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ARTICLE INFO ABSTRACT

Keywords: Ferroptosis is a newly discovered non-apoptotic and iron-dependent type of cell death. Ferroptosis
Ferroptosis mainly takes place owing to the imbalance of anti-oxidation and oxidation in the body. It is
Neuroinflammation

regulated via a number of factors and pathways both inside and outside the cell. Ferroptosis is

ApoPt,OSIS . closely linked with brain and various neurological disorders (NDs). In the human body, the brain
Alzheimer’s disease : . . . . .

. contains the highest levels of polyunsaturated fatty acids, which are known as lipid peroxide
Phytochemicals

precursors. In addition, there is also a connection of glutathione depletion and lipid peroxidation
with NDs. There is growing evidence regarding the possible link between neuroinflammation and
multiple NDs, such as Alzheimer’s disease, amyotrophic lateral sclerosis, Parkinson’s disease,
Huntington’s disease, and stroke. Recent studies have demonstrated that disruptions of lipid
reactive oxygen species (ROS), glutamate excitatory toxicity, iron homeostasis, and various other
manifestations linked with ferroptosis can be identified in various neuroinflammation-mediated
NDs. It has also been reported that damage-associated molecular pattern molecules including
ROS are generated during the events of ferroptosis and can cause glial activation via activating
neuroimmune pathways, which subsequently leads to the generation of various inflammatory
factors that play a role in various NDs. This review summarizes the regulation pathways of fer-
roptosis, the link between ferroptosis as well as inflammation in NDs, and the potential of a range
of therapeutic agents that can be used to target ferroptosis and inflammation in the treatment of
neurological disorders.

1. Introduction

Neurological disorders (NDs) are responsible for causing substantial morbidity and mortality worldwide [1]. The number of deaths
and disabilities is also increasing because of aging and population overgrowth, which is indicating that the management and
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prevention of primary neurological conditions are largely unsuccessful. Neuroinflammation is a common etiopathogenic factor in
various NDs and neurodegenerative diseases, including Alzheimer’s disease (AD), Huntington’s disease (HD), Parkinson’s disease
(PD), stroke, and amyotrophic lateral sclerosis (ALS) [2-5]. Neuroinflammation is a well-orchestrated and complex mechanism
involved with the interactions of peripheral immune cells and glial cells in the central nervous system (CNS) [6]. It has been observed
that activations of glia and peripheral lymphocytes trigger the release of various inflammatory factors that can further injure the
nervous system. Various studies have revealed that disruption of iron homeostasis, iron-dependent lipid reactive oxygen species (ROS)
accumulation, and multiple other manifestations are present in some neuroinflammation-caused NDs, which further indicates that
ferroptosis has a significant contribution in the incidence and development of several NDs including AD, stroke, PD, ALS, and HD [7].

In recent times, ferroptosis has been identified as a type of regulated cell death [8]. Ferroptosis is an iron-dependent, non-apoptotic,
and oxidative form of cell death [9]. Ferroptosis differs from autophagy, necrosis, and apoptosis in terms of heredity, biochemistry, and
morphology [10]. Ferroptosis is primarily characterized by lipid peroxidation (LPO) and glutathione (GSH) consumption, which also
includes specific oxidation of phosphatidylethanolamine (PE) comprising adrenal acid and arachidonic acid (AA) [11]. It has been
reported that various unique gene set is essential for erastin-mediated ferroptosis including tetratricopeptide repeat domain 35, citrate
synthase, FO-F1-ATPase subunit C3, iron response element-binding protein 2, ribosomal protein L8, and acetyl-CoA synthetase family
member [12]. Indeed, ferroptosis has a significant contribution in the brain and NDs [13]. In the human body, the highest level of
polyunsaturated fatty acids (PUFAs) is found in the brain [14]. There is a close link between LPO and GSH depletion with NDs, such as
neurodegeneration, stroke, and neurotrauma [15]. An elevated level of ferroptosis PE marker has been observed following traumatic
brain injury [16]. Furthermore, cellular ferroptosis has been detected in dopaminergic neurons in the case of PD and various other
neurodegenerative disorders [17]. In mouse models of ischemic stroke, several ferroptosis inhibitors including liproxstatin-1 (Lip-1)
and ferrostatin-1 (Fer-1) markedly decreased functional deficits. This further suggests that ferroptosis is linked with
ischemia-reperfusion injury and stroke [18]. Multiple in vitro and in vivo studies have detected GSH peroxidase 4 (GPX4) genetic
defects in neuronal death [19-21].

GPX4 is an important ferroptosis regulator. GPX4 is a GSH-dependent enzyme that is responsible for reducing lipid hydroperoxides
(L-OOH) to lipid alcohols (L-OH), which further averts the iron (Fe2+)-dependent accumulation of toxic lipid ROS. In addition, GSH
plays a role as a GPX4 cofactor and also plays a role in preserving GPX4 levels via the exchange of cysteine and glutamate through
cystine/glutamate antiporter system X . Cysteine is a reduced form of cysteine, which serves as a GSH synthesis precursor. Therefore,
the suppression of GSH synthesis or system X. and direct GPX4 inactivation can cause significant GPX4 inactivation and GSH
depletion, which can eventually result in the buildup of lipid peroxides (LPs) and ferroptosis cell death. As the iron-dependent buildup
of oxidatively damaged phospholipids is a hallmark feature of ferroptosis, both LPO and iron metabolism are also two important
mechanisms apart from GPX4. Indeed, iron is crucial for the execution of ferroptosis and the buildup of LPs. The impairment of iron
metabolism, such as storing iron (ferritin), iron export (ferroportin), iron uptake (transferrin receptor), and ferritinophagy induced by
nuclear receptor coactivator 4 (NCOA4) and lysosome, can further trigger iron overload and subsequently can catalyze the generation
of toxic lipid ROS via Fenton reaction [22]. PUFAs are usually prone to LPO and are required for the execution of ferroptosis [23]. The
substrates of the synthetic lipid signaling mediums are free PUFAs, however they are required to be oxidized into signals of ferroptotic
and esterified into membrane phospholipids [24]. Therefore, the localization and abundance of PUFAs regulate the extent of fer-
roptosis and the extent of LPO [25].

