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Abstract

Ischemic stroke is one of the main causes of high morbidity, mortality, and disability worldwide; however, the treatment meth-
ods are limited and do not always achieve satisfactory results. The pathogenesis of ischemic stroke is complex, defined by
multiple mechanisms; among them, programmed death of neuronal cells plays a significant role. Ferroptosis is a novel type
of regulated cell death characterized by iron redistribution or accumulation and increased lipid peroxidation in the membrane.
Ferroptosis is implicated in many pathological conditions, such as cancer, neurodegenerative diseases, and ischemia-reperfu-
sion injury. In this review, we summarize current research findings on ferroptosis, including possible molecular mechanisms
and therapeutic applications of ferroptosis regulators, with a focus on the involvement of ferroptosis in the pathogenesis and
treatment of ischemic stroke. Understanding the role of ferroptosis in ischemic stroke will throw some light on the develop-
ment of methods for diagnosis, treatment, and prevention of this devastating disease.
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Introduction The pathogenesis of ischemic stroke is very complex and
has not been fully understood. Possible mechanisms include
excessive production of reactive oxygen species (ROS),
increase of intracellular and mitochondrial calcium levels,
glutamate excitotoxicity, spreading depolarization, activation
of proinflammatory leukocytes in the central nervous system,
decrease in cellular ATP, and induced neuronal cell death
(Chamorro et al., 2016; Lambertsen et al., 2019; Moskowitz
et al., 2010). In particular, many researchers focus on the
role of different types of programmed cell death (PCD).
Among them, apoptosis, which is the classical type, has
been long considered as one of the causes of ischemic cell
death (Shan et al.,, 2020; Zhang, Jin, et al., 2020). The

Ischemic stroke is one of the most serious diseases with high
morbidity, disability, and mortality, which presents a serious
public health problem throughout the world (Jickling et al.,
2014). Severe cognitive and motor impairments caused by
ischemic stroke can be a significant burden for families and
the society in general (Naghavi et al., 2015). However, the
only effective therapeutic approach in the acute phase of
ischemic stroke is application of thrombolytic agents, which
has a strict therapeutic time window of 4.5 hr (Cheng &
Kim, 2015). The emerging intravascular thrombectomy has
extended the time window to 24 hr (Saver et al., 2015), but
many patients still cannot be observed; as a result, the
optimum time for revascularization is missed and the conse-
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typical morphological features of apoptosis include chromatin
condensation and nuclear fragmentation, formation of apopto-
tic bodies, cell shrinkage, and plasma membrane blebbing
without membrane breakdown (Mughal et al, 2012).
Furthermore, a proportion of neuronal cells die through regu-
lated necrosis termed necroptosis, which is induced after cere-
bral ischemia (Degterev et al., 2005; Li, Mu, et al., 2020).
Autophagy is another PCD type observed after cerebral ische-
mia (Wang et al., 2017; Yu, Yu, et al., 2019). During autoph-
agy, macromolecules or organelles are enclosed into
double-membrane vesicles called autophagosomes, which
then fuse with lysosomes where the content is degraded. If
autophagy exceeds a certain threshold, it could be detrimental
and lead to cell death (Galluzzi et al., 2017; Hariharan et al.,
2011). However, these mechanisms do not fully cover the
molecular pathways underlying neuronal injury after ischemic
stroke and it is suggested that other types of PCD may also be
involved.

In 1997, Schubert and Maher reported that
12-lipoxygenase (12-LOX) plays a critical role in nerve cell
death caused by glutathione depletion (Li et al., 1997).
Later on molecular level, several studies revealed a central
role of 12-LOX activation after glutathione depletion in medi-
ating such oxidative stress-induced cell death (Canals et al.,
2003; Khanna et al., 2003). Lo et al., further described that
such oxidative glutamate toxicity could be decoupled from
caspase activation (van Leyen et al., 2005). Moreover, the
LOX-dependent cell death in neural cells might be dependent
on the oxidation of intracellular membranes instead of free
arachidonic acid (AA) (van Leyen et al., 2008). Dixon
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Figure |. Regulatory mechanisms of ferroptosis. GPX4 is the
pivotal regulator of ferroptosis; the GSH/GPX4 axis is inhibited by
system Xc—. PUFAs are metabolized into 4-hydroxynonenal
(4-HNE) and malondialdehyde (MDA\) in the presence of -OH,
causing lipid peroxidation and ferroptosis. Mitochondria regulate
ferroptosis through reactive oxygen species (ROS) production.

as is a new PCD type characterized by iron-dependent accu-
mulation of lipid peroxides (Dixon et al., 2012). It is different
from apoptosis, necrosis, and autophagy in morphological,
biochemical, and genetic characteristics. Recent studies
have shown that ferroptosis is implicated in the pathophysiol-
ogy of many diseases, including cancer (Cheng et al., 2020),
neurodegenerative conditions (Do Van et al., 2016), acute
kidney injury (Adedoyin et al., 2018), and ischemic stroke
(Li, Cao, et al., 2020; Tuo et al., 2017). In this review, we
describe the discovery of ferroptosis, present the latest
research findings on the underlying mechanisms and thera-
peutic applications of ferroptosis manipulation, and summa-
rize the role of ferroptosis in the pathogenesis of ischemic
stroke. Possible treatment methods of ischemic stroke that
target ferroptosis are also discussed.

Discovery and Possible Mechanisms
of Ferroptosis

Interestingly, activators and inhibitors of ferroptosis had been
identified before the concept of ferroptosis was introduced.
Thus, in 2003 it was reported that erastin could induce a
type of cell death other than apoptosis in engineered human
foreskin fibroblasts (Dolma et al., 2003). In 2008, the same
group used high-throughput screening to show that
Ras-selective lethal small molecules (RSL)3 and RSLS5
caused iron-dependent oxidative cell death, which could be
prevented by an antioxidant (vitamin E) and iron chelator des-
ferrioxamine with high-throughput screening (Yang &
Stockwell, 2008). In 2012, Dixon et al. termed the novel
PCD type “ferroptosis” and since then, it has been extensively
studied. In particular, the morphological characteristics of fer-
roptosis distinguishing it from the other PCD types have been
described; thus, ferroptosis results in cell swelling, whereas
apoptosis causes cell shrinkage and vacuolization. On the sub-
cellular level, ferroptosis targets mitochondria, which show
decreased volume, reduced number of cristae, and increased
membrane density followed by outer membrane rupture
(Angeli et al., 2017; Xie et al., 2016; Yu et al., 2017). The
exact mechanism of ferroptosis is still under investigation,
but the current data indicate that it includes abnormal metab-
olism of iron, amino acids, and lipids and deregulated expres-
sion of critical enzymes (Figure 1).

