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Ferroptosis, a newly identified, iron-dependent type of programmed cell death, is
active in several diseases, such as heart disease, brain damage, and cancer. Its main
characteristics commonly involve excess iron accumulation, elevated lipid peroxides and
reactive oxygen species, and reduced levels of glutathione and glutathione peroxidase
4 levels. The effects of ferroptosis in eye diseases cannot be underestimated, with
ferroptosis becoming a research target in ocular disorders and emerging evidence
from a series of in vivo and in vitro researches into ferroptosis revealing its role
in eye conditions. However, no report provides comprehensive information on the
pathophysiology of ferroptosis in eye diseases and its possible treatments. In the
current review, we present an up-to-date overview of ferroptosis biology and its
involvement in the pathological processes of ocular diseases. Furthermore, we pose
several outstanding questions and areas for future research in this topic. We deem
ferroptosis-associated cell death a pivotal new field of scientific study in ocular diseases
and consider it a new therapeutic target in the treatment of some eye disorders.
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INTRODUCTION

There are many kinds of cell death, which differ according to morphology, including apoptosis,
autophagy, and necrosis. Apoptosis and autophagocytic cell death are modulated by signaling
pathways, whereas necrosis is classified as “accidental cell death” and is considered passive and not
regulated by signaling pathways (1–3). Ferroptosis is a type of iron-dependent programmed cell
death that is regulated by specific genes and is distinct from apoptosis, necroptosis, and autophagy.
In addition, ferroptosis is different from common cell death in terms of morphology. It can induce
mitochondrial membrane crumpling and increase mitochondrial membrane density (4). Abnormal
iron metabolism, lipid peroxidation, and accumulation of polyunsaturated fatty acid phospholipids
can all trigger ferroptosis. Additionally, iron metabolism, lipid peroxidation, and polyunsaturated
fatty acid phospholipids metabolism perform imperative moderating role in numerous nutritional
imbalance, thus ferroptosis has a link with nutrition metabolism.

Researchers have long observed ferroptosis but classified it as one of the other types of cell
death, and even dismissed it as meaningless (5). Early research revealed a relationship between

Frontiers in Nutrition | www.frontiersin.org 1 April 2022 | Volume 9 | Article 844757

https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/journals/nutrition#editorial-board
https://www.frontiersin.org/journals/nutrition#editorial-board
https://doi.org/10.3389/fnut.2022.844757
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fnut.2022.844757
http://crossmark.crossref.org/dialog/?doi=10.3389/fnut.2022.844757&domain=pdf&date_stamp=2022-04-05
https://www.frontiersin.org/articles/10.3389/fnut.2022.844757/full
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/
https://www.frontiersin.org/journals/nutrition#articles


fnut-09-844757 March 30, 2022 Time: 14:52 # 2

Zhang et al. Role of Ferroptosis in Eye Diseases

necrocytosis and cellular metabolism. In the early 1970s,
glutathione (GSH) depletion was reported during mouse
hepatocyte necrosis, and the addition of cysteine or GSH was
observed to inhibit such cell death (6). In 2012, Stockwell’s
(7) team identified a specific chemical, erastin, in a HT-1080
fibrosarcoma cell model that is capable of regulating voltage-
dependent anion channels (VDACs) in mitochondria. Erastin
not only plays an antitumor role by regulating VDACs in
mitochondria, but also induces ferroptosis in cells. In addition,
erastin can inhibit the function of solute carrier family 7 member
(SLC7A11), an important component of the Na+-independent
cystine/glutamate antiporter system [system Xc(–)] and reduce
the levels of the raw materials for GSH synthesis in cells. This
leads to augmented production of iron-dependent lipid reactive
oxygen species (ROS) and induces ferroptosis in tumor cells (7).

In the subsequent years, several studies confirmed that
reduced intracellular cysteine content and high GSH
consumption played a key role in cell death. It was proven
that lipophilic antioxidants can inhibit this mode of cell death,
which are the main characteristics of ferroptosis (8). Because
intracellular ROS is mainly produced by lipid metabolism,
abnormal lipid metabolism leads to ferroptosis (9). However,
it was not until 2012 that the Nomenclature Committee on
Cell Death recommended that researchers classify ferroptosis
based on the molecular basis of the cell death that it gained its
own name and attention (5). In the present review, we provide
an up-to-date overview of the mechanisms of ferroptosis and
discuss current research and future research prospects in the field
of ocular diseases.

MECHANISMS OF FERROPTOSIS

The main characteristics of ferroptosis are: (1) Depletion of
GSH and lipid peroxidation; (2) cell death acceleration by iron-
dependent intracellular ROS accumulation and iron overload;
and (3) cell death inhibition by scavengers of lipid ROS [e.g.,
ferrostatin 1 (FER-1)] and iron chelators (e.g., ferriamine) (10).
Ferroptosis is regulated by different signaling pathways. Most
upstream pathways induce ferroptosis by influencing the activity
of glutathione peroxidase 4 (GPx-4) (10), and GPx-4 is also the
target of many ferroptosis inducers (Figure 1).

Cystine/Glutamate Antiporter Pathway
System Xc(-) performs an important antioxidant function in the
cell. It can extract intracellular glutamate and absorb extracellular
cystine to reduce it to cysteine, thereby participating in GSH
synthesis (11). GSH can reduce ROS and active nitrogen under
the action of GPx-4 to decrease cytotoxicity. Therefore, inhibition
of system Xc(-) will result in oxidative damage and even cell
death. More and more researchers have revealed that inhibition
of system Xc(-) is key to ferroptosis. For example, Dixon et al.
(7) established an organotypic hippocampal slice culture and
deduced that glutamate-induced cell death might be a signaling
pathway of ferroptosis. Further research concluded that the
system Xc(-)-mediated cellular uptake of cystine plays a key role
in ferroptosis. Inhibition of system Xc(-) leads to compensatory

upregulation of SLC7A1L transcription (12), and SLC7A11
transcriptional upregulation was found in salazopyridine- and
erastin-induced ferroptosis models. The addition of erastin
or high extracellular glutamate levels reduced cysteine, which
inhibited system Xc(-) and led to GPx-4 inactivation and
ferroptosis induction (13). Thus, the classic oxidative stress
pathway can lead to ferroptosis, opening a new avenue for
future research.

Iron Metabolic Pathway
Iron is essential for homeostasis in the human body, with
excess iron or its dysregulation associated with the pathological
progression of various diseases (14). Iron accumulation can
distinguish ferroptosis from other oxidative stress pathways
and represents a unique mechanism that induces cell death.
Fe2+ reduces oxygen to form superoxide radicals, which
cause lipid peroxidation through the Fenton reaction and
induce ferroptosis in cells (15). Therefore, various factors that
cause iron metabolism disorders can subtly affect ferroptosis.
The balance of iron storage and use in the human body
is mainly affected by ferritin light polypeptide (FTL) and
ferritin heavy polypeptide (FTH), and their related genes (16).
The expressions of FTL and FTH1 are significantly increased
by inhibition of iron response element-binding protein 2
(IREB2), which inhibits ferroptosis induced by erastin (12).
The iron involved in lipid peroxidation is derived from
unstable intracellular iron pools (17). A specific type of
autophagy mediated through the nuclear receptor co-activator
4 (NCOA4, a cargo receptor) called ferritin autophagy degrades
ferritin, which in turn increases the size of the unstable iron
pool in the cytoplasm to induce ferroptosis (18). Lysosomal
degradation occurs through NCOA4 recognition and absorption
of ferritin into the autophagosome, resulting in iron release.
Therefore, inhibition or induction of iron decreases can be
achieved by overexpression or knockout of NCOA4. Acyl-CoA
synthetase long-chain family member 4 (ACSL4)-dependent
cellular phospholipid processes and the tricarboxylic acid cycle
also exhibit increased sensitivity to ferroptosis during iron
synthesis and processing.

Lipid Metabolic Pathway
Ferroptosis is emerging as a new form of iron-dependent
regulated cell death (RCD), which is driven by excessive lipid
peroxidation inducers in recent years. Furthermore, because
lipid peroxidation in cells is regulated by the content and
position of polyunsaturated fatty acids (PUFAs), it indirectly
determines the degree of ferroptosis (19). The membrane
phospholipid family, which contains PUFAs, is the most
common lipid family that causes ferroptosis. Toxic lipid ROS
are produced by PUFA-containing phospholipids (PUFA-PLs),
which are found in the membrane of the whole cell. The
common sites of lipid ROS accumulation are the endoplasmic
reticulum, mitochondria, and lysosomes (14, 20, 21). Studies
of lipid metabolism suggest that phosphatidylethanolamine,
which contains arachidonic acid and epinephrine, is a linchpin
phospholipid for oxidation and promoting ferroptosis (2). The
two iron-dependent lipid peroxidation reactions can be classified
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FIGURE 1 | The main mechanism of ferroptosis. ROS, reactive oxygen species; SASP, salicylazosulfapyridine; Cys, cystine; Glu, Glutamate; Met, methionine; GSH,
glutathione; GSH-PX, glutathion peroxidase; SEC, selenocysteine; IPP, isopentenyl pyrophosphate; MVA, mevalonic acid; HO-1, haem oxygenase-1; TRF, transferrin;
DFO, deferoxamine; CPX, ciclopirox olamine; PUPA, polyunsaturated fatty acid; VDAC, voltage-dependent anion channels; RSL3, ras-selective-lethal compound3;
ROOH, lipid hydroperoxide; RO, lipid peroxide; HSF1, heat shock transcription factor 1; HSPB1, heat shock protein 1; DPI, diphenyleneiodonium chloride.

as: (1) Non-enzymatic radical chain reactions involving the
Fenton process, which produce highly toxic hydroxyl and
peroxide radicals; and (2) enzyme-dependent processes involving
iron-containing enzymes, such as lipoxygenase (20). Ng et al.
(15) found that 15-lipoxygenase-mediated lipid peroxides are
downstream of ferroptosis caused by GPx-4 inactivation. The
mechanism of the ferroptosis caused by lipid peroxide and the
exact location of this phenomenon in cells are currently being
actively investigated.

p53
p53 is a well-known tumor suppressor gene. Studies have
shown that inhibition of p53 in tumor cell growth is related
to increased ferroptosis sensitivity (22). Mechanistically, p53
induces ferroptosis by directly inhibiting SLC7A11 via system
Xc(-) or by upregulating recombinant spermidine/spermine
N1-acetyltransferase 1 (SAT1) downstream of p53, which is
involved in polyamine metabolism (23). In addition to regulating
the GPx-4 centered pathway, Chu et al. (24) also found
that p53 can activate a new ferroptosis regulatory pathway.
They experimentally observed that the function of GPx-4 was
not significantly affected during the process of ferroptosis
activated by p53. Further experiments showed that inactivation
of the arachidonate 12-lipoxygenase (ALOX12) gene on human
chromosome 17p13.1, located close to the p53 site, and knockout
of an ALOX12 allele is sufficient to inhibit p53-mediated
ferroptosis. An ALOX12-mediated ferroptosis pathway was
further identified, and this pathway is crucial to the p53-
dependent inhibition of cell growth (24).