A range of ferroptosis inhibitors with different targets have already been identified, such as GPX4, Fer-1, antioxidants, iron che-
lators, and multiple phytochemicals [9,12,26-29]. This review summarizes ferroptosis and its regulatory mechanisms as well as the
relationship between ferroptosis and neuroinflammation. Moreover, the role of ferroptosis and inflammation in neurological disorders
and the potential of a range of therapeutic agents that can be used to target ferroptosis and inflammation in the treatment of
neurological disorders.

2. Methods

The search strategy for this review aimed at identifying all original research, books, clinical trials, and review articles that discussed
the role of ferroptosis pathways in neuroinflammation and neurological disorders as well as their treatment strategies. In this regard, a
range of databases including ScienceDirect, Scopus, Web of Science, PubMed, and Google Scholar were searched from 2012 to April
2023. The terms or combinations of terms that were used while searching the databases include ferroptosis, ferroptosis pathways,
neuroinflammation, neurological disorders, ferroptosis regulation, targeting ferroptosis to treat neurological disorders, Alzheimer’s
disease, Parkinson’s disease, Amyotrophic lateral sclerosis, Huntington’s disease, stroke, iron chelators, deferiprone, quercetin,
ferrostatin-1, vitamin E, liproxstatin-1, baicalein, coenzyme Q10, alpha-lipoic acid, puerarin, and phytochemicals.

3. Ferroptosis

Ferroptosis is a new type of oxidative cell death that is mediated by the buildup of iron-mediated LPO [9,30,31]. Immunological
and morphological features of ferroptosis are different from autophagy, apoptosis, and necroptosis [32]. The characteristics of cell
ferroptosis include the ruptured mitochondrial outer membrane, elevated mitochondrial membrane density, significantly reduced or
even disappeared mitochondrial cristae, considerably smaller mitochondria, normal size of the nucleus, and no chromatin aggluti-
nation [32,33]. Moreover, cell ferroptosis occurs along with the presence of ROS, iron, and PUFA-containing phospholipids. Phos-
pholipid peroxidation leads to the destruction of cell membrane integrity, which eventually can result in ferroptosis [30,34].
Ferroptosis is induced by iron-dependent peroxidation of phospholipids, which is controlled via several cellular metabolic pathways,
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such as redox homeostasis, sugars, iron handling, lipids, mitochondrial function, and metabolism of amino acids, along with several
signaling mechanisms associated with diseases. Ferroptosis also induces many degenerative pathologies and organ injuries. Inter-
estingly, cancer cells resistant to therapies, specifically those prone to metastasis and in the mesenchymal state are highly susceptible
to ferroptosis. Therefore, pharmacological ferroptosis modulation is highly promising for the treatment of various degenerative dis-
orders, ischaemic organ injuries, and drug-resistant cancers associated with extensive levels of lipid peroxidation [30].

3.1. Regulatory mechanisms of ferroptosis

3.1.1. Iron metabolism

Iron is the most abundant essential trace element found in the human body [35]. Iron is an important metal that is associated with
numerous physiological processes including DNA synthesis, cellular respiration, oxygen transport, and biosynthesis of neurotrans-
mitters in the nervous system [36]. Homeostasis of iron is vital for the development and survival of normal cells [37]. On the other
hand, since iron plays a role in mediating ROS generation and enzyme function in LPO, therefore ferroptosis is strictly regulated via
iron metabolism regulators including iron utilization, storage, uptake, and efflux. Moreover, transcriptional and translational regu-
lation of iron homeostasis provides an assimilated network to estimate ferroptosis sensitivity. It has been observed that impaired
ferroptosis is associated with a range of iron-linked pathological diseases or conditions, including neurodegenerative diseases, cancer,
and ischemia-reperfusion injury [38].

Posttranscriptional regulation of the iron regulatory proteins (IRP1 and IRP2) regulates cellular iron metabolism [39]. Under
normal physiological conditions, IRP1 and IRP2 can control several iron metabolism genes including ferritin heavy chain 1 (FTH1) and
TFRC to retain the stability of unstable iron pools [40]. Moreover, iron can exist both in ferrous (Fe2+) and ferric (Fe3+) forms, whereas
circulating iron can exist in ferric form (Fe®h) by binding with transferrin (TF). It has been reported that free Fe®" can enter into the cell
via the membrane protein TF receptor 1 (TFR1) and subsequently can be stored in the nucleosome, while Fe3* is converted to Fe?' via
six transmembrane epithelial antigen of the prostate 3 (STEAP3) (Fig. 1) [41,42]. Subsequently, divalent metal transporter 1 (DMT1)
transports Fe?" from the endosome to the cytoplasm [43].

Fe?* is typically stored in the ferritocyte stock protein complex (comprised of ferritin light chain and FTH1) to avert ROS generation
and keep the balance of unstable iron pools [44]. The membrane protein ferritin 1 mediates the export of Fe?™ to the extracellular space
[45]. Interestingly, if the utilization, storage, transport, and uptake of intracellular iron fails, then an excess level of free FeZ* deposits
in the cell, and the Fenton reaction is initiated, which leads to the generation of ROS and hydroxyl radicals [46]. ROS then alters and
interferes with DNA, lipids, and proteins, and an array of peroxidation reactions take place with PUFAs on the cell membrane, which
further produces LPs and results in obliteration of the cell membrane structures, which eventually results in cell ferroptosis [47].

HEPH

Fe>- _ STEAP3 par

Ferroptosis «—

Fig. 1. Regulation of iron homeostasis in ferroptosis. Reproduced with permission from Elsevier, Reference [42]. Abbreviations: FPN, ferroportin;
DMT1, divalent metal transporter 1; FtMt, ferritin mitochondria; HEPH, hephaestin; PCBP, poly-(rC)-binding protein; NCOA4, nuclear receptor
coactivator 4; NOX2, NADPH oxidase 2; ROS, reactive oxygen species; STEAP3, six transmembrane epithelial antigen of the prostate 3; VDAC,
voltage-dependent anion channels.
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Accumulation of iron primarily takes place because of barriers including DMT1, TFR1, and ferroportin (FPN), which further lead to loss
of iron transport regulation (Fig. 1) [40]. On the other hand, NCOA4-mediated degradation of the ferritin phagocytosis cascade leads to
an elevated level of iron storage, then Fenton reaction/mitochondrial injury/lipoxygenases (LOXs) activity results in elevated iron
level in the active iron pool [48]. Subsequently, an increased level of ROS results in ferroptosis. Furthermore, Fe?* also plays a role as a
cofactor of various metabolic enzymes, mediates the ROS generation, and increases the function of several metabolic enzymes
including PDH1 and LOXs [39,40].

