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Abstract Ferroptosis is defined as an iron-dependent, non-
apoptotic cell death pathway, with specific morphological
phenotypes and biochemical changes. There is a grow-
ing realization that ferroptosis has significant implications
for several neurodegenerative diseases. Even though fer-
roptosis is different from other forms of programmed death
such as apoptosis and autophagic death, they involve a
number of common protein molecules. This review focuses
on current research on ferroptosis and summarizes the
cross-talk among ferroptosis, apoptosis, and autophagy that
are implicated in neurodegenerative diseases. We hope that
this information provides new ideas for understanding the
mechanisms and searching for potential therapeutic
approaches and prevention of neurodegenerative diseases.

Keywords Ferroptosis - Apoptosis - Autophagic death -
Neurodegenerative diseases

Introduction

A new form of programmed death named ferroptosis, which is
different from two types of main programmed death known as
apoptosis and autophagic death, was first described in 2012.
Ferroptosis is caused by the small molecule erastin, which was
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used for cancer therapy several years before the concept of
ferroptosis was proposed. Recent studies have indicated that
an increase in iron levels in the brain can activate ferroptosis,
which might accelerate the progression of neurodegenerative
diseases [1-3]. Apoptosis and autophagic death are common
forms of programmed death in the pathogenesis of neurode-
generative diseases. However, the interaction between fer-
roptosis and these other forms of programmed death is still
unclear. What are the different roles of the various forms of
programmed neuronal death in the onset and progression of
neurodegenerative diseases? Do they work together or
independently? Evidence has shown the presence of proteins
of the cross-signaling pathways in the regulation of different
forms of programmed cell death, such as p53, BRCAI-
associated protein 1 (BAP1), Beclin-1, and voltage-dependent
anion channels (VDACs). More importantly, these proteins
are also involved in the regulation of neurodegenerative
diseases [4, 5]. We hypothesize that neurodegenerative
diseases are not regulated by a single cell death pathway,
but by the joint regulation of multiple processes. Research
clarifying the relationship among apoptosis, autophagic death,
and ferroptosis might be important for understanding the
mechanisms of neurodegenerative diseases.

Ferroptosis

The first description of ferroptosis was by Dixon et al. The
preliminary characterization of this pathway demonstrated
that erastin inhibits cysteine transport via the binding
cystine/glutamate antiporter (system Xc ™), which leads to
glutathione (GSH) depletion and inactivation of the
phospholipid peroxidase glutathione peroxidase 4 (GPX4)
induces lipid peroxidation to trigger this specific form of
cell death [2, 6]. Ferroptosis is activated by chemical
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compounds such as erastin and Ras-selective lethal 3
(RSL3), and the occurrence of ferroptosis can be reversed
by the iron chelators deferoxamine (DFO) and ferrostatin-1
(Fer-1). Furthermore, ferroptosis is characterized by the
depletion of plasma membrane unsaturated fatty acids
(PUFAs) and the accumulation of iron-dependent lipid
reactive oxygen species (ROS). The regulatory mechanism
of ferroptosis is completely different from the other modes
of cell death, and can be roughly divided into three parts:
iron metabolism, amino-acid metabolism, and lipid meta-
bolism (Fig. 1).

Iron Metabolism in Ferroptosis
Iron metabolism is a complex process co-regulated by

multiple related proteins [7]. These proteins include iron-
responsive element-binding proteins (IRPs), transferrin
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Fig. 1 Overview of the ferroptosis pathways. Ferroptosis occurs as a
result of the production of large amounts of lipid peroxides by the
Fenton reaction. Elevated intracellular iron concentration or the
disruption of cystine transport leads to a depletion of the antioxidant
GSH; the lower level of GPX4 activity causes increased accumulation
of ROS that consequently leads to lipid peroxidation and triggers
ferroptosis. AA, arachidonic acid; Fe”, ferrous iron; DMT1, divalent

(Tf), transferrin receptors (TfRs), nuclear receptor coacti-
vator 4 (NCOA4), divalent metal transporter 1 (DMT1),
ferritin, and ferroportin (Fpn). TfR1, DMT1, ferritin, and
Fpn are regulated post-transcriptionally by IRPs/IREs
(iron-responsive elements) [8]. Specifically, the IRP/IRE
system promotes iron absorption by up-regulating the
expression of TfR1 and DMT1 under iron-lacking condi-
tions, while the up-regulation of ferritin and Fpn con-
tributes to the storage and export of iron in cases of iron-
overload. In the brain, ferric iron (Fe**) is imported from
extracellular to intracellular through TfR1. Subsequently,
Fe*" is reduced to ferrous iron (Fe*™) via ferric reductases,
and delivered from the endosome into the cytoplasm by
DMTI1. Some of the Fe>™ is stored in the labile iron pool,
the excess iron is detoxified to Fe>* and stored in ferritin,
and the remaining part is delivered to the extracellular
space via Fpn accompanied by the oxidation of iron [8].
Excessive accumulation of intracellular Fe?* leads to the
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metal transporter 1; Fe3+, ferric iron; Fpn, ferroportin; GPX4,
glutathione peroxidase 4; GSH, glutathione; GSSG, glutathione
disulfide; NCOAA4, nuclear receptor coactivator 4; PUFA, plasma
membrane unsaturated fatty acid; ROS, reactive oxygen species;
SLC3A2, solute carrier family 3 member 2; SLC7AL11, solute carrier
family 7 member 11; Tf, transferrin; TfR, transferrin receptor
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Fenton reaction, overproduction of ROS, and the occur-
rence of lipid peroxidation [2, 7, 9, 10]. Fe>" accumulation
is one of the key factors for ferroptosis, thus an imbalance
of iron metabolism may trigger ferroptosis.

