramatically boost
cellular surface area, paving the way for streamlined material
transport. Acting as the linchpin of the outer blood-retinal
barrier, RPECs establish tight junctions that deliver glucose,
oxygen, and vital nutrients to PRs while simultaneously clearing
away their metabolic waste, keeping PRs’ visual capabilities optimal.
Therefore, when ferroptosis strikes RPECs, it can wreak havoc on
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PRs, causing damage or even their demise, which ultimately sets the
stage for the development and advancement of vision-impairing
disorders. PRs detect light through specialized organelles called
outer segments, where photopigments embedded in membranous
discs absorb photons and initiate phototransduction (164). Blinding
eye diseases such as RP and DR arise when PRs degenerate. One
contributing mechanism is the ferroptosis of RPECs (151). Essential
to the function of the blood-retinal barrier, RPECs play a pivotal
part in sustaining PR by delivering glucose, oxygen, and a plethora
of nutrients, all while removing metabolic byproducts from PRs.
This dynamic exchange is paramount for preserving the visual
acuity of PRs. Consequently, the onset of ferroptosis within RPECs
can trigger PR damage, potentially culminating in their death. This,
in turn, is a major factor in the onset and escalation of blinding eye
disorders (165).

PR outer-segment membranes are highly enriched in PUFAs,
particularly DHA. These PUFAs are susceptible to lipid peroxidation
when excessive light exposure or mitochondrial dysfunction
generates ROS, thereby amplifying oxidative stress and
predisposing photoreceptors to ferroptosis. In the same manner as
ROS cause PR damage, iron overload can cause lipid peroxidation
and oxidative stress, leading to ferroptosis and subsequent PR
damage (166). PRs are exceptionally prone to oxidative damage
because of their susceptibility to lipid peroxidation, which can
severely compromise their functionality. Antioxidants such as
vitamin E and the enzyme GPX4 play crucial roles in shielding
these cells by mitigating lipid peroxidation and bolstering their
resistance to oxidative stress (167). However, the efficiency of the
retinal redox system decreases significantly with age, increasing
vulnerability to oxidative damage over time. Current key routes
linked to RPEC ferroptosis include amino acid uptake, lipid
metabolism, iron regulation, and inflammatory signaling pathways.

System Xc~, GPX4, and GSH are canonical factors involved in
ferroptosis. In RPECs, GPX4 inhibitors such as 1s and 3R-RSL3
(RSL3) increase lysosome-associated membrane protein 2 (LAMP2)
levels, leading to ferroptosis. Supplementation with cysteine and
glutamine can restore GSH function, thereby inhibiting ROS-
induced death in LAMP2-knockout RPECs (168). Elevated
oxygen consumption, prolonged exposure to light, and excessive
intake of PUFAs and photosensitizers may cause retinal ROS
buildup and induce oxidative stress. Additionally, the excessive
metabolism of iron can accelerate this process, ultimately leading to
ferroptosis in RPECs (169).

HFE/Fe*"—transferrin (TF)-transferrin receptor (TFR) uptake
occurs in the basolateral membrane of the RPE, and the distribution
and levels of HFE and TFR are essential for iron balance in RPECs.
A lack of HFE can lead to iron overload (170). Gnana-Prakasam
and colleagues reported that RPECs with suppressed HFE presented
traits akin to those of tumor cells, including diminished cell aging,
improved motility, and increased glucose consumption (171).
RPEC hypertrophy occurs in mice with iron overload, resulting in
impaired RPE function.

The protein divalent metal transporter 1 (DMTI1) is an
endosomal membrane transporter for protons and Fe** (172) and
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is present in RPECs. Recent research has indicated that the elevated
expression of the iron-regulatory protein IRPI increases DMT1
levels and simultaneously reduces ferroportin-1 (FPN1) levels. This
downregulation of FPN1 can lead to iron accumulation (173).
Eventually, FPN1 downregulation promotes the accumulation of
Fe*" and induces ferroptosis in RPECs (166). In addition, DMT1
polymorphisms may serve as environmental risk markers for
AMD (174).

RPE injury and inflammatory damage are associated with RPEC
ferroptosis, and numerous studies have shown that ROS can cause
retinal cell damage, leading to retinal disease. ROS can stimulate the
generation of LOX metabolites, which then interact with ROS to
trigger lipid peroxidation—a key driver of ferroptosis. Research has
shown that NalOj;-triggered damage to RPECs, along with
associated inflammation, occurs through ferroptotic pathways.
Notably, the 5-LOX inhibitor zileuton has been shown to mitigate
retinal damage and RPEC degeneration caused by NalO; by
suppressing ferroptotic mechanisms (175).

Oxidative stress and free radical-induced damage, particularly
in RPECs, drive the progression of AMD. Recent studies have
shown that elevated iron levels in the RPE and Bruch’s membrane
correlate with advanced AMD stages (176). The retina and RPE are
rich in GSH, a vital component for safeguarding RPECs (176). GSH
depletion causes cellular death. Research has shown that GSH
depletion induces RPEC death via ferroptosis and autophagic
mechanisms within a typical in vitro setup for AMD. In addition,
the results revealed that autophagy contributes to ferroptosis
triggered by GSH depletion (177). Totsuka et al. demonstrated
that ferroptosis contributes to the death of RPECs (178). Through
both in vivo and in vitro studies, Wei et al. highlighted the
significance of ferroptosis in AMD (179). Animal studies have
demonstrated that the NalOs-induced AMD model has
ferroptosis-related characteristics. This effect can be mitigated by
the application of ferroptosis antagonists. Nutritional
supplementation with antioxidants may help mitigate the
progression of AMD. This safeguarding effect is believed to
correlate with the ability of these nutrients to reduce the
sensitivity of RPECs to ferroptosis and protect retinal neurons.

In high-glucose environments, the retina, a tissue with
significant oxygen demand, is especially susceptible to injury.
Nrf2 plays a vital role in antioxidant defense, with studies
showing that its activation safeguards retinal tissue in DR models
(180). Many studies in diabetic models have demonstrated that
increased Nrf2 levels shield these organs from damage by inhibiting
ferroptosis. Recent studies have identified initial indicators of nerve
cell death and astrocyte activation in DR. Neuronal apoptosis and
degeneration are associated and marked by irregular tau protein
phosphorylation, a feature that is also present in Alzheimer’s
disease. Research has indicated that increased tau expression and
phosphorylation may induce ferroptosis in neural tissue. In
addition, research has indicated that reducing GPX4 leads to
decreases in the numbers of hippocampal neurons and astrocytes
in adult mouse models of Alzheimer’s disease. This cell death
mechanism aligns with the characteristics of ferroptosis (181, 182).
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4.3 Ferroptosis in retinal ganglion cells

RGCs constitute neuronal populations situated in the inner
retina that are responsible for converting light signals into neural
pulses and transmitting them to the visual center of the brain (183).
RGCs are neuroretinal elements that link visual sensors to the
cerebral cortex to create a visual network. Several visual system
disorders cause functional and structural alterations in RGCs (i.e.,
DR, glaucoma, demyelinating optic neuritis, and ischemic optic
neuritis) (184). Ferroptosis contributes to the progression of these
illnesses by compromising retinal ganglion cell functionality.

In addition, ferroptosis can induce RIRI and glaucoma by
affecting RGCs. The mechanism underlying RIRI involves an
initial phase of acute hypoxia (ischemia) caused by blood flow
interruption, followed by a second phase of reperfusion injury when
blood flow is restored, which exacerbates tissue damage. This
damage leads to retinal structural alterations, RGC degeneration,
and eventual functional impairment. Reperfusion leads to an
overload of ROS and inflammatory cytokines, as well as RGC
apoptosis. Glaucoma involves progressive optic nerve damage,
leading to distinct structural alterations in the optic disc and
retinal nerve fibers, accompanied by progressive RGC death,
which will be specifically discussed later.

4.4 Ferroptosis in macrophages

Macrophages are white blood cells located within tissues and
are derived from precursor cells in the bone marrow. Their main
function is to phagocytose and digest cellular debris and pathogens
in vertebrates, as well as to activate lymphocytes or other immune
cells to combat pathogens. Macrophages are widely distributed in
various tissues and have multiple functions, such as secreting
cytokines and producing ROS. They mediate inflammatory
responses; modulate iron, lipid, and amino acid metabolic
processes; and significantly contribute to tissue equilibrium (185).
Macrophages stimulated by different microenvironments
differentiate into different subtypes, the most common of which
are M1 and M2. M1 macrophages amplify inflammation, eliminate
pathogens, and inflict tissue damage by secreting a repertoire of
proinflammatory mediators, whereas M2 macrophages are involved
mainly in tissue repair (fibrosis and neovascularization) (186).
Increasing evidence suggests a strong connection between
macrophages and ferroptosis.

Macrophages can clear cells that undergo ferroptosis. HMGB1
released from cells undergoing ferroptosis binds to the advanced
glycation end-product receptor (AGER) on macrophages and
mediates the inflammatory response in macrophages. Several
molecules, such as monocyte chemoattractant protein-1 (CCL2)
and macrophage inflammatory protein-lot (CCL7), can initiate
macrophage recruitment and chemotaxis to increase the
magnitude of immune responses. Moreover, macrophage Toll-like
receptor 2 (TLR2) identifies and interacts with SAPE-OOH at the
membrane of cells undergoing ferroptosis, enhancing phagocytosis
and helping to clear ferroptotic cells (187). Macrophages play a key
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role in controlling iron balance from two main sources. First,
macrophages produce iron by engulfing senescent erythrocytes
and are a major source of available iron in the body. Second,
extracellular iron (Fe®*) binds to TF and can enter macrophages via
TFR1. Normally, the body can maintain the stability of iron
content (188).

When this stabilization is broken, abnormal iron metabolism
may oversupply the active form of iron, inducing ferroptosis.
Moreover, cytokines secreted by macrophages modulate the
activity of intracellular LOX, thereby inducing ferroptosis. Studies
have shown that ferroptosis induces iron overload in macrophages,
drives M1 polarization, increases inflammatory cytokine release,
and impairs tissue repair and immune modulation (189). M1 and
M2 macrophages differ in terms of both iron metabolism and
ferroptosis susceptibility. M1 macrophages exhibit reduced
susceptibility to RSL3-triggered ferroptosis because of the elevated
levels of nitric oxide radicals, which inhibit lipid peroxidation.

Some investigators have developed a non-pharmacological
biohybrid approach to target ferritin for synergistic ferroptotic
immunotherapy by utilizing M1 macrophage microvesicles
combined with HKN15-modified Prussian blue nanoparticles
(190). In contrast, M2 macrophages present decreased iNOS
expression and heightened susceptibility to RSL3-induced
ferroptosis. Inflammatory macrophages upregulate SLC7A11 and
increase cystine uptake and GSH synthesis via the NF-xB pathway,
thereby maintaining intracellular redox homeostasis and resisting
ferroptosis (191). According to previous studies (192), when M2
macrophages infiltrate the tumor microenvironment, they can
suppress ferroptosis in neighboring cancer cells through paracrine
signaling, despite being intrinsically sensitive to ferroptosis.

As people age, the number of macrophages in normal eyes
gradually increases. Macrophages contribute to the production of
VEGF, which can induce angiogenesis and provide routes of
nutritional supply and metastasis for tumors. Because ocular
melanoma is located in the eye, which lacks a lymphatic system,
tumor cells must escape into the bloodstream to metastasize to
other organs, such as the liver. In this process, macrophages
facilitate tumor cell escape and metastasis by stimulating
angiogenesis. Thus, macrophages play a role as disruptors in
ocular melanoma. Experimental evidence has shown that
excessive iron accumulation prompts macrophages to shift toward
the M1 phenotype, triggering a cascade of inflammatory mediators.
This inflammatory response affects both ocular surface structures
and lacrimal gland tissue, ultimately fueling the advancement of dry
eye disease pathology (193). Liposomal clodronate attenuates iron
overload-induced DED by reducing the number of macrophages,
particularly M1 macrophages, regulating macrophage polarization,
and suppressing inflammatory responses.

4.5 Ferroptosis in natural killer cells
After T cells and B cells, natural killer (NK) cells are the third

most prevalent type of lymphocyte. They are associated with

antitumor activity, antiviral defense, and immune modulation,

frontiersin.org


https://doi.org/10.3389/fimmu.2025.1709354
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Wei et al.

and also contribute to hypersensitivity and autoimmune disorders.
NK cells originate from hematopoietic stem cells in the bone
marrow and are among the core cells of the innate immune
system, accounting for approximately 5%-15% of all immune
cells in the blood. The majority of NK cells exhibit antitumor
cytotoxicity. They produce lytic granules comprising a large
number of molecules (perforin, granzyme, and human
granulysin) that induce cell death in stressed cells. Macrophages
can also be called by NK cells to address pathogens and damaged
cells in the body, as well as mediate antibody-dependent cellular
cytotoxicity (ADCC) (194). This is also an important mechanism
through which common antibody drugs exert clinical effects. Owing
to the broad anticancer activity of NK cells, the range of NK-cell
types used for cancer treatment has become increasingly diverse in
recent years (195, 196). One study showed that immune cells,
mainly NK cells, eliminate senescent cells and increase animal
lifespan by 20%-30% (197).

