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Ferroptosis is morphologically characterized by shrunken mitochondria

and biochemically characterized by iron overload, lipid peroxidation and

lipid reactive oxygen species (ROS) accumulation; these phenomena are

suppressed by iron chelation, genetic inhibition of cellular iron uptake, and

intervention on other pathways such as lipid metabolism. The induction of

ferroptosis may be related to pathological cellular conditions in the central

nervous system (CNS); thus, ferroptosis may cause disability via CNS damage.

Here, we review the role of ferroptosis in the main cells of the CNS, including

glial cells, neurons, and pericytes; in various diseases of the CNS; and in the

interaction of glia and neurons in CNS diseases. Some small molecules and

traditional Chinese drugs which inhibit ferroptosis in cells of the CNS are

shown as potential therapeutic strategies for neurological diseases.
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Abbreviations: 4-HNE, 4-hydrocynonenal; 12/15-LOX, 12/15-lipoxygenase; ALOX15, 15-
lipoxygenase-1; ACSL4, acyl-CoA synthetase long-chain family member 4; AD, Alzheimer’s disease;
APP, amyloid precursor protein; ALS, amyotrophic lateral sclerosis; ASM, acid sphingomyelinase;
ATP5G3, ATP synthase F0 complex subunit C3; BBB, blood–brain barrier; CMA, chaperon-mediated
autophagy; CoQ10, coenzyme Q10; CNS, central nervous system; DFO, deferoxamine; DFP,
deferiprone; DMT1, divalent metal transporter 1; EAE, experimental autoimmune encephalomyelitis;
Fer-1, ferrostatin-1; GCL, glutamate-cysteine ligase; GLS2, glutaminase 2; Gpx4, glutathione
peroxidase 4; GSH, glutathione; GSS, glutathione synthetase; HOCL, hypochlorous acid; ICH,
intracerebral hemorrhage; IREB2, iron response element binding protein 2; IRP-2, iron regulatory
protein-2; iNOS, inducible nitric oxide synthase; LC, locus coeruleus; Lip-1, liproxstatin-1; MAPK,
mitogen-activated protein kinases; MPO, myeloperoxidase; MDA, malondialdehyde; MIB2, mind
bomb-2; MS, multiple sclerosis; NMDAR, N-methyl-D-aspartate receptors; NE, norepinephrine;
Nrf2, nuclear factor E2-related factor 2; N-GQDS, nitrogen-doped GQDS; NOX4, NADPH oxidase
4; NSCs, neural stem cells; OPCs, oligodendrocyte progenitor cells; PD, Parkinson’s disease; PEBP1,
phosphatidylethanolamine-binding protein 1; PLP, proteolipid protein; PKAN, pantothenate kinase-2;
PPARγ, peroxisome proliferator-activated receptor γ; PTGS2, prostaglandin-endoperoxide synthase
2; PUFA, polyunsaturated fatty acid; PMD, Pelizaeus–Merzbacher disease; PVL, periventricular
leukomalacia; ROS, reactive oxygen species; RPL8, ribosomal protein L8; RSL3, Ras selective lethal
3; SAH, subarachnoid hemorrhage injury; SCI, spinal cord injury; SLC1A5, solute carrier family 1
member 5; SLC38A1, solute carrier family 38 member 1; SLC7A11, solute carrier family 7 member
11; t-BHP, tert-butyl hydroperoxide; TBI, traumatic brain injury; TfR-1, transferrin receptor 1; TFRC,
transferrin receptor; Trx-1, thioredoxin-1.
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Introduction

Overview of the history of ferroptosis

Ferroptotic death, which is also known as ferroptosis, is
a nonapoptotic form of cell death that was first identified
by Dixon et al. (2012). Dixon et al. (2012) first observed
that erastin-induced cancer cell death, which they called
ferroptosis, involves a unique combination of morphological,
biochemical, and genetic characteristics that are distinct from
those of apoptosis, necrosis, and autophagy. These authors
found that the distinct morphological changes that occur during
ferroptosis include mitochondria that appear to be smaller than
normal and have increased membrane density on transmission
electron microscopy. Distinctive morphological changes occur
with the following three forms of cell death: apoptosis is
characterized by chromatin condensation and margination,
necrosis is characterized by cytoplasmic and organellar swelling
and plasma membrane rupture and autophagy is characterized
by the formation of double-membrane-enclosed vesicles.
Ferroptosis is characterized by the accumulation of iron and
lipid ROS and is suppressed by iron chelation or genetic
inhibition of cellular iron uptake (Dixon et al., 2012; Stockwell
et al., 2017). Ferroptosis occurs in both human and mouse cells;
here, we review the roles of ferroptosis in cells of the CNS,
including neurons, astrocytes, oligodendrocytes, microglia and
pericytes.

Definition of ferroptosis

Ferroptosis is a unique iron-dependent form of
nonapoptotic cell death that is characterized by iron
accumulation, lethal levels of lipid peroxidation and
depletion of plasma membrane unsaturated fatty acids (Dixon
et al., 2012; Weiland et al., 2019). As observed in electron
micrographs, ferroptotic cells exhibit small mitochondria with
condensed mitochondrial membranes, a decreased number
of mitochondrial cristae, and ruptured outer mitochondrial
membranes (Stockwell et al., 2017; Weiland et al., 2019).

Ferroptosis can be suppressed by iron chelators, lipophilic
antioxidants, and inhibitors of lipid peroxidation and 5-
lipoxygenase. Ferroptosis can be induced by the accumulation
of glutamate, iron, or PUFA-phospholipids, or by the inhibition
of system Xc−, GSH depleting compounds, and glutathione
peroxidase 4 (Gpx4) (Figure 1).

Additionally, Dixon et al. (2012) identified genes that
specifically regulate ferroptosis, including iron response element
binding protein 2 (IREB2), which encodes a master regulator
of iron metabolism, and the IREB2 negative regulator f-box
and leucine-rich repeat protein (FBXL5); these two regulatory
genes cause reciprocal changes in the expression of genes
known to participate in iron uptake, metabolism, and storage,

including the TFRC, ferritin heavy chain 1 (FTH1), and ferritin
light chain (FTL), as well as genes that are related to erastin
sensitivity. Dixon et al. (2012) identified specific roles in
erastin-induced ferroptosis for most of the known genes that
encode mitochondrial proteins, including ribosomal protein L8
(RPL8), iron response element binding protein 2 (IREB2), ATP
synthase F0 complex subunit C3 (ATP5G3), ER membrane
protein complex subunit 2 (TTC35/EMC2), citrate synthase,
and acyl-CoA synthetase family member 2 (ACSF2). Later, other
researchers showed that prostaglandin-endoperoxide synthase
2 (PTGS2), nuclear factor erythroid 2-related factor 2 (Nrf2),
p53, and phosphatidylethanolamine-binding protein 1 (PEBP1)
participate in ferroptosis (Abdalkader et al., 2018; Gou et al.,
2020; Liu et al., 2020; Jiao et al., 2021; Li X. et al., 2021)
(Figure 1).

