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Abstract: Parkinson disease (PD) is the second-most common neurodegenerative disease. The charac-
teristic pathology of progressive dopaminergic neuronal loss in people with PD is associated with iron
accumulation and is suggested to be driven in part by the novel cell death pathway, ferroptosis. A
unique modality of cell death, ferroptosis is mediated by iron-dependent phospholipid peroxidation.
The mechanisms of ferroptosis inhibitors enhance antioxidative capacity to counter the oxidative
stress from lipid peroxidation, such as through the system x.~ /glutathione (GSH)/glutathione
peroxidase 4 (GPX4) axis and the coenzyme Q10 (CoQ10)/FSP1 pathway. Another means to reduce
ferroptosis is with iron chelators. To date, there is no disease-modifying therapy to cure or slow
PD progression, and a recent topic of research seeks to intervene with the development of PD via
regulation of ferroptosis. In this review, we provide a discussion of different cell death pathways, the
molecular mechanisms of ferroptosis, the role of ferroptosis in blood-brain barrier damage, updates
on PD studies in ferroptosis, and the latest progress of pharmacological agents targeting ferroptosis
for the intervention of PD in clinical trials.

Keywords: Parkinson disease; ferroptosis; iron metabolism; lipid peroxidation; system x.~;
glutathione; GPX4; CoQ10; FSP1; lipoxygenase

1. Introduction

Parkinson disease (PD) is a progressive clinical syndrome with neuronal loss owing
to various pathogeneses [1]. Clinically characterized by slowness of movement (bradyki-
nesia), rigidity, and tremor, PD is the second-most common neurodegenerative disease
affecting millions worldwide. The advancement of modern neuroscience has granted
patients with PD with effective motor symptomatic treatment in PD, which is among the
greatest achievements for neurodegenerative diseases. However, disability and death due
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to PD are increasing faster than in any other neurological disorder globally, based on the
newsroom report by WHO in 2022 [2]. Cardinal motor symptoms in PD are often heralded
by a prodromal period, and non-motor manifestations occur during the disease course,
including cognitive decline, autonomic dysfunction, olfactory impairment, sleep disorders,
and mood disorders, which also can only be treated symptomatically [3]. There is no
cure for PD to date, and therapies to delay or modify disease progression are still lacking.
Pathologic features that characterize PD are the progressive dopaminergic neuronal loss in
the substantia nigra (SN) and associated brain regions, as well as the presence of intraneu-
ronal protein inclusions called Lewy bodies, which are mainly composed of aggregated
a-synuclein protein [4]. Braak’s hypothesis suggested that x-synuclein propagation origi-
nates from the lower brain stem to limbic and neocortical areas [5,6], whereas some studies
have proposed a-synuclein aggregation to stem from the gastrointestinal tract, spreading
via the vagus, or to arise from the olfactory bulb and then get transmitted to the lower brain
stem in a prion-like manner [7,8]. Aging is the greatest risk for PD, but a complex interplay
between genetics, environmental toxins, and some lifestyle habits is also found to affect PD
risk and development [9,10].