Recent research has indicated that NK cells associated with
tumors exhibit characteristics of ferroptosis, including lipid
peroxidation and oxidative stress. These features are associated
with the inhibition of NK-cell metabolic activity in the tumor
microenvironment, resulting in NK-cell impairment. In contrast,
Nrf2 activation modulates the expression of multiple antioxidant
molecules, thereby rescuing this dysfunction (198). In tumor-
bearing mice, liproxstatin-1 enhances NK-cell viability and
antitumor activity by pharmacologically inhibiting ferroptosis.
These findings indicate that blocking ferroptosis improves NK-
cell survival and antitumor function, suggesting that ferroptosis
limits the longevity of NK cells in the tumor microenvironment
(199). In ophthalmology, whether the induction of ferroptosis could
be exploited as a novel therapeutic strategy against the orbital
involvement of highly aggressive nasal-type extranodal NK/T-cell
lymphoma remains to be investigated.

neovascular age-related macular degeneration (nvAMD)
features choroidal neovascularization (CNV) development, which
affects 10% of AMD patients and is the predominant factor leading
to vision impairment in AMD patients (200). These irregular blood
vessels penetrate the subretinal area, leading to leakage, swelling,
and bleeding, which in turn cause a rapid decrease in central vision.
NK cells accumulate in the diseased choroid and inhibit
pathological changes in nvAMD by promoting NETosis and NET
production by neutrophils (201, 202). Rituximab clears B cells
through an NK-mediated lytic pathway and is indicated for B
cell-driven immunoreactive thyroid eye disease (203, 204).

4.6 Ferroptosis in T cells

T lymphocytes arise from lymphoid progenitors in the bone
marrow and subsequently differentiate, develop, and mature in the
thymus. After receiving orderly and standardized “training”, T cells
enter the blood and migrate to lymphoid tissues in the periphery.
After receiving antigen stimulation, mature naive T cells develop
into eftector or memory cells and contribute to adaptive immune
responses (205). T cells consist of two main functionally separate
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types: CD4" helper T cells (Th cells) and CD8" cytotoxic T
lymphocytes (CTLs). CTLs, which are characterized by the
surface expression of CD8", eliminate infected cells and are
commonly referred to as “killer T cells”. Th cells express CD4 as
a surface marker and orchestrate adaptive immune responses by
secreting cytokines and providing costimulatory signals (206).

In response to immunotherapy, CD8> T cells release TFN-y,
which targets system Xc~, curtails cystine uptake, and thereby
sensitizes tumor cells to ferroptosis (207). Some researchers have
reported that PCIF1 diminishes ferroptosis in CD8" T cells
predominantly through the upregulation of genes that regulate
ferroptosis, including FTHI and SLC3A2 (208). GPX4 is essential
for protecting T cells from lipid peroxidation and ferroptosis.
Notably, while T-cell growth in vitro requires system Xc ', system
Xc™ does not appear to be necessary for T-cell proliferation or
primary and memory immune responses to tumors in vivo (209).
Selenium supplementation increases GPX4 expression in follicular
helper T cells (TFH cells) and decreases ferroptosis susceptibility,
thus enhancing antibody responses in mice vaccinated against
influenza. In accordance with these findings, mice with GPX4
deficiency specifically in T cells were unable to fight acute
lymphoblastic cerebrospinal meningitis virus or Leishmania
infection. This immunodeficiency could be avoided through the
administration of high-dose supplements with the fat-soluble
antioxidant vitamin E, which prevented ferroptosis in GPX4—/—
T cells.

The eyes produce suppressed immune responses to avoid
inflammation that can hinder vision. It is commonly believed that
there are no T cells in the cornea; however, long-lived memory T cells
reside in the cornea and can “patrol” and fight viral infections. In an
experiment on corneal herpes simplex virus (HSV) infection, a team
used multiphoton microscopy to obtain real-time images of living,
intact biological tissue to study keratocytes in mice infected with HSV.
Images revealed that long-term surviving memory T cells were
generated in the eyes of the mice to fight infection. After the virus
was cleared, memory T cells remained in the cornea to prevent future
reinfection (210). Recent studies have provided evidence that DED is
an autoimmune disorder driven by T cells (211). The retinal expression
of the glycolysis-related gene LDHA markedly increased in mice with
experimental autoimmune uveitis and promoted the migration of
effector T cells (Teft cells). The results of these experiments revealed
that LDHA inhibition could inhibit the migration of CXCR4-positive
pathogenic T cells into retinal tissue to prevent the development of
uveitis. Importantly, in Vogt-Koyanagi-Harada disease (VKH), the
upregulation of LDHA is increased in CD4-positive T cells, and the
inhibition of LDHA reduces the proliferation of CD4-positive T cells to
prevent diseases (212).

5 Links between ferroptosis and
ophthalmology

Ferroptosis, a lipid peroxidation-mediated, iron-dependent
form of programmed cell death, has swiftly become a leading
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focus in ophthalmic disease research in just a few years, as it plays
important roles in cataracts, glaucoma, DED, corneal injury, and
thyroid-associated ophthalmopathy (TAO), among others.
Ferroptosis provides not only a unified explanation for the
common terminal damage associated with a variety of eye
diseases but also a new window for personalized, mechanism-
oriented treatment. By delving into the regulatory processes of
ferroptosis—such as iron ion metabolism, ROS generation, and the
equilibrium of antioxidant defenses—we can gain clearer insights
into its involvement in eye diseases.

5.1 Ferroptosis in AMD

The macula, which is located at the core of the retina, is essential
for focused sight (213). AMD is a multifaceted age-related eye
condition marked by a decline in the architecture and functionality
of the macula (214). This disease is the leading cause of blindness in
individuals aged 50+ (215). The worldwide incidence of AMD is
anticipated to increase from 196 million cases in 2020 to 288 million
cases by 2040 (216). In addition, as the global population ages, the
societal and economic impact of age-related macular degeneration
is poised to increase.

Early macular degeneration is characterized by macular cysts
and pigment changes. Advanced AMD is categorized into dry and
neovascular (nvAMD) forms (217). Dry AMD features permanent
damage to the RPE and PRs, leading to the atrophy of retinal tissue
comprising supportive cells under PRs. The degeneration or
dysregulation of retinal tissue is a pathogenic marker of AMD.
nvAMD, also known as exudative AMD, is characterized by
abnormal neovascularization, including CNV and retinal
hemangiomatous hyperplasia (RAP) (218, 219), which can lead to
macular leakage.

The progression of AMD is associated with oxidative stress, as
well as genetic, environmental, and aging-related influences. High
levels of PUFAs are located in the outer photoreceptor segment and
produce substantial amounts of intracellular ROS, making the
retina especially susceptible to damage from oxidative stress (166)
(Figure 3). Oxidative stress can lead to RPEC loss, causing
photoreceptor degeneration in AMD (220); this degeneration is
also a causative factor of dry AMD. Recent research has highlighted
the pivotal involvement of ferroptosis in the pathophysiology of
AMD, notably through the Xc~ and GPX4 pathways, and
mitochondrial metabolism (221, 222).

The intraperitoneal administration of an SLC7A11 inhibitor in
a laser-generated CNV model increased lipid peroxidation and
triggered ferroptosis, leading to the expansion of the CNV area in
ARPE-19 cells. In contrast, Fer-1 and Lip-1 rescued RPE ferroptosis
and VEGF production (223). One study revealed that mice with
system Xc~ knockdown showed rapidly advancing retinal aging,
increased retinal strain, elevated ROS levels, and compromised
mitochondrial activity, providing a beneficial framework for
investigating retinal aging and AMD (224). Iron, a key producer
of free radicals, is closely associated with the pathogenesis of AMD
(225, 226). Compared with that in young adults, the retinal iron
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content in older adults is significantly greater, as iron tends to
accumulate in the retina as people age (225, 227). In the retinas of
patients with AMD, excessive iron accumulates within the macula,
RPE, Bruch’s membrane, drusen, and other structures. Aging
retinas show elevated levels of lipid peroxidation-derived products
(e.g., lipofuscin, 4-HNE, and MDA) that are consistent with but not
exclusive to ferroptosis, which is associated with inflammation and
features of AMD (228, 229). The accumulation of iron is a major
cause of excess free radical generation in the RPE and is strongly
linked to the development of AMD (22). Iron levels in the RPE are
markedly elevated in patients with dry AMD (225). In addition,
iron-binding agents such as deferiprone (DFP), DFO, and
deferasirox (DFX) prevent the Fenton reaction by binding to
surplus iron ions, and research has indicated that these agents
serve as safeguards against retinal degeneration in various
experimental setups (230, 231). GPX4 maintains redox
homeostasis and protects RPECs, photoreceptors, and RGCs from
glutamate-induced cytotoxicity (232). In multiple oxidative stress
models of retinal degeneration, elevated GPX4 expression has been
shown to protect photoreceptors and RPECs, suggesting that
increasing GPX4 expression may represent a potential gene
therapy approach for patients with AMD (47, 48).

Researchers have reported that mitochondrial destruction,
fragmentation, and destruction occur in the RPE of patients with
AMD (233). Numerous reports have shown that the degree of
mtDNA damage and the number of breaks in RPECs are positively
correlated with the severity of AMD (234, 235). mtDNA damage
can induce ferroptosis and exacerbate both RPE degeneration and
the progression of AMD (236). NAIO;, H,0,, and UV light
treatment can induce a decrease in the mitochondrial membrane
potential and an increase in ROS levels, leading to ferroptosis (237,
238). Ferroptosis in RPECs can be inhibited by the use of
mitochondrial ROS quenchers, which can prevent the
accumulation of mitochondrial ROS and lipid oxidation.
Mitochondrial ROS play a crucial role in ferroptosis.

Chronic inflammation associated with aging promotes the onset
and progression of AMD (239). Research has indicated a positive
correlation between inflammatory responses and iron buildup. In
addition, multiple inflammatory signaling cascades, including the
JAK-STAT pathway, participate in ferroptosis-inflammation
interactions (61). Proinflammatory factors such as IFN-y suppress
GSH production through the JAK1/2-STAT1-SLC7Al11 axis,
inducing ferroptosis and RPEC degeneration in vivo (179).
Interferon-y (IFN-y) can also trigger ferroptosis in RPECs and
promote the progression of AMD (179). Iron overload can lead to
retinal inflammation through the downregulation of cholesterol
efflux transporters, leading to increased cholesterol content in the
retina (240). Notably, the activation of iron-regulated
inflammasomes ultimately leads to oxidative stress and ferroptosis
in RPECs (241).

Elevated iron levels increase the expression and activation of
complement C3, a key inflammatory regulator (242). In vivo studies
have indicated that intravenous iron administration resulted in the
presence of complement C3 on the basal surface of the RPE, thereby
promoting pathological changes (243). Liu and colleagues analyzed
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FIGURE 3

Ferroptosis mediates diseases such as AMD, DR, Rb, RP, and RIRI. Iron overload-induced oxidative stress triggers ferroptosis in RPECs, causing
photoreceptor degeneration, a central pathway in dry AMD. Elevated LCN2 exacerbates this iron-dependent cell death by impairing iron export. In
patients with AMD, excess iron accumulates in the macula, RPE, Bruch's membrane, and drusen, while aging retinas show increased lipofuscin, 4-
HNE, and MDA, lipid peroxidation markers that mirror the biochemical signature of ferroptosis. IFN-y can also trigger ferroptosis of RPECs and
promote AMD progression. Ferroptosis plays a key role in DR progression, and it promotes disease development by impairing the integrity of
capillary endothelial cells. In DR, ferroptosis fuels disease progression by impairing capillary endothelial function. Under high-glucose conditions,
TRIM46 is upregulated, triggering ferroptosis that destabilizes the iBRB and damages RPECs, thereby accelerating DR. Ischemia—reperfusion injury
significantly downregulates SLC7A11 and GPX4 expression, leading to GSH depletion, which is the core antioxidant axis regulating ferroptosis, and
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dysfunction is an important mechanism of cell death in ischemia—reperfusion injury. During ischemia—reperfusion injury, ferroptosis occurs in almost
all types of retinal cells. RIRI causes retinal accumulation of Fe?*, ROS, and MDA. Various studies have demonstrated that ferroptosis is a key factor
leading to RP. Experimental models have established ferroptosis as a critical driver of RP. Overexpression or intraperitoneal delivery of human
transferrin effectively prevents photoreceptor cell death, and iron chelators likewise rescue retinal degeneration. HO-1 is a key regulator of this
process; its inhibition reduces free-iron accumulation, thereby protecting both retinal pigment epithelial cells and photoreceptors from ferroptosis-
mediated degeneration. Mutations in the p53 gene and deletion of the RB1 gene have been identified to play an important role in Rb pathogenesis.
Both genes have also been shown to be involved in the process of ferroptosis. 4-Ol-induced ferritin degradation or USP14-targeted enhancement of

ferroptosis efficiently eliminates multidrug-resistant Rb cells, offering a novel strategy to overcome chemoresistance in Rb. Abbreviations: CDK,
cyclin-dependent kinase; P53, tumor protein p53; TRIM46, tripartite motif-containing protein 46; Ub, ubiquitin; USP14, ubiquitin-specific protease
14; FABP4, fatty acid-binding protein 4; AMD, age-related macular degeneration; SLC40A1, solute carrier family 40 member 1; GMFB, glia maturation
factor beta; atRAL, all-trans retinol; DR, diabetic retinopathy; Rb, retinoblastoma; RP, retinitis pigmentosa; RIRI, retinal ischemia—reperfusion injury;
RPECs, retinal pigment epithelial cells; 4-HNE, 4-hydroxynonenal; MDA, malondialdehyde; iBRB, inner blood-retinal barrier; GPX4, glutathione

peroxidase 4; ROS, reactive oxygen species.

a cell model of AMD induced by sodium iodate (SI) and reported
that ST can consume intracellular GSH, liberate Fe’* from
liposomes, increase cellular ROS levels, and increase lipid
accumulation, leading to ferroptosis in ARPE-19 cells (244). Lee
et al. reported that SI also stimulates mitochondrial ROS production
and promotes ferroptosis in RPECs (175). Tang et al. found that the
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process of ferroptosis in RPECs triggered by SI is linked to the Nrf2/
SLC7A11/HO-1 pathway. Specifically, they reported that higher
levels of HO-1 expression correlate with an increase in TFR
expression and a decrease in SLC40A1 expression, ultimately
leading to iron accumulation (245). Liposomal accumulation of
Fe’* may increase HO-1 levels and sustain ferroptosis. Blocking
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HO-1 or using ZnPP can alleviate the harmful effects on the
morphology and function of RPECs and PRs (246).