In addition, abnormal expression or dysfunction of these
proteins involved in iron regulation often results in
abnormal iron metabolism in the brain, such as an increase
or decrease in the intracellular free iron concentration
[8, 9]. Mice carrying a mutation in the iron regulatory
protein 2 (IRP2) gene (targeted disruption of the coding
gene Ireb2) have misregulated brain iron metabolism,
including abnormal accumulation of ferritin in neurons and
Fe’' in the cytosol, which leads to neurodegenerative
disease [11]. Tf and TfRs are necessary for ferroptosis
owing to their role in importing iron from the extracellular
space [12]. It has been reported that TfR1 is overexpressed
in brain cancer, promoting ROS formation and iron uptake
in cancer cells, and participates in tumor progression [13].
Likewise, ferritinophagy, the degradation of ferritin by
selective autophagy, enhances ferroptosis [14, 15]. This
process is regulated by the specific cargo receptor NCOA4,
which recruits ferritin to autophagosomes and releases
intracellular free iron. Overexpression of NCOA4 increases
ferritin degradation and promotes ferroptosis [14, 15].
Indeed, decreasing iron overload by iron chelators inhibits
ferroptosis, whereas supplying exogenous sources of iron
enhances ferroptosis [2, 16]. Thus, the cellular systems
involved in the uptake, storage, utilization, and exportation
of iron are required for the induction of ferroptosis and the
regulation of iron metabolism is a potential point for
controlling ferroptosis.

Amino-Acid Metabolism in Ferroptosis

System Xc ™, a cystine/glutamate reverse transporter on the
cell plasma membrane, is responsible for importing
L-cystine into cells and transferring L-glutamate out of
cells to maintain redox homeostasis [17]. Intracellularly,
cystine is reduced to cysteine by thioredoxin reductase 1 or
GSH, soon afterward GSH is synthesized under the action
of y-glutamylcysteine synthase and GSH synthase [18]. As
a cofactor of GPX4, GSH has been used to neutralize lipid
peroxidase to protect membranes and cells against perox-
idation [19]. Due to the strong lipid peroxidation in
ferroptosis, system Xc~, GSH, and GPX4 are required for
ferroptosis regulation.

The small molecule compounds erastin or sorafenib
trigger ferroptosis by blocking the system Xc~ and
reducing cysteine transport, which results in depletion of
GSH and loss of GPX4 activity by reducing intracellular
glutamate accumulation and cysteine content [20]. Simi-
larly, deprivation of cysteine or cystine also induces
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ferroptosis in a serum-dependent manner; this is regulated
by transferrin and the glutamine metabolic pathway [12]. In
addition, cystine starvation induces non-canonical activity
of the glutamate-cysteine ligase catalytic subunit, which
causes an accumulation of y-glutamyl-peptides and main-
tains glutamate homeostasis, thereby protecting against
ferroptosis [21]. Glutamate is an excitatory neurotransmit-
ter, and under normal physiological conditions, low levels
of glutamate play a role in synapses. While excessive
glutamate bind to specific glutamate receptors present in
neuron membranes which could induce oxidative toxicity
and trigger ferroptosis [22]. Conversely, in the absence of
glutamine or glutaminolysis disorder, the accumulation of
ROS, lipid peroxidation, and ferroptosis are inhibited [12].

GPX4 is an intracellular antioxidant selenium enzyme
that can reduce potentially toxic lipid peroxides to non-
toxic lipid peroxides under the catalysis of GSH. With
conditional deletion of GPX4 in forebrain neurons, mice
exhibit hippocampal neurodegeneration and significant
deficits in spatial learning and memory [23]. Moreover,
markers associated with ferroptosis such as elevated lipid
peroxidation, extracellular signal-regulated kinases activa-
tion, and overt neuroinflammation, have been reported in
these mice with conditional gene deletion[23]. The ferrop-
tosis inhibitor liproxstatin-1 (Lip-1) ameliorates these
neurodegenerative symptoms [23]. Chemical reagents that
deplete GSH or inactivate GPX4 promote ferroptosis; in
contrast, up-regulation of GSH or GPX4 expression
diminishes ROS-induced ferroptosis [6, 24].

Lipid Metabolism in Ferroptosis

PUFA, a component of the membrane bilayer, is the
molecular basis of fluidity and deformation of the cell
membrane [25]. However, the carbon-carbon double bonds
in PUFAs are unstable and can easily become targets of
lipid peroxidation, leading to the cleavage of PUFAs into
many products, such as eicosapentaenoic acid and arachi-
donic acid (AA) [26, 27]. Lipid peroxidation is a process in
which oxidants extract an unstable hydrogen atom from the
diallyl methylene of PUFAs. In this process, oxidation
results in the accumulation of lipid peroxy radicals and
hydrogen peroxide [24]. Increasingly, studies have impli-
cated lipid peroxides as a key feature of pathological
conditions, including cancer, inflammation, and neurode-
generative diseases [28].

Lipid peroxidation is one of the crucial downstream
features of ferroptosis. The results of lipomics have shown
that PUFAs are the lipids most vulnerable to peroxidation
in the course of ferroptosis [29]. One study has also shown
that AA is the most frequently depleted PUFA in cells
undergoing ferroptosis [30]. The mechanism of the lipid
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metabolism pathway involved in ferroptosis induction is as
follows: acyl-CoA synthetase, which prefers AA as its
main substrate, promotes ferroptosis by producing oxidized
phosphatidylethanolamine, controlling membrane phos-
pholipid fatty acid composition [30, 31]. Ferroptosis
inducers such as RSL3 inhibit GPX4 by covalently
targeting activated selenocysteine, causing the accumula-
tion of PUFAs [29]. Inhibitors of lipid peroxidation such as
vitamin E, coenzyme Q10, and DFO, modulate ferroptosis
by suppressing lipid peroxidation [2, 5, 32].