Although the pathological mechanisms underlying PD are not fully elucidated, an
important connection between the organelle mitochondria to PD pathogenesis dates back to
1982. when scientists observed parkinsonism developing after drug addict injection of a new
“synthetic heroin” containing the by-product 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP), a specific mitochondrial respiratory chain complex I inhibitor [11]. As the major cel-
lular power generator, mitochondria contain electron transport chains (ETC) on their inner
mitochondrial membrane dedicated to the production of adenosine 5'-triphosphate (ATP)
through oxidative phosphorylation [12]. The possible roles of mitochondria in PD patho-
genesis have also been supported by various genetic evidence as many PD risks genes were
found to be associated with crucial mitochondrial functions. These include mitochondrial
biogenesis (ATPase typel13A2 (ATP13A2)/PARK9), morphological dynamic (PRKN/PARK?2,
phosphatase and tensin homolog (PTEN)-induced putative kinase 1 (PINK1)/PARK®), trafficking
(Leucine-rich repeat Kinase 2 (LRRK2)/PARKS), and elimination of damaged mitochondria
(Daisuke-Junko-1 (DJ-1)/PARK?, F-box only protein 7 (FBXO7)/PARK15, vacuolar protein sort-
ing 35 (VPS35)/PARK17) [13-19]. Although highly efficient in energy production, a small
percentage of electrons could leak out from the mitochondrial ETC, especially from com-
plexes I and III, and potentially hazardous reactive oxygen species (ROS) are generated
as biological by-products [20,21]. Antioxidative mechanisms are imperative to counter
these ROS, especially in high-energy-consuming cells, such as neurons. An imbalance
between ROS production and antioxidative detoxification leads to oxidative damage [22].
The residual cellular debris caused by oxidative damage will then be removed through
autophagy, a cellular process for removal of unnecessary or dysfunctional components [23].
The process of autophagy requires encircling wastes into double-membraned vesicles and
their degradation via the lysosome. Some of the PD risk genes, such as VPS35, GBA, and
TMEM]175, are also connected to the lysosomal system, which is essential for the breakdown
and disposal of aggregated a-synuclein [24].

With dopaminergic neuronal loss as a key feature in PD pathology, scientists have
been investigating the cause of cell death in PD. Regulated cell death has been discussed
during the past decades, and these categories were mostly placed on a spectrum between
necrotic cell death and apoptotic cell death. Necrotic cell death is an unprogrammed form
of cell death causing instantaneous and catastrophic demise, whereas apoptotic cell death
is a programmed form of cell death that is tightly controlled by molecular regulators [25].
In recent decades, several pathways of regulated cell death have been named, among
which the newly proposed ferroptosis has gained the spotlight (Table 1). Ferroptosis is
a term was first anointed in 2012 by Stockwell et al., who found that the system x.~
inhibitor, erastin, induces a novel form of iron-dependent cell death that has a unique
morphology from other cell death types and does not involve the caspase cascades as did
apoptotic cell death [26]. This group screened a customized library of 9500 small organic
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molecules and found ferrostatin-1 as a potent specific inhibitor for this new type of cell
death. Based on previous findings that iron and oxidative stress can induce neuronal death,
the same group further demonstrated that glutamate-induced cell death could be inhibited
by ferrostatin-1 in rat hippocampal neurons [26]. Since then, studies have identified
three main features of ferroptosis: iron dependence, increased lipid peroxidation, and an
overwhelmed antioxidative system [27,28]. Iron chelators, antioxidative system x.~, and
antioxidants such as coenzyme Q10 (CoQ10) inhibit ferroptosis, while ferroptosis inducers
work in the opposite fashion [27,29]. Lately, the connections between PD and ferroptosis
were supported by the correlation of iron accumulation with x-synuclein aggregation
and the elevation of lipid peroxidation products in the post-mortem SN of patients with
PD [30-33].

Table 1. Cell death modalities, their morphological features, and key participants.