Abnormal Iron Metabolism

The excessive accumulation of iron is the pivotal characteris-
tic of ferroptosis. Both ferrous (Fe*™) and ferric (Fe**") iron
chelators (ciclopirox and deferoxamine, respectively), but
not chelators of other metal ions, are effective inhibitors of
ferroptosis (Stockwell et al., 2017). Fe** generated by intesti-
nal absorption or erythrocyte degradation in the bloodstream
can be oxidized to Fe>", which binds to transferrin (Tf) recog-
nized by its cell membrane receptor TfR1, resulting in the
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formation of the Tf-TfR1 complex (Frazer & Anderson,
2014). After Tf-TfR1 endocytosis, Fe®* is released from Tf
and reduced to Fe’™ by six-transmembrane epithelial
antigen of the prostate 3 (STEAP3), a metal ion reductase
in the acidic endosome. Fe?* is then transported to the cyto-
plasm via divalent metal transporter 1 (DMT1) or zinc-iron
transporters ZIP8 and ZIP 14 (Bogdan et al., 2016).
Excessive iron is stored in the iron-storage protein complex,
ferritin, composed of ferritin light and heavy chains (FTL
and FTHI1, respectively) (Xie et al., 2016); the latter has
iron oxidase activity and can catalyze the oxidation of Fe**
to Fe’*, providing stable incorporation of iron into the ferritin
shell, thus maintaining the equilibrium of the labile iron pool
(Harrison & Arosio, 1996). A membrane protein ferroportin 1
is the only known iron efflux mediator, supporting iron export
from the cell (Masaldan et al., 2019). This iron metabolism
pathway exerts strict control over iron homeostasis, which,
once deregulated, can lead to excessive iron accumulation
and ferroptosis (Figure 2).

Interestingly, recent studies have shown a crosstalk
between ferroptosis and another PCD type, autophagy,
which can trigger ferroptosis by downregulating cellular ferri-
tin levels. During autophagy, nuclear receptor coactivator 4
(NCOA4), a selective cargo receptor, binds to ferritin and
transmits it to lysosomes for degradation, which can lead to
the elevation of labile iron levels (Gao et al., 2016; Mancias
et al., 2014; Santana-Codina & Mancias, 2018); consistently,
it was shown that NCOA4 inhibition suppressed ferroptosis
and its overexpression induced it (Hou et al., 2016;
Figure 2). This newly observed process called “ferritinoph-
agy” represents a bridge between autophagy and ferroptosis.

In fact, it is still unclear how iron promotes ferroptosis.
Excessive Fe?™ can react with hydrogen peroxide (H,O,),
producing a powerful oxidant, hydroxyl radical (-OH), in
the Fenton reaction (Valko et al., 2005), which can induce fer-
roptosis through damage of lipids and other molecules (Imam
et al., 2017). Furthermore, iron is a critical component of the
catalytic subunit of lipid-oxidizing LOXs, which mediate
lipid peroxidation (Shintoku et al., 2017). It was shown that
LOX inhibitors (e.g., nordihydroguaiaretic acid and zileuton)
can act as direct radical-trapping antioxidants (Shah et al.,
2017, 2018) and suppress ferroptosis.

Overall, these findings indicate that the intracellular accu-
mulation of labile iron is critical for ferroptosis initiation.

System Xc—

The amino-acid antiporter system Xc— regulates the exchange
between extracellular cystine and intracellular glutamate
across the plasma membrane in a 1:1 ratio (Galluzzi et al.,
2017). The system consists of the light chain (SLC7A11),
which is a 12-pass transmembrane transporter protein, and
the glycosylated heavy chain (SLC3A2), which is a single-
pass transmembrane regulatory protein (Sato et al., 1999).
Inside the cell, cystine is reduced to cysteine, which is then

used in the biosynthesis of proteins and nonribosomal tripep-
tide glutathione (GSH), an important antioxidant. Among the
three amino acids of GSH, cysteine is the least abundant and
is, therefore, a rate-limiting factor for the de novo GSH syn-
thesis. In some cells, cysteine can be synthesized from methi-
onine via the transsulfuration pathway (Stabler et al., 1993),
but in many others, cystine import is necessary to maintain
cysteine and GSH levels. GSH can act as a basic cofactor of
glutathione peroxidase 4 (GPX4) that catalyzes the reduction
of lipid peroxides. Thus, the inhibition of system Xc— results
in the decrease of GSH and GPX4 activity, lipid peroxidation,
and, ultimately, ferroptosis (Figure 1), which explains the
activity of erastin to promote ferroptosis through inhibition
of system Xc—. Mutant tumor suppressor protein p53 can
inhibit system Xc— by downregulating SLC7A11, which
results in the reduced activity of GPX4 and ferroptosis
(Jiang, Hickman, et al., 2015; Jiang, Kon, et al., 2015).
System Xc— function can also be inhibited by the excess of
extracellular glutamate (Dixon, 2017), which is common for
ischemia-reperfusion (IR) injury.

Thus, system Xc— can be considered a negative regulator
of ferroptosis.

GPX4

GPX4, a selenium-dependent glutathione peroxidase
expressed in mammalian cells, plays a key role in the regula-
tion of ferroptosis by decreasing the amount of lipid peroxides
(Yang et al., 2014). It is a unique enzyme that can reduce oxi-
dized lipids (L-OOH) such as polyunsaturated fatty acids
(PUFAs)-containing cholesterol and phospholipids (PLs) to
harmless lipid alcohols (L-OH) by converting GSH into oxi-
dized glutathione (GSSG) (Brigelius-Flohé & Maiorino,
2013). GPX4 is essential for preventing cell death and
tissue damage in many organs such as the brain, skin, and
endothelium (Wortmann et al., 2013). Pharmaceutical inhibi-
tion of GPX4 activity as well as GPX4 degradation or gene
ablation can result in ferroptosis. A classical ferroptosis
inducer RSL3 acts by irreversibly binding to seleno-cysteine
in the GPX4 catalytic site and inhibiting GPX4 enzymatic
activity; compounds DPI10 and DPI7 also directly inhibit
GPX4 and induce ferroptosis through a similar mechanism
(Yang et al., 2014). Genetic knockout of GPX4 in tubular
cells leads to massive cell death showing pathological features
of ferroptosis (Friedmann Angeli et al., 2014). However, the
GPX4-mediated mechanism of ferroptosis still needs
clarification.