Glutathione (GSH)

Glutathione, which is an essential intracellular antioxidant,
is synthesized from cysteine, glutamate, and glycine in two
steps that are catalyzed by the adenosine-5-triphosphate (ATP)
-dependent cytosolic enzymes GCL and GSS (Stockwell et al.,
2017). Cysteine availability limits the GSH synthesis rate
(Stockwell et al., 2017). GSH is a cofactor of Gpx4 that
is necessary for eliminating lipid peroxides. Inhibiting the
glutamate/cysteine antiporter system Xc−, which is a key
antioxidant defense system in the CNS, can induce ferroptosis.
Pharmacological analysis revealed that ferroptosis is a major
factor that contributes to glutamate-initiated oligodendrocyte
death (Stockwell et al., 2017).

Glutathione depletion caused by erastin is sufficient to
induce ferroptosis. The significant depletion of GSH/GSSG is
consistent with the fact that erastin induces ROS production,
causing oxidative cell death (Yang et al., 2014).

Gpx4

In the brain, GPX enzymes, which act as antioxidants, are
expressed in neurons and glial cells (Cardoso et al., 2017).
Gpx4 the only member of the GPX family, is synthesized
endogenously in the brain, it can reduce lipid peroxides and ROS
production, and it was recently recognized as the major inhibitor
of ferroptosis (Chen et al., 2015; Cardoso et al., 2017).

Lipid metabolism

Polyunsaturated fatty acids, which contain bis-allylic
hydrogen atoms, are susceptible to lipid peroxidation and
are essential for ferroptosis (Abdalkader et al., 2018; Weiland
et al., 2019). The degree of ferroptosis is measured by
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FIGURE 1

Characterization of ferroptosis. The specific characteristics of ferroptosis are shown from three perspectives: morphological, biochemical, and
genetic alterations. Additionally, the inducers and inhibitors of ferroptosis are shown in this figure.

the amount of lipid peroxidation, which is caused by the
abundance and localization of PUFAs. Free PUFAs, which are
substrates for the synthesis of lipid signaling mediators, must
be esterified into membrane phospholipids and initially undergo
oxidation to participate in ferroptosis related signaling pathways
(Jiang et al., 2021). Ferroptosis is induced or suppressed
by regulatory enzymes that are involved in the biosynthesis
of PUFA-containing membrane phospholipids, such as acyl-
CoA synthetase long-chain family member 4 (ACSL4) and
lysophosphatidylcholine acyltransferase 3 (LPCAT3). Neuronal
plasma membranes are rich in PUFAs, which are prone to free
radical attack and peroxidation of unsaturated carbon-carbon
bonds. Enzymatic effectors known as lipoxygenases (LOXs) can
mediate lipid peroxidation and result in ferroptosis, and free
PUFAs are preferred substrates of LOXs (Figure 2) (Weiland
et al., 2019).

Amino acid metabolism

Amino acid metabolism is tightly linked to ferroptosis
(Stockwell et al., 2017). First, GSH biosynthesis was limited
by cysteine availability and ferroptosis was induced by cystine
starvation. Second, glutamate induces ferroptosis via inhibiting
system Xc−. Third, glutamine is enriched in human brain
tissues, and its degradation (via glutaminolysis) provides fuel
for the tricarboxylic acid (TCA) cycle (Figure 3) and building
blocks for lipid biosynthesis. α-ketoglutarate (αKG), a product

of glutaminolysis, is required for ferroptosis (Stockwell et al.,
2017; Jiang et al., 2021).

Iron metabolism

Iron is required for lipid peroxide accumulation, which
is the execution of ferroptosis (Stockwell et al., 2017; Jiang
et al., 2021). Ferroptosis sensitivity is affected by iron
import, export, storage, and turnover. Transferrin and TFRC
promote ferroptosis by importing iron from the extracellular
environment into the cell. Furthermore, heme oxgenase-1 is
associated with ferroptosis by degrading heme liberating iron
(Jiang et al., 2021).

Inducers and inhibitors of
ferroptosis

Ferroptosis induction

There are many ways to induce ferroptosis, including system
Xc− blockade [glutamate, erastin, Ras selective lethal 3 (RSL3)],
reducing GSH components, directly inhibiting the Gpx4 enzyme
ACSL4 (Cui et al., 2021a), tetrachlorobenzoquinone (Liu et al.,
2021), RSL3, tamoxifen, antimony (Yu et al., 2022), and zinc
oxide nanoparticles (Qin et al., 2020), substantially increasing
lipid peroxidation (FEBP1).
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FIGURE 2

The underlying mechanisms of ferroptosis regulation in the central nervous system (CNS). Ferroptosis inducers are shown in the box, including
system Xc- blockade, GSH depletion, Gpx4 inactivity, and lipoxygenase activation. ACSL4, acyl-CoA synthetase long-chain family member 4;
GPX4, glutathione peroxidase 4; GSH, glutathione; GSS, glutathione synthetase; LPCAT3, lysophosphatidylcholine acyltransferase 3; PEBP1,
phosphatidylethanolamine-binding protein 1; PUFA-CoA, polyunsaturated fatty acid; PL-PUFA, polyunsaturated fatty acid (PUFA)-phospholipids;
PL-PUFA-OOH, phospholipid hydroperoxide; MPO/HOCl, myeloperoxidase/hypochlorous acid.

FIGURE 3

Ferroptosis is related to the iron, amino acid metabolism, and Nrf2 signaling pathways in the CNS. DMT1, divalent metal transporter 1; NMDAR,
N-methyl-D-aspartate receptors; Nrf2, nuclear factor erythroid 2-related factor 2; PPARγ, peroxisome proliferator-activated receptor γ.
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Ferroptosis inhibition

There are many ways to inhibit ferroptosis, including
reducing lipid ROS production {ferrostatin-1 [Fer-1 (Chen et al.,
2019)], ADA-409-052}, blocking lipid peroxidation {vitamin
E, coenzyme Q10 (CoQ10), idebenone (Avcı et al., 2021),
liproxstatin-1 [Lip-1 (Cao et al., 2021)]}, chelating iron (DFO
and DFP), or iron oxide, and inhibiting 5-lipoxygenase.

Ferroptosis in cells of the CNS

Cell to cell interaction

There are many types of cells in the CNS, including glial
cells, neurons, and pericytes (Yao et al., 2012; Czepiel et al., 2015;
Ji et al., 2019; Urbán et al., 2019). Oligodendrocytes, astrocytes,
and microglia are the glial cells abundant in CNS. Neurons
interact with astrocytes, oligodendrocytes, and microglia to
maintain homeostasis of the brain.

In glial cells, including oligodendrocytes, astrocytes,
and microglia, crosstalk during myelination is complicated.
Quiescent astrocytes and steady-state microglia may regulate
(promote or suppress) OPC differentiation and myelination via
a specific program in the CNS.