Transcription Factor Pathways
A major transcription factors, such as nuclear factor-erythroid
2-related factor 2 (NFE2L2, also known as NRF2) (25), are key
regulators of antioxidant responses and important in protecting
cells from ferroptosis. Sun et al. (25) experimentally identified
a ferroptosis signaling pathway with NFE2L2 at its core. Under
oxidative stress conditions, NFE2L2 degradation is decreased
and a multistep activation pathway is initiated, which inhibits
the apoptosis of various cells and promotes chemotherapy
resistance. They also showed that, with the addition of a
ferroptosis inducer, p62 expression was increased to prevent
NFE2L2 degradation and enhance the subsequent accumulation
of NFE2L2 nuclei by inactivating Kelch-like ECH-associated
protein 1 (Keap1). Further experiments revealed that the
p62-Keap1-NFE2L2 pathway inhibits ferroptosis. This pathway
participates in iron and ROS metabolism by upregulating several
genes, including heme type I fluorosynthase and frontotemporal
hairline (FTHL). It enhances the anticell activity of erastin and
sorafenib against HCC cells by inhibiting NFE2L2 expression
both in vitro and in vivo (25). Therefore, inhibition of the p62-
Keap1-NFE2L2 signal-transduction pathways can significantly
enhance the anticancer activity of cells (Figure 2).

Ferroptosis Regulation
Although the mechanism of ferroptosis is still unclear, some
factors that induce or inhibit ferroptosis have recently been
found. The inducers are: (1) ACSL4, as a major regulator
in the pathophysiology of ferroptosis, which stimulates it by
increasing the content of long PUFAs and omega-6 PUFAs in
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FIGURE 2 | Transcription factor pathways in ferroptosis. NRF2, nuclear factor-erythroid 2-related factor 2; FTHL, frontotemporal hairline; Keap1, Kelch-like
ECH-associated protein 1; ROS, reactive oxygen species; MT-1G, metallothionein-1G; HO1, heme oxygenase-1; NOQ1, NAD(P)H/quinone oxidoreductase 1;
GSH-Px, glutathione peroxidase; GSH, glutathione.

the cell membrane (26); (2) cysteinyl-tRNA synthase (CARS),
which stimulates ferroptosis through a transsulfuration pathway
(27); (3) type I heme oxygenase, a heme that promotes iron
accumulation by degrading enzymes that release iron (28); (4)
lipoxygenase (LOX), which stimulates ferroptosis by catalyzing
the dioxygen reaction of PUFAs (29); (5) nitrogen oxide
metabolites (NOx), which stimulate ferroptosis by increasing
ROS production (30); (6) arginine/arginine N1 acetyltransferase,
which stimulates ferroptosis by increasing the peroxidation of
arachidonic acid (31); and (7) membrane protein transferrin
receptor 1 (TfR1), which stimulates ferroptosis by altering
iron uptake (32). The inhibitors include: (1) Ferritin, which
inhibits ferroptosis by reducing free iron ions (30); (2)
heat shock protein 5 (HSPA5), which inhibits ferroptosis by
blocking GPx-4 degradation (33); (3) heat shock protein 1
(HSPBL), which protects cells from lipid ROS (30); and (4)
mitochondrial ferritin, which increases iron storage and inhibits
ferroptosis (34).

RESEARCH PROGRESS INTO
FERROPTOSIS IN OPHTHALMOLOGY

The clinical application of ferroptosis is currently mainly being
studied in terms of nervous system diseases, tumors, and

ischemia/reperfusion injury. However, a series of researches have
shown that ferroptosis is also in the development and progression
of eye diseases. The following is a brief description of the
latest findings in corneal epithelial disease, corneal endothelial
cell dysfunction, retinal pigment epithelial (RPE)-associated eye
diseases, glaucoma, diabetic retinopathy (DR), retinal ischemia-
reperfusion injury (RIRI), retinoblastoma, retinitis pigmentosa
(RP), and age-related cataracts (Table 1).

Cornea Disorders
Corneal Epithelial Disease
The cornea is constantly damaged by the external natural
environment, and the oxidative stress caused by such damage
is closely linked to corneal diseases (32). GPx-4 is one
of key anti-oxidant enzymes that converts potentially toxic
oxidative damage (lipid peroxidation) products into non-toxic
lipid alcohols to maintain the REDOX homeostasis in corneal
epithelial cells and promote wound healing and is a central
regulator of ferroptosis lipid peroxidation-mediated pathways
(23). Decreased expression of GPx-4 leads to cell oxidative stress
and cytotoxicity, which culminate in a decreased wound-healing
ability of corneal epithelial cells. Sakai et al. (35) revealed an
influence of GPx-4 on human corneal epithelial cytotoxicity,
lethality, cell activity, and wound healing. Their study involved
five experimental groups: Specific knockout of siRNA-transfected
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TABLE 1 | A brief description of the biological role of ferroptosis in its related eye diseases.

Disease Model (in vitro or in vivo) Target biomarker Biological function of eye diseases References

DR In vivo (STZ mice) ROS Mediates the regulation of angiogenesis (57)

Corneal epithelial cell In vitro (Human corneal epithelial cell line) In vivo
(GPx-4+/+ and GPx-4+/ mice)

GPx-4 Oxidative homeostasis, cell survival, and wound
healing

(35)

RPE cell In vitro (ARPE-19 cells) ROS SIPS and cell death in human RPE cells (44)

In vitro (ARPE-19 cells) GPx-4 Rescued tert-butyl hydroperoxide
(tBH)-induced RPE cell death

(2)

In vitro (SI-induced death of RPE cells) ROS Increased oxidative stress (94)

In vivo monolayer mouse RPE (mRPE) cells
from NaIO3-treated retinae

Lipid ROS (LOS) Oxidative stress-mediated (47)

Glaucoma In vivo (Male Sprague-Dawley rats) N-methyl-D-
aspartate
(NMDA)

Fe2+ accumulation in the retinal ganglion cells (76)

In vivo (Wistar rats) Adiponectin
receptor (AdipoR)

Inhibiting ROS production via up-regulation of
PGC-1a, Esrra, and TFAM

(95)

RP In vivo (RD10 mice) VK28 and
VAR10303

Partial histologic and functional rescue of cones (82)

In vivo (wild type and rd10 mice) GPX Oxidative damage to the retina (96)

Cataract LEGSKO mice GSH Genes up-or down-regulated in aged lens
epithelial cell

(23)

DR, Diabetic retinopathy; STZ, streptozotocin; GPx-4, glutathione peroxidase 4; ARPE, human retinal pigment epithelium; PGC-1a, peroxisome proliferator-activated
receptor g coactivator-1a; TFAM, mitochondrial transcription factor A; VK28, 5-(4-(2-hydroxyethyl), piperazin-1-yl (methyl)-8-hydroxy-quinoline); VAR10303, 5-(N-methyl-
N-propargyaminomethyl)-quinoline- 8-oldihydrochloride; GPx, glutathione peroxidase; SIPS, Stress-induced premature senescence; RP, Retinitis pigmentosa.

human corneal epithelial cells with hydrogenase, GPXL, GPx-4,
superoxide dismutase 1 (SOD1), and SOD2; in the control group,
human corneal epithelial cells were transfected with siRNA.
Lactate dehydrogenase (LDH) activity was used as a cytotoxicity
indicator. The results showed that LDH activity was significantly
increased only in the GPx-4 and SOD1 knockout groups and that
LDH activity was markedly higher in the GPx-4 group than in
the SOD1 group. The GPx-4 and control groups were further
treated with 100 mL hydrogen peroxide. The LDH activity in the
control group was not affected by the hydrogen peroxide, whereas
the LDH activity in the experimental group was significantly
increased, indicating that GPx-4 plays an essential role in
oxidative stress in human corneal epithelial cells.

Furthermore, researchers found that α-tocopherol can prevent
apoptosis-inducing factor (Aif) transposition induced by GPx-4
gene knockout. Ferritin-1 ameliorated the decreased cell viability
and elevated LDH caused by GPx-4 gene knockout. These results
suggest that ferroptosis influences the cytotoxicity and cell death
of GPx-4-deficient corneal epithelial cells. They also identified a
significant delay in wound healing in GPx-4 knockout corneal
epithelial cells and that the addition of α-tocopherol significantly
improved the delay in wound healing caused by GPx-4 knockout
(35). Here, ferroptosis plays a role in corneal epithelial cell death
on account of the oxidative stress caused by GPx-4 deficiency.
These studies suggest that ferroptosis inhibition can help to
protect corneal epithelial cells.