Ferroptosis in PRs also significantly influences the development
of AMD, particularly dry AMD (247). The recycling of 11-cis-
retinal (atRAL) between photoreceptors and the RPE is essential for
maintaining vision (248). ATP-binding cassette transporter A4
(ABCA4) facilitates the movement of atRAL from the
photoreceptor outer segment disk to the cytoplasm, whereas
RDHS8 enzymes are responsible for converting atRAL back into
all-trans retinol (249). In rodents with genetic deletions involving
the Abca4 and Rdh8 genes, photoreceptor outer-segment disc
clearance is defective. After light exposure, the PR layer becomes
thinner, and A2E accumulates within the retina. Additionally, GSH
levels decrease, and the expression of lipid metabolism-related
proteins becomes abnormal. These alterations coincide with
elevated lipid peroxidation levels (221). Subsequent studies have
confirmed that atRAL can trigger ferroptosis in 661W neuronal cell
cultures by hindering system Xc~, increasing Fe*" levels, and
amplifying mitochondrial ROS production. Tang et al. (33)
confirmed these findings, as light accelerated PR degeneration via
ferroptosis in 661W cells and male Sprague-Dawley rats. Light
exposure significantly diminished photoreceptor cell viability and
triggered early ferroptosis markers, including iron buildup,
mitochondrial shrinkage, reduced GSH levels, elevated MDA
levels, and decreased SLC7A11 and GPX4 protein expression.

The transcription factor-driven reprogramming of induced RPE
(iRPE) cells has been identified as a robust method to create cells
that are resistant to ferroptosis. This finding not only validates the
crucial role of phosphoethanolamine/phosphocholine phosphatase
1 (PHOSPHOL1) as a master regulator of ferroptosis resistance but
also reveals a twofold approach for combating this process.
Primarily, PHOSPHOL1 curtails the progression of ferroptosis by
dampening PE levels within the endoplasmic reticulum (ER),
effectively inhibiting lipid peroxidation. Additionally, PHOSPHOL1
reduces autophagy and ferritin uptake, consequently decreasing the
intracellular accumulation of free iron. In vivo rat model
experiments verified that PHOSPHOLI effectively protected RPECs
from ferroptosis. These findings provide a new theoretical basis and
potential target for AMD treatment (250).

ZIP8 functions as a metal ion transporter crucial to the
ferroptosis-driven degeneration of RPECs. ZIP8 levels are elevated
in patients with AMD, as demonstrated by transcriptomic analysis.
The upregulation of ZIP8 expression has also been detected in
RPECs and AMD mouse models under conditions of oxidative
stress. Notably, this study revealed that ZIP8 knockdown
significantly inhibited the oxidative stress response to NalO; and
the development of ferroptosis in RPECs. Specific antibody
intervention effectively alleviated the ZIP8-induced obstruction of
RPEC degeneration, restored retinal function, and improved visual
loss in mice with NalO3-induced AMD. The critical role of ZIP8 in
RPEC ferroptosis provides a potential target for the treatment of
diseases associated with retinal degeneration, such as AMD (246).

The iron content in the retinal pigment epithelium and Bruch’s
membrane is significantly greater in patients with AMD than in
people of the same age without AMD. However, the iron
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concentration in the anterior chamber fluid of patients with dry
AMD was more than twice as high as the A2E concentration, and
exposure to blue light revealed a role of ferroptosis in the
degeneration of RPECs. Via transcriptomic sequencing, Liu et al.
found that ARPE-19 RPECs showed ferroptosis-related changes
after treatment with SI, and these effects could be blocked by
ferrostatin-1 and DFO. Tang et al. further conducted high-
throughput sequencing on ARPE-19 cells treated with SI and
reported that these cells exhibited ferroptosis. They also found
that zinc protoporphyrin IX, a selective heme oxygenase-1
inhibitor, could prevent ferroptosis in RPECs, thereby offering a
novel therapeutic target for managing dry AMD. Elevated LCN2 in
the RPE exacerbates dry AMD by suppressing autophagy,
disrupting iron balance, and triggering inflammasome activity,
oxidative damage, and ferroptosis in RPECs (241). Additionally,
the activation of genes implicated in ferroptosis is significantly
upregulated in retinal tissue in spontaneous dry age-related macular
degeneration (SD-AMD), suggesting that the disruption of iron
homeostasis and ferroptosis could significantly influence disease
onset and development (251).

5.2 Ferroptosis in DR

DR is a unique microvascular complication of diabetes and is
the leading cause of visual impairment among the working-age
adult population. Approximately half of all diabetic patients will
eventually develop DR (252). The incidence and speed of DR
progression correlate with age in diabetic patients. One study
revealed that the incidence of DR was one in five individuals in a
younger-onset group and one in two individuals in an older-onset
group (253). The currently employed treatment predominantly
involves panretinal photocoagulation, anti-VEGF treatments,
intraocular steroid administration, and vitrectomy procedures.

In the current study, increased iron content, along with higher
values of Cp and TF, was observed in the retinas of DR patients (254),
and increased vitreous iron levels correlated with the onset of
proliferative diabetic retinopathy (PDR) (255). The reasons may be
threefold: first, hyperglycemia leads to heme degradation in
hemoglobin and myoglobin, resulting in the detachment of iron
ions from heme. Another possibility is that retinal or vitreous
hemorrhage increases iron accumulation in patients with
proliferative DR. Another possibility is that elevated angiotensin II
(Ang-II) levels in DR patients could upregulate iron metabolism-
related genes, thereby increasing iron uptake. These studies have
indicated that iron ions can contribute to the progression of DR. Iron
accumulation can induce oxidative damage and neovascularization.

The aging retina becomes particularly susceptible to oxidative
stress, largely because age-related changes cause a surge in the
generation of ROS and RNS. In DR, capillary occlusion leads to
severe hypoxia, activating hypoxia-inducible factor (HIF) and
promoting neovascularization (256). Iron is involved in the HIF-
mediated activation of angiogenesis-related genes. In addition, HIF
plays a critical role in regulating iron metabolism by regulating the
expression of iron-related proteins such as DMT1, Fpn, and TFR.
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Oxidative stress is closely linked to the development and
progression of DR. Recent research has shown that oxidative
stress and photoreceptor impairment may occur before the initial
vascular pathology in diabetes (257). PRs are rich in DHA, which is
composed of long-chain PUFAs. Excess ROS can attack these lipid
targets, and oxidative stress may harm the endothelial cells of retinal
blood vessels, leading to vascular leakage and vitreous hemorrhage.
As a tissue with high oxygen demand, the retina is especially
susceptible to damage under high glucose conditions.

The researchers induced diabetes observed in iron deficiency
(HFE) knockout mice, a genetic representation of iron overload.
Moreover, findings from these studies have indicated that diabetes
increased the degree of vascular injury and BRB leakage in HFE
knockout mice. Iron overload triggers the G protein-coupled
receptor 91 (GPRI1) signaling cascade, increasing renin secretion.
GPROI signaling can mediate vascular growth in PDR, and renin
can increase Ang-II expression (258). Ang-II activates VEGF
receptors to increase vascular permeability and neovascularization
(259). Excess iron-induced oxidative stress can further exacerbate
diabetic macrovascular issues, such as atherosclerosis and heart
disease (260). In DR, these alterations can impair retinal
microvascular function.

Recent research has highlighted ferroptosis as pivotal in DR
progression by damaging capillary endothelial cell function.
TRIM46 gene expression is increased in diabetic patients (261).
Under high-glucose conditions, TRIM46 expression increases in
human retinal capillary endothelial cells (HRCECs) and promotes
the ubiquitination of GPX4, which leads to ferroptosis (262). One
study revealed higher levels of biomarkers associated with iron
intoxication in a non-proliferative diabetic retinopathy (NPDR)
group than in a PDR group. In NPDR patients, the fundus is
primarily defined by capillary leakage and bleeding, and the BRB is
disrupted (263). The BRB consists of inner (iBRB) and outer
(oBRB) components.

Elevated glucose levels trigger ferroptosis in endothelial cells,
compromising iBRB stability (264). Elevated glucose levels impair
RPEC viability and function, accelerating DR progression.
Investigators have shown that the expression of glial maturation
factor-beta (GMFB), a neurodegenerative mediator, is elevated in
DR. These researchers injected chemically synthesized GMFB into
the vitreous bodies of Sprague-Dawley (SD) rats, impairing RPEC
function (37). Laboratory tests have revealed that extracellular
GMFB can decrease the number of RPECs and their cell-cell
connections and increase ACSL4 expression (35). It promotes the
generation of cytotoxic lipids in ARPE-19 cells and triggers
ferroptosis. RPE ferroptosis disrupts the oBRB, resulting in
macular edema, the primary factor contributing to vision loss
in DR.

In addition to GMFB expression, fatty acid-binding protein 4
(FABP4) expression is positively correlated with NPDR/PDR grade
and can be used as an independent prognostic biomarker (265).
FABP4 drives ferroptosis by inhibiting PPARY, and recent studies
have identified early signs of neuronal apoptosis and reactive gliosis
in DR (266) (267) (182).
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5.3 Ferroptosis in retinal ischemia—
reperfusion injury

RIRI can lead to permanent vision loss. The mechanism
involves an initial phase of acute hypoxia (ischemia) due to
disrupted blood circulation, followed by a second phase of
reperfusion injury when blood flow is restored, which exacerbates
tissue damage (268). RIRI contributes to glaucoma, retinal artery
occlusion, and DR pathogenesis (269, 270). This damage leads to
retinal structural changes, RGC death, and functional loss. In
particular, reperfusion leads to the overproduction of ROS and
inflammatory cytokines and the apoptosis of RGCs (271), causing
great damage to retinal function (272, 273).

The results of previous studies confirm the involvement of
ferroptosis in retinal ischemic injury in the RIRI model mice. In one
study, RIRI induced the accumulation of Fe?", ROS, MDA, and
GSH; increased transferrin expression; and reduced the levels of
ferritin, SLC7A11, and GPX4 in rat retinal tissue (274). Moreover,
ischemia-reperfusion injury significantly inhibits SLC7A11 and
GPX4 expression, causing GSH depletion. The GPX4 pathway is
a central antioxidant axis that regulates ferroptosis, and its
dysfunction is an important mechanism of cell death in
ischemia-reperfusion injury (275). The application of the iron
chelators deferoxamine and baicalin can ameliorate RIRI (276).
Another study revealed that ferroptosis occurred across numerous
retinal cell types during ischemia-reperfusion damage (277).

Fer-1 markedly decreased RGC death in both living organisms
and laboratory cultures, thereby alleviating ischemia-reperfusion-
induced retinal structural and functional damage to the retina. In
summary, ferroptosis contributes to retinal ischemia-reperfusion
injury, and blocking ferroptosis reduces RGC loss and
inflammation. Researchers have reported that the number and
diversity of retinal cells are decreased following ischemia-
reperfusion-induced damage in mice. In contrast, the numbers of
all types of immune cells were notably increased. A significant
number of blood-dwelling immune cells invade the retinal tissue,
causing blood-eye barrier damage (278). These results indicate that
bone marrow cells could be key targets in RIRI.

Some researchers have developed supramolecular nanoparticles
that combine the phosphodiesterase 4 (PDE4) inhibitor crisaborole
and the ferroptosis inhibitor DFO. These nanoparticles can alleviate
retinal IR injury by targeting the ferroptosis pathway and oxidative
stress. These compounds also suppress the release of inflammatory
mediators and signaling proteins while dampening glial cell
activation—a hallmark pathological feature of RIRI (279).

In a mouse model of RIRI, researchers reported that Lycium
barbarum polysaccharide-based nanoparticles (PLBP), a
nanoparticle derived from goji polysaccharides, directly protects
RGCs from ferroptosis. This protection is achieved by activating
Nrf2 signaling, reducing intracellular ROS levels, and increasing the
antioxidant capacity of RGCs, thereby helping to preserve visual
function after ischemia-reperfusion injury. Moreover, PLBP
mitigated neuroinflammation and offered indirect protection to
RGCs by inhibiting microglial phagocytosis and migration and the
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release of proinflammatory cytokines and by activating the NF-xB
pathway. These combined effects lead to notable vision restoration
in mice following retinal injury. This recovery is evidenced by
enhanced optomotor responses, improved dark/light preference,
and stronger pupillary light reflexes (280).