The OPCs are more susceptible to exposure to extracellular
free iron, which leads to increased lipid peroxidation, arrested
oligodendrocyte differentiation, and cell death—all key
hallmarks of ferroptosis (Back et al., 2002; Nobuta et al., 2019).
Reactive astrocytes and activated microglia can promote or
inhibit the process of remyelination or increase oligodendrocyte
ferroptosis (Domingues et al., 2016). Additionally, in rats,
OPCs are more susceptible to cysteine depletion than primary
oligodendrocytes (Hoshino et al., 2020).

Microglial iron status may be important for oligodendrocyte
survival. Iron overload promotes microglial H-ferritin release,
leading to increased oligodendrocyte survival, but knocking
down H-ferritin in iron-loaded microglia leads to decreased
oligodendrocyte survival (Feng et al., 2021).

The antioxidant transcription factor Nrf2 regulates
hundreds of genes present in brain cells, many of which
are either directly or indirectly involved in modulating
ferroptosis, including metabolism of GSH, lipids and iron, and
mitochondrial function (Abdalkader et al., 2018; Ishii et al.,
2019; Jiang et al., 2021). GSH-related genes regulated by Nrf2,
including solute carrier family 7 member 11(SLC7A11),
Gpx4, and GSS (Figure 2), exist in oligodendrocytes,
astrocytes, and neurons. Iron-related genes regulated by
Nrf2 include ferritin heavy chain 1 (FTH1), transferrin receptor
1 (TfR-1), and heme oxygenase-1, which also exist in brain
cells. The NADPH-regeneration related genes regulated by
Nrf2 are glucose-6-phosphate dehydrogenase (G6PD) and
phosphogluconate dehydrogenase (PGD). In addition, Nrf2

regulates lipid synthesis via the ligand-mediated transcription
factor PPARγ, which is enriched in oligodendrocytes, neurons,
astrocytes and other brain cells. Accordingly, Nrf2 indirectly
regulates lipids whose abundance contributes to sensitivity
to ferroptosis. In conclusion, we speculate that inadequate
activation of Nrf2 may induce ferroptosis of brain cells and
disrupt the interactions of brain cells, which can lead to CNS
diseases (Abdalkader et al., 2018; Weiland et al., 2019). There
is mounting evidence that dysregulation of glial-neuronal
interactions can lead to CNS diseases.

Astrocyte-neuron interactions protect neurons from
ferroptosis. Brain-derived neurotrophic factor (BDNF)
in astrocytes effectively activates Nrf2, an inhibitor of
ferroptosis, during the resting phase and regulates the metabolic
cooperation between astrocytes and neurons. Circadian
increases in the levels of circulating glucocorticoids may further
facilitate material transfer from astrocytes to neurons by
stimulating the pannexin 1 channel-P2 × 7R signaling axis in
astrocytes at the beginning of the active phase (Ishii et al., 2019).
Some studies have reported that astrocytes protect neurons
from ferroptosis because astrocytes have a high capacity to
store iron and prevent neuronal iron overload (Codazzi et al.,
2015). Additionally, inadequate Nrf2 activation in astrocytes
and dysregulation of astrocytic neuronal interactions may
induce neuronal ferroptosis (Cui et al., 2016; Ishii et al.,
2019). Aquaporin 4 (AQP4), which is a water channel protein
located in the astrocytic endfeet, is related to BBB integrity,
the disruption of which is an important cause of SAH. APQ4
overexpression in astrocytes effectively reduces transferrin
infiltration and neuronal ferroptosis after SAH. Liu et al. (2022)
indicated that AQP4 overexpression may inhibit transferrin
infiltration into the brain parenchyma in the lymphatic system.
Treatment with the ferroptosis inhibitor SRS 16-86 enhances
functional recovery after SCI through the upregulation of the
anti-ferroptosis factors Gpx4, GSH, and SLC7A11, and the
downregulation of 4-HNE (lipid peroxidation marker). SRS
16-86 treatment alleviates astrogliosis and enhances neuronal
survival after SCI (Zhang et al., 2019). Pantothenate kinase-
associated neurodegeneration (PKAN) is caused by mutations
in the PKAN gene, which encodes the mitochondrial enzyme
PKAN; this protein catalyzes the first reaction of the CoA
biosynthetic axis. PKAN-mutant astrocytes, which demonstrate
signs of ferroptosis, are prone to acquire a stellate phenotype
and neurotoxicity, indicating alterations in iron metabolism,
mitochondrial morphology, respiratory activity, and oxidative
status (Santambrogio et al., 2022).

The interaction of oligodendrocytes and neurons, including
oligodendrocyte development and myelin membrane sheath
generation, plays an essential role during the development of
the nervous system (Domingues et al., 2016). Oligodendrocyte
ferroptosis may lead to oligodendrocyte maturation arrest,
myelin sheath damage and PVL, and myelin sheath damage
can stimulate microglial activation and neuronal damage.

Frontiers in Neuroscience 05 frontiersin.org

https://doi.org/10.3389/fnins.2022.1032140
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/


fnins-16-1032140 December 13, 2022 Time: 7:4 # 6

Li et al. 10.3389/fnins.2022.1032140

Additionally, activated microglia contact damaged axons and
are thus correlated with axonal damage (Czepiel et al., 2015;
Domingues et al., 2016; Kapralov et al., 2020).

Microglial iron status may be important for neuron survival.
Microglial activation induces iron overload in the motor cortex
after SCI, triggering ferroptosis of motor neurons and impeding
the recovery of motor function (Feng et al., 2021). Microglia
interact with neurons and astrocytes to participate in ferroptosis
under pathological conditions. For example, a small molecule
with an arylthiazine backbone (ADA-409-052) inhibits tert-
butylhydroperoxide (t-BHP)-induced lipid peroxidation, thus
suppressing the activation of proinflammatory BV2 microglia,
inhibiting neuronal ferroptosis, and efficiently reducing the
infarct volume, oedema and proinflammatory gene expression
in a thromboembolic stroke mouse model (Keuters et al., 2021).
The abundance of divalent metal transporter 1 (DMT1) on the
surface of astrocytes, microglia and neurons is increased under
neuroinflammatory conditions, and these cells are susceptible to
ferroptosis due to iron overload caused by high levels of non-
transferrin-bound iron. Inactivation of DMT1 by ferroptosis
inhibitors such as CoQ10, DFO, DFP, deferasirox (DFX), and
N-acetylcysteine may play a protective role under pathological
conditions (Morris et al., 2018). Hypoxia-inducible factor 1-
alpha (HIF-1α) inhibits ferroptosis by downregulating ACSL4-
dependent lipid metabolism. Moreover, knockdown of ACSL4
inhibited proinflammatory cytokine production in microglia.
Therefore, ACSL4, as an inducer of neuronal ferroptosis and
neuroinflammation, may be a potential therapeutic target
in ischemic stroke (Cui et al., 2021a). Homeostasis of the
CNS depends on crosstalk among astrocytes, oligodendrocytes,
microglia, and neurons. Here, we review ferroptosis in these cells
and the roles of ferroptosis in common CNS disease models.