3.1.2. Amino acid metabolism

It has already been revealed that cystine/glutamic acid metabolism has a significant contribution in ferroptosis [49]. System X, is
an amino acid antiporter that contains heavy-chain SLC3A2 and light-chain solute carrier family 7 member 11 (SLC7A11) connected
by disulfide bonds, which transports cystine inward and glutamate outward in a 1:1 ratio [50]. Interestingly, cystine is moved to cells
and reduced to cysteine, which then binds with glycine and glutamic acid to generate GSH. GSH is a vital antioxidant that provides
protection to cells against oxidative stress (OS) and is the substrate for the lipid repair activity of GPX4. GPX4 is a strong antioxidant
enzyme. Along with GSH as the reducing agent, it catalyzes the conversion of peroxide bond into a hydroxyl group and converts the
peroxide into a lipid alcohol, which induces the loss of its oxidative function, therefore suppresses ferroptosis. Ras selective lethal small
molecule 3 (RSL3) and erastin play roles as activators of ferroptosis [40]. Erastin can also suppress its function via binding with
SLC7A11, which affects cystine transfer and reduces the generation of GSH, which further leads to the failure of cells to eliminate LPs in
time. These events further result in injury of cell membranes and eventually induce ferroptosis (Fig. 2) [51]. It has been observed that
RSL3 can cause GPX4 inactivation via covalently binding with GPX4 and disturb the cellular redox homeostasis, which results in an
elevated level of LPO and ultimately ferroptosis [52]. Furthermore, transcription factors can induce the SLC7A11 expression to control
ferroptosis, where several tumor suppressor genes including BECN1, BAP1, and TP53 play role as negative regulators of SLC7A11 and
nuclear transcription factor (NRF2) play a role as a positive regulator to increase SLC7A11 expression [53-55].

3.1.3. Lipid peroxidation

ROS are byproducts of cellular metabolism. ROS are associated with cell signaling and maintaining stability under normal
metabolic conditions. On the other hand, excessive buildup of intracellular ROS can result in cell death under pathological conditions

Cystine Glu

RSB

System Xc |

x>
LD Lipid ROS
PL-(;;\

PL-OOH GSSG
Ferroptosis

Fig. 2. Regulation mechanisms of System Xc-in ferroptosis. Reproduced with permission from Elsevier, Reference [42]. Abbreviations: GLS2,
glutaminase 2; GSH, glutathione; GPX4, glutathione peroxidase 4; ROS, reactive oxygen species; y-GCS, cysteine synthase; GSSG, oxidized GSH;
SAT1, spermidine/spermine N1-acetyltransferase 1; PTGS2, prostaglandin endoperoxide synthase 2; SLC7A11, solute carrier family 7 member 11;
SLC3A2, recombinant solute carrier family 3 member 2; TXNRD1, thioredoxin reductase 1.
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[40]. LPs function as an important mediator of numerous pathological conditions, such as neurodegenerative diseases, cancer, and
inflammation [56]. OH® can induce LPO to produce lipid peroxyl radicals and lipid radicals, which can further react with PUFAs to
produce LPs and ultimately result in ferroptosis (Fig. 3) [57]. There are three pathways through which iron can participate in the
accumulation of ROS [58]. ROS can react with PUFAs in the lipid membrane to trigger LPO, which further mediates intracellular
ferroptosis [27,59-61]. It has been detected that PUFAs possess dyalenyl hydrogen atoms; therefore they react easily with ROS to cause
LPO [62]. PEs consist of AA or adrenic acid that mediate cellular ferroptosis. Thus, ferroptosis could be elevated by providing AA or
various other PUFAs and via suppressing the functions of lysophosphatidylcholine acyltransferase 3 (LPCAT3) and acyl-CoA synthetase
long-chain family member 4 (ACSL4) [40,63]. Thus, ferroptosis could be elevated via supplementing AA or other PUFAs and via
suppressing the functions of LPCAT3 and ACSL4 [40,63].

4. The link between ferroptosis and neuroinflammation

Inflammation usually takes place in response to tissue injury or pathogen, which is usually stated as a complex biological response
[64]. Besides recognition of pathogens, the immune system has the capacity to respond to cellular injuries, such as inflammatory
diseases, systemic autoimmune diseases, and acute organ rejection. Following stress-induced injury, endogenous danger signals have
the ability to sense harmful stimuli via activating the immune response. Danger-associated molecular patterns (DAMPs) can induce
such type of inflammation in response to cell death and stress [65]. It has been confirmed that ferroptosis contributes in the patho-
logical mechanisms of various NDs (Table 1). Therefore studies have been carried out to elucidate the events of ferroptosis that play a
role in neuroinflammation to neurological conditions [7]. DAMP molecules are generated during the events of ferroptosis, which then
cause glial activation via activating the neuroimmune system. In addition, glial activation leads to the generation of several inflam-
matory factors which then results in neuronal injury and various NDs [7].