Cell Death . AT
Pathway Morphology Mechanisms and Key Participating Molecules Ref.
. . Extrinsic: death receptor
Cytoplasmic shrinkage pathway
Apoptosis Chromatin condensation (pyknosis) Death receptors
1. Extrinsic Nuclear fragmentation (karyorrhexis) Caspase-8 Common executioner:
- o —— - Caspase-3/7 [34-37]
IL Intrinsic Intrinsic: mitochondrial PARP cleavage
(mitochondrial) Plasma membrane blebbing pathway
Bcl-2, Bax, Bak,
Formation of small vesicles (apoptotic bodies) that MOMEP, cytochrome ¢, Smac,
are efficiently taken up by neighboring cells with AIF, APAF-1
phagocytic activity and degraded within lysosomes Caspase-9
Double-membrane-enclosed vesicles
Autophagy Extensive cytoplasmic vacuolization ATGs, Bcl-2, ULK1, PI3KIIL, P62, LC3, lysosome [38]
Phagocytic uptake
Lysosomal degradation
Cytoplasmic and organelle swelling .
Necrosis - Acute cell damage, such as trauma, or severe hypoxia [39]
Rupturing of plasma membrane
Necrotic-like Apoptotic-like
Necroptosis Cytopla.smic swelling RIPK3, MLKL o]
(regulated Rupturing of plasma (alternative cell death when caspase-8 is blocked) e
necrosis) membrane
Chromatin NLRs, AIM2, IL-13, IL-18, caspase-1,
Pyroptosis Rupturing of plasma condensation caspase-11/4/5, [42,43]
membrane Plasma membrane Gasdermin cleavage,
blebbing mitochondrial ROS
Rupturing of pl. b
Upluring of pasma membrane Iron overloading, lipid peroxidation (pro-ferroptotic)
. Shrinkage of mitochondria
Ferroptosis [26,27,44]

Decreased mitochondrial cristae

Ruptured mitochondrial membrane

System Xc ~, GPX4, GSH, CoQ10, FSP1 (anti-ferroptotic)

White/gray: tolerogenic cell death (apoptosis, autophagy); orange: immunogenic (necrosis, necroptosis, pyropto-
sis, ferroptosis).

In this review, we will first define different types of cell death pathways, describe the
steps leading to ferroptosis, introduce connections of ferroptotic factors in the blood-brain
barrier and glia, decipher the association between PD and ferroptosis, and demonstrate the
potential of anti-ferroptotic mechanisms as treatment strategies for PD.

2. Different Types of Cell Death

Pathological PD features are progressive dopaminergic neuronal loss and Lewy body
formation. A constant and relentless downhill trajectory of clinical symptoms troubles
patients with PD; however, disease-modifying remedies have still not been found. Under-
standing how these neurons die and how to prevent the occurrence of cell death is therefore
crucial for the development of strategies for curbing PD progression. Cells are considered
to die either from an accidental cell death (ACD) or a regulated cell death (RCD) [45].
ACD occurs when cells encounter dramatic environmental or metabolic scenarios, such as
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stroke or trauma. RCD, on the contrary, is under tight molecular regulation to target the
elimination of superfluous, irreversibly damaged, and potentially harmful cells. Although
RCD is under strict genetically encoded mechanisms to prevent accidental removal of
normal functional cells, uncontrolled RCD may lead to early development of degeneration.
Thus, pharmacological or genetic intervention of the molecular pathways involved in RCD
may provide space for disease modulation for neurodegenerative diseases, such as PD [46].
Traditionally, necrosis represents ACD as a premature, chaotic, and unorganized demise
that occurs from an overwhelming unexpected extracellular noxious stimulus. The charac-
teristic morphology of necrotic cells portrays cell organelles swelling, plasma membrane
rupture, cell lysis, and final uncontrolled spillage of inflammatory intracellular contents,
causing damage to the surrounding tissue. In contrast, apoptosis is a planned and non-
immunologic (tolerogenic) RCD. Renovating this view, in 2008, Hitomi et al. reported that
programmed necrosis does exist through mediating a complex molecular pathway [47]. As
cell death research progressed, new cell death pathways surfaced with their own molecular
initiation and propagation. A considerable degree of interconnectivity was found between
these different cell death pathways. According to the Nomenclature Committee on Cell
Death (NCCD) 2018, several types of RCDs have been described, including apoptosis,
autophagy, necroptosis, pyroptosis, and ferroptosis [25]. The morphological features of
these RCDs were placed on a spectrum from fully necrotic to fully apoptotic and also had
their immunomodulatory profile ranging from pro-inflammatory and immunogenic to
anti-inflammatory and tolerogenic (Table 1) [25]. A further explanation of RCD involves
two diametrical scenarios. The first, also known as programmed cell death (PCD), works
as a built-in physiological program that combines prewritten genetic information with
intracellular or extracellular stimuli to determine the cell fate for its role in the body [48].
These PCDs include development at embryonic stages, tissue turnover, targeted elimination
of cells at the risk of neoplastic transformation, or those hijacked by microbes for pathogen
replication [49]. Strictly physiological, PCDs do not relate to homeostasis and therefore do
not occur in the situation of failing adaptation to stress [25]. The second scenario of RCD
occurs in response to prolonged and unrecoverable perturbations of the cellular microen-
vironment that cannot be stabilized by other means of adaptative cellular homeostasis in
order to contain damage to a minimal with limited cell death.