Lipid Peroxidation

Lipid peroxidation is considered a critical process in the exe-
cution of ferroptosis (Magtanong et al., 2016). PUFA-PLs are
most sensitive to peroxidation because they contain highly
reactive hydrogen atoms in methylene bridges. PUFAs, par-
ticularly AA and adrenic acid (AdA), are enzymatically
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Figure 2. Iron metabolism and ferritinophagy. Blood Fe**
to Fe* in acidic endosomes. Intracellular Fe**
through ferritinophagy; ferroportin | transports Fe?*

esterified to PLs, primarily phosphatidylethanolamine (PE) in
a two-step process (Hao et al., 2018). First, acyl-CoA synthe-
tase long-chain family member 4 (ACSL4) catalyzes the
binding of AA/AdA to CoA required for their incorporation
into PLs. It should be noted that ACSL4 has been identified
as an enzyme essential for ferroptosis as it forms the lipid
pool targeted by peroxidation (Doll et al., 2017). Next, lyso-
phosphatidylcholine acyltransferase 3 (LPCAT3) inserts AA/
AdA-CoA into membrane PE to form AA/AdA-PE, which
subsequently activates ferroptotic signals (Hashidate-Yoshida
et al., 2015). These lipids can undergo peroxidation catalyzed
by LOX or induced by -OH produced in the Fenton reaction;
the resulting lipid peroxides can attack proximal PUFAs,
thus triggering a chain reaction and leading to ferroptosis
(Yang et al., 2016). The final products of lipid peroxidation,
4-hydroxynonenal and malondialdehyde, are frequently used
as general markers of oxidative stress. Thus, lipid peroxidation
is closely associated with ferroptosis and can be used as a tool
to regulate the process.

Mitochondria

Mitochondria are organelles undergoing significant morpho-
logical changes in ferroptotic cells. The function of mitochon-
dria in ferroptosis seems to be an interesting question.
Mitochondria can synthesize ATP through oxidative phos-
phorylation producing ROS as a byproduct, which is essential
for ferroptosis. Pharmacological induction of ferroptosis
through inhibition of system Xc— was shown to induce

can be oxidized to Fe**, which is transported into cells by Tf-TfR| and reduced
exists in the form of free iron or stored in the ferritin complex, which can be degraded
outside the cell.

mitochondrial ROS production, ATP depletion, membrane
potential decrease, and fragmentation (Gao et al., 2019). In
erastin-treated neurons, a Bcl-2 family member
BH3-interacting domain death agonist translocates to mito-
chondria, leading to mitochondrial damage as the final step
in ferroptosis execution (Neitemeier et al., 2017).
Furthermore, 12/15 LOXs activated in ferroptosis directly
attack the mitochondrial membrane leading to lipid peroxida-
tion (Krainz et al., 2016). The role of mitochondria in ferrop-
tosis is further supported by the presence of CDGSH iron
sulphur domain 1 (CISDI), an iron-containing protein, on
the mitochondrial outer membrane. CISD1 negatively regu-
lates ferroptotic cell death and its genetic inhibition leads to
iron accumulation inside mitochondria, which increases
lipid peroxidation and contributes to ferroptosis (Yuan
et al., 2016).

However, in the initial description of ferroptosis it was
indicated that mitochondrial DNA-knockout cells remained
sensitive to ferroptosis induction (Galluzzi et al., 2017).
Therefore, the question whether mitochondria is involved in
the ferroptosis pathway in all cell types remains open and
further studies are needed to address it.

Other Pathways

Recent studies have reported a special role of ferroptosis sup-
pressor protein 1 (FSP1) in the process, suggesting a novel
mechanism of ferroptosis regulation in parallel to GPX4
(Bersuker et al., 2019; Doll et al., 2019). Thus, FSP1 protects
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human cancer cells from ferroptosis caused by GPX4 dele-
tion, whereas FSP1 knockout increases cell sensitivity to fer-
roptosis inducers, which is reversed by FSP1 overexpression.
FSP1 suppresses ferroptosis by regulating ubiquinone (also
named coenzyme Q10 [CoQ10]): the reduced form, ubiqui-
nol, neutralizes lipid peroxyl radicals and decreases lipid per-
oxidation, whereas FSP1 uses NAD(P)H to promote CoQ10
regeneration. It was also shown that inhibition of MDM2 or
MDMX, negative regulators of p53, resulted in FSP1 overex-
pression and elevation of CoQIl0 levels, suggesting that
MDM2/MDMX inhibition might be used to prevent degener-
ative diseases involving ferroptosis (Venkatesh et al., 2020).
In summary, the discovery of FSP1 and its function defines
a new mechanism in the development of ferroptosis; there-
fore, FSP1 might be a promising therapeutic target in many
diseases.

The occurrence of cell ferroptosis can also be regulated by
the transsulfuration pathway. When astrocytes are under oxi-
dative stress, sulfur-containing methionine can be converted
into cysteine through this pathway, and GSH can be synthe-
sized subsequently to exert antioxidant effects (McBean,
2012). Cystathionine p-synthase (CBS), which catalyzes the
first step of the transsulfuration pathway, plays an important
role in ferroptosis. Thus, CBS inhibition leads to ferroptosis
in hepatocellular carcinoma (Wang et al., 2018), whereas its
overexpression promotes resistance to ferroptosis in ovarian
cancer cells; furthermore, the antioxidant transcription factor
NRF2, which controls CBS expression, is closely linked to
the regulation of ferroptosis in cancer cells (Liu et al,
2020). A recent study shows that inhibition of protein degly-
case DJ-1 enhances the sensitivity of cancer cells to ferropto-
sis inducers by blocking the formation of the S-adenosyl
homocysteine hydrolase tetramer and inhibiting its activity
in the transsulfuration pathway (Cao et al., 2020). Thus, the

Table |. Classical Inducers and Inhibitors of Ferroptosis.

Mode of
Molecule action Target Effect
Erastin Inducer  System Xc Inhibition
Sorafenib Inducer  System Xc Inhibition
Sulfasalazine Inducer  System Xc Inhibition
RSL3 Inducer GPX4 Inhibition
FIN56 Inducer GPX4, GPX4 degradation,
CoQIO0 depletion of CoQI0
Ferrostatin-| Inhibitor Lipid Lipid peroxidation
radicals inhibition
Liproxstatin- | Inhibitor Lipid Lipid peroxidation
radicals inhibition
Deferoxamine  Inhibitor Iron Free iron reduction
o-Tocopherol Inhibitor Iron Free iron reduction

transsulfuration pathway plays an important role in the ferrop-
tosis regulatory network.

Interestingly, tumor suppressor pS3 may regulate ferropto-
sis in a bidirectional manner. On the one hand, p53 can inhibit
SLC7A11 expression and reduce cystine uptake by system Xc
—, which downregulates GPX4 and cell antioxidant activity,
leading to ROS accumulation and ferroptosis (Jiang, Kon,
et al., 2015). On the other hand, p53 overexpression has
been shown to inhibit ferroptosis in colorectal cancer cells
(Xie et al., 2017).