The Role of Ferroptosis in Neurodegenerative
Diseases

Neurodegenerative disorders are nervous system diseases
closely associated with age [33]. The most common
neurodegenerative disorders include Alzheimer’s disease
(AD), Parkinson’s disease (PD), Huntington’s disease
(HD), and stroke. With aging processes, brain iron
deposition is more serious in brain areas associated with
neurodegenerative disorders than in others [34]. Proteins
associated with neurodegeneration, such as o-synuclein (o~
syn), tau, and amyloid-B (AP), are also involved in
molecular crosstalk with iron metabolism proteins [35].
Moreover, new evidence has shown that iron metabolism
imbalance, oxidative stress, and glutamate metabolic
abnormalities involved in ferroptosis are also linked to
neurodegenerative disorders [36—42] (Fig. 2).
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Fig. 2 The role of ferroptosis in neurodegenerative diseases. Various
inducers and inhibitors of ferroptosis in different neurodegenerative
diseases are shown. Inducers of ferroptosis in AD [23, 41], inhibitors
of ferroptosis in AD [23]; inducers of ferroptosis in PD [41],
inhibitors of ferroptosis in PD [40, 41, 62]; inducers of ferroptosis in
HD [42, 69, 70], inhibitors of ferroptosis in HD [69, 70]; inducers of
ferroptosis in stroke [22], inhibitors of ferroptosis in stroke [40, 83].
DFO, deferoxamine; Fer-1, ferrostatin-1; RSL3, Ras-selective lethal
3; Lip-1, liproxstatin-1; VE, vitamin E

Ferroptosis in AD

AD is one of the most common and serious neurodegen-
erative disorders, and its socioeconomic burden is stagger-
ing and increasing. The quintessential histopathological
characteristics of AD are the deposition of extracellular A3
in senile plaques and intracellular neurofibrillary tangles
formed by the abnormal phosphorylation of tau protein
[43-45].

Features related to ferroptosis, such as iron metabolism
disorders [46], glutamate excitotoxicity [47], and lipid
ROS accumulation, have been detected in the brains of AD
patients or mouse models [48]. Brain iron levels are
positively correlated with AD progression and cognitive
decline [49, 50]. Ayton’s results have revealed that ferritin
is closely associated with the level of apolipoprotein E, and
the allele ApoE-¢4 elevates the risk of AD. Glutamate
excitotoxicity is one of the pathogenetic processes of AD.
Increased glutamic acid levels in AD patients are associ-
ated with abnormal system Xc~ function, because system
Xc™ dysfunction increase the extracellular glutamate
concentration and excitotoxicity [51]. Moreover, compared
with elderly controls, AD patients demonstrate higher
levels of oxidative damage [52]. Iron interacts with AP and
tau through deposition and takes shape in a peptide hemin
complex, participating in producing ROS that may be
involved in the ferroptotic death pathway [46]. Recent
research has shown that mice with forebrain neuronal
conditional GPX4 knockout (GPX4BIKO) have hippocam-
pal neuronal degeneration [23]. Feeding with a vitamin E
deficient diet accelerates the neurodegeneration in
GPX4BIKO mice, while treatment with Lip-1 or vitamin
E mitigates hippocampal neurodegeneration and inflam-
mation [23]. In conclusion, in an AD model, protein
misfolding or abnormal amino-acid metabolism aggravates
the accumulation of iron in the brain, and then proceeds to
the next step to initiate ferroptosis. Although its particular
role has not been confirmed, that ferroptosis may be
involved in the regulation of AD has attracted increasing
attention.

Ferroptosis in PD

Alpha-synuclein (SNCA) gene overexpression causes
abnormal aggregation of o-syn protein and leads to
neurotoxicity [53]. Excessive accumulation of unfolded
or misfolded a-syn perhaps leads cells to autophagic death.
In addition, the abnormal accumulation of a-syn also leads
to decreased B cell lymphoma-2 (Bcl-2) and increases the
Bcl-2-associated X protein (Bax) expression levels, fol-
lowed by cytochrome C (Cyt C) release and caspase
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activation [54, 55]. Maintaining a balance between
autophagy, apoptosis, or other modes of cell death may
be a promising therapeutic strategy.

In the substantia nigra (SN) of PD patients, the iron level
is increased [56, 57], GSH levels are decreased [58], and
lipid peroxides are increased significantly compared with
age-matched controls [59]. And these characteristics coin-
cide with the biochemical characteristics of ferroptosis,
suggesting that ferroptosis is involved in the degeneration
of dopaminergic neurons. For example, human dopamin-
ergic neuronal precursors the Lund human mesencephalic
cells are more sensitive to ferroptosis [60, 61].