Corneal Endothelial Cell Dysfunction
Corneal endothelial cells (CEnCs) are a layer of a single
hexagonal-shaped cells adherent to the Descemet’s membrane
in the innermost cornea layer (36, 37). Fuchs’ endothelial
corneal dystrophy (FECD) is a typical feature of posterior

corneal dystrophy. It is a nutritional disorder characterized by
progressive damage to the corneal endothelium and the eventual
development of corneal endothelial decompensation, which
usually causes low visual acuity. CEnCs promote the development
of FECD by increasing apoptosis, thereby elevating sensitivity to
oxidative stress. The transcription factor NFE2L2, a regulator of
ferroptosis, is downregulated in FECD (38). Lovatt1 et al. (39)
demonstrated that expression of the redox sensor, peroxiredoxin
1 (PRDX1) is selectively atrophy from CEnCs in patient with
FECD. This was linked to a loss of NFE2L2 expression. The
authors established that the ferroptosis inhibitor FER-1 decreases
lipid peroxidation and RCD in CEnCs. Ferroptosis inhibitors are
being explored as an alternative strategy to a new treatment for
FECD. However, no association has yet been found with lipid
peroxidation, loss of NFE2L2, and ferroptosis in human CEnCs.

Retinal Pigment Epithelial-Associated
Eye Diseases
Age-related macular degeneration (AMD), as an irreversible
neurodegenerative disorder of the macular tissue, is accompanied
by progressive vision loss, which gravely affects quality of
life and is the main cause of blindness in elderly people
in developed countries (40). Oxidative stress and free radical
damage are thought to be the main causes of RPE cell damage
and AMD progression, and advanced AMD is also related
to iron overload in RPE/Bruch membrane (41). 4-hydroxy-2-
nonenal (4-HNE) is a signaling molecule that stimulates gene
expression and cell survival at physiological levels. 4-HNE has
cytotoxic effects that inhibit gene expression and promote cell
death at abnormally high levels, via the end-products of lipid
peroxidation (42). Sharma et al. reported that 4-HNE participates
in p53-mediated signaling by phosphorylating p53, inducing
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activation and nuclear aggregation and leading to apoptosis (43).
However, it has not been reported whether 4-HNE can induce
apoptosis of RPE cells.

GSH is the most potent antioxidant in RPE cells, with high
levels in the retina and RPE cells (44). Moreover, reduced
GSH leads to cell death. Sun et al. (44) used the standard
in vitro model of AMD to prove that GSH reduced the RPE
death induced by ferroptosis and autophagy and observed that
ferroptosis inhibitors inhibited primary RPE cell death more
effectively than apoptosis or necrosis inhibitors. Another study
further demonstrated that autophagy-related ferroptosis induced
by GSH reduction (45). Totsuka et al. (46) additionally showed
that ferroptosis plays a fundamental role in degeneration/death
of RPE. They compared the effects of cysteine proteolytic enzyme
inhibitors, necrosis inhibitors, and ferroptosis inhibitors on the
activity of human retinal pigment epithelial cell line (ARPE-19)
after exposure to 500 µmol/L tert-butyl hydroperoxide (TBH)
in vitro. The results showed that all three inhibitors improved
cell viability at low concentrations of TBH. However, with high
concentrations of TBH, the ferroptosis inhibitors improved the
viability of ARPE-19 cells. The same results were obtained with
primary cultured human fetal RPE cells. We further assessed
total ROS levels and lipid peroxidation levels in ARPE-19 cells
exposed to 500 µmol/L TBH. The total ROS level detected was
upregulated at 3 and 6 h, but the upregulation was significantly
inhibited by ferroptosis inhibitor. Similarly, the degree of lipid
peroxidation evaluated by BODIPY staining was consistent with
the change in the total ROS level. A significant reduction in GSH
levels was seen. Moreover, it was observed that the intracellular
Fe2+ level increased in TBH-treated ARPE-19 cells but that there
was no significant change in Fe2+ after pretreatment with FER-
1 or deferoxamine (DFO) (46). Tang et al. (47) demonstrated
that, in the sodium iodate-induced oxidative stress model,
regulation of ferroptosis by heme oxygenase-1 (HO-1) was the
main pathological process underlying RPE cell degeneration.
Ferroptosis of RPE cells can be significantly blocked by knockout
of HO-1 or inhibition of HO-1 overexpression with the HO-1
inhibitor ZnPP, with good therapeutic effects. Hence, inhibition
of ferroptosis might be a new target for dry AMD (46).

In neovascular AMD, RPE cells generate vascular endothelial
growth factor (VEGF) when they are under hypoxia or oxidative
stress (48–50). A rodent model of choroidal neovascularization
(CNV) was established to determine the protein expression level
of SLC7A11, a regulator of ferroptosis, and VEGF during disease
progression and assessed the role of SLC7A11 in laser-induced
CNV model. They examined protein expression of enzymes
related to oxidative stress and Fe2+. Their findings indicated
that ferroptosis in CNV induced by laser was accompanied by
increased the content of Fe2+ and expression of GPx-4 in the
isolated RPE/choroid complexes. Meanwhile, they confirmed
the SLC7A11 expression in the ARPE-19 cell line and the
roles of its inhibitors on cell viability and function as well
as the extent of lipid peroxidation, with the results suggesting
that SLC7A11 can possibly represent a compelling target for
therapeutic intervention in patients with neovascular AMD.

Danon’s disease (DD) is an X-linked single-gene disease in
which vision loss can begin at a young age. Patients with DD have

a characteristic disordered RPE arrangement in the retina (23).
In addition, some studies have found that a primary deficiency
of the Lysosome-associated membrane protein-2 (LAMP-2) may
be the cause of the visual impairment in DD patients. This
mutation not only induces lipodystrophy of cone and rod cells
(23), but also damages the tight junctions of RPE cells (51).
Ferroptosis may be one of the important cell death mechanisms
of LAMP-2 deficiency and ROS exposure. Apoptosis inhibitors
or necrostatin 1 are unable to prevent LAMP-2 knockdown cell
death induced by ROS in human RPE-19 cells, but the iron-
chelating agent DFO can prevent LAMP-2 knockdown cell death
(52). Similarly, 2,2′-bipyridine, a fast-acting iron chelator that
acts similarly to DFO, protects LAMP-2 knockdown cells from
tributyl phosphate (THP)-induced cell death in human RPE-
19 cells and in primary fetal retinal pigment epithelium (52).
The effects of such iron-chelating agents are consistent with the
results of ROS-induced ferroptosis studies (46). This increased
sensitivity to ferroptosis inducers is further supported by the
high sensitivity of LAMP-2 mutated cells to ferroptosis (53).
Cysteine levels are decreased in the cytoplasm of ARPE-19 cells
with LAMP-2 gene deletion. Because cysteine is a precursor
of GSH, GSH levels are lower in cells with LAMP-2 gene
deletion. In addition, cysteine and glutamine pretreatment for
24 h significantly reduces THP-induced LAMP-2 knockdown cell
death (53). These results further confirm that, in the retina of DD
patients, deletion of the LAMP-2 gene can cause ROS-induced
ferroptosis of RPE cells through cysteine reduction and that the
retina of DD patients can be protected by iron-chelating agents
and cysteine supplementation.

Diabetic Retinopathy
Diabetic retinopathy (DR), which can culminate in irreversible
blindness, is the most serious diabetic eye disease (54). Neuronal
apoptosis and reactive glial degeneration have recently been
identified as early alterations in DR, but the exact cause of the
neurodegeneration has not been found (55). Because the nerves
and blood vessels of human brain and eyes share the same origin,
studies have found that the abnormal high phosphorylation
of tau-related proteins, which are characteristic pathological
changes of Alzheimer’s disease (AD), leading to a gradual
loss of neurons, is tightly connected with the occurrence and
development of DR (56). One study showed that overexpression
and hyperphosphorylation of tau induced ferroptosis in nerve
cells (57). Other studies have shown that decreased levels of GPx-
4 lead to lower numbers of hippocampal neurons and astrocytes
in adult mouse models of Alzheimer’s disease (58) and that cell
death due to decreased GPx-4 is a characteristic of ferroptosis.

Moreover, other studies have found that oxidative stress is
related to the onset and progression of DR (59). Recent studies
suggest that oxidative stress and photoreceptor dysfunction in
diabetic individuals may precede the early vascular pathology
(60). The retina is a tissue with high oxygen consumption
and, when it is in a high glucose state, antioxidants such as
reduced GSH are consumed in large quantities, making it more
vulnerable to damage than other organs (59). NFE2L2 is an
important antioxidant. Many studies have found that activation
of the NFE2L2 pathway can protect the retinal tissue of diabetic
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patients (61–63). Several studies of HCC cells have shown that
inhibition of NFE2L2 expression can increase the anticancer
activity of the chemicals erastin and sorafenib, with inhibition
of NFE2L2 inducing ferroptosis and killing HCC cells (64).
High glucose conditions trigger physiological and pathological
conditions in tissues, together with enhanced accumulation of
advanced glycation end products (AGEs), which successively
cause epithelial tissue necrobiosis and lesions in retinal capillaries
(65). These findings highlight key roles for human retinal
endothelial cells (HRECs) in the pathophysiology of DR and
suggest that these cells are as promising targets in DR therapy.

TRIM46, a gene located on chromosome 1q21 locus (66),
is a very crucial member of the E3 ubiquitin tripartite motif
(TRIM) family. TRIM46 may be a potential biomarker of
carcinogenesis and regulates the proliferation of cancer cells
via mediated VEGF (67). Through in vitro experiments,
a recent study found that high glucose treatment time-
dependently induced ferroptosis in HRCECs and induced
TRIM46 expression (68). Overexpression of TRIM46 mediated
by lentiviral strongly weakened cell resistance against ferroptosis
in HRCECs in response to high glucose, whereas RNAi-
mediated knockdown of TRIM46 had the opposite effect.
Ferroptosis agonist RSL3 could reverse the protective effects
of TRIM46 silencing. Notably, TRIM46 has interactions
with GPx-4, which is an important enzyme that inhibits
ferroptosis and promotes ubiquitination of GPx-4. Furthermore,
overexpression of GPx-4 mediated by lentiviral reduced the
impacts of TRIM46 overexpression and protected the cells
against ferroptosis induced by high glucose. However, further
studies will be necessary to determine the precise molecular
mechanism. Hence, ferroptosis may become a new direction in
the study of DR.