In addition, the TAZ-ANGPTL4-NOX2 (Yang et al.,
2020), p62-Keap1-NRF2 (Sun et al., 2016), and glutaminoly-
sis (Gao et al., 2015) pathways may also play a regulatory role
in ferroptosis.

Targeting Ferroptosis: A Promising
Perspective for Many Diseases

The inducers and inhibitors of ferroptosis identified to date are
summarized in Table 1. As ferroptosis is involved in the path-
ogenesis of many diseases (Chen et al., 2020; Li, Liu, et al.,
2020; Tadokoro et al., 2020), its regulation may be an effec-
tive treatment approach. Therefore, in recent years significant
attention has been paid to the search for ferroptosis inducers
and inhibitors, which can be effective treatment tools
(Table 1). Ferroptosis-associated diseases can be divided
into two categories depending on the pathogenic mechanism,
which involves either inhibition or induction of ferroptosis.
Cancer belongs to the first category because the proliferation
of cancer cells is negatively regulated by ferroptosis.
Therefore, the search of ferroptosis inducers in cancer cells
is currently a focus of research. The three approaches to
induce ferroptosis and kill cancer cells are small molecules,
nanomaterials, and gene therapy. Thus, it was shown that a
small molecule sorafenib, considered a multikinase inhibitor,
promoted ferroptosis in hepatocellular carcinoma cells
(Louandre et al., 2013), whereas a benzopyran derivative
2-imino-6-methoxy-2H-chromene-3-carbothioamide induced
ferroptosis through decreasing SLC7A11 activity in colorec-
tal cancer cells in vitro and in vivo (Zhang, Liu, et al.,
2020). Other small molecules such as sulfasalazine, artemisi-
nin, and artesunate, which also showed anticancer activity
through induction of ferroptosis, may have potential therapeu-
tic application (Isani et al., 2019; Wang et al., 2019; Yu,
Yang, et al., 2019). In addition, a number of nanomaterials
can promote ferroptosis and might be used for cancer
therapy. Among them, iron-based nanoparticles have received
the closest attention (Ma et al., 2017). Specialized nanoparti-
cles can accurately identify cancer cells and, through target
iron delivery, enhance the therapeutic effect. Finally,
genetic technologies can modulate the expression of genes
associated with ferroptosis and reduce cancer cell viability.
Thus, depletion of a glycoprotein ceruloplasmin, which was
shown to reduce intracellular iron levels and suppress
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ferroptosis in hepatocellular carcinoma cells, accelerates
erastin-induced ferroptosis (Shang et al., 2020). The regula-
tion of ferroptosis in cancer needs to be further investigated
in order to develop effective therapies.

In addition to cancer, manipulation of ferroptosis mecha-
nisms may be used to treat nonneoplastic diseases such as neu-
rodegeneration, IR injury, or acute kidney disease. Thus,
inhibition of ferroptosis by trihydroxy chalcones was found
to be effective in Alzheimer’s disease (Cong et al., 2019) and
that by liproxstatin-1 was shown to reduce myocardial
damage after IR by downregulating VDACI and upregulating
GPX4 (Feng et al., 2019). Curcumin, a powerful antioxidant,
can inhibit ferroptosis and alleviate rhabdomyolysis-associated
renal injury (Guerrero-Hue et al., 2019). Below, we focus on
inhibition of ferroptosis in neuronal cells, which should be ben-
eficial for post-stroke recovery.

Mechanisms of Ferroptosis in the
Pathogenesis of Ischemic Stroke

The main pathological mechanism of ischemic stroke is local
cerebral ischemia and hypoxia caused by cerebral blood flow
occlusion. In ischemic stroke, the affected brain tissue can be
divided into ischemic core and penumbra areas based on
blood supply (Kasasbeh et al., 2019). The functional
damage of neurons in the penumbra is reversible (Xu et al.,
2019). However, prolonged periods of ischemia increase neu-
ronal cell death and worsen clinical symptoms; furthermore,
many secondary factors such as excitotoxicity induced by
dying cerebral tissues and inflammation near the ischemic
region may come into play (Lambertsen et al.,, 2019;
Pineda-Ramirez et al., 2020). Therefore, protection of
neurons in the ischemic penumbra is critical for the treatment
of ischemic stroke. Along with the other types of cell death,
ferroptosis plays an important role in the pathogenesis of
brain ischemia (Hanson et al., 2009; Selim, 2010). A detailed
account of the chemical biology of ferroptosis in the central
nervous system has been well summarized by Ratan (2020).
In the next sections, we describe ferroptosis occurring in the
course of ischemic stroke in detail (Table 2).

Iron Accumulation and Redistribution

Before the concept of ferroptosis was put forward, the accu-
mulation of iron had been found in the ischemic regions of
the brain, including the hippocampus and basal ganglia
(Dietrich & Bradley, 1988; Kondo et al., 1995; Park et al.,
2011). It is well known that the prognosis of ischemic
stroke is worse in the elderly, who have iron deposits in the
brain (Valdés Herndndez et al., 2019), suggesting that iron
accumulation may aggravate ferroptosis of neurons in ische-
mic brain injury. Furthermore, clinical studies revealed the
association between serum ferritin levels and poor prognosis
for patients with acute cerebral infarction (Ddvalos et al.,

1994; Millan et al., 2007; Millan et al., 2008), as well as
between serum Tf levels and lower risk of stroke (Gill
et al., 2018). Another clinical study showed that iron regula-
tory hormone hepcidin was significantly higher in patients
with ischemic stroke (Stomka et al., 2015). Iron from blood
may enter brain tissue through the broken blood—brain
barrier, leading to excessive iron accumulation in neuronal
cells and their death by ferroptosis. However, the specific
mechanism of iron transport to the injured brain tissue in
the course of ischemic stroke still needs clarification.

Early in 1995, Hunt and his colleagues reported that iron
chelators could abrogate ischemia metabolic changes (Hurn
et al., 1995). Zaman et al. further revealed that iron chelators
were neuroprotective against glutathione depletion-induced
toxicity by inducing transcription factors like HIF-1 and
ATF-1/CREB and upregulating glycolytic enzymes like
p21%*17P and erythropoietin (Zaman et al., 1999). They
could inhibit the activity of HIF prolyl 4-hydroxylases, a
class of iron-dependent enzymes, while a number of structur-
ally diverse prolyl 4-hydroxylase inhibitors have been demon-
strated to confer neuroprotection against oxidative stress both
in vivo and in vitro (Karuppagounder et al., 2016; Siddiq
et al., 2005; Smirnova et al., 2010).