The abnormal iron accumulation in PD may well be the
result of an imbalance in the iron homeostatic pathway
caused by the alterations of iron regulatory proteins [62].
Radioimmunoassays have shown that the level of ferritin in
the substantia nigra pars compacta (SNpc) of PD patients
declines significantly, indicating that the iron storage
capacity decreases [63]. As well, elevated levels of
DMT1 in the SNpc of PD patients and several PD mouse

models are likely to contribute to increased importation of
cellular iron [63]. Ayton et al. found that ceruloplasmin
knock-out mice develop parkinsonism, and this is rescued
by iron chelation with DFO [64]. The decreased expression
of the iron export protein ferroportinl (FPN1) leads to a
decrease in iron translocation, which is also thought to be
related to iron deposition in the SN of PD [65]. A new
report has shown that ferroptosis is a vital cell death
pathway for dopaminergic neurons [27] (Fig. 3). Research
workers studied organotypic slice cultures and found that
ferroptosis regulates dopaminergic neurons by the protein
kinase C (PKC) signaling pathway. Moreover, the ferrop-
tosis inhibitor Fer-1 significantly inhibits the toxicity of
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) to
dopaminergic neurons [61]. When comparing the expres-
sion of ferroptosis-related genes in the brain tissue of
normal people and PD patients, it has been found that only
the SN region GPX4 and solute carrier family 7 member 11
(SLC7A11) showed significant differences [61]. Exploring
the role of ferroptosis in the occurrence of PD would

Autophagic
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4 !
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Fig. 3 Relationships among ferroptosis, apoptosis, and autophagic
death in PD. Accumulation of iron and misfolded a-syn in SNpc
dopaminergic neurons are the hallmark of PD. Although unfolded or
misfolded a-syn is partially degraded by the autophagy pathway, its
overexpression can result in autophagic death. At the mitochondrial
level, o-syn and ROS accumulation induce mitochondrial damage and
fragmentation. The increase in the number of damaged mitochondria
can trigger apoptosis through the release of Cyt C, degradation of the
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anti-apoptotic Bcl-2 family, and activation of Bax. In the presence of
Fe”*, the most harmful highly-reactive hydroxyl radical is produced
by the Fenton reaction, causes oxidative stress, and then triggers
ferroptosis. a-syn, a-synuclein; Apaf-1, apoptotic protease activating
factor 1; Bak, Bcl-2 homologs antagonist/killer; Bax, Bcl-2-associ-
ated X protein; Bcl-2, B cell lymphoma-2; Cyt C, cytochrome C;
ROS, reactive oxygen species
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provide a new target for treating the degeneration mech-
anism of dopaminergic neurons.

Ferroptosis in HD

In the process of HD, many cellular pathways including
activation mitochondrial dysfunction and oxidative stress
are involved. Mitochondrial DNA (mtDNA) is the main
site of oxidative stress lesion and cell models of HD
provide convincing evidence that there is significant
mtDNA damage in striatum cells expressing mutant
huntingtin protein (mHTT), which may contribute to
subsequent mitochondrial dysfunction. Previous studies
have also shown that mitochondrial dysfunction and
oxidative stress are both major events in the pathogenesis
of HD [66, 67]. MHTT leads to increased oxidative stress,
which increases intracellular ROS levels [68]. The level of
lipid peroxidation in the cerebrospinal fluid of HD patients
is significantly increased [27]. Treatment with the antiox-
idant nordihydroguaiaretic acid can restore the mitochon-
drial membrane potential, improve ATP production in the
striatum of the R6/2 mouse model, and prolong the life
span of mice by inhibiting lipid peroxidation [69]. Exces-
sive iron accumulation is also a factor in neuronal oxidative
stress. In HD patients and mouse models, iron can promote
the neurodegenerative process by boosting the accumula-
tion of subcellular oxidative damage, while DFO plays a
protective role by inhibiting the redox property of iron
[70]. The iron content of the striatum and cortex is
increased in the HD transgenic mouse model as well as the
elevated expression of iron regulatory protein 1 (IRP1), Tf,
ferritin, and TfR; similar results have been reported in
mHTT-expressing cells [71]. Magnetic resonance imaging
results from HD patients have shown excessive iron
deposition in the occipital cortex, globus pallidus, and
putamen [72]. Fer-1 improves neuropathy in R6/2 mice as
well as significantly inhibiting lipid peroxidation [69].
Compared with healthy participants, HD patients show
markedly lower levels of GSH [73]. Intraventricular
administration of DFO improves the pathological features
and motor phenotype in R6/2 mice [69].

Ferroptosis in Stroke

It is well documented that acutely elevated glutamate
levels occur after stroke in animal models and stroke
patients [74, 75]. It is worth mentioning that high levels of
extracellular iron can activate glutamate receptors, which
results in ferroptotic damage by promoting neuronal iron
uptake and peroxide overproduction in neurons [76].
Before ferroptosis was defined, clinical studies in mice

models had shown that disorder of brain iron homeostasis
is associated with acute neural injury after cerebral
ischemia, manifested as the accumulation of iron aggre-
gates and neuronal damage during reperfusion. Under such
pathological conditions as stroke, the blood-brain barrier
(BBB) is destroyed, allowing free iron and ferritin entry
into the brain parenchyma, along with a great quantity of
oxygen free radicals (oxidants) [77, 78]. Iron overload
could aggravate brain damage after stroke by inducing
reactive oxygen species, while apotransferrin reduces
ischemic neuronal death by preventing the production of
ROS and NMDA-induced holotransferrin uptake [79]. On
the other hand, in the case of ischemic stroke, the
accumulated glutamate inhibits cystine uptake by inhibit-
ing the system Xc~ and reducing the generation of the
antioxidant GSH [80]. In a hemorrhagic stroke model, the
expression of GPX4 is significantly reduced after cerebral
hemorrhage, while increasing the level of GPX4 in the
brain significantly reduces neuronal dysfunction, BBB
damage, and oxidative stress after the hemorrhage [81].
Supplementation with a single dose of selenium drives the
expression of GPX4, effectively inhibits GPX4-dependent
ferroptosis, and protects neurons [82]. The research results
of Liu et al. showed that the ferroptotic death inhibitor Fer-
1 and the 5-lipoxygenase (5-LOX) inhibitor zileuton act
synergistically to inhibit ferroptosis, protecting neurons
against glutamate-induced oxidative stress [83]. Experi-
mental studies in recent years have reported that autophagy
may be involved in the regulation of iron accumulation and
lipid peroxidation after ischemia, and then promotes
ferroptosis. NCOA4 is a selective cargo receptor for fer-
ritinophagy to maintain iron homeostasis by delivering
ferritin to lysosomes [84], and a deficiency of NCOA4
affects the degradation of ferritin, causing intracellular iron
overload and harmful oxidative stress [85].