4.1. Reactive oxygen species and nuclear factor kappa B (NF-kB) signaling

GPX4 deficiency occurs during the events of ferroptosis, which can cause lipid ROS accumulation and result in ferroptosis [52,89].
GPX4 uses GSH as a cofactor in order to eliminate LPO from the membrane. Interestingly, GPX4 reduces the complex hydroperoxide,
such as cholesterol hydroperoxide and phosphatidyl hydroperoxide, to the corresponding alcohol to avoid detrimental OS and keep the
redox balance. OS and ROS are common features linked with inflammation [90]. ROS causes activation of the nuclear factor kappa B
(NF-xB) pathway. Key components of the NF-kB pathway include the transcription factor NF-kB, the IkB kinase (IKK) complex, and the
inhibitory IkB protein. It has been observed that external stimuli can induce IKK to cause phosphorylation, ubiquitination, and
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Fig. 3. Regulation of lipid peroxidation in ferroptosis. Reproduced with permission from Elsevier, Reference [42]. Abbreviations: ACSL4,
acyl-CoAsynthetase long-chain family member 4; LPCAT3, lysophosphatidylcholine acyltransferase 3; GPX4, glutathione peroxidase 4; PUFA,
polyunsaturated fatty acid.
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Table 1
Ferroptosis is associated with the pathogenesis of various neurological disorders.
Neurological disorders Characteristics of ferroptosis References
Alzheimer’s disease Reduced expression of ferroportin; reduced levels of glutathione peroxidase 4 (GPX4), glutathione (GSH), and solute [66-72]
carrier family 7 member 11 (SLC7A11); iron overload; elevated level of nuclear receptor coactivator 4
Parkinson’s disease Reduced level of coenzyme Q10 (CoQ10); iron overload; ferritinophagy; reduced level of GSH and SLC7A11; elevated [66,
expression of divalent metal transporter 1 73-771
Amyotrophic lateral Lipid peroxidation; aberrant metabolism of GSH; iron dysregulation; iron overload [78,79]
sclerosis
Huntington’s disease Reduced level of GSH; iron overload [66,80]
Strokes Increased level of reactive oxygen species; reduced level of CoQ10; iron overload; reduced levels of GPX4, GSH, and [66,
SLC7A11 81-88]

eventually degradation of IkB protein. Several posttranslational modifications can cause activation of the released dimer of NF-kB,
which is then transported to the nucleus to bind with certain DNA sequences, which then can mediate the transcription of target genes.
In some cell types, ROS (particularly HyO5) can cause the activation of IKK. ROS induces IKKy/NEMO dimerization, which is the IKK
subunit, via mediating the generation of disulfide bonds between Cys347 and Cys54, which further leads to IKK activation and also
initiates the NF-kB signaling pathway [91].

Moreover, ROS control of the upstream NF-kB activation pathways is also reflected in the case of selective phosphorylation of IkBa.
Typically, IkBa is phosphorylated at Ser36 and Ser32, however HyoO5 can cause IkBa ubiquitination and degradation by affecting the
IkBa phosphorylation at Tyr42 or various other tyrosine residues. It has been observed that the released dimer of NF-kB can migrate to
the nucleus, where it can bind with the kB site on the DNA sequence and can mediate the transcription of various target genes. GPX4
has a significant contribution in eliminating peroxides by suppressing the NF-kB activation and decreasing ROS accumulation. NF-kB is
closely linked with inflammation, which has been found to be expressed in nearly all cell tissues including astrocytes, neurons, and
microglia [92]. In addition, it controls several functional target genes and plays roles in several biological mechanisms including
tumorigenesis, apoptosis, inflammation, and immune response. Microglia are the primary immune cells of the brain and they have a
significant contribution in normal brain development and neuroinflammatory disorders. Chronic NF-xB activation triggers the tran-
scription of several neuroinflammatory genes and mediates the release of various inflammatory cytokines including neurotoxins,
adhesion molecules, nitric oxide, interleukin-1 beta (IL-1f), interleukin (IL)-6, and tumor necrosis factor alpha (TNF-a), which further
induces neuronal apoptosis [93]. In the brain, ROS accumulation during the events of ferroptosis can result in NF-xB activation in the
glia and also can lead to neuroinflammation [7].

4.2. Lipid peroxidation and neuroinflammation

LPO is an important hallmark of ferroptosis. It has been revealed that lipids form LPs in order to interfere with the membrane
structures as well as activities of membrane proteins and to trigger intracellular signal transduction and induce various other cascades
that result in cell death [9,94]. It has been demonstrated that lipids might have a significant contribution in metabolism, immunity,
inflammation, and several biofilms. Excessive levels of reactive nitrogen species (RNS) including ONOO™ and NO., as well as ROS
including hydroxyl radical (-OH) and H30- can result in OS [95] and oxidize various biological macromolecules including proteins,
DNA, or lipids. -OH is the most detrimental and dynamic reactive oxygen radical, which is generated via H,O5 in the presence of metal
ions. It is well established that hydroxyl radicals have a significant contribution in LPO, which causes the oxidization of lipids with
carbon-carbon double bonds, particularly PUFAs. The C—=C units are separated by a single-bonded C atom in the case of PUFAs, where
hydrogen atoms (diallyl hydrogens) are attached to these C atoms (bis-allylic hydrogens) and are susceptible to hydroxyl radical. Thus,
PUFAs including AA are known as extremely oxidized fatty acids. PUFA peroxides and their final products including reactive aldehydes
such as 4-hydroxynonaldehyde (4-HNE) can result in carbonylation of proteins, which is linked with neurodegenerative diseases,
atherosclerosis, and various other diseases [96].

PUFAs can go through enzymatic or nonenzymatic oxidation. LOXs are ferric enzymes that can catalyze the oxygenation of PUFA to
generate fatty acid hydroperoxides. AA cascade includes enzymes that are linked with LPO metabolism. AA leads to the generation of
bioactive eicosanoids (including epoxy-fatty acids, leukotrienes, and prostaglandins) by utilizing lipid peroxidase-related enzymes
including cytochrome P450 enzymes, LOXs, and cyclooxygenase (COX). COX-2 controls synaptic and cerebrovascular plasticity in the
nervous system under physiological conditions. In contrast, under pathological conditions, AA metabolism induced via COX resulted in
an increased level of prostaglandin in a rat model of focal cerebral ischemia [7,97]. Prostaglandins play an important role in exci-
totoxic and ischemic nerve injury. During LPO, COX-2 overexpression induces neurotoxicity via prostaglandin E2 (PGE2). Moreover, if
the toxic stimulation continues, it can further result in secondary neuroinflammation injury of the CNS. It has been demonstrated that
the use of COX-2 inhibitors decreased the concentration of various proinflammatory cytokines including TNF-« and IL-1p. Gene
knockout or drug-mediated inhibition of 15-LOX decreased the generation of TNF-a and IL-1 [7,98,99].