Ferroptosis of neurons

Gpx4, an inhibitor of ferroptosis, is essential for motor
neuron survival in vivo (Schriever et al., 2017). Gpx4 ablation-
induced neuronal degeneration in the cerebral cortex exhibits
features of ferroptosis, including lipid peroxidation and
mitochondrial dysfunction (Chen et al., 2015). Gpx4 deletion
from dopaminergic neurons triggers anxiety behavior, and DJ-
1 codeletion is accompanied by a decrease in spontaneous
locomotor function (Schriever et al., 2017). Moracin N, which
is a ferroptosis inhibitor, is involved in antioxidant defense and
GSH biosynthesis (Wen et al., 2021). Nrf2, which is an inhibitor
of neuronal ferroptosis that reduces iron-induced oxidative
stress, alleviates the decrease in GSH levels by increasing the
expression of genes related to GSH synthesis, such as SLC7A11
and GCL (Liu et al., 2020).

Tetrachlorobenzoquinone triggers neuronal ferroptosis, as
shown by observations of lipid peroxidation and shrunken
mitochondria via Gpx4 ablation and iron accumulation (Liu

et al., 2021). General anesthesia induced iron overload is
activated by N-methyl-D-aspartate receptor (NMDAR)-RASD1
signaling via divalent metal transporter 1 (DMT1) (Wu J.
et al., 2020). Antimony induces ferroptosis through Gpx4
degradation by chaperone-mediated autophagy (CMA) (Yu
et al., 2022). Zinc oxide nanoparticles selectively induce
ferroptosis by activating the c-Jun NH2-terminal kinases (JNK)
pathway, and the inhibitor SP600125 reverses lipid peroxidation
(Qin et al., 2020). Formaldehyde induces ferroptosis, which
is accompanied by peroxidative stress; GSH downregulation;
MDA, 4-hydroxynonenal (4-HNE), ROS and iron upregulation;
and enhanced expression of ferroptosis related genes, including
PTGS2, glutaminase 2 (GLS2), solute carrier family 1 member
5 (SLC1A5), and solute carrier family 38 member 1 (SLC38A1)
(Li X. et al., 2021). Arsenite is an inducer of neuronal ferroptosis,
hallmarks of ferroptosis that are associated with arsenite toxicity
include ROS accumulation, increased lipid peroxidation, Fe2+

homeostasis disruption, GSH and adenosine triphosphate
depletion, system Xc− inhibition, activation of MAPK and
mitochondrial voltage-dependent anion channel pathways, and
increased endoplasmic reticulum stress (Tang et al., 2018). Tert-
butylhydroperoxide (t-BHP) is another inducer of ferroptosis;
its effects include JNK1/2 and extracellular regulated protein
kinases (ERK)1/2 activation upstream of ferroptosis and
mitochondrial dysfunction (Wu et al., 2018).

Ferroptosis of microglia

Microglia are scavenger cells that account for approximately
10% of all glial cells in the CNS; microglia are involved in
phagocytosis, inflammatory responses, cytoplasmic migration
and secretion of growth factors, and immune responses in the
CNS. Microglia in the M0 (resting) state have rod-shaped cell
bodies under normal conditions. The activation of microglia
after CNS injury causes their polarization into either the M1
(proinflammatory) phenotype or the M2 (anti-inflammatory)
phenotype, and these cells may produce pro- and anti-
inflammatory cytokines or chemokines, which exert neurotoxic
or neuroprotective roles under pathological conditions (Yu
et al., 2020).

Fer-1, a ferroptosis inhibitor, accelerates microglial M2
polarization, enhances microglial phagocytosis, and prevents
inflammation in Hb-treated organotypic hippocampal slices
(Huang et al., 2022). Liproxstatin-1, a ferroptosis inhibitor,
decreases microglial activation and IL-6, IL-1β, and TNF-α
secretion (Cao et al., 2021). Microglial activation may trigger
ferroptosis. RSL3 induces Nrf2 protein expression, inhibiting
the recruitment of RNA polymerase II to the transcription start
sites of proinflammatory cytokine genes to suppress cytokine
transcription and protect cells from ferroptosis (Cui et al.,
2021b).
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Exposure of microglial BV2 cells to nitrogen-doped
graphene quantum dots (N-GQDS) can induce microglial
ferroptosis, which is characterized by lipid peroxidation, GSH
depletion, excessive ROS production, and iron accumulation in
the mitochondria (Wu T. et al., 2020). Ferroptosis is common
in the proinflammatory environment. Kapralov et al. (2020)
found that iNOS/NO(•)-mediated enrichment of activated M1
macrophages/microglia modulates susceptibility to ferroptosis.

Ferroptosis of oligodendrocytes

The main function of neurons, astrocytes, microglia and
oligodendrocytes in the CNS is to form myelin sheaths to
enclose axons, thus playing a role in neurotransmission in the
CNS. Oligodendrocytes are the main cells that form myelin
sheaths; oligodendrocytes differentiate from NSCs through
specific signaling pathways and genetic programs, such as
those involving epigenetic regulators (microRNAs and long
non-coding RNAs), that regulate the differentiation of OPCs
into oligodendrocytes (Xiao et al., 2018). OPCs have the
ability to proliferate and migrate. After proliferating, OPCs can
differentiate into oligodendrocytes and express specific markers,
such as myelin basic protein, myelin associated glycoprotein and
PLP (Back and Rivkees, 2004; Segovia et al., 2008).

In the adult brain, OPCs and oligodendrocytes contain up
to 20 times more iron than astrocytes. One of the main reasons
for the enrichment of iron levels in oligodendrocytes is that iron
is a cofactor that is necessary for myelin synthesis (Stockwell
et al., 2017). Pretreatment of mutant O4+ OPCs with the
iron chelators DFO and deferiprone (DFP) reduces lipid ROS+

cells and enhances oligodendrocyte survival, differentiation, and
new myelin formation in the brains of mice in vivo (Nobuta
et al., 2019). Inhibitors of ferroptosis, such as Lip-1, Fer-1, and
Gpx4, localize to the nuclei of CAII+ oligodendrocytes, reduce
mitochondrial lipid ROS production and lipid peroxidation, and
promote OPC maturation and myelination (Fan et al., 2021).

However, iron overload often leads to ferroptosis. Iron
overload induces oxidative stress injury, and multiple studies
have reported that oligodendrocytes are sensitive to oxidative
stress injury (Hu et al., 2019; Nobuta et al., 2019; Hoshino et al.,
2020). Additionally, inhibiting system Xc−-mediated cystine
uptake by erastin, SAS, or glutamate may be sufficient to initiate
iron-dependent ferroptosis. Glutamate triggers oligodendrocyte
death via a mechanism that is dependent on excitotoxicity,
opening of the mitochondrial permeability transition pore,
enhanced ROS production, and augmented lipid peroxidation,
and this form of cell death is caused by persistent activation
of ionotropic glutamate receptors, blockade of cysteine uptake,
and/or oxidative stress injury induced by system Xc−. These
results indicated that ferroptosis induces oligodendrocyte
maturation arrest and inhibits myelination or demyelination
(Hoshino et al., 2020; Jhelum et al., 2020; Ma et al., 2020).