The Interaction Between Ferroptosis and Other
Classic Forms of Cell Death in Neurodegenerative
Diseases

Common Regulatory Factors

Emerging evidence suggests that ferroptosis usually shares
a common regulatory factor or pathway with other forms of
cell death (Table 1), in spite of being supposed to be
genetically and biochemically different from these other
forms (Fig. 4).

pS53

The p53 protein is currently recognized as the most classic
and widely-studied tumor suppressor that regulates
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Table 1 The expression and function of related proteins in ferroptosis and apoptosis

Ferroptosis Apoptosis References
Expression Function Expression  Function
p53 p5371, p53 enhances ferroptosis through p531, Cytosolic p53 directly binds to BAX [102, 103, 155, 156]
ferroptosis? targeting SLC7A11, spermidine/ apoptosisT  to increase mitochondrial mem-
spermine N1-acetyltransferase 1 brane permeabilization and engage
(SAT1) or glutaminase 2 (GLS2) the apoptotic program
p5371, p53 suppresses ferroptosis by target- Combines with anti-apoptotic mito-
ferroptosis| ing dipeptidyl peptidase 4 (DPP4) chondrial proteins (such as Bcl-2
or cyclin-dependent kinase inhibitor and Bcl-XL) to directly induce
1 A (CDKNI1A) apoptosis
BAPI1 BAP17, BAPI1 promotes ferroptosis by BAP1, Modulating Ca”* release from the [111-113]
ferroptosist repressing the expression of apoptosisT  endoplasmic reticulum into the
SLC7A11 cytosol and mitochondria, pro-
moting apoptosis
Beclin-1 Beclin-11, Inhibits system Xc™ activity by Beclin-1- Caspase-mediated cleavage of [123, 125, 126]
ferroptosis; directly binding to SLC7A11 Ct1, Beclin-1 enhances apoptosis by
Beclin-1] apoptosisT ~ promoting the release of pro-
ferroptosis| apoptotic factors from
mitochondria
VDAC VDAC2|, Erastin induces ferroptosis by binding VDACT, Dynamic VDAC oligomerization is  [131, 132, 134, 157]
ferroptosis| with VDAC2 apoptosisT  involved in the release of Cyt C
VDAC1/, Lip-1 reduces VDACI levels, rescues from mitochondria
ferroptosis| GPX4 levels, and reduces mito-
chondrial ROS production
Fig. 4 The role of proteins
associated with cell death in
neurodegenerative diseases. DNA damage

Numerous proteins are multi-
functional, regulating ferropto- 1
sis, apoptosis, and autophagy.
BAP1, BRCAIl-associated pro-
tein 1; ROS, reactive oxygen
species; VDAC, voltage-depen-
dent anion channel

ROS) — ([ p53))

—> Promotion

_| Inhibition

===%» Uncertain

signaling pathways associated with DNA damage, and is
involved in controlling cell survival and division under
various stresses [86—88]. P53 has been a focus in genetics
and biology for nearly two decades, and previous research
mainly focused on its role in programmed cell death and
the occurrence of tumors [89]. The expression of p53 is
relatively low in normal cells and it is activated when
external and internal stress signals are enhanced to induce
cell cycle arrest, DNA repair, and survival. On one hand,
the activated p53 can directly activate pro-apoptotic
members of the Bcl-2 family (such as Bax, Bad, and
Bak) to increase mitochondrial membrane permeabiliza-
tion, and the release of pro-apoptotic factors from the
mitochondria can trigger apoptosis. On the other hand, it
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also combines with anti-apoptotic mitochondrial proteins
(such as Bcl-2 and Bcl-XL) to form p53-Bcl-2 complexes
to directly induce apoptosis via the mitochondrial p53
pathway [90]. As a commonly used drug to mediate the PD
model, rotenone targets the protein deacetylase sirtuinl
(SIRT1) to promote p53 transcription and apoptosis [91].
P53-induced autophagy occurs when cells undergo DNA
damage or p53 is reactivated in p53-negative tumor cells
[92, 93]. Evidence has shown that pS3 can both promote
and inhibit autophagy in a different subcellular location:
nuclear p53 promotes autophagy, while cytoplasmic p53
inhibits it [94]. Two main pathways are involved in the
induction of autophagy: the first pathway is mainly related
to the DNA damage-regulated autophagy modulator
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(DRAM) [95]; the second pathway is implemented pri-
marily by activating the adenosine monophosphate-acti-
vated protein kinase (AMPK) signal pathway. DRAM is a
lysosomal protein that is not only important for the action
of p53 to induce autophagy, but also for its action to induce
programmed cell death. DRAMI1 was the first protein
reported to be directly related to p53 and autophagy
[95, 96]. Studies have shown that p53 can directly activate
DRAM transcription and expression [96], and overexpres-
sion of DRAM also induces apoptosis [95, 97]. Nuclear
pS3 activates tuberous sclerosis 2 and AMPK, both of
which down-regulate mechanistic target of rapamycin
(mTOR) activity and indirectly promote autophagy [98].
The activators of AMPK, Sestrins 1 and 2, also up-regulate
P53 [98, 99]. Therefore, nuclear p53 induces and regulates
the autophagy process by activating its downstream target
genes. Besides cytoplasmic p53 binds to Beclin-1 to inhibit
autophagy by promoting its ubiquitination and degradation
[96].