4.3. Damage-associated molecular patterns (DAMPs) in neuroinflammation

Iron disruption is a common characteristic of ferroptosis. Excessive levels of iron from the periphery and hemoglobin can be
transferred by various transporters and ion channels, such as FPN, TFR1, and DMT1. Fe?* can also catalyze lipid ROS production via
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the Fenton reaction, which can further lead to the continuous buildup of intracellular lipid ROS and eventually ferroptosis. In addition,
excess levels of Fe*" can be transferred from the microglia, which can lead to iron metabolism disorder [100]. In addition to the role of
an immune cell, Glia in the CNS constantly keep track of the dynamic balance of the internal environment, which helps in resisting
exogenous and endogenous pathogenic stimuli [101]. Pattern recognition receptors (PRRs) help immune cells in recognizing patho-
gens, which include DAMPs and pathogen-associated molecular patterns. The family of toll-like receptor (TLR) is the main form of
PRRs, which is an abundantly present immune cell and is widely expressed in CNS glia. DAMPs are endogenous danger signal mol-
ecules encoded directly by endogenous genes of the host. Interestingly, it can be secreted directly under specific conditions of tissue
injury, devoid of the necessity for protein synthesis. DAMPs that are derived from proinflammatory cytokines and ferroptosis cells give
prefeedback signals that can further strengthen the programmed death of more cells [102]. Along with the spread of inflammation
throughout the body, extreme death cycles can cause barrier disturbance, which might ultimately result in severe multiple-organ
failure. Iron, erythrocyte, hemoglobin, and DAMPs that are generated during the events of ferroptosis can be detected via PRRs
including TLRs in glia [103].

Activated astrocytes and microglia release chemokines, ROS, and various inflammatory cytokines including IL-18, TNF-a, IL-10, IL-
12, IL-6, IFN-B, IL-1p, and IFN-a, which can further play roles in infection-caused neuroinflammation in the nervous system [104]. It
has been observed that the TLR3 signal stimulates a highly strong proinflammatory polarization response and the characteristic of the
response includes an increased concentration of IFN-p, IL-10, C-X-C motif chemokine ligand 10, IL-6, TNF-«, and IL-12. Activated TLR
signals in glia are associated with neuronal damage under the function of exogenous and endogenous pathogens or the secretion of
products from cell injury in case of noninfectious or infectious CNS diseases owing to ferroptosis of nerve cells. After primary neuritis,
high mobility group box-1 (HMGB1), S100 protein, and amyloid are secondary important factors in the case of AD, which can worsen
the generation of various proinflammatory cytokines. HMGBI is a member of Ia DAMP class that can be detected via PRRs on multiple
cells. It has been demonstrated that class la DAMPs signal can harm adjacent PRR-containing cells including phagocytes by inducing
sterile inflammation [7,105].

4.4. P53 gene, ferroptosis and neuroinflammation

The P53 gene is a tumor suppressor gene that induces apoptosis, senescence, and suppression of the cell cycle, which is important in
development and tumorigenesis. It has been revealed that acetylated defective P53 mutants can mediate ferroptosis [106]. In a study,
Jiang et al. [107] revealed that the functions of H1299 cells containing the silenced P53 gene did not alter when these cells were
exposed to ROS [107]. Nonetheless, 90% of the H1299 cells died due to ROS exposure following activation of the P53 gene, which is
suggesting that P53 activation decreased the antioxidant property of these cells. The P53 gene regulates GSH synthesis via suppressing
Xc~ [108]. P53 can also mediate ferroptosis via increasing spermine N1-acetyltransferase 1 (SAT1) expression, which is a crucial
rate-limiting enzyme in polyamine catabolism and can cause acetylation of spermine. Aberrant expression of SAT1 and polyamine
metabolism is linked with numerous disorders including cancer and NDs [109]. SAT1 function can also elevate various stress reactions,
such as inflammatory stimuli and OS. SAT1 activation might result in ROS-mediated LPO and ferroptosis, which further leads to
neuroinflammatory injury. SAT1 overexpression results in a fast reduction of spermine in cells, which eventually leads to substantial
mitochondrial apoptosis and growth inhibition [110]. SAT1 stimulation was found to be linked with 15-LOX expression, while
PD146176 (a 15-LOX inhibitor)-mediated suppression of 15-LOX reduced SAT1-induced ferroptosis [111]. Along with COX-2, 15-LOX
is associated with AA metabolism, generating ROS, peroxides, prostaglandins, and other constituents to trigger inflammatory damage
of the nervous system [7,112].

5. The role of ferroptosis-mediated inflammation in neurological disorders
5.1. Alzheimer’s disease

Alzheimer’s disease (AD) is the most prevalent form of dementia and one of the important features of AD pathogenesis is neuro-
inflammation [113]. Key characteristics of AD pathogenesis include extracellular senile plaques that are generated by the deposition of
amyloid beta (Ap) and hyperphosphorylation of tau, loss of neurons, and proliferation of glial cells. Toxic Ap accumulation is one of the
major contributors in AD pathogenesis [114]. In addition, inflammation, weakened glial activity, mitochondrial dysfunction, auto-
phagy, OS, and altered metal homeostasis are also linked with AD pathogenesis [115,116]. Deposition of iron is one of the first re-
ported brain chemical alterations in AD individuals [66]. In the case of AD, pathological iron accumulation in neurons in the brain can
lead to the generation of a higher level of free radicals via the Fenton reaction, which is a key factor that results in OS [66]. OS, LPO,
and ferroptosis are observed in some individuals with AD, following disturbance of iron homeostasis mediated via increased levels of
ferritin in the absence of elevated iron [117]. The level of ferritin in AD brains was found to differ from physiological ferritin, whereas
its catalytic site could be utilized in the Fenton reaction to induce OS. A comparatively higher level of iron might alter Ap precursor
protein (APP) processing via iron-dependent ferroptosis, which can induce the generation of neurofibrillary tangles and plaques as well
as can contribute in AD pathogenesis [118]. Brain atrophy and FPN downregulation in the hippocampus and neocortex were detected
in the hippocampus of mouse models and brains of AD individuals, therefore FPN downregulation is extensively associated with
progressive atrophy of AD brains via inducing ferroptosis [67]. Ap accumulation is also observed in neurons of AD brains. This
accumulation can take place in several subcellular areas, which further causes synaptic disturbance and suppresses the
ubiquitin-proteasome system, and mediates toxic effects including proinflammatory responses and mitochondrial dysfunction [119].