Apoptosis is the first-found and most well-known RCD, meaning “to fall off” in Latin.
During the process, cells commit suicide to enable normal development for an individual.
There are two major types of apoptosis pathways: the intrinsic pathway (mitochondrial
related), activated in response to cellular stresses, such as DNA damage or growth factor
deprivation [50], and the extrinsic pathway, which is mediated by death receptors receiving
pro-death signals from outside the cell, often by natural killer lymphocytes or CD8-positive
cytotoxic T lymphocytes [51]. Both apoptotic pathways are caspase dependent, with ac-
tivated caspases 3/7 as final executioners, which further activate downstream proteases
and nucleases. Because apoptotic cells send “find me” and “eat me” signals to phagocytes,
they are typically recognized and engulfed by macrophages before leakage of their intra-
cellular contents. Therefore, apart from limiting direct cell damage caused by the release
of cytoplasmic contents, apoptosis typically precludes the release of immune-stimulatory
molecules and thus prevents unwanted immune responses [52]. Characteristic apoptotic
morphological features include cell shrinkage, cell fragmentation into membrane-bound
apoptotic bodies, an intact cell membrane, rapid ingestion by neighboring phagocytic
cells, internucleosomal chromatin condensation, and DNA fragmentation by selectively
activated DNases [53].

A somewhat controversial type of RCD is the autophagic cell death, which is mechanis-
tically dependent on the autophagic machinery, as defined by the 2018 NCCD. Autophagy
is the process of cytoplasmic material segregation, its deliverance, and then elimination
in the lysosome [54]. This recycling of essential cellular components and degradation of
damaged organelles can promote cell survival following stress or nutrient limitation [55].
However, in the excess of autophagy, this biological process is in complex interplays with
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different forms of cell death. Nicely reviewed by Kumar et al., the roles of autophagy in cell
death can be defined as (i) autophagy-associated cell death, where autophagy accompanies
cell death induction but does not play an active role in it; (ii) autophagy-mediated cell death,
where autophagy induction initiates apoptosis; and (iii) autophagy-dependent cell death,
a distinct form of cell death that occurs independently of apoptosis or necrosis [38]. Both
genetic and chemical inhibition of autophagy prevents autophagy-mediated cell death by
terminology criteria. Additionally, the involvement of at least two different proteins of the
autophagy machinery (involved in initiation, nucleation, and elongation) is recommended
to establish autophagy-mediated cell death [56]. In the case of autophagy-dependent cell
death, stricter rules are applied—not only does autophagy inhibition prevent cell death but
also neither apoptosis nor necrosis is involved or proceeds in parallel. Morphological obser-
vations of autophagy-dependent cell death show the formation of large-scale autophagic
vacuolization, which hold cytosolic materials and organelles in the dying cells [57].

Necroptosis is referred to as programmed necrosis and occurs in response to tumor
necrosis factor (TNF), Fas, or TRAIL, as well as certain Toll-like receptor ligands, under con-
ditions when the caspase activity for apoptosis is blocked [40]. Since most of the necroptosis
triggers are highly pro-inflammatory, damage-associated molecular patterns (DAMPs),
cytokines, and chemokines are released during necroptosis, which causes consequential
inflammatory responses. In contrast to the robust inflammatory response induced by
necrosis, shifting into necroptosis terminates pro-inflammatory responses earlier [58]. Key
modulators of the necroptosis signaling pathway are receptor-interacting protein kinase
3 (RIPK3) and its substrate, mixed lineage kinase domain-like protein (MLKL) [39]. The
necroptotic morphology displays clustered dying cells, disrupted membranes, swollen cell
bodies and organelles (on the necrosis side), fragmented chromatin (on the apoptosis side),
and a large quantity of inflammasomes [41].