5.4 Ferroptosis in retinitis pigmentosa

RP refers to a group of inherited retinal diseases whose main
feature is the slow degradation of PR cells, leading to a gradual
decline in the patient’s vision. In RP patients, typical characteristics
of the fundus are mainly the waxy yellow color of the optic nerve,
retinal vascular stenosis, and osteoid pigment dispersion. The main
clinical manifestations are night blindness, reduced peripheral and
central vision, disturbed color perception, and a sensation of glare.
Currently, no treatment exists for this condition, and treatment is
focused mainly on delaying disease progression and improving
quality of life (265). RP results from the degeneration of rod and
cone photoreceptors, with secondary loss of RPE cells.

In two rodent models of RP, iron overload was observed in the
retina. Additionally, in rd10 mice, the levels of iron metabolism-
related proteins, including TF, TFR, ferritin (Ft), and ceruloplasmin
(Cp), were also elevated. Overexpression or intraperitoneal
injection of human transferrin effectively inhibited PR cell death.
Moreover, iron chelators have been shown to effectively reverse
retinal degeneration (281, 282). Moreover, iron-chelating agents
have been shown to be successful at reversing retinal atrophy (283,
284). These findings demonstrate that iron causes photoreceptor
degeneration through oxidative stress, with cones being more
susceptible than rods (285).

In addition, the levels of 4-HNE, which are indicative of lipid
oxidation, were notably increased in the retinal tissues of RP model
mice (281). Injecting Fe*" into the eyes of mice killed photoreceptor
cells and resulted in the production of superoxide free radicals,
causing lipid peroxidation. It also increased 4-hydroxynonenal
levels and decreased GPX4 levels, which led to ferroptosis. SOD1
is an important component of the antioxidant defense system of the
retina. In genetically modified mice, if more SODI is present, the
retina can be protected from oxidative damage; however, if not
enough SODI is present, the oxidative damage to the retina is more
severe, and the reduction in SOD1 and GPX4 levels accelerates cone
cell function loss, as shown in the RP mouse model.

Liu established an SI-induced RP cell model in RPECs. After the
ARPE-19 cells were treated with SI, intracellular free iron levels
increased 40-fold, and lipid peroxidation increased significantly;
however, GPX4 expression did not change, and the expression of
GSH/cysteine was downregulated. The incorporation of ferroptosis
inhibitors such as DFO mesylate and Fer-1 inhibited SI-induced cell
death. Further mechanistic studies have shown that SI can deplete
GSH levels, increase ROS levels, promote the release of iron
chelated by iron storage proteins, and subsequently promote lipid
damage, ultimately leading to ferroptosis in RPECs. The iron
chelator DFO retards photoreceptor degeneration in animal
models of RP, supporting a role for ferroptosis in RP progression
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(244). Similarly, Tang and colleagues demonstrated that ferroptosis
is a pivotal cause of RP and suggested that HO-1 is a critical
modulator of this process. Inhibiting HO-1 expression could
prevent the degeneration of RPE and photoreceptor cells by
decreasing Fe’* accumulation.

5.5 Ferroptosis in retinoblastoma

Rb is the primary intraocular cancer in infants and children and
can metastasize and be life-threatening if left untreated. Rb accounts
for approximately 2% to 3% of pediatric tumors (286). Annually,
there are approximately 8,000 cases worldwide, with approximately
one-third of affected children having Rb that affects both eyes. A
white pupil is the most common first symptom of Rb, and other
complications include strabismus or more severe symptoms such as
red eye pain. The progression of Rb is strongly linked to the
mutation of the RBI gene, the first identified human tumor
suppressor gene (287, 288). The disease is characterized into
stages A-E. The main clinical treatment is eye-protecting
treatment, and the success rate of eye-protecting treatment in
stages D and E is significantly reduced. At present, exploring the
treatment of this disease is important.

Both p53 gene mutation and RB1 gene deletion are key factors
in Rb development and are implicated in triggering ferroptosis. The
RBI gene is considered a key factor in liver cancer, and studies have
shown that sorafenib, as the only first-line treatment for advanced
liver cancer, can induce ferroptosis in liver cancer. The significant
downregulation of the Rb protein increases the vulnerability of
hepatocellular carcinoma (HCC) cells to ferroptosis and the efficacy
of sorafenib, indicating that the loss of the Rb gene accelerates the
progression of ferroptosis (289). These findings suggest that
elevated p53 levels cause ferroptosis, whereas p21 can act as an
inhibitor of ferroptosis. Furthermore, E2F overexpression inhibited
ferroptosis in a p21-dependent manner, which aligns with prior
findings that E2F activates p21 transcription.

Carboplatin serves as the primary first-line chemotherapy for
treating human Rb; however, acquired multidrug resistance (MDR)
has emerged following chronic carboplatin therapy. In these
carboplatin-resistant Rb cells, the expression of proteins linked to
ferroptosis was elevated, whereas the activity of necroptosis-related
genes (e.g., RIPK1 and MLKL) did not significantly change.
Multiple ferroptosis inducers efficiently cleared these resistant
cells, suggesting that the ferroptosis mechanism could be
exploited to overcome the chemoresistance of Rb (290). The
investigators assessed the efficacy and safety of 4-Octyl itaconate
in inducing ferroptosis in MDR Rb cells. 4-Octyl itaconate
(4-OI) is a metabolite capable of inducing ferritin-dependent
ferroptosis (291).

It significantly induced ferroptosis in Rb cells and increased
intracellular free iron and lipid ROS levels, thereby effectively killing
resistant cells. Future studies could investigate whether 4-OI
induces ferroptosis in a ferritin-dependent manner in Rb cells. In
addition, USP14 is one of three deubiquitinating enzymes (USP14,
Uch37, and Rpn11) that bind to the proteasome. It can increase the
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FIGURE 4

Ferroptosis mediates diseases such as TAO, DED, cataracts, corneal injury, and glaucoma. Inhibition of ferroptosis protects corneal epithelial cells
from oxidative stress-induced cell death in the absence of GPX4, which is involved in the course of corneal alkali burns and plays a role in keratitis.
Experiments in HCEC revealed that activation of the transcription factor Nrf2 upregulated AKR1C1; when AKR1C1 was knocked down, cell viability
was reduced, along with increased lipid peroxidation; excessive oxidative stress-induced ferroptosis was involved in DED pathogenesis. Iron overload
was found around retinal epithelial cells, RGCs, and optic nerve axons in glaucoma patients; iron was reduced in cones; TF expression levels were
increased. TF could interfere with different cell death mechanisms during the pathogenesis of glaucoma, indicating that iron metabolism would
affect glaucomatous neuropathy to some extent. Accumulation of reactive oxygen species and disturbance of redox homeostasis in the lens play
critical roles in the development and treatment of diseases. The ability of GSH to synthesize new enzymes decreased, and patients showed impaired
lens redox homeostasis, decreased GSH levels, disrupted GPX activity, increased iron redox content, and increased lipid oxidation, which suggests
that age-related cataracts are closely related to ferroptosis. ROS generated during the inflammatory response can induce cell damage and play a key
role in activating ferroptosis. Markers of oxidative stress are elevated in orbital tissue of TAO patients, suggesting that reactive oxygen species
accumulation may trigger orbital fibroblast ferroptosis. Abbreviations: GSH, glutathione; AKR1C1, aldo-keto reductase family 1 member C1; SOD,
superoxide dismutase; IL-17A, interleukin-17A; TAO, thyroid-associated orbitopathy; DMT1, divalent metal transporter 1; p-tau, phosphorylated tau
protein; RGCs, retinal ganglion cells; DED, dry eye disease; GPX4, glutathione peroxidase 4; HCEC, human corneal epithelial cell; TF, transferrin

receptor; ROS, reactive oxygen species.

sensitivity of Rb cells to cisplatin by mediating ferroptosis, which
may represent an important target for overcoming resistance to
cisplatin in Rb (292).

5.6 Ferroptosis and corneal disorders
The inhibition of ferroptosis prevents oxidative stress-induced

death of corneal epithelial cells in the absence of GPX4 (153).
Ferroptosis contributes to the progression of corneal alkali burns
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(Figure 4). Research has indicated that the specific ferroptosis
inhibitor Fer-1 can ameliorate the condition of mice suffering
from corneal alkali burns (158). In an alkali burn mouse corneal
model, phytic acid alleviated corneal structural damage and
promoted corneal function. Researchers have also reported that
PA can protect limbal epithelial cells (LECs) from oxidative
damage. Moreover, PA can also inhibit the induction of
ferroptosis in LECs during oxidative stress in vitro (293).
Keratoconus (KC) is a prevalent corneal thinning disorder and is
a primary reason for transplant surgery worldwide (294, 295), but

frontiersin.org


https://doi.org/10.3389/fimmu.2025.1709354
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Wei et al.

its underlying mechanisms remain unclear. ACSL4 is the most
promising biomarker for keratoconus and is expressed
predominantly in corneal stromal cells. Laboratory studies have
additionally validated the pivotal involvement of ACSL4 in the
progression of KC. ACSL4 plays an important role in the process of
ferroptosis, and the results of a previous study provide ideas for the
future use of ferroptosis to regulate ACSL4 to treat KC (296).

Ferroptosis also plays an important role in keratitis. Severe eye
infection and bacterial keratitis (BK) can lead to pronounced
inflammation and corneal damage, resulting in decreased vision
(297, 298). One study was performed using a mouse model of
keratitis caused by Pseudomonas aeruginosa. Mice were infected
with P. aeruginosa on Day 0 and subsequently treated from Day 1 to
Day 7 with either levofloxacin (LEV) alone or LEV in combination
with the ferroptosis inhibitor Fer-1. In the BK mouse model, the
LEV + Fer-1 group presented lower levels of inflammatory factors,
reduced corneal scarring, and lower Fe" levels. Notably, GPX4 and
SLC7A11 levels were elevated in the LEV + Fer-1 group. In vitro
experiments revealed that Fer-1 treatment effectively reversed the
LPS-induced alterations in ROS, Fe**, GPX4, and SLC7A11 levels in
corneal stromal stem cells (CSSCs).

These findings indicate that ferroptosis is significantly involved
in the pathogenesis of BK and that the inhibition of ferroptosis may
help reduce inflammation and diminish corneal opacity, thereby
improving BK patient outcomes (299). Fusarium is a primary
species responsible for fungal keratitis, a prevalent cause of
blindness. Oxidative stress is widely recognized as a significant
factor in the development of keratitis caused by Fusarium species,
and some investigators have concluded that ferroptosis can
significantly affect the progression of Fusarium-induced keratitis
through data collection analysis (162).

5.7 Ferroptosis and dry eye disease

DED is a multifactorial condition characterized by the loss of
tear film homeostasis, which leads to a self-perpetuating cycle of
ocular surface inflammation and damage (300, 301). Dysfunction of
ocular structures and various systemic diseases, environmental
factors, and living habits, such as long-term wearing of contact
lenses, can lead to the occurrence and development of DED (302).
The risks of DED, including instability, ocular surface damage,
nerve paresthesia, and inflammation, have long been
overlooked (303).

DED often manifests through telltale signs such as hazy vision,
persistent dryness, and heightened sensitivity to light. In extreme
cases, patients may develop corneal and conjunctival damage,
filamentary keratitis, or even ulceration—complications that can
progress to vision loss if left untreated. These debilitating effects not
just compromise ocular health but also disrupt everyday activities
and professional productivity, underscoring the condition’s far-
reaching impact on quality of life (163). DED is also known as
incurable terminal disease, for which the standard treatments
include artificial tears and medications, although these may not
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work for all patients. Therefore, exploring the etiology of DED and
developing new treatment options are very important.

Some researchers have used subcutaneous injection of
scopolamine combined with a dry environment to establish DED
mouse models, and immortalized human HCEC-2 cells were
cultured under hypertonic conditions to establish hypertonic cell
injury models and measure the levels of intracellular Fe*", cellular
ROS, and lipid peroxidation. The findings revealed significant
changes in the levels of ferroptosis-related markers, intracellular
iron, and lipid peroxidation in corneal epithelial cells in a
hyperosmotic injury model.

Ferroptosis in hyperosmolarity-induced HCECs was suppressed
when excessive oxidative stress was mitigated. In addition, the
activation of the transcription factor Nrf2 in HCECs upregulated
AKRICI under hyperosmotic conditions. When AKRIC1 was
knocked down, cell viability was reduced, and lipid peroxidation
was increased. Conversely, the overexpression of AKR1C1 had the
opposite effect. Corneal defects enhanced inflammatory responses
following the inhibition of AKR1CI in mice. These findings indicate
that ferroptosis triggered by high oxidative stress contributes to
DED development. Nrf2-mediated expression of the transcription
factor AKR1C1 reduced ferroptosis-induced cell injury and
attenuated inflammatory responses (304).

Oxidative stress in the tear film and ocular surface increases
considerably among DED patients (305). Therefore, ferroptosis can
significantly affect DED development. In a previous study,
researchers designed adhesive liposomes (Cyclosporine A & Fer-1
loaded adhesive liposomes decorated with chitosan and fibronectin
(CF@SNPs)) that codeliver cyclosporine A (CsA) and the
ferroptosis inhibitor Fer-1 to achieve synergistic anti-
inflammatory and anti-ferroptotic effects on ocular tissues. First,
the researchers developed an in vitro model simulating DED by
exposing HCECs to hydrogen peroxide (H,O,) and a hypertonic
solution (HS) to mimic a dry eye environment. The experimental
findings indicated that Fer-1 markedly ameliorated cell damage in
the DED model, suggesting that ferroptosis plays a pivotal role in
DED and that Fer-1 may inhibit ferroptosis through the p53-
SLC7A11 signaling pathway.