Ferroptosis of astrocytes

Astrocytes are glial cells that originate from NSCs
in the subventricular zone, and astrocytes interact with
neurons, oligodendrocytes, microglia, and pericytes to
maintain homeostasis of the brain, including molecular
homeostasis (homeostasis of ions, such as K+, Na+, Ca2+,
and homeostasis of neurotransmitters, such as glutamate,
gamma-aminobutyric acid, adenosine, monoamines), cellular
and network homeostasis (such as neurogenesis, neuron
development, synaptic maintenance and elimination, and
synaptic plasticity), metabolic homeostasis (glycol-gene
synthesis and storage), organ homeostasis (BBB regulation),
and systemic homeostasis (chemosensing of oxygen and CO2)
(Sofroniew, 2020). Additionally, astrocytes also express the
SLC7A11, which is important for the accumulation of cysteine
that is required for production of GSH, which participates in
ferroptosis. Three types of aquaporins, namely, AQP1, AQP4,
and AQP9, have been identified in astrocytes, and AQP4 in
particular is abundant in these cells. Deletion of AQP4 results in
decrease in astrocyte water permeability, deficient K+ buffering,
and deficits in synaptic plasticity, while upregulation of AQP4
leads to water absorption by astrocytes. Additionally, pannexin-
1 and P2 × 7 receptor transcripts were identified in astrocytes,
and these molecules may participate in astrocyte ferroptosis
(Sofroniew, 2020).

Ferroptosis in astrocytes (identified by elevated ROS levels
and downregulated GSH and Gpx4 levels) may be induced by
the angiotensin II (Ang II)-activated Nrf2/heme oxygenase-1
signaling pathway and may be greatly suppressed by treatment
with Fer-1 (Li S. et al., 2021).

Defective pantothenate kinase-2 (PKAN) in astrocytes
indicates iron deposition/overload and changes in
mitochondrial morphology, respiratory activity, and oxidative
status (Santambrogio et al., 2022).

Ferroptosis of pericytes

Pericytes, which specifically express platelet derived
growth factor receptor β (PDGFRβ), are a vital part of the
neurovascular unit. Pericyte deficiency may be related to
increased permeability of the BBB and has been considered
to be a factor that initiates disease in some models, such as
models of abnormal BBB leakage, oedema, microaneurysm
formation, and ischemia (Su et al., 2019). The number
of pericytes decreases in APP/PS1 mice. Aβ1–40 induced
ferroptosis occurs in pericytes with increased Fe2+ levels,
increased lipid ROS levels, and GSH depletion. Aβ1–40
disrupts the BBB by inducing pericyte mitophagy-dependent
ferroptosis via the cluster 36 (CD36)/PINK1/Parkin axis (Li
et al., 2022).
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Ferroptosis in brain diseases

Ferroptosis has been shown to play an important role in
the progression of numerous brain diseases, including PD (Hou
et al., 2019; Avcı et al., 2021), AD (Hambright et al., 2017), ALS
(Devos et al., 2020), cerebral ischemia (Lan et al., 2020; Cui
et al., 2021a), ICH (Chen et al., 2019; Bai et al., 2020), SAH
(Qu et al., 2022), PMD (Nobuta et al., 2019), PVL, MS, EAE
(Hu et al., 2019), SCI, TBI (Rui et al., 2021), and depression
(Jiao et al., 2021). System Xc− blockade, GSH depletion,
Gpx4 inactivity, lipoxygenase activation (Figure 2), intracellular
iron accumulation (Figure 3), and some related signaling
pathways (Jiang et al., 2021) (Figure 3) are common ferroptotic
mechanisms in CNS diseases. Inhibitors of ferroptosis play
neuroprotective roles in CNS diseases. Some small molecules
and traditional Chinese drugs that inhibit ferroptosis in CNS
cells have been shown to be underlying therapeutic strategies for
CNS diseases (Table 1).

Potential therapeutic targets for
Parkinson’s disease (PD)

Parkinson’s disease is characterized by the death of neurons
in the substantia nigra pars compacta (SNpc), which leads
to motor disability. Researchers have found that neuronal
ferroptosis may be related to PD. Pharmacological inhibition
of neuronal ferroptosis may serve as a therapeutic strategy for
treating PD. For example, preformed α-synuclein fibrils induce
ferroptosis in PD, and this effect can be reversed by high doses
of the ferroptosis inhibitor liproxstatin-1 (Guiney et al., 2020).

Idebenone, which is an analog of CoQ10, inhibits striatal
NADPH dehydrogenase[quinone]-1 reduction, decreases the
striatal levels of lipid peroxidation, and upregulates Gpx4, thus
exerting protective effects in PD (Avcı et al., 2021). Thioredoxin-
1 (Trx-1), a redox regulating protein, inhibits ferroptosis in
PD by positively regulating GSH and Gpx4 (Bai et al., 2021).
Additionally, Shi’s moxa sticks effectively inhibit ferroptosis
in rats with PD and improve the survival of dopaminergic
neurons (Huang et al., 2021). Paeoniflorin, which is a water-
soluble monoterpene glycoside extracted from the root of
Paeonia lactiflora Pall, inhibits ferroptosis by activating the
Akt/Nrf2/Gpx4 axis in vitro and exerts neuroprotective effects
in PD (Wang L. et al., 2022).

Microglial activation and M1 polarization are related to
Gpx4 and GSH content reduction and lipid peroxidation,
all of which are involved in ferroptosis. Hou et al. (2019)
revealed that neurodegeneration of the LC/NE system plays
a critical role in mediating learning and memory dysfunction
in a two pesticide-induced mouse model of PD and that this
role was mediated through ferroptosis and microglia-mediated
neuroinflammation.

Potential therapeutic targets for
Alzheimer’s disease (AD)

Alzheimer’s disease is characterized by synaptic loss and
neuron death (Hambright et al., 2017). Ferroptosis may be
an important mechanism underlying the neurodegeneration
observed in diseases, such as AD, that are accompanied
by Gpx4 depletion, lipid peroxide accumulation, and iron
dyshomeostasis or improper iron transport mechanisms, which
lead to the accumulation of this neurotoxic metal during
hippocampal formation and in other cerebral areas (Hambright
et al., 2017; Li L. B. et al., 2019).

The inhibition of ferroptosis in motor neurons is essential
for the survival of these neurons, and this approach is one
therapeutic strategy for treating AD and ALS. Martinez et al.
(2019) reported that NSC-34 cells become more susceptible
to Gpx4 deletion-induced ferroptosis when they differentiate
into a more motor neuron-like state. These authors identified
three key factors that affect motor neuron ferroptosis sensitivity:
low serum antioxidant levels, inhibition of the trans-sulfuration
pathway, and decreased Gpx4 levels (Martinez et al., 2019).