Intracellular iron accumulation may be a direct cause of
ferroptosis. Fari et al. (Ryan et al., 2018) used a mouse
model of permanent middle cerebral artery occlusion
(MCAO), and found that the loss of ceruloplasmin, a ferrox-
idase responsible for iron efflux from the cell, may compro-
mise iron homeostasis, increase oxidative injury and lesion
size, and impair the recovery of neural function, suggesting
that the deregulation of iron intracellular balance may lead
to iron deposition-induced ferroptosis. Iron export was also
found to be related to the expression of the
microtubule-associated protein tau. When 12-month-old tau-
knockout mice were subjected to MCAO, they had more
severe symptoms than wild-type mice, but the injury could
be relieved by iron-targeting interventions, indicating that
tau may induce iron export and inhibit ferroptosis (Tuo
et al., 2017). In addition, Rosaria et al. (Ingrassia et al.,
2012) observed increased expression of NF-xB-regulated
1B isoform of the divalent metal transporter-1 (1B/DMTT1)
in animal and cellular models of ischemic stroke, which was
associated with increased iron uptake into neuronal cells.
Recently, Wang et al. reported that mitochondrial ferritin
attenuates neuronal ferroptosis by decreasing the intracellular
labile iron pool during cerebral IR injury (Wang et al., 2021).

A recent study indicates that noncoding (nc)RNAs could
regulate iron transport and induce ferroptosis in cerebral IR
injury (Lu et al., 2020). It was shown that IncRNA PVT1 pro-
moted and miR-214 inhibited ferroptosis in in vivo and in
vitro models and that the levels of these ncRNAs were
increased and decreased, respectively, in plasma of patients
with acute ischemic stroke. Mechanistically, miR-214 could
bind to 3’-untranslated regions of PVTI, p53, and TfR1
genes, suggesting that PVT1 induced ferroptosis through
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Table 2. Research on Ferroptosis in Ischemic Stroke.

Ferroptosis

mechanism Ferroptosis target Results References
Iron Iron accumulation Found in ischemic regions and brain tissue of elderly people Valdés Hernandez et al.
metabolism (2019)
Serum ferritin Higher levels indicate poorer prognosis after acute cerebral Davalos et al. (1994);
infarction Millan et al. (2007);
Millan et al. (2008)
Serum transferrin Higher levels indicate lower stroke risk Gill et al. (2018)
Hepcidin Higher levels in patients with ischemic stroke Stomka et al. (2015)
Ceruloplasmin Loss leads to intracellular iron deposition-induced Ryan et al. (2018)
ferroptosis
Tau May induce iron export and inhibit ferroptosis Tuo et al. (2017)
IB/DMTI Increases iron uptake in neuronal cells Ingrassia et al. (2012)
Mitochondrial ferritin Attenuates neuronal ferroptosis by decreasing the Wang et al. (2021)
intracellular labile iron pool during cerebral IR injury
Non-coding RNA LncRNA PVTI is upregulated and miR-214 downregulated in  Lu et al. (2020)
plasma of patients with acute ischemic stroke
Glutamate System Xc— Glutamate blocks system Xc— and promotes ferroptosis Novgorodov et al. (2018)
ATF4 ATF4 upregulates Chacl, Trib3, or CHOP to promote Crawford et al. (2015),
ferroptosis etc.
Oxidative Mitochondrial genes Upregulation of mitochondrial ROS production; Tsai et al. (2020)
stress overexpression of mitochondrial haplogroup Fl in patients
MiR-532-3p Inhibits NOX2 expression; downregulated in ischemic stroke Mao et al. (2020)
ERK Activate epigenetic modulators like transglutaminases, which  Farrelly et al. (2019)
add monoamines or polyamines to histones or
transcription factors to promote transcription
Antioxidant system N-acetylcysteine, |,2,4-triazole derivative compound || can Liao et al. (2020)
improve antioxidant defense
Lipid Peroxidation induction Compound A3, sulfasalazine, and Momordica charantia Mohsin Alvi et al. (2020)

peroxidation

Phospholipase A2
TLR4

15-A(2t)-cyclopentenone

isoprostane
MiR-17-92
Epigenetic Spl
regulation
HDACs

Transglutaminases

polysaccharide inhibit lipid peroxidation

Promotes hydrolysis of phospholipids, arachidonic acid
release, and ROS generation

Lipid peroxidation marker malondialdehyde is decreased in
the brain of TLR4-deficient mice

Elevated expression in stroke-affected human cortical tissue

Protects endothelial cells from ferroptosis

Sp! inhibitor, MTM, could target several pathways involved in
oxidative stress-mediated neuronal cell death

HDAC inhibition could acylate p53 and decrease its
transcriptional activity, and thus suppressing the
expression of pro-apoptotic PUMA

Inhibitors of transglutaminases could confer protection
against ferroptotic stimulus by acting downstream of
nuclear ERK activation

Adibhatla et al. (2003)
Caso et al. (2007)
Zeiger et al. (2009)

Xiao et al. (2019)
Sleiman et al. (2011)

Brochier et al. (2013)

Basso et al. (2012)

miR-214-regulated expression of TfR1 and p53. The detailed
mechanism of ncRNA-mediated iron accumulation and fer-
roptosis in neuronal cells during ischemic stroke needs
further investigation.

How iron plays a role in neuronal ferroptosis is an interest-
ing issue. Karuppagounder et al. reported that the
hypoxia-inducible factor prolyl hydroxylase domain
(HIF-PHD) family is iron dependent. An inhibitor of the
HIF-PHD enzymes, adaptaquin, could reduce behavioral

deficits after ICH (intracerebral hemorrhage) in some animal
models. And the protective effect of adaptaquin was related
to the reduced activity of activating transcription factor 4
(ATF4) (Karuppagounder et al., 2016; Lange et al., 2008).
It is suggested that iron may participate in loading of iron-
dependent enzymes and induce neuronal ferroptosis.
However, no evidence of Fenton reaction and production of
hydroxyl radicals or iron dependence of lipid peroxidation
in stroke has been reported yet.
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Glutamate Induced Ferroptosis

Glutamate plays an important role in the maintenance of nerve
function as an excitatory neurotransmitter in the physiological
state (Kaelberer et al., 2018). However, in ischemic stroke,
increased release and impaired cellular reuptake of glutamate
results in its accumulation in the brain, which causes damage
and death of neuronal cells. Neuronal death caused by accu-
mulating glutamate was conventionality considered to result
in excessive activation of synaptic and extrasynaptic iono-
tropic glutamate receptors, which is called excitotoxicity
(Choi et al, 1987; Lynch & Dawson, 1994; Sattler &
Tymianski, 2000). Another study suggested that glutamate
toxicity is caused by inhibition of cystine import, which is
ionotropic glutamate receptor independent (Murphy et al.,
1989). The antiporter which can import cystine and export
glutamate was identified as system Xc— by Bannai (Bannai,
1986; Bannai et al., 1977; Bannai & Kitamura, 1980;
Sagara et al., 1993). Concentrations of glutamate required to
inhibit system Xc— are 1,000 fold higher than those required
to activate glutamate receptors. Later, when the concept of
ferroptosis was proposed, glutamate-induced cell death in
organotypic hippocampal slice cultures was proved to be
inhibited by iron chelation (Dixon et al., 2012), indicating
that glutamate may cause cell ferroptosis.