Pyroptosis, a novel RCD, is defined by the activation of inflammatory caspases and
is associated with innate immunity and cancer [59]. The nomenclature of pyroptosis
originated in Greek, with “pyro” meaning “fire/fever” and “ptosis” meaning “falling” to
describe this pro-inflammatory programmed cell death. The earliest research reporting
pyroptosis dates back to 1986 by Friedlander [60]. Induction of pyroptosis requires at least
one member of the inflammatory caspases, including caspase-1, caspase-4, and caspase-
5 in humans; subsequent inflammasome activation; secretion of cytokines (e.g., IL-1b
and IL-18); and gasdermin translocation to the plasma membrane to form membrane
pores [61]. Through the ruptured plasma membrane, cellular contents, including DAMPs
and cytokines, are released to mount a robust inflammatory response [62]. Meanwhile,
intracellular pathogens (bacteria and viruses) are also released from these cells to make these
pathogens more susceptible to neutrophils [42]. A characteristic pyroptosis morphology
has the apoptotic characteristics of DNA damage, nuclear condensation, and necrotic cell
swelling and rapid destabilization of plasma membrane integrity [63].

Lately, ferroptosis, an iron-dependent type of RCD is gaining attraction among re-
searchers. As described by Stockwell et al., and later research, there are three hallmarks of
ferroptosis: the loss of lipid peroxide repair capacity by the phospholipid hydroperoxide
glutathione peroxidase-4 (GPX4), the availability of redox-active iron, and the oxidation
of polyunsaturated fatty acid (PUFA)-containing phospholipids, among which the latter
is the main driver of ferroptotic death [26,64]. Since oxidative damage, lipid peroxida-
tion, and iron accumulation in the SN are concomitantly noted in patients with PD, as
well as dopaminergic neuronal loss being the main characteristic pathological feature,
ferroptosis is rationally considered to be critically involved in the pathophysiology of
PD development [65,66]. Details regarding this form of RCD will be elucidated in the
following section.