Retinal Ischemia-Reperfusion Injury
RIRI, playing critical roles in the etiology of blindness, is
caused by a variety of retinal vascular diseases. When the
blood supply is restored to the ischemic retina, reperfusion
intensifies the cell death and causes considerable damage to
retinal function, which can damage retinal neurons and trigger
optic ganglion cell apoptosis (69). The current treatment of
damaged retinal ganglion cells and the atrophied optic nerve
is not ideal. Therefore, the identification of new therapeutic
targets is of considerable clinical significance (70). In recent
years, it has been found that ferroptosis inhibition can effectively
ameliorate ischemic injury of the brain, heart, liver, and kidney
(32, 71), proving that ferroptosis is involved in the ischemic
injury of vital organs in the human body. However, the
retinal vasculature and cerebral vasculature share the same
embryonic origin, and many similarities have been found in the
pathologies affecting the two tissues. Therefore, we speculate that
ferroptosis may also play an important role in RIRI. Moreover,
studies have shown that the inflammatory response of RIRI
can increase vascular leakage and participate in the death of
retinal ganglion cells. Recent work has shown that ferroptosis
is accompanied by inflammatory manifestations (63). Some
inflammatory mediators present in ferroptosis can also be found
in the inflammatory response of RIRI, which further supports

researchers’ hypothesis, but no relevant experimental studies have
been conducted so far.

Glaucoma
Glaucoma is a type of blinding disease with characteristic optic
nerve damage and a visual field defect that is mainly due
to the progressive loss of retinal ganglion cells (RGCs). The
survival of RGCs is tightly linked to the regulation of the iron
steady state modulated by mitochondrial protein involved in
iron. Frataxin (FXN) is an iron chaperone protein that enhances
iron deposition within the cells mitochondria and increases
Fe2+ readily availability (72). A sudden increase in intraocular
pressure leads to an upregulation of endogenous retinal FXN.
Overexpression of FXN in Müller cells protects RGCs from acute
ischemia/reperfusion injury (73). The improved RGC survival
is related to the maintenance of mitochondrial function and an
increased antioxidant response, which is associated with iron
homeostasis regulated by neurotransmission. Excess glutamate
binds to the cell surface glutamate receptors NMDARs (N-
methyl-D-aspartic acid receptors), leading to a toxic effect of
calcium influx and ultimately causing RGC death (74).

There is emerging preliminary evidence that ferroptosis has
been indicated to contribute to the death of RGC. Stimulation of
NMDARs (75) induces iron deposition in cells by activating the
GTP (guanosine triphosphate) -binding protein Dexrasl, which
contributes to activate the metal ion transporters, including
the divalent metal transporter-1 (DMT1) (23). Selective iron-
chelating agents significantly reduce NMDA toxicity, and Dexrasl
depletion in rats similarly reduces NMDA-induced death of RGC
(23), suggesting that Dexrasl plays an important role in iron
metabolism along with iron-dependent type of cell death. In this
case, subsequent experimental researches confirm that glutamate
receptors may play a pivotal role in death of RGC. Sakamoto
et al. (76) found that intravitreal injection of NMDA led to Fe2+

accumulation in RGCs and triggered their apoptosis, resulting
in a lower number of cells 7 days after injection. At the same
time, the addition of iron-chelating agents prevented the retinal
damage caused by NMDA and decreased Fe2+ accumulation and
lipid peroxidation. The ferric iron chelators including DFO and
deferasirox (DFX) can shield RGCs against excitoneurotoxicity
or intraocular pressure (IOP) disorders by reducing the oxidative
stress in rats (76, 77). The cellular reaction state and Fe2+

reciprocally act to induce a regeneration loop in RGCs.
Generally, these findings demonstrate that metal-specific

metallochaperone, iron transport (e.g., DMT1), and cellular
metabolism together regulate the iron physiological state.
Therefore, metallochaperone dysfunction, iron import channels
activation, and/or oxidative stress can lead to biometal
dyshomeostasis, and resulting into a loss of RGCs. In addition,
the iron particle level is clearly higher in the humor of eye disease
patients than in healthy persons. There is also a suggestion
that iron is a risk factor for primary open-angle glaucoma (78),
which supports the hypothesis. However, many queries still
ought to be resolved, such as emerging evidence of distribution
on levels of metal iron in RGCs within glaucomatous eyes
and the excessive supply of iron ions, as well as where they go
and how they impact mitochondria. Therefore, the actual link
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between ferroptosis and eye disease has to be tested. Several open
queries remain regarding the molecular mechanisms underlying
biological processes. According to using advances at single-cell
level and visualization of subcellular structures, the underlying
mechanisms of ferroptosis affecting the mitochondria in neurites
of RGCs within the pathogenesis of eye disease will be uncovered.

Retinoblastoma
Retinoblastoma is a type of ocular malignancy in infants and
young children that can be fatal and blinding. According to
the complex pathogenesis of the disease, there is currently no
permanently effective treatment against it. The pathogenesis of
retinoblastoma is closely linked to a p53 gene mutation and
retinoblastoma gene 1 (RB1) deletion, and these two genes have
been confirmed to be involved in ferroptosis. The RB1 gene
also plays an important role in liver cancer. Recent studies have
shown that treatment of patients with advanced liver cancer
with sorafenib mediating retinoblastoma protein can significantly
improve the sensitivity of liver cancer cell death to iron and
sensitize patients to the anticancer effects of sorafenib (79). Some
scholars believe that ferroptosis is a natural mechanism for tumor
inhibition under different biological conditions, and this tumor
inhibition may represent the real physiological effect of this
unique cell death mode (9). Based on the above evidence, the
hypothesized role for ferroptosis may be a new direction in the
study of retinoblastoma.

Retinitis Pigmentosa
RP is caused by the mass death of rods and cones. Recently,
an increasing number of researches on ferroptosis have
been concluded as ferroptosis is a potential form to the
pathological process of RP (23). Therapeutic intervention of
a mouse model of RP with an iron chelator (desferrioxamine)
reduces iron involvement in oxidative stress responses and
photoreceptor degeneration with decreased retinal ferritin
and lipid peroxidation levels (80). Under intense fluorescent
irradiation, the use of norferriamine reduces retinal light damage
and better preserves photoreceptor nuclei compared with control
rats (81). In addition, in the model of rapidly progressive RP, iron
chelating agents—namely, 5-(4-(2-hydroxyethyl) piperazin-1-yl
(methyl)-8-hydroxy-quinoline) (VK28) and 5-(N-methyl-
N-propargyaminomethyl)-quinoline-8-oldihydrochloride
(VAR10303), preserve visual acuity and substantially rescue
cones, indicating chelation of labile iron as a new method to
treat RP (82).

These experimental results indirectly support the association
between ferroptosis and damage of the photoreceptor cells,
and its implication in the pathogenesis of RP. More important
evidence is that the increased activity of multifunctional
antioxidant enzymes protects photoreceptor cells from oxidative
injury (23). Through mentioned earlier, GPx-4 is an antioxidant
enzyme that is an important regulatory factor in ferroptosis. In
2009, a number of studies showed that the GPx-4 overexpression
strongly protected the retina from oxidative damage-induced
retinal degeneration (83). Furthermore, SOD1 overexpression
in a transgenic in vitro model, which is an essential important
component of the retinal antioxidant enzyme system, has a

protective effect on the retina from severe oxidative damage (23).
These studies indicate the potential role of iron regulation in the
biologic therapy era for RP. Nevertheless, effects of alternative
ferroptosis regulators, including FER-1 or liproxstatin-1, on the
prevention or treatment of RP is still lacking. Interestingly, recent
studies revealed that ferroptosis has been implicated in sodium
iodate-induced ARPE-19 necrobiosis, indicating that ferroptosis
participates in retinal degeneration, which provides evidence on
the association of ferroptosis with RP (47, 82). The authors
discovered that sodium iodate increased the pool of intracellular
labile iron but decreased the levels of intracellular GSH and
aminoalkanoic acid. DFO and FER-1 block ARPE-19 necrobiosis
from sodium iodate exposure (47, 82). These studies support the
comparatively robust association between RP and ferroptosis.

The evidence indicates that ferroptosis is closely related to
the pathological process of RP. Therefore, it might be useful to
analyze whether or not antiferroptotic events, such as decreased
hemochromatosis, increased use of antioxidants, and reduced
supermolecule peroxidation, might prevent photoreceptor from
death in RP. Yet, apart from the use of iron chelators, increasing
the expressions of GSH and GPx-4 while decreasing that of
ACSL4 could help to explain the involvement of ferroptosis in
the pathogenesis and progression of RP. However, additional
studies of ferroptosis are essential. In a mouse model of RP,
SOD1 deficiency leads to increased retinal oxidative damage and
accelerated loss of cone function through reduced expression of
SOD1 and GPx-4 (84). Therefore, ferroptosis may become a new
direction for the study of RP.