The role of glutamate and system Xc— in ferroptosis has
been investigated in several studies. Glutamate blocked
system Xc— function and promoted ferroptosis in primary oli-
godendrocytes through activation of acid sphingomyelinase,
which resulted in the opening of the mitochondrial permeabil-
ity transition pore and induction of ferroptosis (Novgorodov
et al., 2018). Although inhibition of system Xc— is known
to induce ferroptosis, unexpectedly, system Xc— was upregu-
lated in astrocytes and microglia in a rat model of stroke,
whereas its inhibition decreased inflammation and alleviated
IR injury (Domercq et al., 2016). Furthermore, studies by
Sandra Hewett et al. showed that deletion of system Xc— in
the brain would alleviate the neuronal injury (Evonuk et al.,
2015; Jackman et al., 2012; Sosnoski et al., 2020). Jackman
et al. suggested that increased system Xc— expression in
astrocytes could potentiate hypoglycaemic neuronal death.
They administrated drugs known to inhibit system Xc— and
found that neuronal death induced by glucose deprivation
was notably ameliorated. Evonuk et al. found that pharmaco-
logical and genetic suppression of system Xc— could alleviate
chronic and relapsing-remitting experimental autoimmune
encephalomyelitis.  Coculture  studies showed that
myelin-specific CD4(+) Thl cells could enhance the
release of glutamate by microglia through the system Xc—,
leading to the death of mature myelin-producing oligodendro-
cytes. Thus, the functions of system Xc— in different neural
cell types in ischemic stroke remain to be further elucidated.

The regulatory mechanism of glutamate-induced ferropto-
sis in neurons may be related to an important transcription
factor, ATF4. One study showed that 119 genes were

abnormally regulated when the cortical neurons were
exposed to excessive glutamate, but only three genes were
altered when glutamate was added to neurons with germline
deletion of ATF4. In addition, the infarct size of the
ATF4(—/—) mice was significantly smaller than that of the
wild-type mice, and behavioral recovery was improved in
ATF4(—/-) mice with the same blood flow in the rodent
model of ischemic stroke (Lange et al., 2008). This research
suggested that ATF4 may be a particularly significant regula-
tory factor of ferroptosis. ATF4 can regulate the expression of
a series of proteins related to ferroptosis. Chacl
(glutathione-specific y-glutamyl cyclotransferase) is regulated
by ATF4 in neurons when ferroptotic stimuli occurs, and it
can catalyze the cleavage of glutathione to promote
ferroptosis(Crawford et al., 2015). Trib3 (Tribbles homolog
3) is another protein regulated by ATF4. Trib3 has been
proved to mediate neuronal death by reducing the mitophagy
regulator Parkin (Aimé et al., 2020). ATF4 can upregulate
CHOP (C/EBP homologous protein), which can aggravate
ischemic stroke (Li, Zhang, et al., 2020). Other studies
showed that REDD1 (regulated in development and DNA
damage response-1) or CARS (cysteinyl-tRNA synthetase)
can be induced by ATF4 and facilitate ferroptosis (Hayano
et al., 2016; Malagelada et al., 2008). However, the exact
mechanism of ATF4 in ischemic stroke remains to be
revealed. The downstream targets of ATF4 require further
study.

Oxidative Stress

Oxidative cell damage has been implicated in the pathogene-
sis of many diseases. Oxidative stress is caused by the accu-
mulation of pro-oxidant and the loss of antioxidant species
in the cell, which results in the damage of DNA, lipids, and
proteins, thus creating pathological conditions (Mukherjee
et al.,, 2015). It is suggested that oxidative stress may be
one of the mechanisms inducing ferroptosis in cerebral
stroke. During IR, neuronal cells in the penumbra may be sub-
jected to oxidative stress caused by pro-oxidants ROS and
reactive nitrogen species (RNS) (Orellana-Urzia et al.,
2021). ROS comprise free radicals such as -:OH and superox-
ide (O3) as well as some nonradical molecules such as H,O»,
whereas commonly observed RNS are nitric oxide (NO-) and
peroxynitrite (ONOOQO™) (Prasad et al., 2019). The production
of ROS in mitochondria can depend on mitochondrial gene
expression. Using RNA sequencing, it was shown that the
mitochondrial haplogroup F1 (Mthapg Fl1)-encoding gene
was overexpressed in patients with ischemic stroke and that
Mthapg F1 upregulation induced ROS production in mito-
chondria and decreased cell viability (Tsai et al., 2020).
NADPH oxidase 2 (NOX2) is considered an important
enzyme catalyzing ROS formation in the brain. It was
shown that miR-532-3p, which could directly inhibit NOX2
expression, was significantly decreased in cell and animal
models of ischemic stroke, which exacerbated oxidative
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damage of neuronal cells (Mao et al., 2020). However, the
mechanism inducing ROS and RNS accumulation during
ischemic stroke is still not clear and needs further research.

Mitogen-activated protein kinase (MAPK) pathway has
been demonstrated to mediate ROS-induced cell death
(Guyton et al., 1996). Extracellular signal-regulated kinases
(ERKSs), c-Jun N-terminal kinase or stress-activated protein
kinase (JNK/SAPK), and the p38 MAP kinase (p38 MAPK)
are main members of MAPK family (Davis, 1993).
DeFranco et al. showed that Ras-MEK-ERK pathway was
crucial to glutamate-induced ferroptosis (Xiao et al., 1999),
and delayed and persistent activation of ERKs is associated
with glutamate-induced oxidative toxicity (Stanciu &
DeFranco, 2002). Nuclear translocation of ERK1/2 could
phosphorylate proto-oncogenic c-Myc (myelocytomatosis
oncogene) on serine 62, leading to its stabilization and
increased transcriptional activity (Chatterjee et al., 2001),
while the later could bind to its response element in the pro-
moters of Tfrl (transferrin receptor 1), ferritin (heavy and
light chains), IRP2 (iron regulatory protein 2), and Nrampl
(natural resistance associated macrophage protein 1) genes,
thus coordinately regulating iron metabolism (Dang, 2012;
Wu et al., 1999). In addition, ERK could activate epigenetic
modulators like transglutaminases, which add monoamines
or polyamines to histones or transcription factors to promote
transcription (Farrelly et al., 2019). But it remains to be
revealed whether transglutaminases can directly modify the
transcription factors which are involved in pro-death
responses to neuronal ferroptosis in ischemic conditions.