3. Ferroptosis: Iron- and Lipid-Peroxidation-Dependent Cell Death

Ferroptosis is an iron-dependent form of RCD driven by enhanced lipid peroxida-
tion and insufficient capacity of thiol-dependent antioxidative mechanisms [27]. Iron is
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a critical inducer of ferroptosis, without which the cell death pathway may be inhibited,
whereas an exogenous supply of iron enhances ferroptosis [67,68]. Unrestrained lipid
peroxidation of mainly the PUFA in the membrane bilayers is one of the hallmarks for
ferroptosis [69]. The accumulation of lipid peroxides in ferroptosis is iron dependent and
can be pharmacologically inhibited by iron chelators (e.g., deferiprone, deferoxamine)
and small lipophilic antioxidants (e.g., ferrostatin, liproxstatin, vitamin E, and butylated
hydroxytoluene) [7]. In 2003, erastin, an inhibitor of system x.~, was found to induce
non-apoptotic cell death. In 2012, Dr. Brent R. Stockwell first described ferroptosis as a
form of regulated iron-dependent cell death that had resulted from the overwhelming accu-
mulation of lethal lipid peroxides in response to erastin/Ras-selective lethal small molecule
3 (RSL-3) administration in a rat brain slice model [26]. The exact mechanisms underlying
the execution of ferroptosis have not yet been elucidated. Various inhibitors of apoptosis,
necrosis, and autophagy failed to rescue this RSL-induced cell death, but antioxidants and
iron chelators, in contrast, prevailed [26]. GPX4 is the primary cellular enzyme that specif-
ically detoxifies phospholipid hydroperoxides to lipid alcohols using glutathione (GSH)
as a cofactor [70]. As the rate-limiting amino acid used in the synthesis of the tri-peptide
GSH, cystine is essential in the cellular antioxidative defense [71]. The cystine/glutamate
antiporter, system x.~, imports cystine across the cell membrane. Inhibition of cystine
uptake by erastin, an inhibitor of system x.~, leads to GSH depletion and starves GPX4 of
its reducing capacity [72,73]. Different from other RCDs with a suicide mission (apoptosis,
necroptosis, and pyroptosis), ferroptosis was dubbed a sabotage process where cells die due
to disruption of their normal essential processes, such as production of lipid peroxides or
aberrant inactivation of the intracellular thiol antioxidant system x.~/GSH/GPX4 axis [74].
Therefore, experimental ferroptosis models commonly adopt direct GPX4 inhibition via
RSL-3 or indirect inhibition through blocking system x.~ via erastin [75-78]. The provoca-
teurs of ferroptosis, lipoxygenases (LOX), in particular 15-LOX, predominantly catalyze the
enzymatic peroxidation of esterified PUFAs [79,80]. Reactive electrophiles generated from
decomposed oxidized PUFA-phospholipids may react with cellular macromolecules and
damage both the structural and functional proteins of cell components. Lipid peroxidation
of the cellular membrane structure also causes membrane damage and pore formation,
limits membrane fluidity, and leads to cell death [44]. Ferrostatin-1 and liproxstatin-1
are potent inhibitors of ferroptosis by their 15-LOX-inhibiting capability combined with
radical-trapping antioxidative activity [81]. The distinction of ferroptosis from other RCDs
is the absence of cytoplasmic swelling in necrosis [82], the lack of nuclear condensation
and chromatin margination in apoptosis [83], and no formation of the double-membrane-
enclosed vesicles seen in autophagy [30]. However, characteristic ferroptosis morphological
features are mitochondrial presentations, including fragmented mitochondria, mitochon-
dria accumulation around the nucleus, condensed mitochondrial membrane densities,
diminished or vanished mitochondria crista, and the rupture of the mitochondrial outer
membrane [30]. Different organelles are suggested to play a part in initiation of ferroptosis,
including the mitochondria, endoplasmic reticulum, and lysosomes [30]. Thus, cellular
iron metabolism, lipid peroxidation, and intracellular antioxidative systems involved in
lipid peroxide detoxification, especially the system x.~ /GSH/GPX4 antioxidative axis, are
critical regulators of ferroptosis (Figure 1) [30].
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Figure 1. Regulatory pathways of ferroptosis. The iron metabolism (left) includes the endosomal
uptake of ferritin-bound Fe3*, Fe** conversion to Fe?* via STEAP proteins, Fe?* release through
the transporters DMT1 and ZIP8/14, and Fe2* distribution to different intracellular regions via the
chaperones, including PCBP1 and PCBP2. Iron is delivered to the labile iron pool, imported into
the mitochondria, stored in ferritin, etc. In low-iron situations, the degradation of ferritin through
ferritinophagy occurs and releases the ferritin-bound iron into the cytoplasm. In the case of excess iron,
the iron is exported by ferroportin. The mitochondrial ETC generate O2—which is reduced to HyO,
by the antioxidant SOD. The H,O, under the catalysis of Fe2* from the labile iron pool participates in
the Fenton reaction, creating hydroxyl radicals, which further activates lipid peroxidation, leading to
ferroptosis. The system x.~ /GSH/GPX4 axis (right) exerts antioxidative effects to prevent ferroptosis.
Cystine is transported into the cell by system x.~ and then converted to cysteine, which is a key
component of GSH. The reducing activity of GSH keeps GPX4 in its reduced state to maintain the
antioxidative abilities of GPX4. GPX4 can directly inhibit lipid peroxidation, therefore inhibiting
ferroptosis. Inducers of ferroptosis inhibit system x.~, such as erastin and glutamate, or inhibit
GPX4, such as RSL3. Inhibitors of ferroptosis include iron chelators, such as deferoxamine, and lipid
peroxidation inhibitors, such as CoQ10, ferrostatin-1, and liproxstatin-1.