The AD is characterized by brain damage and neurotoxicity
and is associated with oxidative stress, mitochondrial
dysfunction, and impaired mitochondrial metabolism. NADPH
oxidase 4 (NOX4), which is a major source of ROS, induces
astrocyte ferroptosis accompanied by impaired mitochondrial
metabolism by reducing five protein complexes in the astrocyte
mitochondrial electron transport chain, NOX4 promotes
oxidative stress-induced lipid peroxidation accompanied by
the increased expression of the markers 4-HNE and MDA.
Park et al. (2021) showed that NOX4 promotes the ferroptosis
of astrocytes by triggering oxidative stress-induced lipid
peroxidation via impaired mitochondrial metabolism in AD.

Potential therapeutic targets for
cerebral ischemia

Cerebral ischemia is characterized by ferroptosis. Carvacrol
inhibits ferroptosis by increasing Gpx4 expression. In gerbils,
carvacrol protects hippocampal neurons from ischemia-
reperfusion injury by inhibiting ferroptosis by increasing Gpx4
expression (Guan et al., 2019). Melatonin treatment improves
the learning and memory abilities of rats with hypoxic-ischemic
brain damage through the AKT/Nrf2/Gpx4 axis (Gou et al.,
2020). Naotaifang, a compound herbal preparation used in
traditional Chinese medicine, also inhibits neuronal ferroptosis
via the TFR1/DMT1 and SCL7A11/Gpx4 pathways in a rat
model of acute cerebral ischemia (Lan et al., 2020). Exogenous
NSCs inhibit ferroptosis through the p53/Gpx4/SLC7A11
pathway and exert neuroprotective effects on injured cells (Zhai
et al., 2022).
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TABLE 1 The roles of ferroptosis in different central nervous system (CNS) cell types and brain diseases.

CNS cell type Important molecular
alterations

Model Mechanism References

Neurons

Gpx4↓ ALS Tamoxifen eliminates Gpx4 Wang T. et al., 2022

Gpx4↓ ALS MPO/HOCl pathway inhibits Gpx4 and
NQO1

Peng et al., 2022

pPFFs↑ PD Liproxstatin-1 inhibits ferroptosis Guiney et al., 2020

NADPH↑ PD Idebenone down regulates lipid peroxidation;
Gpx4↑

Avcı et al., 2021

Gpx4↓ PD Paeoniflorin→ Akt/Nef2/Gpx4 Wang L. et al., 2022

Gpx4↓ Cerebral ischemia Carvacrol→ Gpx4↑ Guan et al., 2019

Gpx4↓ HIBD Melatonin→ Akt/Nef2/Gpx4 Gou et al., 2020

Gpx4↓ Cerebral ischemia Naotaifang→ Tfr1/DMT1 and
SCL7A11/Gpx4

Lan et al., 2020

Gpx4↓ ICH PPARγ→ Nrf2/Gpx4 Duan et al., 2022

Gpx4↓, Nrf2, FTH1 and SLC7A11↓ ICH Crocin→ Nrf2, Gpx4, FTH1 and SLC7A11 Wang F. et al., 2022

MIB2↑ Postoperative cognitive
dysfunction

Sevoflurane→MIB2↑, triggering ferroptosis Zhao et al., 2021

Gpx4↓
TfR1 and ACSL4↑

Experimental cerebral
malaria

CD8(+) T cells induce ferroptosis Liang et al., 2022

Gpx4↓
Transferrin and MDA↑

SAE NA Xie et al., 2022

12/15-LOX↑ Posttraumatic epileptic
seizure

Baicalein inhibits 12/15-LOX Li Q. et al., 2019

IRP-2, TfR1↑ Central presbycusis Increased iron entry into cells Chen et al., 2020

ROS↑ SCI ROS inhibitors and ferroptosis reduce iron
overload
Trehalose→ Nrf2/heme oxygenase-1

Feng et al., 2021; Gong et al., 2022

NA TBI Melatonin depends on MT2 to inhibit
ferroptosis

Rui et al., 2021

NA Type 1 diabetes related
cognitive dysfunction

SLC40A1 Hao et al., 2021

Oligodendrocytes

Mutations in proteolipid protein 1
(PLP1)↓

Pelizaeus–Merzbacher
disease (PMD)

The iron chelator deferiprone inhibits
ferroptosis and promote myelination

Nobuta et al., 2019

Gpx4↓ MS and EAE Augmented lipid peroxidation products and
reduced polyunsaturated fatty acid (PUFA)
levels

Hu et al., 2019

Iron release↑ from oligodendrocytes
or hemoglobin breakdown products

MS Hemin-induced demyelination and axonal loss Baldacchino et al., 2022

Cuprizone↑ MS Activation of ferroptosis induces
oligodendrocyte loss and demyelination

Jhelum et al., 2020

Ferroptosis inhibited by liproxstatin-1 RSL-3 induced
oligodendrocyte model of
ferroptosis

SLC7A11/glutathione/Gpx4
ACSL4↓

Fan et al., 2021

IREB2 and PTGS2↓ TBI and SCI Ferrostatin-1 downregulates the ferroptosis
related genes IREB2 and PTGS2

Ge et al., 2021

Gpx4, GSH and system xc−-mediated
cystine transporter↑.
Lipid peroxidation (marker 4HNE)↓

SCI SRS 16-86 inhibits ferroptosis by upregulating
Gpx4, GSH and system xc−-mediated cystine
transporter, and downregulating lipid
peroxidation (marker 4HNE)

Zhang et al., 2019

Sodium selenite→ specificity protein
1↑ and Gpx4↑

SCI Sodium selenite inhibit ferroptosis by
specificity protein 1 and Gpx4

Chen et al., 2022

Gpx4↓ IVH-induced WMI Hemin-induced OPC death/Gpx4/Lipid
peroxide accumulation

Shen et al., 2022

(Continued)
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TABLE 1 (Continued)

CNS cell type Important molecular
alterations

Model Mechanism References

Microglia

Heme oxygenase-1↑ Aging and age-related
neurodegenerative diseases

Neurotoxic ferric iron deposits, iron
accumulation

Fernández-Mendívil et al., 2021

Compound with arylthiazine
backbone (ADA-409-052)

Thromboembolic stroke Inhibits tert-butyl hydroperoxide
(TBHP)/GSH/Gpx4/lipid peroxidation

Keuters et al., 2021

DJ-1↑ NA Iron overload/lipid peroxidation Morris et al., 2018

iNOS↓ Brain tumor Inducible nitric oxide synthase
(iNOS)/NO(•)-enrichment of activated M1
macrophages/microglia→ ferroptosis

Kapralov et al., 2020

ALOX15↑ SAH Associated with Gpx4/GSH↓ Gao et al., 2022

Astrocyte

Gpx4↓ Depressive-like and
anxiety-like behaviors

Edaravone (EDA) exerts an anti-depressant
effect via Sirt1/Nrf2/heme oxygenase-1/Gpx4.
Xiaoyaosan→ PEBP1 inhibits Gpx4.