The loss of antioxidants is another key factor leading to
oxidative stress. Antioxidants prevent cell damage by con-
verting ROS/RNS to harmless molecules. Thus, O; can be
converted to H,O, by superoxide dismutase (SOD)I in the
cytoplasm and SOD2 in mitochondria; in turn, H,O, can be
reduced to water by peroxidases (Cheung et al., 2000).
However, after ischemic stroke the level of endogenous anti-
oxidants decreases, leading to oxidative stress. When patients
with acute ischemic stroke were treated with a neuroprotective
drug N-acetylcysteine, serum levels of SOD and glutathione
peroxidase significantly increased, whereas the National
Institute of Health Stroke Scale scores decreased
(Sabetghadam et al., 2020). Other drugs were also shown to
regulate antioxidant levels and exert neuroprotective effects
in animal models of cerebral ischemia. Thus, a 1,2,4-triazole
derivative compound 11 could induce antioxidant defense
mechanisms by promoting the expression of nuclear factor
erythroid 2-related factor 2 (Nrf2) and SOD (Liao et al.,
2020). These data suggest that effective antioxidants may
improve the prognosis of ischemic stroke.

Lipid Peroxidation

Lipid peroxidation, considered a direct inducing factor of fer-
roptosis (Homma et al., 2019), is promoted by oxidative
stress. In ischemic stroke, lipid peroxidation can be inhibited

by certain drugs. Thus, a synthetic polyphenol compound A3
can reverse the increase in lipid peroxidation induced by
ischemic stroke and exert a neuroprotective effect in a rat
model of permanent MCAO (Mohsin Alvi et al., 2020).
Sulfasalazine can inhibit lipid peroxidation cascades in the
acute stage of IR injury and improve brain conditions in a
rat model (Cetin et al., 2017). A polysaccharide of
Momordica charantia has been shown to provide neuropro-
tection against cerebral IR injury by scavenging O, NO.,
and ONOO™ and inhibiting lipid peroxidation (Gong et al.,
2015). These results suggest that many drugs with antioxidant
activity can reduce lipid peroxidation and through this prevent
brain IR injury. However, the number of such drugs in clinical
practice is still limited, indicating the need for further
research.

The brain tissue is rich in PUFAs, which makes it more
susceptible to lipid peroxidation in ischemic conditions.
However, the mechanism of lipid peroxidation induced by
ischemic stroke remains unclear. It was shown that during
brain ischemia, phospholipase A2 catalyzed PL hydrolysis
and AA release, which in turn promoted ROS formation
and lipid peroxidation; these detrimental effects could be alle-
viated by citicoline (Adibhatla et al., 2003). Caso et al. (2007)
found that TLR4 deficiency in mice with permanent MCAO
caused a decrease in lipid peroxidation marker malondialde-
hyde, suggesting TLR4 involvement in the induction of
lipid peroxidation after stroke. Another study showed that
the levels of 15-A(2t)-cyclopentenone isoprostane
(15-A(2t)-IsoP) formed after free radical-mediated peroxida-
tion of AA were elevated in stroke-affected human cortical
tissue, where 15-A(2t)-IsoP mediated the opening of the per-
meability transition pore and release of mitochondrial cyto-
chrome C, which resulted in neuronal cell death (Zeiger
et al., 2009).

It is established that the death of endothelial cells causes
vascular injury, atherosclerosis, and ischemia. It was shown
that ferroptosis was involved in the pathogenesis of athero-
sclerosis, which could be alleviated by the inhibition of fer-
roptosis through decrease of lipid peroxidation (Bai et al.,
2020). Another study suggested that the overexpression of
miR-17-92 could protect endothelial cells from ferroptosis
by directly binding to zinc lipoprotein A20-encoding
mRNA and inhibiting A20 biosynthesis, which decreased
ACSLA4 expression and, consequently, lipid peroxidation
(Xiao et al., 2019). However, the relationship between lipid
peroxidation and ferroptosis in ischemic stroke is still
unclear and this question should be addressed in future
research.

Epigenetic Regulation

Epigenetics are crucial for cells to adapt to various signals,
conditions, and stressors, which include DNA methylation,
histone modifications, chromatin remodeling, and noncoding
RNAs (Katada et al., 2012). Mounting evidence has
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suggested epigenetic mechanisms to be novel, fundamental
factors in regulating the expression of stroke-related genes
and closely related to ferroptosis. In ischemic cell models,
oxidative stress could activate Spl by enhancing its acetyla-
tion and histone deacetylase (HDAC) inhibitors could
prevent oxidative neuronal death, later known as ferroptosis,
by augmenting this Spl-dependent adaptive response (Ryu
et al., 2003). Moreover, Spl inhibitor, MTM, could target
several pathways involved in oxidative stress-mediated neu-
ronal cell death, including ERK, c-Src, HIFla, and p21*"
¢l (Sleiman et al., 2011). Langley et al. further revealed
that HDAC inhibition could acylate p53 and decrease its tran-
scriptional activity, and thus suppressing the expression of
pro-apoptotic PUMA (Brochier et al., 2013), and the HDAC
inhibitors can lead to neuroprotection independent of
HDAC inhibition (Sleiman et al., 2014). Also, transglutami-
nases, a group of enzymes that also modulate transcription,
were suggested to show an elevated transamidating activity
in different models of stroke (McConoughey et al., 2010;
Paschen et al., 1990). Inhibitors of transglutaminases, regard-
less of their structures, could confer protection against ferrop-
totic stimulus by acting downstream of nuclear ERK
activation, a well-established mediator of ferroptosis in
neurons (Basso et al., 2012). Collectively, these findings
suggest an important role of these epigenetic regulators in
mediating ferroptotic death. Molecular or pharmacological
agents that target these epigenetic proteins are promising in
treating ischemic stroke.