Age-Related Cataracts
Cataract is the single leading cause of blindness in developing
as well as in developed countries and age is strongly linked
to their development (85). Age-related cataract is generally
considered to be the direct result of cumulative deposition of
the crystallin proteins in lens. Risk factors for cataract vary
worldwide, of which, emerging evidence suggests that cumulative
deposition of ROS and disruption of redox homeostasis in
lens play a very critical role in the pathogenesis and treatment
of age-related cataractogenesis (75, 86, 87). The drop in
the de novo enzymatic synthesis of GSH in the aged and
cataractous human lenses especially in conjunction with the
oxidation overexpression and use of GSH strongly decreases
the content of lens GSH (88, 89). The formation of such
barriers greatly impedes the diffusion of GSH to nucleus
of the lens, which makes the nucleus more susceptible to
certain types of oxidative damage and protein aggregation (90).
Aging and cataractous human lens display impaired redox
homeostasis, decreased GSH deposition, disrupted GPX activity,
increased content on iron redox, and promoted lipid oxidation.
Such characteristics match the morphological and biochemical
criteria of ferroptosis. Wei et al. (91) found that lens epithelial
cells were extremely liable to ferroptosis evoked by erastin, a
system Xc(-) inhibitor, or RSL3, a GPX4 inhibitor from studies
conducted using in vitro lens epithelial cell and an ex vivo
lens epithelial tissue. This evidence shows that lens epithelial
cells are particularly susceptible to ferroptosis and sensitization
during biologic processes related to aging. Babizhayev et al. (92)
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suggested that drug administration such as intravitreal injection
of lipid peroxides induces posterior subcapsular (PSC) cataract in
a rabbit-eye model. The researchers highlighted the importance
of lipid peroxidation in pathophysiologic cataractogenesis
(93). However, no specific biomarkers allow the explicit
identification of ferroptosis in vivo. Additional researches are
needed to evaluate the mechanisms of ferroptosis for cataract
formation during aging. Specifically, delineating the mechanisms
of GPx-4 in cataractogenesis will be valuable to underlie
the association between lipid peroxidation, ferroptosis, and
cataractogenesis.

CONCLUSION AND OUTLOOK

In the last decade, many researchers have devoted themselves
to the study of ferroptosis, making considerable progress in
all aspects of ferroptosis research. An increasing variety of
researches have verified that ferroptosis plays a significant
role in a very specific type of pathophysiological process.
However, its complicated restrictive mechanism remains elusive.
Ferroptosis may be an extremely complicated type of necrobiosis.
Although ferroptosis inducers hold promising potential in the
pathology of eye diseases, the function and mechanisms of
ferroptosis involving these diseases has not been identified
by clinical studies. This study provides an in-depth review
of the latest advancements in progress in ferroptosis, with
findings showing that, in addition to the various metabolic
pathways such as iron ions, amino acids, and lipids, several
transcription factors including NFE2L2 and p53, are linked to
regulation of ferroptosis. Because previous reports have indicated
that ferroptosis is crucial to eye diseases, such as RP and
cataract, administration of ferroptosis inhibitors could alleviate
these changes, as mentioned above. Otherwise, the molecular
mechanisms underlying these inhibitors remain far from clear.
Therefore, in-depth anatomic and molecular knowledge of
the ferroptosis involving in the pathogenesis of eye diseases
can provide novel targets and ideas for medical healthcare,
prevention, and treatment of the associated diseases. Despite
the outstanding progress achieved in valuable animal model
for studying on ferroptosis and its association with ocular
abnormalities, several problems related to the biological behavior

of ferroptosis should be resolved before the basic results can be
translated into clinical therapy for eye diseases.

Overall, ferroptosis is probably strongly involved in some
eye diseases. However, it is not clear whether its pathological
mechanisms in cell or animal models closely tally with those
in people. Although the potential regulatory mechanisms and
signaling pathways in ferroptosis related to eye diseases have
been extensively explored, robust proof for ferroptosis in eye
diseases involving human cells and human autopsy tissues
continues to be limited. Currently, ferroptosis solely provides
a link between organ dysfunction and the accumulation of
lipid peroxidation products ascertained in human pathology.
However, the mechanism by which ferroptosis regulates cell and
tissue degradation continues to be unclear. Moreover, whether
or not ferroptosis induces cell senescence and tissue changes in
eye diseases requires additional research. Worth noting, there
is no direct proof regarding the clinical effects of ferroptosis-
specific inhibitors or activators in eye diseases. Therefore,
in future studies (e.g., clinical trials or targeted research),
ferroptosis needs to be targeted as a potential approach to
provide novel therapeutic strategies for preventing, controlling,
and treating eye diseases.

AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct, and intellectual
contribution to the work, and approved it for publication.

FUNDING

This study was supported by the Shenyang Young and
Middle-aged Science and Technology Innovation Talent Support
Program (grant no. RC190146).

ACKNOWLEDGMENTS

We would like to acknowledge the staff at BioMed Proofreading,
LLC. (Cleveland, OH, United States) for help with the English
translation of the manuscript.

REFERENCES
1. Kroemer G, Galluzzi L, Vandenabeele P, Abrams J, Alnemri ES, Baehrecke

EH, et al. Nomenclature committee on Cell D. Classification of cell death:
recommendations of the Nomenclature Committee on Cell Death 2009. Cell
Death Differ. (2009) 16:3–11. doi: 10.1038/cdd.2008.150

2. Kagan VE, Mao G, Qu F, Angeli JP, Doll S, Croix CS, et al. Oxidized arachidonic
and adrenic PEs navigate cells to ferroptosis. Nat Chem Biol. (2017) 13:81–90.
doi: 10.1038/nchembio.2238

3. Fearnhead HO, Vandenabeele P, Vanden Berghe T. How do we fit ferroptosis
in the family of regulated cell death? Cell Death Differ. (2017) 24:1991–8.
doi: 10.1038/cdd.2017.149

4. Ke B, Tian M, Li J, Liu B, He G. Targeting programmed cell death using
small-molecule compounds to improve potential cancer therapy. Med Res Rev.
(2016) 36:983–1035. doi: 10.1002/med.21398

5. Galluzzi L, Vitale I, Abrams JM, Alnemri ES, Baehrecke EH, Blagosklonny
MV, et al. Molecular definitions of cell death subroutines: recommendations
of the Nomenclature Committee on Cell Death 2012. Cell Death Differ. (2012)
19:107–20. doi: 10.1038/cdd.2011.96

6. Mitchell JR, Thorgeirsson SS, Potter WZ, Jollow DJ, Keiser H.
Acetaminophen-induced hepatic injury: protective role of glutathione in
man and rationale for therapy. Clin Pharmacol Ther. (1974) 16:676–84.
doi: 10.1002/cpt1974164676

7. Dixon SJ, Lemberg KM, Lamprecht MR, Skouta R, Zaitsev EM,
Gleason CE, et al. Ferroptosis: an iron-dependent form of nonapoptotic
cell death. Cell. (2012) 149:1060–72. doi: 10.1016/j.cell.2012.
03.042

8. Rosin C, Bates TE, Skaper SD. Excitatory amino acid induced oligodendrocyte
cell death in vitro: receptor-dependent and -independent mechanisms. J
Neurochem. (2004) 90:1173–85. doi: 10.1111/j.1471-4159.2004.02584.x

Frontiers in Nutrition | www.frontiersin.org 9 April 2022 | Volume 9 | Article 844757

https://doi.org/10.1038/cdd.2008.150
https://doi.org/10.1038/nchembio.2238
https://doi.org/10.1038/cdd.2017.149
https://doi.org/10.1002/med.21398
https://doi.org/10.1038/cdd.2011.96
https://doi.org/10.1002/cpt1974164676
https://doi.org/10.1016/j.cell.2012.03.042
https://doi.org/10.1016/j.cell.2012.03.042
https://doi.org/10.1111/j.1471-4159.2004.02584.x
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/
https://www.frontiersin.org/journals/nutrition#articles


fnut-09-844757 March 30, 2022 Time: 14:52 # 10

Zhang et al. Role of Ferroptosis in Eye Diseases

9. Gao M, Yi J, Zhu J, Minikes AM, Monian P, Thompson CB, et al. Role of
mitochondria in ferroptosis. Mol Cell. (2019) 73:354–63.e3. doi: 10.1016/j.
molcel.2018.10.042

10. Bertrand RL. Iron accumulation, glutathione depletion, and lipid peroxidation
must occur simultaneously during ferroptosis and are mutually amplifying
events. Med Hypotheses. (2017) 101:69–74. doi: 10.1016/j.mehy.2017.02.017

11. Chen L, Li X, Liu L, Yu B, Xue Y, Liu Y. Erastin sensitizes glioblastoma cells to
temozolomide by restraining xCT and cystathionine-gamma-lyase function.
Oncol Rep. (2015) 33:1465–74. doi: 10.3892/or.2015.3712

12. Lang X, Green MD, Wang W, Yu J, Choi JE, Jiang L, et al. Radiotherapy
and Immunotherapy Promote Tumoral Lipid Oxidation and Ferroptosis via
Synergistic Repression of SLC7A11. Cancer Discov. (2019) 9:1673–85. doi:
10.1158/2159-8290.CD-19-0338

13. Wu Z, Geng Y, Lu X, Shi Y, Wu G, Zhang M, et al. Chaperone-mediated
autophagy is involved in the execution of ferroptosis. Proc Natl Acad Sci U
S A. (2019) 116:2996–3005. doi: 10.1073/pnas.1819728116

14. Stockwell BR, Friedmann Angeli JP, Bayir H, Bush AI, Conrad M, Dixon
SJ, et al. Ferroptosis: a regulated cell death nexus linking metabolism, redox
biology, and disease. Cell. (2017) 171:273–85. doi: 10.1016/j.cell.2017.09.021

15. Ng SW, Norwitz SG, Norwitz ER. The impact of iron overload and ferroptosis
on reproductive disorders in humans: implications for preeclampsia. Int J Mol
Sci. (2019) 20:3283. doi: 10.3390/ijms20133283

16. Guo YQ. Research of regulatory mechanism of ferroptosis and progress in
tumorigenesis and therapy. Progr Physiol Sci. (2019) 50:88–93.