Jiao et al., 2021; Dang et al., 2022

ACSL4↓ Neuropathic pain Ferrostatin-1→ Gpx4↑ and ACSL4↓ Wang et al., 2021

Transferrin infiltration↑ SAH AQP4↑→ inhibits transferrin infiltration into
the brain parenchyma in the lymphatic system,
inhibits ferroptosis

Liu et al., 2022

NOX4↑
4-hydroxynonenal (4-HNE) and
malondialdehyde (MDA)↑

AD NOX4→ ferroptosis of astrocytes→ lipid
peroxidation→ impairment of mitochondrial
metabolism

Park et al., 2021

↑, upregulation; ↓, downregulation; NA, not available.

Potential therapeutic targets for
intracerebral hemorrhage (ICH) and
subarachnoid hemorrhage injury (SAH)

Various types of cell death, including necrosis, ferroptosis,
and autophagy, are observed in the injured striatum during the
acute phase of ICH. The pathological changes after ICH in mice,
including abnormal synapses, degenerating neurons, and axonal
demyelination, may provide new targets for ferroptosis that will
be valuable for future studies on ICH pathology (Li et al., 2018).

The concentrations of Fe2+ and the expression of
ferroptosis-related genes, including MDA, Cox-2, PTGS2, and
RPL8, are increased during ICH (Chen et al., 2019). Peroxisome
proliferator-activated receptor γ is a ligand-activated receptor
that is a member of the nuclear hormone receptor family,
and it synergistically interacts with the Nrf2 pathway to
promote Gpx4 expression and inhibit ferroptosis (Duan et al.,
2022). Crocin, which is a potential antioxidative agent, inhibits
neuronal ferroptosis by increasing Fe2+ concentrations and
Nrf2 (Abdalkader et al., 2018), Gpx4, ferritin heavy chain
1 (FTH1), and SLC7A11 expression, thus alleviating ICH
(Wang F. et al., 2022). Additionally, ferroptosis is an essential
form of OPC death that occurs during hemorrhagic stroke.
Hemin-induced OPC death via decreased Gpx4 activity triggers
lipid peroxide accumulation, and inhibiting ferroptosis rescues
OPC death, attenuates IVH-induced WMI and promotes
neurological function recovery (Shen et al., 2022).

Subarachnoid hemorrhage injury, characterized by
inflammatory response and M1 microglial activation, is a
devastating neurological emergency that accounts for high
mortality and morbidity. 15-Lipoxygenase-1 (ALOX15), which
is an inducer of ferroptosis, is overexpressed in microglia
with Gpx4/GSH defects and abnormal mitochondria after
SAH. Hemin probably induces ferroptosis in M2 microglia by
upregulating ALOX15 and downregulating Gpx4 (Gao et al.,
2022). L-N-(6)-iminoethyl-lysine (L-NIL), which is an inhibitor
of iNOS, inhibits iNOS expression and promotes the ferroptosis
of M1 microglia in SAH, and M1 microglial activation is
considered to be related to the secretion of proinflammatory
cytokines and neuroinflammation after SAH (Qu et al., 2022).

Potential therapeutic targets for
Pelizaeus–Merzbacher disease (PMD)
and periventricular leukomalacia (PVL)

Pelizaeus–Merzbacher disease is caused by mutations in
proteolipid protein 1 (PLP1), resulting in early lethality and
profound developmental delay. Oligodendrocytes expressing
mutant PLP1 exhibit key hallmarks of ferroptosis, including
augmented lipid peroxidation, enhanced ROS production,
abnormal iron metabolism, and hypersensitivity to free
iron. Deferiprone (DFP), which is a small molecule iron
chelator, decreases oligodendrocyte ferroptosis and facilitates
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oligodendrocyte differentiation and myelination in preclinical
models of PMD in vitro and in vivo (Nobuta et al., 2019).

Periventricular leukomalacia is a syndrome that affects
preterm infants and is caused primarily by the iron-dependent
death of developing oligodendrocytes. Fer-1, SRS11-92, and
Fer-1 analogs fully protected oligodendrocytes from cysteine
deprivation-induced ferroptosis. Fer-1 prevents the depletion
of cysteine and GSH by inhibiting their oxidative destruction
(Skouta et al., 2014; Yang et al., 2014).

Potential therapeutic targets for
multiple sclerosis (MS) and
experimental autoimmune
encephalomyelitis (EAE)

Multiple sclerosis is a chronic demyelinating disease of the
CNS. Oligodendrocyte loss, demyelination, and axon loss are the
mechanisms underlying MS. Any factors that induce ferroptosis
may accelerate the progression of MS, while agents that inhibit
ferroptosis may reverse the progression of MS.

Iron that is released from oligodendrocytes during
demyelination or iron that is derived from the breakdown
products of hemoglobin is believed to amplify oxidative
tissue injury in MS. Iron-dependent peroxidation by ROS and
ferroptosis may participate in the demyelination and axon loss
that occur during MS. Baldacchino et al. (2022) reported that
hemin preferentially binds to myelin and axons to initiate a
detrimental response, which results in targeted demyelination
and axon loss in MS, and intracerebral degradation of
hemoglobin may activate the progression of MS. Cuprizone,
which is a copper chelator, disrupts the molecules that are
involved in iron homeostasis and induces ferroptosis-induced
oligodendrocyte loss and demyelination (Jhelum et al., 2020). In
addition, ferroptosis, which is associated with miRNA-mediated
inhibition of oligodendrocyte maturation, may be a principal
target of MS and EAE (Ma et al., 2020).

The expression levels of Gpx4 and two other
inhibitors of ferroptosis (γ-glutamylcysteine ligase and the
cysteine/glutamate antiporter) are decreased in MS and its
animal model EAE (Hu et al., 2019).

Potential therapeutic targets for spinal
cord injury (SCI)

Spinal cord injury is associated with motor neuronal
ferroptosis and triggers ROS accumulation, while iron chelators,
ROS inhibitors and ferroptosis inhibitors decrease iron
overload-induced motor neuron ferroptosis and promote the
recovery of motor function (Feng et al., 2021). Additionally,
trehalose can effectively inhibit ferroptosis by activating the
Nrf2/heme oxygenase-1 pathway (Gong et al., 2022). Recent

studies have focused increasing attention on white matter injury
and the probable underlying mechanism following SCI. DFO
can repair SCI by inhibiting ferroptosis. Targeting ferroptosis
is therefore a promising therapeutic approach for treating SCI
(Yao et al., 2019). Sodium selenite, which is as an inhibitor of
ferroptosis, promotes the neurological function of rats with SCI
via the specificity protein 1/Gpx4 pathway (Chen et al., 2022).
Lip-1 not only inhibits mitochondrial lipid peroxidation but also
restores the levels of ferroptosis suppressor protein 1, GSH, and
Gpx4 in oligodendrocytes (Fan et al., 2021). Fer-1, which is also
an inhibitor of ferroptosis in oligodendrocytes, downregulates
ferroptosis-related genes and the products of IREB2 and
PTGS2, and can reduce iron and ROS accumulation, ultimately
promoting neurological function recovery and reducing white
matter injury after SCI in rats (Ge et al., 2021).