Ferroptotic cell death was found to induce Af cytotoxicity and the slow Af accumulation in neurons might result in sustained
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cellular ferroptosis, which can further lead to additional toxic effects [120]. Interestingly, supplementation with y-glutamylcysteine
and tetrahydroxy stilbene glycoside can cause restoration of the GSH-GPX4 antioxidant system and decrease ROS levels in individuals
with AD, thus can decrease Af-mediated brain damage [68,121]. Deferoxamine (DFO), a metal ion chelator, can decrease the iron
accumulation in brain areas of experimental animals, which can suppress plaque formation or Af lamellae and also dissolve the already
generated lamellae [69]. In AD, clinical treatment with DFO slowed down the dementia-associated symptoms [66]. Both iron chelating
and antioxidant properties are exhibited by alpha-lipoic acid. Alpha-lipoic acid treatment markedly blocked tau-mediated LPO and
iron overload by decreasing the loss of neurons in mouse models of AD [70]. Nrf2 pathway activation can decrease ferroptosis,
neuroinflammation, and OS, which ultimately improve cognitive impairments [71]. Moreover, it was observed in elderly AD in-
dividuals with cardiac insufficiency that mitochondrial aldehyde dehydrogenase (ALDH2) can eradicate the manifestations of elevated
NCOA4, reduced GPX4, and SLC7A11 in APP/PS1 mouse models via suppressing ACSL4-dependent ferroptosis, and ameliorate their
cardiac insufficiency as well as cognitive impairments [72]. Indeed, targeting ferroptosis pathways including the GPX4 antioxidant
system, lipid metabolism, and iron metabolism can be an effective strategy in developing AD therapies [66].

5.2. Parkinson’s disease

Parkinson’s disease (PD) is a chronic neurodegenerative disorder primarily caused by the deficiency of dopamine in the brain [122,
123]. Major features of PD pathogenesis include death and degeneration of dopamine in the midbrain, along with a marked dopamine
loss in the substantia nigra pars compacta as well as the occurrence of Lewy Body in the cytoplasm of remaining neurons in the
substantia nigra [124]. The actual cause of this pathological mechanism is not clear, however OS, aging, environmental factors, genetic
factors, and various other factors might be associated with this pathological mechanism [125]. Moreover, neuroinflammation is closely
associated with PD pathogenesis [126]. It has been observed that ferroptosis is also associated with PD pathogenesis. Increased levels
of LPO, depletion of GSH, and iron deposits have been observed in the substantia nigra pars compacta [127-129]. Furthermore,
ferroptosis is associated with the development of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-mediated PD in mice. Fer-1
treatment decreased the injury of dopaminergic neurons in models of rotenone- and MPTP-induced PD [128]. Suppression of TFR1
decreased o-synuclein aggregation in MPP'-treated neurofibroma cells. An increased level of TFR1 has also been observed in fer-
roptotic cells. Deferiprone (DFP) treatment decreased OS and increased dopamine function to reduce existing motor symptoms and
slow the advancement of motor impairments [130] in individuals with early PD. Fer-1 treatment decreased the level of OS, accu-
mulation of excessive levels of ROS, and a-synuclein deposition in the striatum and substantia nigra in a rotenone-induced cell injury
model and MPTP-induced PD model. Nonetheless, erastin (a ferroptosis inducer) administration reduced the number of dopaminergic
neurons, elevated the aberrant a-synuclein accumulation in mouse models, and induced ferroptotic cell death [131-133].

5.3. Amyotrophic lateral sclerosis

Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative disease. ALS characteristics include progressive muscular weak-
ness and atrophy resulting from the loss of motor neurons in the brainstem, spinal cord, primary motor cortex, and corticospinal tracts.
There is growing evidence that suggests that neuroinflammation has a significant contribution in ALS pathogenesis. In the case of ALS,
neuroinflammation is characterized via the activation of reactive astrocytes and microglia, association of complement, and infiltration
of macrophages and lymphocytes [134]. Various characteristics of ferroptosis including LPO, aberrant metabolism of GSH, and iron
dysregulation have already been detected in ALS. Accumulation of iron has already been observed in the spinal cord and motor cortex
SOD1%9*A mouse models and individuals with ALS, which has been associated with abnormal OS and redox chemistry. Depletion of
GSH was observed in the affected CNS tissues of SOD1%°** mouse models and ALS individuals, which was associated with system X¢
dysregulation in mutant SOD1 mouse models [135,136]. Mutant SOD1 mouse models and ALS individuals are characterized by
protuberant LPO in affected CNS tissues [137,138]. Neuron-specific GPX4 deletion in mouse models led to motor neuron degeneration,
paralysis, and muscle atrophy, which is suggesting the expression of GPX4 in cell susceptibility in the case of ALS [139]. Collectively,
these findings indicate that ferroptosis has a significant contribution in the death of motor neurons in ALS. GPX4 depletion has
extensively been observed in motor neurons and spinal cords of ALS mouse models and ALS individuals. In addition, overexpression of
GPX4 in SOD1%%*A mouse models markedly alleviated symptoms and loss of motor neurons in novel human GPX4 transgenic mouse
models. These observations were found to be in line with the observation of a recent study, where crossed SOD1%°** mouse models
were crossed with independent GPX4 transgenic mouse models [140,141]. In that study, it was confirmed that ferroptosis has a
significant contribution in inducing the death of motor neurons in ALS [141].