17. Gammella E, Recalcati S, Rybinska I, Buratti P, Cairo G. Iron-induced damage
in cardiomyopathy: oxidative-dependent and independent mechanisms. Oxid
Med Cell Longev. (2015) 2015:230182. doi: 10.1155/2015/230182

18. Latunde-Dada GO. Ferroptosis: role of lipid peroxidation, iron and
ferritinophagy. Biochim Biophys Acta Gen Subj. (2017) 1861:1893–900. doi:
10.1016/j.bbagen.2017.05.019

19. Li BW, Wang ZW. Ferroptosis is a new form of regulatory cell death. Basic
Clin Med. (2019) 39:247–51. doi: 10.3969/j.issn.1001-6325.2019.02.021

20. Feng H, Stockwell BR. Unsolved mysteries: how does lipid peroxidation cause
ferroptosis? PLoS Biol. (2018) 16:e2006203. doi: 10.1371/journal.pbio.2006203

21. Gaschler MM, Hu F, Feng H, Linkermann A, Min W, Stockwell BR.
Determination of the subcellular localization and mechanism of action of
ferrostatins in suppressing ferroptosis. ACS Chem Biol. (2018) 13:1013–20.
doi: 10.1021/acschembio.8b00199

22. Wang SJ, Li D, Ou Y, Jiang L, Chen Y, Zhao Y, et al. Acetylation is crucial for
p53-Mediated ferroptosis and tumor suppression. Cell Rep. (2016) 17:366–73.
doi: 10.1016/j.celrep.2016.09.022

23. Peng JJ, Song WT, Yao F, Zhang X, Peng J, Luo XJ, et al. Involvement of
regulated necrosis in blinding diseases: focus on necroptosis and ferroptosis.
Exp Eye Res. (2020) 191:107922. doi: 10.1016/j.exer.2020.107922

24. Chu B, Kon N, Chen D, Li T, Liu T, Jiang L, et al. ALOX12 is required for p53-
mediated tumour suppression through a distinct ferroptosis pathway. Nat Cell
Biol. (2019) 21:579–91. doi: 10.1038/s41556-019-0305-6

25. Sun X, Ou Z, Chen R, Niu X, Chen D, Kang R, et al. Activation of the p62-
Keap1-NRF2 pathway protects against ferroptosis in hepatocellular carcinoma
cells. Hepatology. (2016) 63:173–84. doi: 10.1002/hep.28251

26. Doll S, Proneth B, Tyurina YY, Panzilius E, Kobayashi S, Ingold I, et al. ACSL4
dictates ferroptosis sensitivity by shaping cellular lipid composition. Nat Chem
Biol. (2017) 13:91–8. doi: 10.1038/nchembio.2239

27. Hayano M, Yang WS, Corn CK, Pagano NC, Stockwell BR. Loss of cysteinyl-
tRNA synthetase (CARS) induces the transsulfuration pathway and inhibits
ferroptosis induced by cystine deprivation. Cell Death Differ. (2016) 23:270–8.
doi: 10.1038/cdd.2015.93

28. Kwon MY, Park E, Lee SJ, Chung SW. Heme oxygenase-1 accelerates erastin-
induced ferroptotic cell death. Oncotarget. (2015) 6:24393–403. doi: 10.18632/
oncotarget.5162

29. Gaschler MM, Stockwell BR. Lipid peroxidation in cell death. Biochem Biophys
Res Commun. (2017) 482:419–25. doi: 10.1016/j.bbrc.2016.10.086

30. Fanzani A, Poli M. Iron, oxidative damage and ferroptosis in
rhabdomyosarcoma. Int J Mol Sci. (2017) 18:1718. doi: 10.3390/ijms18081718

31. Ou Y, Wang SJ, Li D, Chu B, Gu W. Activation of SAT1 engages polyamine
metabolism with p53-mediated ferroptotic responses. Proc Natl Acad Sci U S
A. (2016) 113:E6806–12. doi: 10.1073/pnas.1607152113

32. Gao M, Monian P, Quadri N, Ramasamy R, Jiang X. Glutaminolysis and
transferrin regulate ferroptosis. Mol Cell. (2015) 59:298–308. doi: 10.1016/j.
molcel.2015.06.011

33. Zhu S, Zhang Q, Sun X, Zeh HJ III, Lotze MT, Kang R, et al. HSPA5 regulates
ferroptotic cell death in cancer cells. Cancer Res. (2017) 77:2064–77. doi:
10.1158/0008-5472.CAN-16-1979

34. Wang YQ, Chang SY, Wu Q, Gou YJ, Jia L, Cui YM, et al. The protective role
of mitochondrial ferritin on erastin-induced ferroptosis. Front Aging Neurosci.
(2016) 8:308. doi: 10.3389/fnagi.2016.00308

35. Sakai O, Uchida T, Imai H, Ueta T. Glutathione peroxidase 4 plays an
important role in oxidative homeostasis and wound repair in corneal epithelial
cells. FEBS Open Bio. (2016) 6:1238–47. doi: 10.1002/2211-5463.12141

36. Bourne WM. Biology of the corneal endothelium in health and disease. Eye
(Lond). (2003) 17:912–8. doi: 10.1038/sj.eye.6700559

37. Peh GS, Beuerman RW, Colman A, Tan DT, Mehta JS. Human corneal
endothelial cell expansion for corneal endothelium transplantation:
an overview. Transplantation. (2011) 91:811–9. doi: 10.1097/TP.
0b013e3182111f01

38. Bitar MS, Liu C, Ziaei A, Chen Y, Schmedt T, Jurkunas UV. Decline in DJ-
1 and decreased nuclear translocation of Nrf2 in Fuchs endothelial corneal
dystrophy. Invest Ophthalmol Vis Sci. (2012) 53:5806–13. doi: 10.1167/iovs.12-
10119

39. Lovatt M, Adnan K, Kocaba V, Dirisamer M, Peh GSL, Mehta JS.
Peroxiredoxin-1 regulates lipid peroxidation in corneal endothelial cells.
Redox Biol. (2020) 30:101417. doi: 10.1016/j.redox.2019.101417

40. Chou R, Dana T, Bougatsos C, Grusing S, Blazina I. Screening for impaired
visual acuity in older adults: updated evidence report and systematic review
for the US preventive services task force. JAMA. (2016) 315:915–33. doi: 10.
1001/jama.2016.0783

41. Hernandez-Zimbron LF, Zamora-Alvarado R, Ochoa-De la Paz L, Velez-
Montoya R, Zenteno E, Gulias-Canizo R, et al. Age-Related macular
degeneration: new paradigms for treatment and management of AMD.
Oxid Med Cell Longev. (2018) 2018:8374647. doi: 10.1155/2018/83
74647

42. Ayala A, Munoz MF, Arguelles S. Lipid peroxidation: production, metabolism,
and signaling mechanisms of malondialdehyde and 4-hydroxy-2-nonenal.
Oxid Med Cell Longev. (2014) 2014:360438. doi: 10.1155/2014/360438

43. Sharma A, Sharma R, Chaudhary P, Vatsyayan R, Pearce V, Jeyabal PV, et al. 4-
Hydroxynonenal induces p53-mediated apoptosis in retinal pigment epithelial
cells. Arch Biochem Biophys. (2008) 480:85–94. doi: 10.1016/j.abb.2008.09.016

44. Sun Y, Zheng Y, Wang C, Liu Y. Glutathione depletion induces ferroptosis,
autophagy, and premature cell senescence in retinal pigment epithelial cells.
Cell Death Dis. (2018) 9:753. doi: 10.1038/s41419-018-0794-4

45. Cao JY, Dixon SJ. Mechanisms of ferroptosis. Cell Mol Life Sci. (2016) 73:2195–
209. doi: 10.1007/s00018-016-2194-1

46. Totsuka K, Ueta T, Uchida T, Roggia MF, Nakagawa S, Vavvas DG, et al.
Oxidative stress induces ferroptotic cell death in retinal pigment epithelial
cells. Exp Eye Res. (2019) 181:316–24. doi: 10.1016/j.exer.2018.08.019

47. Tang Z, Ju Y, Dai X, Ni N, Liu Y, Zhang D, et al. HO-1-mediated ferroptosis as
a target for protection against retinal pigment epithelium degeneration. Redox
Biol. (2021) 43:101971. doi: 10.1016/j.redox.2021.101971

48. Kannan R, Zhang N, Sreekumar PG, Spee CK, Rodriguez A, Barron E, et al.
Stimulation of apical and basolateral VEGF-A and VEGF-C secretion by
oxidative stress in polarized retinal pigment epithelial cells. Mol Vis. (2006)
12:1649–59. doi: 10.1074/jbc.M607465200

49. Paeng SH, Jung WK, Park WS, Lee DS, Kim GY, Choi YH, et al. Caffeic acid
phenethyl ester reduces the secretion of vascular endothelial growth factor
through the inhibition of the ROS, PI3K and HIF-1alpha signaling pathways
in human retinal pigment epithelial cells under hypoxic conditions. Int J Mol
Med. (2015) 35:1419–26. doi: 10.3892/ijmm.2015.2116

50. Arjamaa O, Aaltonen V, Piippo N, Csont T, Petrovski G, Kaarniranta K, et al.
Hypoxia and inflammation in the release of VEGF and interleukins from
human retinal pigment epithelial cells. Graefes Arch Clin Exp Ophthalmol.
(2017) 255:1757–62. doi: 10.1007/s00417-017-3711-0

51. Thompson DA, Constable PA, Liasis A, Walters B, Esteban MT. The
physiology of the retinal pigment epithelium in danon disease. Retina. (2016)
36:629–38. doi: 10.1097/IAE.0000000000000736