RSL-3, which is an inducer of oligodendrocyte ferroptosis,
significantly increases the intracellular concentrations of ROS
and MDA. In addition, it inhibits anti-ferroptosis pathways,
such as the SLC7A11/GSH/Gpx4 pathway, and downregulates
ACSL4 (Fan et al., 2021). Inhibiting system Xc− may trigger
ferroptosis in OLs. Ferroptosis is a major factor that contributes
to glutamate-initiated oligodendrocyte death in TBI and stroke.
Glutamate-induced ASM activation is associated with decreased
GSH levels (Novgorodov et al., 2018).

The ferroptosis inhibitor, i.e., Fer-1, inhibits reactive
astrocyte activation in an SCI model and may exert a therapeutic
effect in other diseases of the CNS that are characterized by
ferroptosis (Ge et al., 2021).

Potential therapeutic targets for
depression

Depression is considered to be caused by inflammation
and oxidative stress. Jiao et al. (2021) revealed that ferroptosis
activation might occur in the hippocampi of mice exposed
to chronic unpredictable mild stress. Xiaoyaosan exerts
antidepressant effects via the PEBP1-mediated inhibition of
Gpx4 expression, thus inducing ferroptosis. Dang et al. (2022)
analyzed hippocampal and medial prefrontal cortex tissues
from rats. Edaravone, which is a free radical scavenger, exerts
potent antidepressant, anxiolytic and neuroprotective effects
via the Sirt1/Nrf2/heme oxygenase-1/Gpx4 signaling pathway,
and Gpx4-mediated ferroptosis may modulate these effects.
Ferroptosis may be a new target for future research on potent
antidepressant therapy.

Potential therapeutic targets for other
CNS diseases

Amyotrophic lateral sclerosis is a motor neuron disease
caused by the degeneration of motor neurons in the brain
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and spinal cord (Wang T. et al., 2022). Evans et al. (2022)
reported that treating Gpx4NIKO mice with tamoxifen to
ablate Gpx4 in neurons accelerates the progression of ALS
caused by motor neuron ferroptosis. The MPO/HOCl pathway
induces ferroptosis with lipid peroxidation by inhibiting
Gpx4 and NADPH quinone oxidoreductase (NQO1) in
mouse models of ALS (Peng et al., 2022). Experimental
cerebral malaria may be caused by neuronal ferroptosis
accompanied by upregulated TfR-1 and ACSL4 expression and
downregulated Gpx4 expression. CD8(+) T cells may induce
neuronal ferroptosis (Liang et al., 2022). Transferrin receptors
are differentially expressed in normal human astrocytes
and glioblastoma cells. Downregulated Gpx4 is accompanied
by constant levels of cystine transporter and ACSL4 in
glioblastoma, which suggests that dihydroartemisinin (DHA)
induces ferroptosis Gpx4 under these conditions by directly
targeting (Yi et al., 2020). Postoperative cognitive dysfunction is
a common complication that occurs after surgery or anesthesia
in elderly patients. Coimmunoprecipitation was used to observe
the binding of mind bomb-2 (MIB2) to Gpx4. Zhao et al.
(2021) found that sevoflurane anesthesia upregulated MIB2
in mouse hippocampal neurons. Depletion of MIB2 reduced
the neuronal ferroptosis that is triggered by exposure to
sevoflurane. Sepsis-associated encephalopathy, which is caused
by an aberrant systemic immune response to infection, often
manifests as severe diffuse cerebral dysfunction. Ferroptosis
is involved in glutamate-induced excitotoxic neuronal death
during the progression of sepsis-associated encephalopathy, and
it is accompanied by Gpx4 depletion and transferrin and MDA
upregulation (Xie et al., 2022).

Similar to liproxstatin-1, the function of melatonin, which is
a ferroptosis inhibitor, is likely dependent on melatonin receptor
1B. Melatonin exerts cerebroprotective effects by inhibiting
neuronal ferritin H-mediated ferroptosis after TBI (Rui et al.,
2021).

Baicalein exerts protective effects against posttraumatic
epileptic seizures by inhibiting ferroptosis, and 12/15-
lipoxygenase (12/15-LOX) is likely to be involved in the
neuroprotective effects of baicalein (Li Q. et al., 2019).

Central presbycusis is caused by auditory center degradation
during aging, which is accompanied by the accumulation of
iron and the upregulation of iron regulatory protein-2 (IRP-
2) and TfR-1; these processes trigger ferroptosis by increasing
the entry of iron into cells (Chen et al., 2020). Increased
microglial expression of heme oxygenase-1 during aging and
age-related neurodegenerative diseases has been correlated with
the deposition of neurotoxic ferric iron. However, in aged mice
exposed to lipopolysaccharide (LPS), major improvements in
iron, inflammatory and behavioral alterations were observed
when the mice were treated with the iron chelator DFO
(Fernández-Mendívil et al., 2021).

Ferroptosis is associated with type 1 diabetes related
cognitive dysfunction, and SLC40A1 mediates ferroptosis in
type 1 diabetes (Hao et al., 2021).

Ferroptosis is involved in the progression of neuropathic
pain in male rats by inhibiting astrocyte activation in the
spinal dorsal horn. Wang et al. (2021) used a rat model of
chronic contractile injury to mimic neuropathic pain. Chronic
contractile injury caused mechanical and thermal stimulation
of the injured hind paw, downregulated Gpx4, upregulated
ACSL4, and increased the iron ion content in the spinal
cords (Wang et al., 2021). Chronic brain injury in the cortex
and hippocampus after TBI occurs almost exclusively in areas
with iron deposits, while neuroprotection is accompanied by a
reduction in astrocyte activation (Wehn et al., 2021).

Conclusion and future directions

The goals of this review were to discuss the role of
ferroptosis in the main cells of the CNS and to explore the
potential targets of in different cells of the CNS for the treatment
of pathological conditions. Multiple studies have reported
that ferroptosis plays an important role in the progression
of numerous CNS diseases including PD, AD, ALS, PMD,
PVL, MS, EAE, TBI, and SCI. System Xc− blockade, GSH
depletion, Gpx4 inactivity, lipoxygenase activation, intracellular
iron accumulation, and some related Nrf2 signaling pathways
are the common ferroptotic mechanisms in CNS diseases. Some
ferroptosis-related genes (GSH synthesis related genes, iron
metabolism related genes, NADPH regeneration related genes,
and lipid synthesis related genes) regulated by Nrf2 may be
associated with the cell to cell interactions. Targeting pathways
that regulate ferroptosis in central nervous cells is an emerging
strategy for the treatment of neurological diseases. Some small
molecules and traditional Chinese drugs that inhibit ferroptosis
of glial cells, neurons, and pericytes are shown to be underlying
therapeutic strategies for neurological diseases.

Many researchers have investigated neuronal ferroptosis in
the CNS under pathological conditions; based on this review,
we note that future studies are needed to clarify the association
among glial cells, pericytes, and ferroptosis, which is also
important for the development of therapeutic strategies for
treating many pathological diseases. We believe that a better
understanding of ferroptosis in various cells of the CNS will
provide new opportunities for therapeutic intervention.
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