In addition, through RNA sequencing analysis, researchers
revealed the effects of CF@SNP treatment on the expression of
ferroptosis-related genes and inflammation in a mouse model of
DED. They reported that CF@SNPs significantly downregulated the
expression of genes related to both ferroptosis and inflammation.
Immunofluorescence analysis revealed that CF@SNP treatment
significantly reduced ROS levels, iron ion levels, and lipid
peroxidation while decreasing inflammatory factor expression.
These findings confirm the efficacy of CF@SNPs in mitigating the
pathology of DED. This study systematically evaluated the potential
of CF@SNPs in experiments assessing DED via both in vitro and in
vivo methodologies, establishing a scientific foundation for the
development of novel DED therapies (306).

Under high osmotic pressure, the small-molecule compound
D609 significantly restored GPX4 expression and reduced
intracellular iron ion accumulation. This activity inhibited cellular
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ferroptosis and protected corneal epithelial cell activity. Through
combined transcriptomic and proteomic analysis, they reported
that D609 inhibited hyperosmolarity-induced oxidative stress and
ferroptosis by increasing melatonin (MT) protein expression and
modulating the Nrf2 pathway. PAA-CD-DA increased the ocular
bioavailability of D609, enabling targeted DED treatment (307).

5.8 Ferroptosis in glaucoma

Glaucoma is the number one cause of permanent vision loss
worldwide and is characterized by long-term and persistent
deterioration of the optic nerve. This disease causes specific
changes in the optic nerve head and retinal nerve fiber layer and
is accompanied by the progressive death of RGCs and visual field
defects. Intraocular pressure is a key modifiable factor (308). The
current primary therapeutic objective for glaucoma is to delay
disease progression and maintain visual function and quality of
life (309). The selective and irreversible loss of RGCs, the sole
central afferent neurons of the retina, is the underlying pathological
mechanism in glaucoma (310).

Compared with that in the retinas of healthy individuals, the
iron distribution in the retinas of glaucoma patients varies. In
glaucoma patients, iron overload is observed around RPECs,
RGCs, and optic nerve fibers, whereas iron levels in cone
photoreceptors are reduced (311). The levels of the iron-
regulating protein TF are elevated in the retinas of monkeys and
humans with glaucoma. Elevated TF levels may help protect RGCs
from ocular hypertension by regulating iron homeostasis, which in
turn can influence various cell death pathways, including apoptosis
and ferroptosis. These findings suggest that iron metabolism can
affect glaucomatous neuropathy to some extent. A recent study
revealed that serum iron levels are higher in patients with acute
primary angle-closure glaucoma (PACG) than in healthy people,
indicating that iron metabolism may be involved in the regulation
of retinal ganglion cell damage in the case of elevated intraocular
pressure [pathological intraocular pressure (ph-IOP)] (312).

Ph-IOP is a key glaucoma characteristic and a major factor
leading to RGC loss in patients with glaucoma (313). However, the
sole management of the IOP does not entirely avert the depletion of
RGCs in glaucoma. Yao et al. reported that elevated ph-IOP
disrupts retinal iron balance, causing Fe’" overload, particularly
in the RGC layer (314). Elevated iron levels impair retinal redox
equilibrium and induce RGC ferroptosis.

NCOA4-mediated degradation of FT'HI is important in retinal
iron metabolism disorders after ph-IOP injury (314). The inhibition
of NCOA4 resulted in decreased degradation of FTH1 and
decreased bivalent iron content in the retina. This significantly
reduces iron ion levels and alleviates RGC damage (315). When
glutamate stimulates N-methyl-p-aspartate (NMDA) receptors on
the surface, it activates a GTP-binding protein called Dexrasl,
which in turn stimulates DMTI, allowing cells to absorb more
iron (316, 317). Sakamoto et al. reported increased Fe®* levels and
apoptosis in retinal ganglion cells following the intravitreal injection
of NMDA (318). Iron-binding agents safeguard retinal ganglion
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cells against NMDA-induced excitotoxicity by decreasing
intracellular iron levels and oxidative stress in rodents (318, 319).

In glaucoma, the increased levels of AP, p-tau, and amyloid
precursor protein initiate an inflammatory response, leading to
cytokine secretion and iron overload. Iron activates inflammatory
factors via the Fenton reaction (320). Therefore, by further
increasing the production and accumulation of AP, the redox
state of RGCs forms a positive feedback loop with iron ions,
exacerbating the loss of RGCs in glaucoma. Iron overload can
damage mitochondria. The mitochondria in RGCs from glaucoma
subjects and rodent glaucoma models were smaller, rounder, and
more fragmented, suggesting a link between glaucoma, iron levels,
and mitochondrial dysfunction (321). Mitochondrial impairment is
pivotal in the degeneration of RGCs in glaucoma (322). By
protecting mitochondrial function, ferroptosis inhibitors can
improve the survival of RGCs and help us maintain the structure
of the retina (323).

5.9 Ferroptosis in cataracts

Cataracts refer to degenerative changes in optical quality
resulting from reduced transparency or color changes in the lens.
The pathogenesis of cataract is complex. The lens resides in an
intraocular fluid environment. Any factor that affects this
intraocular environment, such as aging, genetics, metabolic
abnormalities, trauma, radiation, poisoning, local nutritional
disorders, and certain systemic metabolic or immune diseases,
can directly or indirectly cause the lens to become opaque.
Epidemiological studies have shown that ultraviolet irradiation,
diabetes, hypertension, cardiovascular disease, body trauma,
excessive alcohol consumption, and smoking are associated with
the formation of cataracts (324). Cataracts account for 50% of global
blindness and one-third of all vision impairment cases. As the
global population continues to grow older, this disease continues to
be a major public health burden, and further research on this
disease is needed (325).

Research on age-related cataracts has revealed that the
accumulation of reactive oxygen species and the destruction of
the redox balance of the lens are core factors that lead to the
development of diseases and affect treatment methods. In patients,
the ability to synthesize GSH in the lens decreases, and patients
exhibit disrupted lens redox balance, reduced GSH concentrations,
impaired GPX function, elevated iron redox levels, and increased
lipid peroxidation, which indicates that age-related cataracts are
closely related to ferroptosis (326, 327). Research by Reddy and his
collaborators revealed that mice lacking the GPX1 gene had
significantly increased light scattering in the lens nuclei of their
eyes (328). The mice developed age-associated cataracts over time.
These extensive findings of heightened lipid peroxidation and
reduced GPX activity and the accumulation of redox-active iron
in aging and cataractous human lenses strongly support the
occurrence of ferroptosis during lens aging and cataractogenesis.
In both in vitro and ex vivo models, Wei et al. reported that the
system Xc~ inhibitor erastin and the GPX4 inhibitor RSL3 increased
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the susceptibility of lens epithelial cells to ferroptosis (329). Age-
related ferroptosis sensitivity increases in both human LECs and
mouse lens epithelium.

An important link in ferroptosis is lipid peroxidation, and
increasing evidence suggests that lipid peroxidation contributes to
cataractogenesis in the early phases. Babizhayev reported the
induction of posterior subcapsular cataracts in rabbits via
intravitreal phospholipid lipoperoxide application in a model
study. In addition, iron overload can induce cataract formation
(330). Ocular siderosis, resulting from elevated iron accumulation
in eye tissues due to foreign bodies containing iron, can lead to the
formation of cataracts (331). TSTA3 is a key enzyme in GDP-fucose
synthesis and regulates intracellular fucosylation levels. TSTA3
overexpression or knockdown directly affects the glycosylation
status of lens epithelial cells, which in turn alters their function
and metabolic pathways. TSTA3-regulated fucosylation may
influence ferroptosis development by regulating key nodes of
these metabolic pathways, such as GPX4 expression. Researchers
have reported that ferroptosis is a significant factor in high myopic
cataracts (HMCs). They reported that the overexpression of discoid
domain receptor tyrosine kinase 2 (DDR2) activates the Src-Hippo
pathway, which in turn downregulates GPX4. This ultimately
increases the ferroptosis sensitivity of the lens epithelium in
highly myopic eyes, thereby promoting the formation of nuclear
cataracts (332). In vivo, the injection of RSL3 into the anterior
chamber of a mouse model of high myopia induced more severe
lens nucleus opacification, which was partially ameliorated by
ferroptosis and DDR2 inhibitors. Researchers have revealed that
CD82 is strongly associated with dexamethasone (DEX)-triggered
ferroptosis in lens epithelial cells. DEX induced ferroptosis via
CD82-P53-induced suppression of SLC7All and GPX4
expression. The inhibition of iron release by Lip-1 reduces the
development of glucocorticoid-induced posterior subcapsular
cataracts in a DEX-treated rat model. Glucocorticoid-induced
posterior subcapsular cataract (GIC) is strongly linked to
ferroptosis enhancement via the CD82-P53-GPX4/SLC7All
axis (333).

5.10 Ferroptosis in TAO

TAO is a condition characterized by an organ-selective
autoimmune reaction that affects mainly the orbital muscles and
surrounding structures (334). One of these antibodies reacts with
thyroid cells and orbital fibroblasts, triggering inflammation in the
orbital muscles, connective tissues, adipose deposits, and tear-
producing glands. The disease features the infiltration of
polymorphous cells with enhanced glycosaminoglycan excretion.
TAO is characterized by an increase in orbital contents that can
cause the orbit to expand to even eight times the normal size, with a
risk of secondary intraocular pressure increase, optic nerve
compression, subsequent myofiber degeneration leading to
fibrosis, and restraint effects on the affected muscle leading to
restrictive myopathy and diplopia (335). TAO is less prevalent in
men than in women. In a previous study, most patients in a TAO
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cohort had mild TAO, whereas 5%-6% of patients had moderate to
severe TAO (336).

Selenium is a recognized suppressor of ferroptosis, and
selenium supplementation has been shown to improve the quality
of life in individuals with mild TAO (337, 338). Teprotumumab, a
human anti-IGF1R monoclonal antibody, has been demonstrated
to be detrimental to the glycolytic phenotype in experiments with
graves’ orbitopathy orbital fibroblasts (GO OFs) from patients with
TAO. This leads to ferroptosis in GO OFs (339). This medication
was recently approved by the Food and Drug Administration
(FDA) for active, moderate-to-severe TAO, suggesting that
ferroptosis may contribute to TAO progression and may become
a new therapeutic target.

Oxidative stress contributes to ferroptosis and influences TAO
pathogenesis. In patients with TAO, the oxidative stress response is
characterized by elevated levels of SOD and lipid peroxides, whereas
GSH concentrations decrease within the orbital connective tissue
(340). In addition, the regulation of the Nrf2/ERK/HO-1 signaling
pathway alleviates oxidative stress in orbital fibroblasts (341).

ROS produced during inflammatory reactions can incite
cellular harm and significantly trigger ferroptosis. Elevated
oxidative stress markers in TAO orbital tissue imply that ROS
accumulation may induce ferroptosis in fibroblasts (342). At the
onset of TAO, CD4" T cells can activate and multiply orbital
fibroblasts and fat cells (343). In addition, B cells, macrophages,
and dendritic cells increase tissue swelling and scarring. This
dysregulation of immune cells and cytokines establishes a
proinflammatory environment that drives the pathogenesis of
TAO. Tea-derived polyphenols have been shown to reduce
inflammation triggered by lipopolysaccharides through the
modulation of the NF-xB/NLR family pyrin domain 3 (NLRP3)
pathway (25). In addition, the JAK-STAT axis is crucial for
modulating orbital inflammation in TAO (344). Concurrently, it
is pivotal in mediating ferroptosis.

Ferroptosis is also important in the fight against fibrosis. For
example, triptolide reduces liver fibrosis through the HO-1
signaling pathway (345). However, excessive iron accumulation
and ferroptosis in the liver were found to aggravate
acetaminophen-induced fibrosis in a mouse model (346).
Subsequent experiments revealed that ferroptosis may affect tissue
fibrosis by modulating related signaling pathways and increasing
interactions between cells. These findings provide a potential new
direction for the development of antifibrotic treatments for TAO.

TAO is a complex autoimmune disease that affects structures in
the orbit, such as extraocular muscles, orbital fat, and the lacrimal
gland. Studies have shown that older TAO patients are more likely
to experience posterior thickening of extraocular muscles. This
thickening can lead to double vision and limited eye movements
(347). It has been shown that cysteine deprivation and treatment
with erastin induce ferroptosis and subsequently lead to orbital
fibroblast proliferation (348). In TAO patients, increased ferroptosis
of orbital adipose tissue is observed. Lacrimal gland tissue plays a
vital role in preserving the integrity of the ocular surface. An
investigation of the T-cell immunophenotype in the lacrimal
glands of TAO patients revealed that one of the hallmarks of
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lacrimal gland inflammation is the marked infiltration of
interleukin-17A (IL-17A)-producing T helper 17 (Th17) cells. IL-
17A can promote the differentiation of lacrimal duct fibroblasts into
myofibroblasts or adipocytes (349). In addition, a study revealed
that corneal nerve damage increased ferroptosis in lacrimal tissue,
which resulted in decreased tear production (350). In TAO patients,
orbital fat expansion and extraocular muscle hypertrophy together
lead to inflammatory infiltration and pyroptosis, and TAO-related
lacrimal gland injury contributes to DED. In summary, ferroptosis
clearly leads to orbital tissue injury in TAO patients and exacerbates
existing orbital lesions among such individuals.