Inhibition of Ferroptosis: A New Hope
for Cure of Ischemic Stroke

Ischemic stroke is a serious disease, which can result in per-
manent disability and even death, representing a serious
burden to the society. However, the only therapeutic drug cur-
rently approved by the Food and Drug Administration for
acute ischemic stroke is recombinant tissue plasminogen acti-
vator, a thrombolytic agent (Snow, 2016). Another standard
treatment method is thrombectomy, which should induce vas-
cular recanalization. However, the narrow therapeutic time
window (<4.5 hr) limits the effect of these methods. Thus,
only 5%—-10% patients can be successfully treated by vascular
recanalization; furthermore, this procedure increases the risk
of cerebral IR injury, which can aggravate the patient’s condi-
tion (Henninger & Fisher, 2016). Therefore, current research
efforts are focused on the development of new treatment
methods for ischemic stroke. Some studies reported a thera-
peutic potential of neuroprotective agents in experimental
models; however, these drugs have not been clinically
proven to have a definite effect. Stem cell therapy, which
has a wide application perspective, has also shown effects
in the acute, subacute, and chronic phases of ischemic
stroke (Kwak et al., 2018). With respect to novel treatment
approaches, ferroptosis, a new type of PCD which has been

confirmed to participate in the pathogenesis of ischemic
stroke, is a promising therapeutic target and its inhibition
during ischemia may have a clinical potential.

Among ferroptosis inhibitors, only one drug, edaravone,
has been used to treat patients with acute ischemic stroke.
Edaravone was verified to act as a free radical scavenger
and to attenuate ferroptotic cell death in ischemic brain
tissues suffering from cystine deprivation (Homma et al.,
2019). Other drugs were found effective in animal and cell
models of stroke. A ferroptosis inhibitor deferoxamine, also
acting as iron chelator, was shown to improve the post-stroke
cognitive impairment in diabetic rats with MCAO (Abdul
et al.,, 2020). Deferoxamine decreased vasoregression and
polarization of microglia by improving aquaporin-4 polarity
and permeability of the blood-brain barrier, and reduced
lipid ROS and other ferroptotic markers in brain microvascu-
lar endothelial cells in vitro; as a result, endothelial ferroptosis
was downregulated and the functional conditions of the
animals improved (Abdul et al., 2020). Another drug which
can inhibit ferroptosis in ischemic stroke is selenium (Se),
an essential element for GPX4 activity. Selenium promoted
GPX4 expression through coordinated activation of neuropro-
tective transcription factors TFAP2c and Spl, whereas a
brain-penetrating selenopeptide induced homeostatic tran-
scriptional activation of GPX4, which in turn inhibited ferrop-
tosis after ischemic stroke (Alim et al., 2019).

Some traditional Chinese herbal medicines have been also
shown to inhibit ferroptosis in ischemic stroke. Thus, a mono-
terpenoid phenol carvacrol was reported to protect hippocam-
pal neurons against cerebral IR injury in gerbils by inhibiting
ferroptosis through upregulation of GPX4 expression; in the
process, lipid peroxidation in the brain tissue was decreased
and learning and memory abilities of gerbils improved
(Guan et al., 2019). Naotaifang extract improved neural func-
tions in rats after ischemia by inhibiting neuronal ferroptosis
through downregulation of TFR1/DMT1 and upregulation
of SCL7A11/GPX4 pathways (Lan et al., 2020). In addition,
Galangin, a flavonoid isolated from Alpinia officinarum,
attenuated cerebral IR injury by inhibiting ferroptosis via acti-
vating the SLC7A11 and GPX4 in gerbils (Guan et al., 2021).
Although these traditional Chinese drugs have not been clin-
ically verified to improve patients’ conditions after ischemic
stroke, their safety and lack of toxicity may facilitate their
testing in clinical trials and application to patients.

Conclusions and Prospects

The role of ferroptosis in ischemic stroke is currently under
investigation, and there are still many questions to be
answered. First, the exact mechanism of ferroptosis remains
unclear. Although many studies suggest that ferroptosis can
be assessed based on iron levels, ROS production, GPX4
expression, and cell viability, there are still no specific
markers of ferroptosis, in contrast to other types of PCD,
which have definite signatures such as caspase activation in
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apoptosis (Nagata, 2018) or autophagic lysosome formation
in autophagy (Cao et al., 2019). It is important to identify spe-
cific ferroptosis markers in order to perform comprehensive
investigation of the process. Although iron metabolism and
lipid peroxidation during pathological conditions may
induce ferroptosis, the underlying mechanisms need further
investigation. For example, the expression of iron metabolism
regulators such as TfR1, DMTI, and ferroportin 1 can affect
the occurrence and severity of ferroptosis. However, the ques-
tions remain whether these proteins can regulate other signal-
ing pathways and whether in addition to iron, other metal ions
can trigger ferroptosis through different molecular mecha-
nisms. These issues should be resolved.

Another issue is that the mechanism of ferroptosis has
mostly been investigated in cancer field. Whether the ferrop-
tosis processes in tumors and ischemic brain are identical
remains unclear. In tumors, ferroptosis has often been
studied using ferroptotic stimulators such as erastin or RSL3
(Kathman et al., 2020; Zhang, Deng, et al., 2020).
However, more in vitro and in vivo models should be devel-
oped to analyze ferroptosis after ischemic stroke. In addition,
different cell types in brain the tissue, including neurons,
microglia, astrocytes, oligodendrocytes, and so on, are stimu-
lated by ischemia simultaneously. But the role of ferroptosis
in these different cell types in brain tissue remains to be illu-
minated. Ischemia can induce inflammation in the affected
brain tissue. Many studies demonstrate that ferroptosis can
be accompanied with inflammation (Li et al.,, 2018; von
Missenhausen et al., 2018); however, the mechanistic link
between ferroptosis and inflammation during ischemic
stroke is not yet known. Investigation of the role of ferroptosis
in ischemic stroke and the underlying molecular pathways is
still in its early stages and the current data are mostly obtained
using cellular and animal models, indicating the need of con-
ducting clinical studies in patients with ischemic stroke.

The development of drugs targeting ferroptosis in ischemic
stroke is an important aspect of research. The identified mech-
anisms of ferroptosis following IR injury offer molecular
targets to interfere with in order to improve neuroprotection
in the brain. However, during ischemic stroke, neuronal
cells may experience different types of PCD, including apo-
ptosis, autophagy, necrosis, and/or ferroptosis. Which PCD
type should be mostly focused on? Can a combined therapy
targeting distinct PCD types achieve better results? Since
the pathological process in ischemic stroke includes acute,
subacute, and chronic phases, when should the drugs be
administered? These questions should be addressed by
further basic and clinical research on ferroptosis in ischemic
stroke.

Summary Statement

Based on the collection of the recent progress in the mecha-
nism of ferroptosis, this review summarized the possible func-
tion of ferroptosis in the pathophysiological process of

ischemic stroke to seek more approaches to the diagnosis
and treatment of this disease.
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