Recent studies have shown that p53 not only affects
apoptosis and autophagy, but also participates in the
regulation of ferroptosis. It has been found that p53 plays a
specific role in ferroptosis by using an acetylation-deficient
P53 mutant in which three lysine residues were replaced by
arginine residues [100, 101]. In addition, as a transcription
inhibitor of SLC7A11, p53 promotes the occurrence of
ferroptosis by inhibiting the intake of cysteine [102]. The
mechanism is that ferroptosis is triggered by weakness in
cellular antioxidant capacity and an increase in lipid ROS
levels, which is led by inhibiting the activity of cystine-
dependent GPX4 through down-regulating SLC7Al11
expression which suppresses the uptake of cystine by the
system Xc~ [103].

Not only can p53 eliminate tumor cells through cell-
cycle arrest and apoptosis, but also induces ferroptosis in
tumor cells under certain conditions [104, 105]. Based on
the ability of p53 to regulate oxidative stress and the ability
of the metal-organic network (MON) to induce the Fenton
reaction, researchers have designed MON encapsulated
with p53 plasmid (MON-p53) [106]. Once MON-p53 is
internalized, ferric ions induce the Fenton reaction to
produce ROS, and excessive intracellular ROS levels result
in the lipid peroxidation of biofilms. Studies in vivo and
in vitro have shown that MON-p53 kills cancer cells
through the ferroptosis/apoptosis hybrid pathway, in which
ferroptosis plays a dominant role in regulating cell death
[106]. Our previous results indicated that when dopamin-
ergic cells are treated with different concentration gradients
of ferric ammonium citrate (FAC), ferroptosis occurs first
in a group treated with a relatively low concentration of
FAC accompanied by an increased level of lipid peroxi-
dation, while apoptosis occurs with increased doses [16].
Fer-1 eliminates the ferroptosis and apoptosis caused by

iron overload. Nevertheless, apoptosis inhibitors do not
alleviate ferroptosis. It is worth mentioning that p53 may
be involved in the regulation of this link, but the concrete
mechanism is unclear [16]. Thus, apoptosis might be
transformed into ferroptosis under certain conditions, and
ferroptosis would advance the sensitivity of apoptosis.
Tumor necrosis factor-related apoptosis-inducing ligand
(TRAIL) initiates an exogenous pathway by binding to its
corresponding death receptors (DR4 and DRS) to induce
apoptosis [107]. The data show that the ER (endoplasmic
reticulum) is stressed by the ferroptosis-inducer erastin,
which mediates the expression of DR5 but not DR4 [108].
Some experimental data have suggested that the combina-
tion of erastin and TRAIL significantly promotes caspase,
especially the activation of caspase-3, to enhance TRAIL-
induced apoptosis [109].

BAPI

BRCAl-associated proteinl (BAP1) is a ubiquitin hydro-
lase that modulates key cellular pathways, inhibiting
tumorigenesis by influencing the cell cycle, cellular
responses to DNA damage, and cellular proliferation
[110]. Similar to p53, BAPI is also a tumor suppressor;
both BAP1 and p53 regulate transcription and DNA
damage/repair responses, cell death processes, and cell
metabolism. BAP1 is localized in the cytoplasm, binds and
deubiquitylates the type-3 inositol-1,4,5-trisphosphate-re-
ceptor, and then regulates Ca®" release from the ER into
the cytosol and mitochondria, modulating Ca*" signaling-
mediated cell death [111]. BAP1 encodes the widely-
expressed histone H2A deubiquitinase, and the ubiquitin
ligase ring finger protein 2 silences genes by mono-
nucleating H2A and promotes the apoptosis of BAPI-
deficient cells by inhibiting the expression of the pro-
survival genes Bcl-2 and Mcl-1 [112]. In general, a
decrease in BAP1 causes the accumulation of DNA
damage in normal cells and this triggers apoptosis. In
addition, BAPI-expressing heterogeneous tumors exhibit
the morphological characteristics of ferroptosis by electron
microscopic analysis, and BAP1 at least partly promotes
lipid peroxidation through repressing SLC7A11 and then
triggers ferroptosis in vivo [113]. Cancer-related mutations
within the BAPI gene have been found to disrupt protein
structure and induce amyloidogenic aggregation in vitro
[114]. Although current research on BAPI1 is focused on
various cancers, emerging evidence suggests that neurode-
generative diseases show a significant imbalance in the
ubiquitination/ deubiquitination process [115], and the role
of BAPI remains to be further revealed.
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Beclin-1

Beclin-1, is the mammalian autophagy of yeast autophagy-
related 6 (ATG6), which is found in the brains of mice with
fatal Sindbis virus encephalitis [116]. It is highly homol-
ogous among humans, rats, and mice, and participates in
various biological functions [117]. Beclin-1 is a key
regulator of autophagy, an indispensable condition for
autophagosome formation. A study has shown that Beclin-
1 promotes autophagy in human breast carcinoma cells
Michigan Cancer Foundation-7 and autophagy-deficient
yeast with targeted destruction of APG6/VPS30. The
phosphoinositide 3 (PI3) kinase complex is the signaling
molecule for autophagosome synthesis and the autophago-
some maturation bond lipid, consisting of the core lipid
kinase VPS34, the regulatory component VPS15, and
Beclin-1 [118]. Active phosphorylated epidermal growth
factor receptor (EGFR) interacts with the key autophagy
protein Beclin-1 (via activating mutations in EGFR or via
ligand-dependent EGFR activation) in human non-small-
cell lung carcinoma cells, resulting in the phosphorylation
of multiple tyrosine sites, and reduced Beclin-1-associated
VPS34 kinase activity suppresses autophagy [119]. BECN1
is significantly lower in AD patients’ brains than in age-
matched controls [120, 121]. In the genetically modified
AD mouse model that expresses human amyloid precursor
protein, the reduction of BECN1 expression increases the
accumulation of intraneuronal AP and neurodegeneration
[122].