3.1. Cellular Iron Metabolism

Iron is a paradoxical beneficial and hazardous existence within the cell. Vital for many
physiological functions, iron is an essential catalytic center of crucial enzymes, including
the ribonucleotide reductase and DNA helicase in DNA replication, the nitric oxide syn-
thases for second messenger transduction, and the cytochrome oxidases in mitochondrial
electron transport for ATP production [29,84]. However, the high catalytic activity of iron
poses a threat to cell survival in poorly controlled iron-related redox-cycling reactions,
as established in ferroptosis [64]. Given the high and often detrimental redox activity
of free iron in intracellular and extracellular regions, the transportation and delivery of
this high-risk catalyst to its final destinations are under constant control by specialized
proteins. The extracellular iron within the plasma is almost exclusively bound to circu-
lating transferrin in the ferric form (Fe3*) [85]. The intracellular iron of mammalian cells
is stored in two major iron storage pools, the cytoplasm and the mitochondria. Within
the mitochondria, Fe3* is stored in mitochondrial ferritin and used in critical anabolic
pathways, including heme synthesis and iron-sulfur cluster biogenesis [86]. Circulating
Fe®* in the bloodstream is mostly bound to transferrin with one or two atoms of Fe?* per
transferrin. Transferrin receptors on cell surfaces bind these iron-bound transferrins, and
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the transferrin receptor—transferrin-Fe>* complex undergoes endocytosis through clathrin
pit formation and is deposited in the endosome. In the acidic environment of the endosome,
Fe3* is released from the transferrin and then reduced to ferrous ion (Fe?*) by ferric reduc-
tases of the six-transmembrane epithelial antigens of the prostate (STEAP) family. Fe?*
is then released through the endosome membrane to the cytoplasm through the ferrous
iron transmembrane transporter, including divalent metal transporter 1 (DMT1) and the
multispecific metal transporter, ZRT /IRT-like protein (ZIP) 8/14 [87]. When systemic
iron in the bloodstream is low, extracellular non-transferrin-bound ferric iron can also be
converted to Fe?* by cell membrane STEAPs and then directly imported into cells by cell
membrane DMT1 or ZIP8/14 [88]. After uptake into the cell and reduction, the free FeZ*
in the cytoplasm is collectively referred to as the labile iron pool, and this pool of iron is
strictly regulated according to the needs of the cell to be used, stored, or exported to prevent
iron overload [89]. The majority of the newly imported cytoplasmic iron (around 70-80%)
is stored in the iron storage protein complex, ferritin. The stored iron is then maintained in
its non-toxic Fe3* state with the ferroxidase activity of ferritin heavy chains. The minority
of the cytoplasmic free Fe?" is used by downstream metabolic pathways, such as being
incorporated into cytoplasmic iron-requiring proteins or imported into mitochondria [90].
Due to its high catalytic ability, intracellular Fe?" is coordinated by small molecules and
macromolecules to limit its redox activity, and Fe?* is escorted to different intracellular sites
to interact with appropriate targets. The primary small molecule proposed to coordinate
Fe?* is the reduced GSH, which binds to iron through a thiol ligand contributed by its
reduced cysteine residue [91]. GSH is abundant in the cytoplasm, and the complexes
formed by GSH and Fe?* are proposed to prevent iron toxicity. With its relatively low
iron-binding affinity, GSH is able to release iron at the target site more readily. Iron can
also be guided by macromolecular ligands, such as the cytosolic iron chaperones, Poly rC
Binding-Protein (PCBP) family, especially PCBP1 and PCBP2 [92]. Working as an adaptor,
PCBP2 capture and bring Fe?* into the cytoplasm, when Fe?" is released from channels
and enzymes, such as the iron channel DMT1 and heme oxygenase [93]. The Fe?*-binding
PCBP2 transfers Fe?* to PCBP1 for delivery to client proteins, such as ferritin and non-heme
iron enzymes, including 2-oxoglutarate-dependent dioxygenases and monooxygenases of
the fatty acid hydroxylase/desaturase type [94,95]. In iron deficiency, iron stored in ferritin
is recycled by autophagic degradation of ferritin, called ferritinophagy [96]. To facilitate the
process, the autophagic cargo receptor, nuclear receptor coactivator 4 (NCOA4), binds to
ferritin and latches to autophagy protein on the autophagosome membrane [97]. Released
lysosomal Fe?* is directed to the cytoplasm or into the mitochondria. In surplus, intracel-
lular Fe?* is oxidized to Fe>* and exported by ferroportin, the only known protein that
exports intracellular iron in mammals [98]. A balance of iron is essential since excess cyto-
plasmic/mitochondrial free Fe?* can directly catalyze free radical formation via the Fenton
reaction and induce further oxidative damage, including peroxidation of phospholipids in
membrane structures. Recent evidence has shown that multiple genes are manipulated in
iron metabolism, and among them transferrin, nitrogen fixation 1 (NFS1), iron response
element-binding protein 2 (IREB2), and NCOA4 could regulate the ferroptotic process [29].
Additionally, the translational silencing of 15-LOX mRNA is mediated by the specific
binding of two PCBPs, and this connects these iron adaptors to ferroptosis [99]. Although
the exact role of iron in ferroptosis remains largely unknown, studies have shown that the
imbalance between cellular iron import, storage, and export, in favor of iron overload, is
pivotal for the induction of ferroptosis and that a sufficient amount of intracellular free Fe*
is necessary in mechanisms leading to the formation of lipid peroxides.