6 Targeting ferroptosis to treat eye
diseases

6.1 AMD

Several inhibitors of ferroptosis exhibit protective effects on
retinal neurons and hinder the progression of age-related macular
degeneration. Recent research has revealed that the tumor
suppressor protein p53 plays a key role in triggering ferroptosis
by promoting reactive oxygen species generation while decreasing
SLC7A11 expression. A groundbreaking study by Yang and
colleagues demonstrated that an extract derived from Fructus
Lycii and Salvia miltiorrhiza (FSE) effectively prevents
photoreceptor cell death through ferroptosis. This protective
mechanism occurs via the regulation of the P53/SLC7All
pathway in 661 W cells exposed to hydrogen peroxide-induced
oxidative stress (247). Research has indicated that a higher intake of
omega-3 long-chain polyunsaturated fatty acids (n—3 LC-PUFAs), a
component of fish, may be beneficial for patients with AMD. n—-3
LC-PUFAs are essential for retinal function, notably contributing to
the phototransduction process and resistance to oxidative stress,
inflammation, and vascular damage—key contributors to AMD.
Animal research in both laboratory and live settings has
demonstrated that n—3 LC-PUFAs have the potential to maintain
retinal integrity in AMD patients (351). LOXs are a family of
enzymes that metabolize arachidonic acid and PUFAs, contribute
to lipid peroxidation, and induce ferroptosis. Zileuton-mediated
inhibition of 5-LOX reduces ROS-induced lipid peroxidation,
mitochondrial damage, DNA damage, and iron-related toxicity, as
verified by in vitro experiments and animal models of dry AMD.

Researchers have confirmed that ferroptosis leads to RPEC loss,
disrupts mitochondrial function, and increases lipid peroxidation in
ferric ammonium citrate (FAC)-treated ARPE-19 cells and mouse
models. The characteristic lesions of dry AMD were highly
consistent with the pathological findings of the ferroptosis
experiments. These two points highlight the critical effect of
ferroptosis on dry AMD, and in this study, Rhodiola rosea
activated the Nrf2 pathway. The expression of the antioxidant
proteins Nrf2, SLC7A11 (cystine transporter), and GPX4 (lipid
peroxidase) was upregulated, and iron ion accumulation and ROS
generation were inhibited. R. rosea also reduced macrophage
infiltration and alleviated pathological damage in RPE cells (352).
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Other researchers have designed melanin-like nanoparticles called
Concanavalin A-decorated melanin-like nanoparticles (ConA-
MeINPs) as novel ferroptosis inhibitors. ConA-MelNPs chelated
iron ions, significantly reduced mitochondrial injury triggered by
oxidative stress, and prevented NalOj-induced ferroptosis in
RPECs (353).

6.2 DR

Almost all patients with diabetes develop DR. Drug therapy,
such as anti-VEGF therapy, has led to drug resistance in clinical
practice. The treatment of DR with drugs is still under investigation.
Ferroptosis plays an important role in the pathogenesis of DR.
Targeting ferroptosis to treat DR has become a new
research direction.

The two key factors involved in preventing ferroptosis, namely,
iron activity and lipid peroxidation, have been shown to be
beneficial in DR. DFO significantly contributes to mitigating iron
overload conditions. In a murine disease model, vitreous injection
of DFO significantly decreased retinal iron content and reduced
vascular leakage. However, the ability of DFO to penetrate the BRB
is limited (354). Lactoferrin (LF) is an iron-binding glycoprotein
derived from mucous cells and neutrophils. LF has a unique ability
to break through the BRB (355). LF not only captures reactive iron
in the retinal environment and reduces ROS production but also
directly removes ROS (356). PMX500F], an A-lipoic acid derivative
studied by Moos et al., can pass through the BRB while also catching
iron in the retina. It activates the Nrf2 signaling pathway and
inhibits oxidative stress (357, 358). Nrf2 acts as a vital in vivo
antioxidant protector, with research indicating that Nrf2 pathway
activation safeguards retinal tissue in patients with diabetes (359,
360). Similarly, numerous investigations into diabetic cell targets
have indicated that increasing Nrf2 levels safeguards against
ferroptosis, thereby mitigating organ damage.

The inhibition of lipid peroxidation is another important
strategy for preventing ferroptosis. Numerous cellular and animal
studies have validated the effectiveness of ELABELA (ELA) and
ferrostatin-1 in regulating the iron attenuation process in the retina
through the system Xc GPX4 pathway activation (361). The
alleviation of ER stress is important for slowing DR progression
(362). The alleviation of DR stress may be achieved by ameliorating
oxidative stress and inflammation in cells, restoring intracellular
iron homeostasis, and attenuating membrane lipid peroxidation.
Wang et al. reported that blueberry anthocyanin extract inhibits ER
stress, thereby providing relief for DR patients (363). In addition,
the compound endoplasmic reticulum was shown to reduce ER
stress and decrease inflammatory factor expression. This
intervention showed promising efficacy in lowering lipid
peroxidation, subsequently halting the intricate interactions
among the processes that are associated with oxidative stress,
endoplasmic reticulum stress, and inflammation (364).

Among natural products, quercetin inhibited TFRI1,
upregulated FPN, and decreased free iron levels; 50 UM quercetin
reduced the percentage of ferroptotic cells from 42% to 12% in a
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high glucose-induced Miiller cell model. Resveratrol can inhibit
ferroptosis through stimulation of the Nrf2/HO-1 pathway and
suppression of the p53-SLC7A11 axis. In mice with Streptozotocin
(STZ)-induced diabetes, 8 weeks of oral resveratrol treatment
reduced the retinal vascular leakage area by 38% and restored
GPX4 expression to 1.7 times the baseline level. In addition, Tang
and colleagues provided significant observations (365). Their
findings revealed that astragaloside IV (AS-IV) increased Sirtl/
Nrf2 activity, ultimately resulting in increased GPX4 expression,
which decreased retinal lipid peroxidation.

6.3 Glaucoma

Recent studies have shown that DFO is a unique compound that
can penetrate the blood-retinal barrier with ease. Following ph-
IOP-induced damage, it effectively binds to excess divalent iron in
retinal tissue, preventing toxic accumulation. By mitigating iron
overload, DFO safeguards retinal ganglion cells from ferroptosis
and helps preserve normal vision. This protective mechanism
highlights the potential of DFO as a therapeutic agent for retinal
neuroprotection. Currently, multifunctional nanoparticles
(NPsLip-1) have been developed and applied to manage acute
glaucoma. These nanoparticles can significantly reduce lipid
peroxidation products and restore mitochondrial function,
thereby inhibiting ferroptosis. Ultimately, they increase the
survival rate of RGCs in glaucoma models by 5.1-fold. Compared
with traditional iron chelators (such as DFO), NPsLip-1 address
issues related to rapid metabolism, poor targeting, and systemic
toxicity (366).

Glutamate-induced cell surface N-methyl-p-aspartate receptors
(NMDARs) stimulate cellular iron absorption by inducing the
expression of Dexrasl, a GTP-binding protein that increases
DMT1-mediated iron uptake (316, 317). Sakamoto et al. reported
that NMDA-induced intravitreal injections caused Fe*" buildup
and cellular death within RGCs (318). Iron-chelating agents
protected RGCs from NMDA excitotoxicity-mediated cell death
by reducing intracellular iron levels and alleviating oxidative stress
in rodents (318, 319). Suppressing NCOA4 led to reduced FTH1
breakdown and decreased bivalent iron levels in the retina. This
significantly reduced iron ion levels and alleviated RGC
damage (315).

Glaucoma involves cytokine release driven by inflammation
triggered by abnormal processing of amyloid precursor protein and
subsequent deposition of AP and p-Tau in retinal ganglion cells,
which disrupts iron homeostasis and leads to retinal iron overload.
Iron triggers inflammation via the Fenton reaction, accelerating the
formation and accumulation of amyloid-beta (AB). Therefore, the
redox balance of RGCs interacts with iron ions in a self-amplifying
feedback loop, exacerbating glaucoma-induced RGC death (320).
Iron overload can damage mitochondria. Mitochondria in RGCs
from individuals with glaucoma and murine glaucoma models were
smaller, rounder, and more fragmented, suggesting a link between
glaucoma, iron levels, and mitochondrial dysfunction (321).
Mitochondrial dysfunction plays a critical role in RGC loss in the
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context of glaucoma (322). Ferroptosis inhibitors can promote RGC
survival and protect retinal structure by maintaining mitochondrial
function (323).

6.4 TAO

Ferroptosis inhibitors may be effective agents for the treatment
of TAO, as they have been shown to prevent cell death by alleviating
oxidative stress, having anti-fibrotic effects, and inhibiting lipid
peroxidation. For example, sulfasalazine, a clinically used
ferroptosis inducer, is very effective against thyroid cancer cells,
indicating its possible use in TAO (367, 368). Selenium serves as a
vital ferroptosis regulator and an effective therapy for TAO, as it can
reduce lipid hydroperoxides and inhibit lipoxygenase (369). These
inhibitors have the potential to mitigate orbital inflammation and
tissue remodeling, both of which are pivotal indicators of TAO.
They achieve this by scavenging free radicals produced via lipid
peroxidation and inhibiting the buildup of harmful lipid peroxides.
The IGF1R inhibitor teprotumumab has received FDA approval for
managing active, moderate-to-severe TAO.

Studies on thyroid cancer cells have shown that modulating
ferroptosis may have effects on cell survival and oxidative stress.
Anaplastic thyroid carcinoma cells were found to be resistant to
ferroptosis (370). Targeting the ferroptosis pathway may be a viable
strategy for addressing TAO, a condition in which oxidative stress is
a pivotal factor. Ferroptosis inducers such as erasin, in addition to
iron-binding agents, have demonstrated potential in mitigating
oxidative stress-induced damage and increasing cellular viability
in preclinical studies (371). Ferroptosis plays a role in TAO
pathogenesis. The overexpression of SIRT6 in thyroid cancer has
been shown to increase sensitivity to ferroptosis through the
autophagic degradation of ferritin dependent on nuclear receptor
coactivator 4, suggesting that TAO may involve a similar
mechanism (372). Ferroptosis-associated IncRNAs, such as
LINCO01140 and ZFHX4-AS1, have been found to be differentially
expressed in TAO patients (373).

6.5 Corneal disorders

Studies have demonstrated that decreased levels of GPX4 in
HCECs can lead to increased LDH levels, which can trigger
ferroptosis (150). The application of the ferroptosis inhibitor Fer-
1 could mitigate ferroptosis mediated by this pathway (152).
Research has indicated that compared with wild-type mice,
GPX4-deficient mice exhibit delayed corneal wound healing
following epithelial injury, highlighting the role of GPX4 in
corneal wound healing. The inhibition of ferroptosis protects
against oxidative stress-related mortality in corneal epithelial cells
when GPX4 is absent (153).

Studies have shown that the ferroptosis antagonist Fer-1 is
promising for the treatment of multiple disorders linked to
ferroptosis and that Fer-1 treatment can mitigate corneal opacity
and neovascularization in alkali burn mouse models. Further
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studies have demonstrated that alkali burns trigger ferroptosis
activation and the attack of ROS on mitochondria, which together
facilitate the onset of ferroptosis within corneal tissue. The
effectiveness of Fer-1 indicates that ferroptosis could be a
therapeutic target in corneal alkali burn management. The
experiment also showed that Fer-1 liposomes were significantly
more effective than free Fer-1 at managing corneal alkali injury. In
addition, in vitro and in vivo safety evaluations of Fer-1 liposomes
were performed, and the results revealed that they had no
significant toxic side effects (159, 160). Recent studies have
revealed the role of AKRICI in protecting corneal epithelial cells
against oxidative injury in DED (163). Ferroptosis triggered by high
oxidative stress contributes to DED progression in a mouse in vivo
DED model and immortalized HCECs. In addition, Nrf2 triggered
AKRICI expression to attenuate iron toxicity-induced cell injury
and inflammation in HCECs.

In a BK mouse model, the LEV + Fer-1 group presented lower
levels of inflammatory factors, reduced corneal scarring, and lower
Fe’* levels. Significantly, the LEV + Fer-1 group exhibited elevated
levels of GPX4 and SLC7A1l. In vitro experiments revealed that
Fer-1 administration reversed the LPS-mediated alterations in ROS,
Fe**, GPX4, and SLC7A11 levels in CSSCs. These findings indicate
that ferroptosis significantly contributes to bacterial keratitis and
that the inhibition of ferroptosis may help reduce inflammation,
minimize corneal damage, and improve BK patient outcomes (299).