Recent research has provided evidence of the interplay
between autophagy and apoptosis. Generally speaking, the
“BCL-2 homology 3 (BH3)-only members” of the Bcl-2
family can bind and antagonize pro-survival proteins to
promote apoptosis [123]. Yet Beclin-1 is unlike other
known BH3-only proteins, and does not function as a pro-
apoptotic molecule even if it is overexpressed [124]. The
overexpression of Beclin-1 does not interfere with the
protective effect of Bcl-2 on apoptosis induced by a variety
of inducers regardless of the location of Bcl-2 in cells
[124]. Caspase-mediated cleavage of Beclin-1 gener-
ates the C-terminal fragment Beclin-1-C; this promotes
the release of mitochondrial pro-apoptotic factors from
mitochondria, increasing Beclin-1 sensitivity to apoptosis
[125].

In addition, Beclin-1 plays a non-autophagic role in
cells. AMPK-mediated phosphorylation of Beclin-1 pro-
motes ferroptosis by binding to produce the BECNI-
SLC7A11 complex, further leading to promote GSH-
depletion lipid peroxidation in tumor suppression [126].
Among them, the system Xc~ inhibitor erastin or sul-
fasalazine is able to promote BECN1 binding to SLC7A11,
and the expression of BECN1 only affects system Xc™
activity, but not SLC7A11 expression [126].

@ Springer

VDAC

The VDACs are also known as mitochondrial proteins,
which are located at the mitochondrial outer membrane,
forming the interface between the cytosol and mitochon-
dria. The VDAC protein family consists of three isomers
(VDACI1, VDAC?2, and VDAC3), which participate in reg-
ulating the ion and metabolite flux between mitochondria
and cytoplasm, and play an intermediate role in metabo-
lism [127-129]. VDACs are considered to be key in
mitochondrion-mediated apoptosis since they are recog-
nized to be targets of pro-apoptotic and anti-apoptotic Bcl-
2 family proteins.

Moreover, the closure of VDACs can indirectly induce
ROS production. The 18-kDa protein TSPO (translocator
protein) is located on the outer membrane of mitochondria,
and interacts with VDACI to regulate both mitochondrial
structure and function. The experiment results indicate that
when the ratio of TSPO to VDACI increases, the
production of mitochondrial ATP is limited and the level
of ROS is increased [130, 131]. The interaction between
VDAC and TSPO is also thought to play a role in
apoptosis. ROS production may provide a link between the
activation of TSPO and VDAC, and it may be able to
release Cyt C from cardiolipins located at the inner
mitochondrial membrane, then activates VDAC and allows
VDAC-mediated Cyt C release into the cytoplasm. Finally,
the apoptotic signaling pathway is activated [131, 132]. In
neurodegenerative diseases, the nitration and carbonylation
of VDACT have been detected in the brain of AD patients,
indicating that VDAC] channel activity contributes to the
occurrence and development of AD [133].

Erastin can directly bind to VDAC2/3 to alter the
permeability of the mitochondrial outer membrane, which
can induce ferroptosis by reducing the oxidation rate of the
reduced form of nicotinamide adenine dinucleotide
(NADH) [134]. Depletion of VDAC2 or VDAC3 by
RNA interference results in significantly increased resis-
tance to erastin compared to a control group. Indeed,
suppression of VDAC2 or VDACS3 significantly inhibits
erastin-induced ferroptotic events, including lipid ROS
production, iron accumulation, GSH depletion, and GSH
disulfide generation. Moreover, combined interference with
VDAC2 and VDACS3 has a stronger effect on the produc-
tion of lipid ROS and the accumulation of iron [135].
Down-regulation of neuronal precursor cell-expressed
developmentally down-regulated 4 (NEDD4) by short
hairpin RNA rescues the VDAC2/3 protein elimination
induced by erastin and increases the sensitivity of
melanoma cells to erastin but not RSL3 [135]. It has been
reported that Lip-1 protects the mouse myocardium against
ischemia/reperfusion by reducing the levels of VDACI and
VDACI1 oligomers, restoring GPX4 protein levels, and
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decreasing ROS production [136]. VDACs are not only
multi-functional channels that allow small molecules to
passively cross the outer membrane of mitochondria, but
are also active agents that regulate the metabolism of
mitochondria and their surrounding environment, as well as
controlling cell survival and death.