3.2. Lipid Peroxidation and Ferroptosis

Fatty acids are essential constituents for membrane structures, and long-chain fatty
acids that contain more than two double bonds are called PUFAs, which are mainly obtained
from the diet [100]. PUFAs are an essential component of the phospholipid bilayer in
biological membranes and influence the dynamics of lipids, protein—lipid interaction, and
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membrane transport properties [101]. In recent years, a considerable body of evidence
has emerged, showing PUFAs as precursors for many signaling lipids and implicating
PUFAs in various physiological functions, including inflammation, synaptic plasticity,
and age-related neurodegenerative processes [102]. Lipid peroxidation is a process when
oxidants, such as free radicals, “steal” electrons from the carbon—carbon double bond in
unsaturated lipids and primarily form lipid peroxyl radicals and hydroperoxides [103].
Due to the higher number of double bonds in their structures, PUFAs are especially targeted
for ROS attacks and are prone to chain oxidation [103]. Ferroptosis can be further induced
by accumulation of oxidized PUFAs aroused from the iron-dependent Fenton reaction
upon internal or environmental oxidative stresses [29].

Accumulation of lipid peroxides occurs through two pathways, the non-enzymatic
and the enzymatic pathway. The non-enzymatic process is an iron-catalyzed spontaneous
peroxyl-radical-mediated chain reaction called autoxidation, while the enzymatic pathway
is catalyzed by (non-heme) iron-dependent LOXs (Figure 2) [81]. The intracellular hydrogen
peroxide (H,O) is converted to hydroxyl radicals (HO-) under the presence of Fe?" via
the well-known Fenton reaction [29,104]. In reaction with HO- formed in situ, PUFA lipids
further undergo spontaneous peroxidation. The process of lipid peroxidation contains
three phases, initiation, propagation, and termination, with lipid peroxyl radicals (LOOe)
as hazardous by-products. Similar to the generation of HO- mentioned before, lipid
radicals (Le) can be generated in the presence of Fe?*. ROS, reactive nitrogen species, or
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