6.6 Others

Ferroptosis is a crucial mechanism of cell death in RIRI and
affects cell types such as RGCs, PRs, and RPEs. This process
involves the increased expression of iron-related genes (e.g., Acsl4
and Hmox1) and decreased GPX4 and SLC7A11 levels, along with
Fe** and ROS buildup during the pathogenesis of RIRI (374). The
inhibition of ferroptosis reduces both inflammatory factors and
gliosis and protects retinal structures (375). Fer-1 can reduce RGC
death by 60% and significantly increase the a/b-wave amplitude
according to an electroretinogram in a RIRI mouse model. In
addition, MT inhibited RIR-induced ferroptosis by decreasing
ROS and Fe®* levels and increasing GSH levels through the
regulation of the p53/Slc7all/Alox12 signaling pathway (375).
DFO reduces the symptoms of RIRI and has been used clinically
to treat iron overload disorders, and electroretinography (ERG) and
visual evoked potentials (VEP) tests have been performed to
confirm that retinal visual function improves in subjects after
DFO treatment (274). Supramolecular DFO-crisaborole
nanoparticles, which increase GPX4 levels, downregulate the
expression of ferroptosis-related genes (Acsl4 and Hmox10),
reduce the expression of inflammatory markers, and reduce ROS
levels (279). It has been experimentally confirmed that ferroptosis
plays an indispensable role in RP, and research on RP models has
indicated that iron homeostasis regulators inhibit photoreceptor
ferroptosis and prevent degeneration. Drugs such as zinc
deferoxamine (283); iron chelators VK28, VAR10303, and DFO
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(230); and hepatostatin-1, along with the ferroptosis inhibitor DFO,
effectively inhibit ferroptosis. For example, DFO decreased retinal
iron deposition by 50% and increased photoreceptor survival by
1.8-fold in rd10 mice, and Fer-1 induced RGC and photoreceptor
death by 60% and ERG b-wave amplitude recovery in rd1 mice. Qi-
Shen-Tang (QST) slows RP progression in rd10 mice. It improves
retinal tissue structure and performance, increases blood flow to the
tissue, and decreases iron and MDA levels while increasing SOD
and GSH concentrations. Additionally, QST (Table 2) contributes
to antioxidant defense and protects against ferroptosis. Also, it
safeguards retinal cells by activating the Nrf2/GPX4 signaling
cascade (46).

Ferroptosis has been demonstrated to be an important
mechanism of programmed cell death in corneal epithelial cells
and lacrimal acinar cells in DED. Ferrostatin-1, when applied as an
eye drop, increased corneal epithelial survival by 60%, and the levels
of Fe’" and MDA decreased in hyperosmolar models. The
mucolipid CF@SNPs, which encapsulate Fer-1 and cyclosporine
A, mitigated oxidative stress-induced corneal epithelial death, and
treatment with the CF@SNPs resulted in superior therapeutic
efficacy and improvement in clinical DED parameters in a mouse
model of DED, including the alleviation of corneal injury, the
restoration of lacrimal gland structure, and the proliferation of
goblet cells. The ocular surfaces of DED patients have high ROS
levels, increased cell death-related marker expression, and dry eye
stress-induced p53 upregulation, further triggering corneal
epithelial ferroptosis. The combined administration of CsA and
Fer-1 substantially alleviated corneal injury and DED marker
upregulation, and CF@SNPs provide a promising solution to
corneal injury in DED through the disruption of the
inflammatory cascade, the generation of ROS, and ferroptosis. In
addition, DFO can reduce intracellular Fe** and ROS levels and
inhibit ferroptosis (401). Astaxanthin (AST) mitigates DED via the
SLC7A11/GPX4 axis in corneal epithelial cells and mouse models
under hyperosmolar stress.

RBI deletion and p53 mutation affect both Rb pathogenesis and
ferroptosis. Targeting ferroptosis is a novel strategy for the
treatment of Rb. The induction of ferroptosis by autophagy may
lower resistance in Rb cells, whereas 4-OI triggers ferroptosis via
ferritin regulation (291). After 4-OI treatment, resistant Rb cell
survival was reduced by 75%, and when combined with carboplatin,
the in vivo tumor burden was reduced by 90%. Erastin reduced the
IC50 of carboplatin-resistant cell lines by eightfold, but did not
increase normal retinal toxicity.

High levels of markers with ferroptosis were detected in patients
with myopic cataracts, diabetic cataracts, and age-related cataracts.
Therefore, targeting ferroptosis is a novel approach for cataract
therapy. Ferrostatin-1 and dasatinib (a DDR2-Src-Hippo inhibitor)
significantly alleviated RSL3-induced nuclear cataracts and restored
lens transparency in HMCs (332). An Nrf2 activator (hydralazine),
which reduces ROS production in LECs in mice and humans,
provides cytoprotection and delays lens opacification caused by
aging and oxidative stress (410). Resveratrol may protect human
LECs from oxidative damage by activating antioxidant enzymes
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TABLE 2 Ferroptosis-targeting agents for ocular diseases.
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Ophthalmic — .
P Drug name  Target Clinical phase Mechanism References
diseases
AMD ing th i f GPX4
PEDF GPX4/FTHI ARPE-19/C57BL/6 mice | UPregulating the expression of G (376)
and FTH1
The specific inhibition of HO-1 overexpression
ZnPP Nrf2-SLC7A11-HO-1 ARPE-19/C57BL/6 mice has been determined to significantly block RPE (245)
ferroptosis
GSH-GPX4 and FSP1- Restoring the impaired GSH-GPX4 and FSP1-

F in-1 ARPE-1 7BL al 53
errostatin CoQ10-NADH OICSTBLI6 male 10 NADH signaling in SIO-injured RPE 53
Melatonin PI3K/AKT/MDM2/P53 ARPE-19/male C57BL/6 Suppressing cell death by ferroptosis in RPE via G77)
pathway strain mice the PI3K/AKT/MDM2/P53 pathway

. . Exerting therapeutic effects by triggering Nrf2/
Salidrosid Nrf2 ARPE-19/C57BL/6 352
droside r /CSTBLIG mice g1 o7 AT1/GPX4 signaling axis (352)
. . Suppressing Fe** significantly protected RPE
Defe I ARPE-1 BL
eleriprone ron content R 9/C57BLJ6 ] mice cells against A2E-blue light-induced ferroptosis (378)
CircSPECC1 Oxidative stress ARPE-19/C57BL/6) mice | osng oxidative stress injuries and (379)
maintaining lipid metabolism in RPE
DF-10/MTDH P, ting t t of SREBP1 fi ER t
SDF-1a. SDE-1o/MTDH] C57BL/6J mice/BMECs romoting transport of SREBP1 from ER to (380)
SREBP1 axis Golgi and SREBP1 maturation
P ti i in Fe*" levels and lipid
Crocin KEAP1/NRF2/HO-1 Phase II clinical trial revelring an increase i fe - fevels and p @81)
peroxidation
DR Activating the Nrf2 antioxidant si li
Corilagin Nif2 ARPE-19/C57BL/6 mice civating the Rris antioxidant signating (382)
pathway
Cytosolic and lipid ROS, . R o
Fer-1 GSH/GPX4 axis C57BL/6 mice/HRMECs Decreasing lipid peroxidation (383)
ion of HG-i f L .
1,8-Cineole TXNIP/PPAR-y ARPE-19/C57BL/6 mice f,:fperessm of HG-induced ferroptosis in retinal .
18SU
Sestrin2 STAT3/ER ARPE-19/C57BL/6 mice Inhibiting STAT3 phosphorylation and ER stress = (385)
timulating the SLC7A11/GPX4 path t
FLOTI Nrf2 ARPE-19 Stimulating the SLC7ALL/GPX4 pathway to (386)
inhibiting ferroptosis
I ing the antioxidant ity of the syst
Ferrostatin-1 System Xc~ SD rats/ARPE-19 XHZ}vamg e antioxidant capacity of the system (387)
6 . . 6
m°A-YTHDF1-ACSL4 . Reducing ferroptosis through the m"A-
ALKBHS5 axis ARPE-19/C57BL/6 mice YTHDF1-ACSL4 axis (388)
1QC p53 C57BL/] mouse models/ Downregulatir'lg the p53 signaling pathway, (389)
HRCECs thereby reducing ferroptosis
Decreasing MDA and PTGS2 and increasing cell
RSV Nrf2/GPX4/PTGS2 SD rats/C57BL/6 mi 390
r2/GPX4/ rats/ /6 mice viability, GSH, Nrf2, and GPX4 (390)
I miR-214-3p/p53/ . Mitigating cellular damage and Fe**
Pifithrin-o SLC7A11/GPX4 axis C57BL/6] mice/HRCECs accumulation (391)
Amygdalin Nif2/ARE HRCECs Act.lv?tmg the N.RFZ/ARE signaling pathway to (392)
inhibit ferroptosis
Upregulating the content of GSH and the protein
RE! IRT1/HMGB1 HRCE:! 393
s s /HMG CECs expression of SLC7A11 and GPX4 (393)
Restori H level h i
THPE2-F GSH ARPE-19/C57BL/6 | mice | Retoring GSH levels under hyperglycemic (394)
conditions and regulating iron levels
miR-509-3p GPX4 HRVECs/SD rats Upregulating GPX4 to reduce ferroptosis (395)
RP FSE pS3/SLC7ALL 6§l w cells/'C57/BL6 Inl"libifing ferropt'osis of photoreceptors following 47)
wild-type mice oxidative stress via the p53/SLC7A11 pathway
(Continued)

Frontiers in Immunology

27

frontiersin.org


https://doi.org/10.3389/fimmu.2025.1709354
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Wei et al.

TABLE 2 Continued
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Ophthalmic - .
. Drug name Clinical phase Mechanism References
diseases 9 P
Inhibiting fe tosis by inhibiting the NRF2
QST Nrf2/GPX4 rd10 mice nhibiting ferroptosis by inhibiting the NRF2/ (46)
GPX4 signaling pathway
. . Rb cell lines Y79 and Inhibiting cell proliferation and promoting lipid
Rb YAP Lipid peroxidation RB3823 peroxidation induced ferroptosis in Rb (396)
Corneal disorders PA eye drops Iron content BALB/c mice Chelating ferrous ions for ferroptosis inhibition (293)
Restoring the alterations of ROS, Fe’*, GPX4,
- i 2
Fer-1 GPX4/SLC7A11 C57BL/6 mice/CSSCs and SLC7ALL, enhancing the prognosis of BK (299)
PTEN inhibi ing PTEN/PI3K/Akt/mT! ignali
' N inhibitor/ PI3K/Akt/mTOR CEnCs Begulgtmg N/ 3K/Akt/mTOR signaling to (397)
miR-23a-3p inhibit ferroptosis
ine lini 1 radical inhibiti
Lip-1 Lipid peroxidation HCECs/C57BL/6 mice Scavenglr'lg. ipid peroxy! 'radl'ca s and inhibiting (56)
ferroptosis in corneal epithelial cells
Scavenging ROS, inhibiting the expression of
PC-DS NE GPX4/ACSL4 SD rats inflammatory cytokines and pro-angiogenic (398)
factors, and downregulating ferroptosis
Reducing lipid peroxidation levels in HCE-T
AS System Xc™/GPX4 HCE-T cells cells und‘er hyperosmolarity and irjhibiting (399)
pathway ferroptosis through the system Xc /GPX4
pathway
Suppressing ferroptosis by modulating GRP78-
Exo-Que GRP78-GPX4/GRP78- HUCMSC/HCEC/HSFC/ ACSL4 and GRP78-GPX4 protein interactions, (400)
X0-
ACSL4 guinea pigs thus mitigating ECM remodeling and slowing
myopia progression
DED Upregulation of NRF2 increases AKR1C1
AKRIC1 Nrf2 C57BL/6 mice/HCEC expression, alleviating ferroptosis-induced cell (304)
damage and inflammation
i —-SLC7A11-GSH-
CF@SNPs p53-SLC7A11-GSH Phase II clinical trial Suppressing p53-SLC7A11-GSH-dependent (306)
ferroptosis
i LC7A11/GPX4, inhibiti
AST SLC7A11/GPX4 Routine clinical use Upregulating SLC7AT1/GPX4, inhibiting (401)
ferroptosis
. . Repressing ferroptosis through inhibiting the
XRMY HMOXI1/HIF-1 Phase II cl | trial 402
Q [HIF-1a ase 1 clinical tria HMOXI1/HIF-1 pathway “02)
Glaucoma . . Chelating the abnormally elevated iron ions in
14
Deferiprone fron content C57BL/6 mice the retina and inhibiting the ferroptosis of RGCs G14)
Regulating ferritin light chain, SAT1, and
B202190 LC7A11/GPX4 D male rats/R28 cell 403
$B20219 SLC7ALIIG SD male rats/R28 cells SLC7A11/GPX4 pathways @0
P i ion of mitochondrial lipi
Fer-1 Lipid peroxidation C57BL/6J mice reventing the production of mitochondrial lipid
peroxides in ONC retinas
NPsLip-1 GPX4 R28cell/C57BL/6] mice Inhibiting ferroptosis by upregulating GPX4 (366)
. Reducing ROS accumulation and modulating key
FB-NP. Nrf2 R28cell/C57BL/6 404
s r cell/ /6] mice ferroptosis markers (GPX4 and ACSL4) (404)
Chelating iron, regulating iron metabolism,
H,S Iron content C57BL/6] mice reducing oxidative stress, and mitigating (405)
ferroptosis
Modulating microglial ferroptosis, thereby
Vitamin K1 Iron content C57BL/6] mice alleviating acute ocular hypertension-induced (406)
retinal inflammation
Cataract Inhibiting ferroptosis through the SIRT6/p-Nrf2/
. SIRT6/p-Nrf2/GPX4 GPX4 and SIRT6/COA4/FTH1 pathways and
Melat B-3 cell/SD rat: 303
clatonin SIRT6/COA4/FTH1 cell/SD rats delaying cataract formation caused by UVB (303)
exposure
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TABLE 2 Continued