Frontiers in Nutrition | www.frontiersin.org 10 April 2022 | Volume 9 | Article 844757

https://doi.org/10.1016/j.molcel.2018.10.042
https://doi.org/10.1016/j.molcel.2018.10.042
https://doi.org/10.1016/j.mehy.2017.02.017
https://doi.org/10.3892/or.2015.3712
https://doi.org/10.1158/2159-8290.CD-19-0338
https://doi.org/10.1158/2159-8290.CD-19-0338
https://doi.org/10.1073/pnas.1819728116
https://doi.org/10.1016/j.cell.2017.09.021
https://doi.org/10.3390/ijms20133283
https://doi.org/10.1155/2015/230182
https://doi.org/10.1016/j.bbagen.2017.05.019
https://doi.org/10.1016/j.bbagen.2017.05.019
https://doi.org/10.3969/j.issn.1001-6325.2019.02.021
https://doi.org/10.1371/journal.pbio.2006203
https://doi.org/10.1021/acschembio.8b00199
https://doi.org/10.1016/j.celrep.2016.09.022
https://doi.org/10.1016/j.exer.2020.107922
https://doi.org/10.1038/s41556-019-0305-6
https://doi.org/10.1002/hep.28251
https://doi.org/10.1038/nchembio.2239
https://doi.org/10.1038/cdd.2015.93
https://doi.org/10.18632/oncotarget.5162
https://doi.org/10.18632/oncotarget.5162
https://doi.org/10.1016/j.bbrc.2016.10.086
https://doi.org/10.3390/ijms18081718
https://doi.org/10.1073/pnas.1607152113
https://doi.org/10.1016/j.molcel.2015.06.011
https://doi.org/10.1016/j.molcel.2015.06.011
https://doi.org/10.1158/0008-5472.CAN-16-1979
https://doi.org/10.1158/0008-5472.CAN-16-1979
https://doi.org/10.3389/fnagi.2016.00308
https://doi.org/10.1002/2211-5463.12141
https://doi.org/10.1038/sj.eye.6700559
https://doi.org/10.1097/TP.0b013e3182111f01
https://doi.org/10.1097/TP.0b013e3182111f01
https://doi.org/10.1167/iovs.12-10119
https://doi.org/10.1167/iovs.12-10119
https://doi.org/10.1016/j.redox.2019.101417
https://doi.org/10.1001/jama.2016.0783
https://doi.org/10.1001/jama.2016.0783
https://doi.org/10.1155/2018/8374647
https://doi.org/10.1155/2018/8374647
https://doi.org/10.1155/2014/360438
https://doi.org/10.1016/j.abb.2008.09.016
https://doi.org/10.1038/s41419-018-0794-4
https://doi.org/10.1007/s00018-016-2194-1
https://doi.org/10.1016/j.exer.2018.08.019
https://doi.org/10.1016/j.redox.2021.101971
https://doi.org/10.1074/jbc.M607465200
https://doi.org/10.3892/ijmm.2015.2116
https://doi.org/10.1007/s00417-017-3711-0
https://doi.org/10.1097/IAE.0000000000000736
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/
https://www.frontiersin.org/journals/nutrition#articles


fnut-09-844757 March 30, 2022 Time: 14:52 # 11

Zhang et al. Role of Ferroptosis in Eye Diseases

52. He J, Wang Y, Jiang T. Danon disease. A novel mutation in the LAMP-2 gene
and ophthalmic abnormality. Herz. (2014) 39:877–9. doi: 10.1007/s00059-013-
3900-5

53. Lee JJ, Ishihara K, Notomi S, Efstathiou NE, Ueta T, Maidana D, et al.
Lysosome-associated membrane protein-2 deficiency increases the risk of
reactive oxygen species-induced ferroptosis in retinal pigment epithelial cells.
Biochem Biophys Res Commun. (2020) 521:414–9. doi: 10.1016/j.bbrc.2019.10.
138

54. Cheloni R, Gandolfi SA, Signorelli C, Odone A. Global prevalence of diabetic
retinopathy: protocol for a systematic review and meta-analysis. BMJ Open.
(2019) 9:e022188. doi: 10.1136/bmjopen-2018-022188

55. Ola MS, Alhomida AS, LaNoue KF. Gabapentin attenuates oxidative stress
and apoptosis in the diabetic rat retina. Neurotox Res. (2019) 36:81–90. doi:
10.1007/s12640-019-00018-w

56. Oskarsson ME, Paulsson JF, Schultz SW, Ingelsson M, Westermark P,
Westermark GT. In vivo seeding and cross-seeding of localized amyloidosis:
a molecular link between type 2 diabetes and Alzheimer disease. Am J Pathol.
(2015) 185:834–46. doi: 10.1016/j.ajpath.2014.11.016

57. Zhang YH, Wang DW, Xu SF, Zhang S, Fan YG, Yang YY, et al. Alpha-
Lipoic acid improves abnormal behavior by mitigation of oxidative stress,
inflammation, ferroptosis, and tauopathy in P301S Tau transgenic mice. Redox
Biol. (2018) 14:535–48. doi: 10.1016/j.redox.2017.11.001

58. Ning A, Cui J, To E, Ashe KH, Matsubara J. Amyloid-beta deposits lead
to retinal degeneration in a mouse model of Alzheimer disease. Invest
Ophthalmol Vis Sci. (2008) 49:5136–43. doi: 10.1167/iovs.08-1849

59. Yang X, Huo F, Liu B, Liu J, Chen T, Li J, et al. Crocin inhibits oxidative stress
and pro-inflammatory response of microglial cells associated with diabetic
retinopathy through the activation of PI3K/Akt signaling pathway. J Mol
Neurosci. (2017) 61:581–9. doi: 10.1007/s12031-017-0899-8

60. Liu H, Tang J, Du Y, Saadane A, Samuels I, Veenstra A, et al. Transducin1,
phototransduction and the development of early diabetic retinopathy. Invest
Ophthalmol Vis Sci. (2019) 60:1538–46. doi: 10.1167/iovs.18-26433

61. Millan I, Desco MDC, Torres-Cuevas I, Perez S, Pulido I, Mena-Molla S,
et al. Pterostilbene prevents early diabetic retinopathy alterations in a rabbit
experimental model. Nutrients. (2019) 12:82. doi: 10.3390/nu12010082

62. Wang W, Zhao H, Chen B. DJ-1 protects retinal pericytes against high glucose-
induced oxidative stress through the Nrf2 signaling pathway. Sci Rep. (2020)
10:2477. doi: 10.1038/s41598-020-59408-2

63. von Massenhausen A, Tonnus W, Linkermann A. Cell death pathways drive
necroinflammation during acute kidney injury. Nephron. (2018) 140:144–7.
doi: 10.1159/000490807

64. Kuhn H, Banthiya S, van Leyen K. Mammalian lipoxygenases and their
biological relevance. Biochim Biophys Acta. (2015) 1851:308–30. doi: 10.1016/
j.bbalip.2014.10.002

65. Kim D, Lee D, Trackman PC, Roy S. Effects of high glucose-induced Lysyl
oxidase propeptide on retinal endothelial cell survival: implications for
diabetic retinopathy. Am J Pathol. (2019) 189:1945–52. doi: 10.1016/j.ajpath.
2019.06.004

66. Vos HL, Mockensturm-Wilson M, Rood PM, Maas AM, Duhig T, Gendler SJ,
et al. A tightly organized, conserved gene cluster on mouse chromosome 3
(E3-F1). Mamm Genome. (1995) 6:820–2. doi: 10.1007/BF00539013

67. Jiang W, Cai X, Xu T, Liu K, Yang D, Fan L, et al. Tripartite motif-containing
46 promotes viability and inhibits apoptosis of osteosarcoma cells by activating
NF-B signaling through ubiquitination of PPAR. Oncol Res. (2020) 28:409–21.
doi: 10.3727/096504020X15868639303417

68. Zhang J, Qiu Q, Wang H, Chen C, Luo D. TRIM46 contributes to high glucose-
induced ferroptosis and cell growth inhibition in human retinal capillary
endothelial cells by facilitating GPX4 ubiquitination. Exp Cell Res. (2021)
407:112800. doi: 10.1016/j.yexcr.2021.112800

69. Yang L, Shi R, Shen J, Xue Y. Aggravation effects of JAK-STAT signaling
pathway in retinal ischemia reperfusion injury. Chin J Exp Ophthalmol. (2017)
35:690–4. doi: 10.3760/cma.j.issn.2095-0160.2017.08.004

70. Yao N, Hao J, Wang T. Research progress on mechanism of injury and
treatment of retinal ganglion cells after ischemia-reperfusion. China J Chin
Ophthalmol. (2016) 26:137–9. doi: 10.13444/j.cnki.zgzyykzz.2016.02.020

71. McMurray JJ, Adamopoulos S, Anker SD, Auricchio A, Bohm M, Dickstein
K, et al. ESC guidelines for the diagnosis and treatment of acute and chronic
heart failure 2012: the task force for the diagnosis and treatment of acute and

chronic heart failure 2012 of the European society of cardiology. Developed in
collaboration with the Heart Failure Association (HFA) of the ESC. Eur J Heart
Fail. (2012) 14:803–69. doi: 10.1093/eurjhf/hfs105

72. Adinolfi S, Iannuzzi C, Prischi F, Pastore C, Iametti S, Martin SR, et al. Bacterial
frataxin CyaY is the gatekeeper of iron-sulfur cluster formation catalyzed by
IscS. Nat Struct Mol Biol. (2009) 16:390–6. doi: 10.1038/nsmb.1579

73. Schultz R, Witte OW, Schmeer C. Increased frataxin levels protect retinal
ganglion cells after acute Ischemia/Reperfusion in the mouse retina in vivo.
Invest Ophthalmol Vis Sci. (2016) 57:4115–24. doi: 10.1167/iovs.16-19260

74. Almasieh M, Wilson AM, Morquette B, Cueva Vargas JL, Di Polo A. The
molecular basis of retinal ganglion cell death in glaucoma. Prog Retin Eye Res.
(2012) 31:152–81. doi: 10.1016/j.preteyeres.2011.11.002

75. Lou MF. Redox regulation in the lens. Prog Retin Eye Res. (2003) 22:657–82.
doi: 10.1016/s1350-9462(03)00050-8

76. Sakamoto K, Suzuki T, Takahashi K, Koguchi T, Hirayama T, Mori A, et al.
Iron-chelating agents attenuate NMDA-Induced neuronal injury via reduction
of oxidative stress in the rat retina. Exp Eye Res. (2018) 171:30–6. doi: 10.1016/
j.exer.2018.03.008

77. Liu P, Zhang M, Shoeb M, Hogan D, Tang L, Syed MF, et al. Metal
chelator combined with permeability enhancer ameliorates oxidative stress-
associated neurodegeneration in rat eyes with elevated intraocular pressure.
Free Radic Biol Med. (2014) 69:289–99. doi: 10.1016/j.freeradbiomed.2014.
01.039

78. Ramdas WD. The relation between dietary intake and glaucoma: a systematic
review. Acta Ophthalmol. (2018) 96:550–6. doi: 10.1111/aos.13662