5.4. Huntington’s disease

Huntington’s disease (HD) is an inherited neurodegenerative disorder that takes place owing to the amplification of CAG repeat in
the HTT gene. HD clinical manifestations include mood disorders, dementia, and dance-like movements [142]. Neuroinflammation is a
hallmark of HD, which is characterized by the presence of reactive microglia, inflammatory factors, and astrocytes [143,144]. Fer-
roptosis is linked with glutamate excitotoxicity and GSH-induced redox reactions in the case of HD. Aberrant concentrations of iron
ions, GSH, glutamate, and buildup of intracellular lipid ROS have also been identified in HD individuals [145,146]. Various features of
ferroptosis including reduced GPX functions and blocked synthesis of GSH have been observed in animal models of HD [147,148].
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5.5. Stroke

Globally, stroke is the leading cause of disability and the second leading cause of death, along with a growing incidence rate. A
stroke or cerebrovascular accident can occur due to elevated cerebral vascular sclerosis, inadequate blood supply to the brain, or
elevated levels of cerebrovascular blood pressure, along with enormous neuronal death [149]. It has already been demonstrated that
ferroptosis can take place in neuronal cells during the onset of stroke, where ferroptosis can induce the pathophysiological mechanism
of stroke. On the other hand, ferroptosis suppression has a protective function on stroke and can result in ameliorated stroke prognosis
[150]. OS, iron buildup, excitatory toxicity, and inflammation are also observed during the onset of stroke [151]. Free radical
scavengers, antioxidants, and iron-chelating agents were found to decrease cerebrovascular damage following stroke [152,153].
Features of ferroptosis have been detected in reperfusion in vivo, mouse cortical nerve cells following ischemia, and hippocampal
neurons in vitro stroke models, while treatment with ferroptosis inhibitors markedly reversed cell death [154,155]. Indeed, ferroptosis
is closely linked with stroke and suppression of ferroptosis can reverse the stroke-mediated neuronal injury. Therefore, therapeutically
targeting ferroptosis can be effective in treating stroke [40,156].

6. Targeting ferroptosis and inflammation in the treatment of neurological disorders
6.1. Deferiprone (DFP) and deferoxamine (DFO)

Iron chelators inhibit ferroptosis via targeting free iron in labile iron pools and avert iron from providing electrons to oxygen to
form ROS [157]. Two major groups of iron chelators include membrane-impermeable and membrane-permeable (lipophilic iron
chelators) [158]. Several lipophilic iron chelators including 2,2-bipyridyl and ciclopirox have the ability to target areas of iron
accumulation, penetrate the blood-brain barrier and cell membrane, and eliminate chelatable iron from labile iron pools or transport it
to various other proteins. In order to suppress ferroptosis, lipophilic iron chelators avert lipid ROS formation and PUFA fragment
oxidation [159]. Furthermore, lipophilic iron chelators can also cause direct inactivation of ferrous enzymes that mediate membrane
lipid oxidation and hypoxia-inducible factor-prolyl hydroxylases [158]. The aforesaid activity provides neuroprotective functions via
causing the activation of hypoxia-adaptive genetic programs, stabilizing HIF-1a, and inducing hypoxia [160]. On the other hand,
membrane-impermeable iron chelators including DFP and DFO can accumulate in lysosomes via endocytosis from where they capture
extra free iron [161].

DFP is a metal chelator that is utilized to address the overload of iron and it has great potential in the treatment of disorders that are
linked with iron accumulation. DFP can penetrate the blood-brain barrier and can bind with iron at several intracellular regions.
Moreover, DFP has anti-inflammatory properties. Ferroptosis that takes place in chondrocytes is mediated via IL-1p, which mediates
inflammation and destruction of chondrocytes. In a study, Guo et al. confirmed that DFO showed protective properties on chondrocytes
and slowed the progression of osteoarthritis by suppressing chondrocyte ferroptosis [162]. Interestingly, DFP pretreatment amelio-
rated ketamine or sevoflurane-mediated cognitive deficit and improved behavioral testing ability in both aged and adolescent rat
models [163]. Indeed, the cognitive deficit is strongly linked with neuroinflammation and iron overload, and divalent metal trans-
porter 1 (DMT1) is linked as a key link between immunity and iron signaling [164]. It has been revealed by several in vitro and in vivo
studies that iron chelators can have a significant contribution in PD treatment [165].

DFP decreased OS, improved existing motor symptoms, increased utilization of cellular dopamine, and averted worsening in MPTP-
treated mice [166]. Treatment with iron chelators elevated GSH peroxide functions and decreased dyskinesia in PD patients in the
cerebrospinal fluid within six months in a phase III clinical trial [167,168]. Normal systemic iron homeostasis was observed during the
use of iron chelators in most individuals with the neurodegenerative disorder [169]. Overuse of iron chelation therapy was found to be
unsuitable for PD patients and might cause anemia and iatrogenic iron depletion. Thus, iron chelation therapy ought to be used at a low
dose to provide neuroprotective properties with minimum side effects [170]. After treatment with DFP at the dose of 30 mg/10 g/day,
dyskinesia was markedly decreased at 12 months, clinical benefits were seen at 6 months, and a normal iron level was restored at
18-24 months. Moreover, it was suggested that a low dose of DFP can be safe along with a risk for reversible neutropenia of 1-3%
[166]. In a study, Zhang et al. [171] observed that ferroptosis took place at a comparatively low ferric citrate level, whereas apoptosis
took place along with an increased level of iron. Collectively, this result suggests the importance of early death in the case of PD and
suggests that ferroptosis can lead to iron overload mediated by apoptosis [172].

6.2. Ferrostatin-1 (Fer-1)

Fer-1 is a synthetic antioxidant. It has demonstrated that Fer-1 is a selective and strong suppressor of ferroptosis. Fer-1 has been
discovered through high-throughput screening of small molecule libraries via utilizing cell assays, where ferroptosis was mediated via
either pharmacological suppression of system X; [173] or deletion of the gene encoding the GPx4 [174]. It was observed that Fer-1
suppressed ROS accumulation [175]. It has been observed that angiotensin II (Ang II) can cause activation of astrocytes, which can lead
to the substantial generation of various inflammatory factors that play roles in damage, which ultimately results in cell death in as-
trocytes [176]. Increased angiotensin II type 1 receptor (AT1R) activity in neurons can cause inflammation, cell death, and cognitive
deficit. AT1R activation can mediate antioxidant as well as anti-inflammatory properties, cell survival, and cognition in the CNS [177].
Alleviation of Fer-1 on Ang II resulted in the activation of AT1R, which indicates its protective function in astrocytes. Fer-1 can also
mitigate Ang II-mediated ferroptosis and inflammation via suppressing ROS concentrations and causing activation of the
Keapl/Nrf2/HO-1 signaling. Indeed, Fer-1 suppressed iron-induced apoptosis and cell death in the early PD stages [171]. Fer-1
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showed protective properties in animal models of AD. It has been observed that Fer-1 improved memory loss and neuronal death
mediated via Ap aggregation in vivo and in vitro [67].