Ophthalmic

‘ References
diseases

Drug name Mechanism

Clinical phase

Inhibiting ferroptosis and reducing the incidence

SD rat
rats of DEX-induced GIC in rats

Liproxstatin-1 p53-GPX4/SLC7A11 (333)

Alleviating damage to LECs by interfering with

Emodin p53 LECs/SD rats the p53-mediated ferroptosis pathway, (407)

attenuating DC disease

Cutting down the accumulation of ferrous ions
caused by naphthalene, protecting against

SD rat;
ras naphthalene-induced cataracts by reducing

Asparagine Iron content (408)

ferroptosis
Alleviating human LECs damage by inhibiting

ferroptosis and representing a promising
therapeutic approach for age-related cataract

ATX GPX4 LECs/aged C57BL/6] mice (409)

PEDF, pigment epithelium-derived factor; FTH1, ferritin heavy chain-1; SI, sodium iodate; PI3K, phosphatidylinositol-3-kinase; MDM2, murine double minute 2; SDF-10, stromal cell-derived
factor-10; SREBP1, sterol regulatory element binding protein 1; ER, endoplasmic reticulum; HG, high glucose; TXNIP, thioredoxin-interacting protein; PPAR-Y, peroxisome proliferator-
activated receptor y; YTHDF1, YTH N6-methyladenosine RNA binding protein 1; ALKBHS, alkylation repair homolog protein 5; ACSL4, acyl-CoA synthetase long-chain family member 4; IQC,
isoquercetin; RES, resveratrol; FSE, Fructus Lycii and Salvia miltiorrhiza Bunge extract; QST, Qi-Shen-Tang; YAP, Yes-associated protein; PA, phytic acid; CSSCs, corneal stromal stem cells; BK,
bacterial keratitis; FECD, Fuchs endothelial corneal dystrophy; PTEN, phosphatase and tensin homolog; PI3K, phosphoinositide 3-kinase; mTOR, mechanistic target of rapamycin; Lip-1,
Liproxstatin-1; CNV, corneal neovascularization; PC-DS NE, proanthocyanidin-diclofenac sodium nanozyme enzyme; AS, autologous serum; Exo-Que, exosome delivery system; ECM,
extracellular matrix; AST, astaxanthin; QXRMY, Qingxuan Run Mu Yin; ONC, optic nerve crush; OGD/R, oxygen-glucose deprivation/reperfusion; FB-NPs, farrerol-loaded bilirubin
nanoparticles; SIRT6, sirtuin 6; FTH1, ferritin heavy chain; UVB, ultraviolet B; GIC, glucocorticoid-induced posterior subcapsular cataracts; DEX, dexamethasone; DC, diabetic cataract; ATX,

astaxanthin; BMECs, bEND.3 mouse brain microvascular endothelial cell line.

(411). Lleo et al. demonstrated that melatonin could protect cells
from damage due to H,O, and white light LED-induced death
(412). Experimentally, thiol antioxidants have shown significant
promise in safeguarding LECs against oxidative damage and
inhibiting cataract formation (413).

7 Limitations and challenges

Most recent studies on ferroptosis in ophthalmology have
focused on RPECs or RGCs, but studies on the ability of Miiller
cells, vascular endothelial cells, PRs, and even corneal endothelial
cells to induce ferroptosis are lacking, and comprehensive single-
cell maps are lacking, leaving unresolved questions like the
variations in the susceptibility of various cell types to ferroptosis,
which can be parallel or mutually causal with apoptosis, necrosis,
and pyroptosis (414). One study revealed that erastin promotes
apoptosis in cancer cells. Iron-depleting compounds trigger ER
stress, resulting in alternative cell death pathways (415). Notably,
ferroptosis has no specific markers identified in the eye, making it
difficult to distinguish it from other types of programmed cell death.
The ocular microenvironment is complex, and the immune system
differs from other sites, which also poses a challenge for treating
ocular diseases with ferroptosis-targeting methods.

Multiple nodes, such as TF, TFR, DMTI, FT, and FPNI, can
regulate iron levels; however, these proteins exhibit distinct
expression patterns across retinopathies, and it is difficult to find
“universal” intervention nodes. Systemic iron chelation may
increase the risk of anemia and infection, and local delivery
addresses the paradox of the penetration of the blood-retinal
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barrier and prolonged retinal retention. Currently, only static iron
deposition (MRI or tissue iron staining) has been tested and does
not reflect lipid peroxidation rates or GPX4 activity fluctuations in
real time. Ophthalmologic examinations, such as retinal OCT-A or
autofluorescence tests, do not specifically detect ferroptosis and are
difficult to use for efficacy monitoring and patient stratification.
This also poses a challenge to the timing and extent of intervention
with ferroptosis treatment options. If OCT is combined with
targeted probes or nano-contrast agents, functional imaging is
expected to be realized in the future, enabling the labeling of
ferroptosis and the assessment of retinal oxidative stress
distribution. Detection of apoptosing retinal cells (DARC) is a
method that combines retinal imaging technology with molecular
biology to identify retinal apoptosis without the need for invasive
methods using advanced confocal scanning laser ophthalmoscopy
(cSLO) technology. Using a similar technical approach, imaging
instruments can identify ferroptosis biomarkers in living systems.
This facilitates crafting customized treatment plans derived from
evaluations of noted cellular events.

The currently employed validated clinical models, such as
photodamage, NalO, and STZ mouse models, cannot completely
mimic the chronic, multifactorial pathogenic environment of
human AMD/DR, and the extrapolation of efficacy is
questionable. As of now, the study of ferroptosis in the realm of
ophthalmology is primarily limited to ARPE-19 cell cultures and
rodent models of acute eye diseases. Techniques like photodamage
can rapidly induce retinal deterioration within a matter of hours or
days, but they do not adequately replicate the prolonged, recurring
mild oxidative stress and the complex interplay of metabolic,
inflammatory, and genetic factors found in human AMD/DR.
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This disconnect between “speedy” research models and “slow-
moving” diseases has left a significant translational chasm, where
promising results in animals tend to fade in actual patients.
Consequently, there are only a few scattered case studies on
ferroptosis-focused interventions in the field of ophthalmology.
What we desperately need is a two-way approach from the
laboratory to the patient’s bedside, focusing on long-term,
multifactorial human populations. This approach should use their
extensive data to improve animal studies and, ultimately, provide
patients with effective, safe, and tailored treatments for ferroptosis.

The maximum tolerated dose and retinal toxicity threshold of
iron chelators (DFO and deferiprone) have not yet been established.
Additionally, whether long-term inhibition of ferroptosis by
inhibitors interferes with the activity of iron-dependent enzymes,
such as the mitochondrial respiratory chain, still requires phase I
clinical data. Ethical and safety issues still need attention. As the first
ferroptosis inhibitor to enter preclinical ophthalmic development,
Fer-1 eye drops were originally limited by the drug’s inherent
hydrophobicity. Researchers overcame this obstacle by preparing
Fer-1-loaded liposomes via thin-film hydration. The resulting
formulation shows sustained-release kinetics, markedly enhanced
cellular uptake, and prolonged ocular surface residence time,
thereby effectively ameliorating alkali burn-induced corneal
injury. Safety evaluations, both in vitro and in vivo, revealed no
evident toxicity. To date, 0.1%-0.3% Fer-1 liposomal eye drops have
not exhibited significant oftf-target effects in acute or sub-acute
models. In the future, long-term safety in larger cohorts will be a key
endpoint in upcoming phase I trials.

8 Opportunities

Targeting ferroptosis opens new avenues for the treatment of
ocular diseases. Ferroptosis has been shown to be involved in almost
all irreversible blinding eye diseases. Recent experiments confirm
that most of the common terminal events in AMD, RP, glaucoma,
and DR are RPE or RGC ferroptosis, and single-cell sequencing
confirms that ferroptosis signals appear earlier than apoptosis.
Corneal epithelial ferroptosis after alkali burn and chemical injury
is a major cause of corneal opacity and neovascularization. This
treatment of these diseases via ferroptosis targeting provides a new
direction. At present, preclinical experiments have been completed
with related drugs. Fer-1 liposome eye drops can inhibit corneal
opacity and increase bioavailability fivefold in a rabbit corneal alkali
burn model, which indicates that agents that target ferroptosis have
the potential for clinical translation and the treatment of
ocular diseases.

Advanced methods such as single-cell sequencing and spatial
transcriptomics have been used to map detailed gene expression
and pathway networks for each cell in the retinal microenvironment
during the development of AMD (416). This method enables the
detection of cell subsets potentially undergoing ferroptosis,
understanding the state of cells, and treating the symptoms.
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Cutting-edge research has highlighted the successful use of
groundbreaking sustained-release technology known as the port
delivery system (PDS). This implantable device enables the steady
release of ranibizumab directly into the vitreous humor, offering a
novel treatment approach for individuals suffering from nvAMD
(417). This innovative system holds promise for safeguarding
retinal cells against ferroptosis.

Using a technical approach similar to DARC, imaging devices
can identify ferroptosis biomarkers in living systems and enable
personalized treatment planning (418). Progress in merging
bioinformatics, computational biology, and Artificial Intelligence
(AI) has streamlined the identification of ferroptosis therapeutics
for ophthalmic applications. State-of-the-art approaches include
molecular dynamics modeling, quantum chemical computations,
machine learning techniques, and network analyses. It can be a
useful tool for investigating lipid membrane properties and the
function of lipid peroxides in ferroptosis-induced cell death (419).
These methods are essential for pathway analysis and cellular
interactions to aid target selection and drug screening. Advanced
Al systems are now able to create tailored predictions for AMD
progression. Within the intricate world of the eye, these
computational image analyses are reshaping our understanding of
retinal aging and ailments, offering the chance for swift, early
screening and targeted intervention. AI is expected to integrate
multi-omics data in the future, providing novel tools for predicting
ferroptosis-related gene expression and optimizing drug
delivery (420).

To date, natural compounds have been shown to intervene in
ferroptosis to alleviate eye diseases, and Polygonatum odoratum
polysaccharide can increase the GSH content and SOD activity,
thus playing an antioxidant role (419). Asiaticoside suppresses IL-6,
IL-1B, and TNF-o expression via the NF-kB pathway while
reducing oxidative stress. Madecassoside protects ARPE-2 cells
against oxidative stress caused by H,O, through the activation of
the Nrf2/HO-2 signaling cascade. Matrine has diverse
pharmacological properties (421). Aloperine mitigates oxidative
stress in ARPE-19 cells triggered by H,0O,, and these findings
highlight the therapeutic potential of aloperine in the treatment
of macular degeneration.

Liu et al. reported that fucoxanthin supplements have
significant potential in preventing visible light-induced retinal
damage (422). The primary active ingredient in Astragalus
membranaceus is astragaloside IV, also known as AS-IV. This
compound has the remarkable ability to block the process of
oxidative tissue damage. By doing so, AS-IV lessens oxidative
stress-related damage and increases cell viability in rat RGCs.
New research findings suggest that AS-IV may inhibit
pathological processes associated with DR (423). Puerarin, a key
monomer in kudzu vine root flavones, has numerous effects,
including anti-inflammatory and antioxidative stress effects. It is
beneficial for treating ischemia-reperfusion tissue damage. Zhang
et al. demonstrated that puerarin suppresses Nrf2/ERK pathway
activation, mitigating inflammation and oxidative damage. Ginkgo

frontiersin.org


https://doi.org/10.3389/fimmu.2025.1709354
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Wei et al.

biloba is a prevalent medicinal plant in Chinese medicine and has
some efficacy in scavenging oxygen free radicals (424). Li et al.
reported that G. biloba extract (GBE) significantly protected against
t-BHP-triggered oxidative injury in human io-ml cells. GBE
protects human RGCs against oxidative stress and is promising
for inhibiting retinopathies, especially DR (425). Other studies have
revealed that pretreatment with GBE significantly mitigated
oxidative lipid damage and cell death (necrosis/ferroptosis) and
decreased the viability of RPECs exposed to t-BHP (426).

HCE ameliorates radiation-induced ferroptosis in LO2 cells via
the Nrf2-xCT/GPX4 pathway (427).

Delphinidin was shown to play a key role in iron regulation and
the upregulation of elements linked to the system Xc~ pathway while
also curbing lipid oxidation, sustaining the integrity of cell
membranes, and robustly safeguarding RPEs (661 W cells) from
degeneration through the anti-ferroptosis pathway. Blueberry
anthocyanins have also been shown to scavenge hydroxyl radicals,
H,0,, 1,1-diphenyl-2-picrylhydrazyl (DPPH) radicals, and Fe**
(428). Anthocyanins may be applied in ophthalmic diseases such as
amblyopia, strabismus, cataracts, glaucoma, and retinopathy (429).
Fucoidan shows therapeutic potential for AMD. Dérschmann et al.
reported that fucoidan offers some defense against cell death triggered
by erastin (430). In addition, the protective effect of fucoidan is linked
to the maintenance of stable levels of the GPX4 protein, which is an
important regulator of ferroptosis. These findings offer novel
guidelines for managing eye disorders through ferroptosis through
the uptake of natural compounds.
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