79. Nie J, Lin B, Zhou M, Wu L, Zheng T. Role of ferroptosis in hepatocellular
carcinoma. J Cancer Res Clin Oncol. (2018) 144:2329–37. doi: 10.1007/s00432-
018-2740-3

80. Obolensky A, Berenshtein E, Lederman M, Bulvik B, Alper-Pinus R, Yaul R,
et al. Zinc-desferrioxamine attenuates retinal degeneration in the rd10 mouse
model of retinitis pigmentosa. Free Radic Biol Med. (2011) 51:1482–91. doi:
10.1016/j.freeradbiomed.2011.07.014

81. Zhao L, Wang C, Song D, Li Y, Song Y, Su G, et al. Systemic administration of
the antioxidant/iron chelator alpha-lipoic acid protects against light-induced
photoreceptor degeneration in the mouse retina. Invest Ophthalmol Vis Sci.
(2014) 55:5979–88. doi: 10.1167/iovs.14-15025

82. Wang K, Peng B, Xiao J, Weinreb O, Youdim MBH, Lin B. Iron-chelating
drugs enhance cone photoreceptor survival in a mouse model of retinitis
pigmentosa. Invest Ophthalmol Vis Sci. (2017) 58:5287–97. doi: 10.1167/iovs.
17-22096

83. Lu L, Oveson BC, Jo YJ, Lauer TW, Usui S, Komeima K, et al. Increased
expression of glutathione peroxidase 4 strongly protects retina from oxidative
damage. Antioxid Redox Signal. (2009) 11:715–24. doi: 10.1089/ARS.2008.
2171

84. Usui S, Oveson BC, Iwase T, Lu L, Lee SY, Jo YJ, et al. Overexpression
of SOD in retina: need for increase in H2O2-detoxifying enzyme in same
cellular compartment. Free Radic Biol Med. (2011) 51:1347–54. doi: 10.1016/j.
freeradbiomed.2011.06.010

85. Hashemi H, Pakzad R, Yekta A, Aghamirsalim M, Pakbin M, Ramin S,
et al. Global and regional prevalence of age-related cataract: a comprehensive
systematic review and meta-analysis. Eye (Lond). (2020) 34:1357–70. doi: 10.
1038/s41433-020-0806-3

86. Truscott RJ. Age-related nuclear cataract-oxidation is the key. Exp Eye Res.
(2005) 80:709–25. doi: 10.1016/j.exer.2004.12.007

87. Beebe DC, Holekamp NM, Shui YB. Oxidative damage and the prevention
of age-related cataracts. Ophthalmic Res. (2010) 44:155–65. doi: 10.1159/
000316481

88. Sethna SS, Holleschau AM, Rathbun WB. Activity of glutathione synthesis
enzymes in human lens related to age. Curr Eye Res. (1982) 2:735–42. doi:
10.3109/02713688209020005

89. Giblin FJ. Glutathione: a vital lens antioxidant. J Ocul Pharmacol Ther. (2000)
16:121–35. doi: 10.1089/jop.2000.16.121

90. Sweeney MH, Truscott RJ. An impediment to glutathione diffusion in older
normal human lenses: a possible precondition for nuclear cataract. Exp Eye
Res. (1998) 67:587–95. doi: 10.1006/exer.1998.0549

91. Wei Z, Hao C, Huangfu J, Srinivasagan R, Zhang X, Fan X. Aging lens
epithelium is susceptible to ferroptosis. Free Radic Biol Med. (2021) 167:94–
108. doi: 10.1016/j.freeradbiomed.2021.02.010

Frontiers in Nutrition | www.frontiersin.org 11 April 2022 | Volume 9 | Article 844757

https://doi.org/10.1007/s00059-013-3900-5
https://doi.org/10.1007/s00059-013-3900-5
https://doi.org/10.1016/j.bbrc.2019.10.138
https://doi.org/10.1016/j.bbrc.2019.10.138
https://doi.org/10.1136/bmjopen-2018-022188
https://doi.org/10.1007/s12640-019-00018-w
https://doi.org/10.1007/s12640-019-00018-w
https://doi.org/10.1016/j.ajpath.2014.11.016
https://doi.org/10.1016/j.redox.2017.11.001
https://doi.org/10.1167/iovs.08-1849
https://doi.org/10.1007/s12031-017-0899-8
https://doi.org/10.1167/iovs.18-26433
https://doi.org/10.3390/nu12010082
https://doi.org/10.1038/s41598-020-59408-2
https://doi.org/10.1159/000490807
https://doi.org/10.1016/j.bbalip.2014.10.002
https://doi.org/10.1016/j.bbalip.2014.10.002
https://doi.org/10.1016/j.ajpath.2019.06.004
https://doi.org/10.1016/j.ajpath.2019.06.004
https://doi.org/10.1007/BF00539013
https://doi.org/10.3727/096504020X15868639303417
https://doi.org/10.1016/j.yexcr.2021.112800
https://doi.org/10.3760/cma.j.issn.2095-0160.2017.08.004
https://doi.org/10.13444/j.cnki.zgzyykzz.2016.02.020
https://doi.org/10.1093/eurjhf/hfs105
https://doi.org/10.1038/nsmb.1579
https://doi.org/10.1167/iovs.16-19260
https://doi.org/10.1016/j.preteyeres.2011.11.002
https://doi.org/10.1016/s1350-9462(03)00050-8
https://doi.org/10.1016/j.exer.2018.03.008
https://doi.org/10.1016/j.exer.2018.03.008
https://doi.org/10.1016/j.freeradbiomed.2014.01.039
https://doi.org/10.1016/j.freeradbiomed.2014.01.039
https://doi.org/10.1111/aos.13662
https://doi.org/10.1007/s00432-018-2740-3
https://doi.org/10.1007/s00432-018-2740-3
https://doi.org/10.1016/j.freeradbiomed.2011.07.014
https://doi.org/10.1016/j.freeradbiomed.2011.07.014
https://doi.org/10.1167/iovs.14-15025
https://doi.org/10.1167/iovs.17-22096
https://doi.org/10.1167/iovs.17-22096
https://doi.org/10.1089/ARS.2008.2171
https://doi.org/10.1089/ARS.2008.2171
https://doi.org/10.1016/j.freeradbiomed.2011.06.010
https://doi.org/10.1016/j.freeradbiomed.2011.06.010
https://doi.org/10.1038/s41433-020-0806-3
https://doi.org/10.1038/s41433-020-0806-3
https://doi.org/10.1016/j.exer.2004.12.007
https://doi.org/10.1159/000316481
https://doi.org/10.1159/000316481
https://doi.org/10.3109/02713688209020005
https://doi.org/10.3109/02713688209020005
https://doi.org/10.1089/jop.2000.16.121
https://doi.org/10.1006/exer.1998.0549
https://doi.org/10.1016/j.freeradbiomed.2021.02.010
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/
https://www.frontiersin.org/journals/nutrition#articles


fnut-09-844757 March 30, 2022 Time: 14:52 # 12

Zhang et al. Role of Ferroptosis in Eye Diseases

92. Babizhayev MA. Failure to withstand oxidative stress induced by phospholipid
hydroperoxides as a possible cause of the lens opacities in systemic diseases
and ageing. Biochim Biophys Acta. (1996) 1315:87–99. doi: 10.1016/0925-
4439(95)00091-7

93. Babizhayev MA, Deyev AI, Lf L. Lipid peroxidation as a possible cause of
cataract. Mech Age Dev. (1988) 44:69–89. doi: 10.1016/0047-6374(88)90080-2

94. Liu B, Wang W, Shah A, Yu M, Liu Y, He L, et al. Sodium iodate induces
ferroptosis in human retinal pigment epithelium ARPE-19 cells. Cell Death
Dis. (2021) 12:230. doi: 10.1038/s41419-021-03520-2

95. Uchida T, Ueta T, Honjo M, Aihara M. The neuroprotective effect of the
adiponectin receptor agonist adiporon on glutamate-induced cell death in
rat primary retinal ganglion cells. J Ocul Pharmacol Ther. (2019) 35:535–41.
doi: 10.1089/jop.2018.0152

96. Shu W, Baumann BH, Song Y, Liu Y, Wu X, Dunaief JL. Ferrous but not
ferric iron sulfate kills photoreceptors and induces photoreceptor-dependent
RPE autofluorescence. Redox Biol. (2020) 34:101469. doi: 10.1016/j.redox.
2020.101469

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Zhang, Sheng, Wang, Dai, Zhong, Ren, Jiang, Li, Bian and Liu.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Nutrition | www.frontiersin.org 12 April 2022 | Volume 9 | Article 844757

https://doi.org/10.1016/0925-4439(95)00091-7
https://doi.org/10.1016/0925-4439(95)00091-7
https://doi.org/10.1016/0047-6374(88)90080-2
https://doi.org/10.1038/s41419-021-03520-2
https://doi.org/10.1089/jop.2018.0152
https://doi.org/10.1016/j.redox.2020.101469
https://doi.org/10.1016/j.redox.2020.101469
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/
https://www.frontiersin.org/journals/nutrition#articles

	Molecular Mechanisms of Iron Mediated Programmed Cell Death and Its Roles in Eye Diseases
	Introduction
	Mechanisms of Ferroptosis
	Cystine/Glutamate Antiporter Pathway
	Iron Metabolic Pathway
	Lipid Metabolic Pathway
	p53
	Transcription Factor Pathways
	Ferroptosis Regulation

	Research Progress Into Ferroptosis in Ophthalmology
	Cornea Disorders
	Corneal Epithelial Disease
	Corneal Endothelial Cell Dysfunction

	Retinal Pigment Epithelial-Associated Eye Diseases
	Diabetic Retinopathy
	Retinal Ischemia-Reperfusion Injury
	Glaucoma
	Retinoblastoma
	Retinitis Pigmentosa
	Age-Related Cataracts

	Conclusion and Outlook
	Author Contributions
	Funding
	Acknowledgments
	References