Protein Degradation

The intracellular protein degradation system is mainly
mediated by the ubiquitin-proteasome system (UPS) and
the autophagy-lysosome system (referred to here as
autophagy) [137]. The UPS regulates ferroptosis by
targeting different lipid peroxide-related regulatory factors.
For instance, the E3 ligase NEDD4 inhibits ferroptotic cell
death by degrading VDACsSs in mitochondria. NEDD4-like
E3 ubiquitin protein ligase binds to the transporter
lactotransferrin to inhibit the accumulation of iron and
subsequent oxidative damage-mediated intracellular fer-
roptosis [138, 139]. In addition, UPS dysfunction is
associated with neurological diseases [140, 141] charac-
terized by misfolded protein accumulation and mitochon-
drial dysfunction [142]. Autophagy plays a dual role in cell
death [143]. Autophagy usually represents a mechanism
that promotes cell survival through catabolism, whereas
autophagic cell death may be defined as a process that
promotes cell death [144, 145]. Evidence has revealed an
interaction between ferroptosis and autophagy, and ferrop-
tosis is a form of autophagy-dependent cell death [146].
Excessive autophagy and lysosome activity can promote
ferroptosis through iron accumulation or lipid peroxidation.
Mancias’ results have shown that autophagy regulates iron
balance through the degradation of ferritin in fibroblasts
and cancer cells, and involves the regulation of ROS and
ferroptosis [147]. Autophagy-related genes such as ATGS
or ATG7 control the formation and maturation of
autophagy-related membrane structures [15]. Moreover,
knockdown of ATGS5 and ATG7 suppress ferroptosis by
preventing iron accumulation and lipid peroxidation after
erastin administration [15]. NCOA4 is a selective cargo
receptor that plays a critical role by targeting ferritin to
autophagosomes [84]. When the intracellular iron is at low
levels, NCOA4 bonds to ferritin heavy chain 1 (FTH1) and
promotes ferritin degradation to release free iron by
transferring autophagosome to lysosomes, which is essen-
tial for inducing ferroptosis [147]. Knockdown of NCOA4
inhibits the degradation of ferritin and prevents ferroptosis;
on the contrary, NCOA4 over-expression enhances ferritin
degradation and promotes ferroptosis [148]. Further,
NCOA4 selectively identifies ferritin and guides it to
autophagy microbodies, after which free iron is released
from ferritin for cellular physiological activities; this

process is known as ferritinophagy [14, 84, 149]. This
shows that the degradation pathway plays a significant role
in the regulation of ferroptosis.

Metabolite Messengers

Previous studies have suggested that apoptosis, as an inert
non-cellular process, releases “find-me” signals to recruit
phagocytes at the early stage of death [150]. Recently,
evidence has demonstrated that apoptotic cells are not
“inert corpses” waiting to be swept away [151]. On the
contrary, they affect adjacent cells via the release of
specific soluble metabolites to inhibit inflammation and
cell proliferation [151]. In this process, the caspase-
mediated opening of the plasma membrane Pannexin 1
channels facilitates the release of a select subset of the
metabolite secretome. Then, certain metabolic pathways
continue to remain active during apoptosis with the release
of select metabolites [151]. Our results show that iron
overload activates ferroptotic death and promotes apoptosis
in a PD model, as well as indicating that ferroptosis occurs
before apoptosis [16]. The metabolites of AA, a PUFA
closely associated with ferroptosis, can act as peroxisome
proliferator-activated receptor (PPAR) agonists and
decrease the apoptosis of PPAR genes silenced cells
[152]. Therefore, we hypothesized that during the ferrop-
tosis process in specific cells, some metabolites may also
be produced to affect the physiological state of adjacent
cells and accelerate the occurrence of apoptosis. These
results all support the close interaction between ferroptosis
and other cell death pathways, but their crosstalk mecha-
nisms at the molecular level need further exploration.

Conclusions and Perspectives

With the in-depth study of ferroptosis, its important role in
the regulation of neuronal death has been taken seriously.
Multiple means of cell death have been discovered, and
they may cooperate with ferroptosis to maintain organismal
or brain homeostasis. Emerging studies have described the
crosstalk between ferroptosis and autophagy, ferroptosis
and apoptosis, and autophagy and apoptosis. In this review,
we briefly summarized current knowledge about the
mechanisms of ferroptosis, and the currently recognized
cross-talk of cell death involved in regulating the occur-
rence and progress of multiple neurodegenerative diseases
including AD, PD, HD, and stroke. For example, our
previous research indicated that FAC-induced ferroptosis
precedes apoptosis [16]. In addition, the ferroptosis
inhibitor erastin and TRAIL synergistically induce expres-
sion of the pro-apoptotic protein p53 up-regulated
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modulator of apoptosis without inducing apoptosis [153]. It
is worth noting that a study has shown that converting
apoptosis into iron death may be a new strategy for the
treatment of diseases [106]. A recent study has indicated
that simultaneous inhibition of two or more cell death
pathways reduces ischemic stroke damage more efficiently
than inhibition of a single one [154]. Indeed, other
multifarious processes, such as lipid peroxidation, iron
metabolism, fatty acid metabolism, and mitochondrial
membrane formation, require the co-regulation of mixed
types of cell death. Summarizing the results of previous
experiments, we suspect that different conditions or exter-
nal stimuli, such as death inducers, erroneous accumulation
of proteins, neuroinflammation, and neuronal damage
cause cells to gravitate toward different death pathways.
Cell death may be dominated by a single type at a
particular stage, while sometimes mixed types of death
pathways appear to occur sequentially or simultaneously in
neurodegenerative disease. And the mixed types of cell
death seem to be more widespread than the “pure” type,
because ferroptosis, apoptosis, and autophagic death share
common regulators and signaling molecules (as reviewed
above). Additional studies are needed to elucidate how
“ferroptotic” and other cell death processes work individ-
ually or synergistically through multiple molecular mech-
anisms to improve the prognosis of patients with
neurodegenerative diseases. Unanswered questions about
the interplay between different cell death pathways remain:
(1) are the mixed types of cell death protective or
destructive—either pro-survival or pro-death, and (2) how
do the mechanisms of multiple signaling molecules pro-
teins work together in the onset and progression of
neurodegenerative diseases. Therefore, understanding the
mechanisms by which they work together in the onset and
progression of neurodegenerative diseases is of great
importance for the development of potential therapeutic
strategies for various brain disorders.
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