6.3. Liproxstatin-1 (Lip-1)

Ischemia-reperfusion (I/R) injury can arise from an initially restricted blood supply to a tissue or organ followed by the perfusion or
restoration, which can result in mortality and morbidity in several pathologies. Furthermore, I/R injury can take place in multiple
organs such as the lung, liver, kidney, brain, and heart, and its processes including microvascular dysfunction, mitochondrial
dysfunction, calcium overload, inflammation, oxidative stress, and the activation of cell death signaling [178]. Lip-1 deceased serum
inflammation mediators and ferroptosis in I/R injury [179]. Cao et al. [180] confirmed that Lip-1 restrained microglial activation and
decreased the in vivo rise of IL-1p, TNF-a, and IL-6 in subarachnoid hemorrhage. Various inflammatory mediators including IL-1p are
regarded as the main matrix metallopeptidase 9 activators [180]. Furthermore, Lip-1 improved the Af aggregation-mediated memory
loss and neuronal death in vitro and in vivo [67].

6.4. Alpha-lipoic acid (a-LA)

Alpha-lipoic acid (a-LA) is a naturally occurring iron chelator and an antioxidant, which is an attractive drug candidate for the
development of anti-neuroinflammatory therapy [181]. In a study, Kim et al. [181] indicated that a-LA can decrease mitogen-activated
protein kinase signaling, NF-kB, activation of NLR family pyrin domain containing 3 (NLRP3) inflammasome, and secretion of various
pro-inflammatory cytokines in lipopolysaccharide (LPS)-mediated BV-2 microglial cells and regulates microglial cells M1/M2 po-
larization. They have also suggested that a-LA be an effective drug candidate for the treatment of chronic neurodegenerative and
inflammatory [181]. In addition, a-LA markedly rescued cognitive deficit and tauopathy in P301S Tau transgenic mouse models. a-LA
blocked tau-mediated LPO and iron overload linked with ferroptosis. a-LA also improved these irregularities via decreasing the level of
ROS and elevating the GPX4 expressions [70].

6.5. Quercetin

Quercetin is a natural bioflavonoid widely present in vegetables and fruits including capers, onions, and berries [182]. Quercetin
shows anti-inflammatory and antioxidant properties against numerous neurodegenerative, metabolic and inflammatory diseases
[182-184]. Quercetin provides protection against neuroinflammation via suppressing the generation of nitric oxide in microglia,
which can further result in the suppression of NF-«B signaling and prevention of inflammation-associated neuronal damage [185,186].
In addition, quercetin decreased iron bioavailability, decreased serum iron levels, hindered intestinal iron absorption, and upregulated
hepcidin (the main regulator of systemic iron homeostasis) expression. Quercetin is also a powerful natural iron chelator that can
decrease iron overload-induced tissue injury via keeping steady iron levels. Moreover, quercetin eliminated ROS as well as various
oxidizing substances and played a role as a natural ferroptotic cell death inhibitor [187-190].

6.6. Baicalein

Baicalein is a flavonoid derived from the roots of Scutellaria baicalensis. Baicalein is widely used in many countries because of its
anti-inflammatory, antiviral, and antibacterial properties [191]. Baicalein decreased the generation of various pro-inflammatory
cytokines including IL-6, TNF-a, and IL-1p in MPTP-induced PD in mice [191,192]. Baicalein also exerted neuroprotective proper-
ties in MPTP-treated mouse models [191,192]. Moreover, baicalein can act as a natural ferroptosis inhibitor and can provide pro-
tection against OS-induced damage. It has been demonstrated that baicalein exerted a more significant function against ferroptotic cell
death as compared to various classic inhibitors including deferoxamine mesylate, f-mercaptoethanol, Fer-1, and Lip-1 [133,193]. In a
study, Xie et al. [194] observed that baicalein might suppress erastin-mediated ferroptosis of pancreatic cancer cells via suppressing
GSH depletion, LPO, and degradation of GPX4. Baicalein also activates the Nrf2 pathway, which further averts erastin-mediated
degradation of Nrf2 and suppression of OS. Moreover, baicalein decreased the PE oxidation in ferroptosis and improved the recov-
ery and prognosis of cerebral cortical impact [195].

6.7. Puerarin

Puerarin is an isoflavone glycoside isolated from Pueraria lobata (Willd.) Ohwi, which is widely used in traditional Chinese
medicine [196]. It has been revealed that puerarin can act as a natural ferroptosis inhibitor and provide protection to the neurons by
suppressing ROS production. Puerarin also suppressed iron overload, regulated iron homeostasis, and decreased ROS levels, which
ultimately resulted in the suppression of ferroptosis [197,198]. Puerarin inhibited the overload of iron in the cerebral cortex and
ameliorated memory disorders and spatial learning in AD mouse models, however the exact mechanisms are yet to be revealed [133,
199]. Furthermore, puerarin alleviated neuroinflammation decreased Af deposition, reduced hyperphosphorylated tau protein levels,
and prevented neuronal loss [200]. Puerarin also ameliorated impaired synaptic plasticity via controlling the p38 MAPK-CREB
pathway in AD [201].
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6.8. Vitamin E

Vitamin E shows several important properties including cholesterol-lowering, anti-inflammatory, and antioxidant properties along
with anti-ferroptosis activity. It has also been indicated that vitamin E supplementation can be effective in the treatment of neuro-
degenerative diseases including PD and AD [202]. Antioxidant properties of vitamin E are closely associated with their
anti-inflammatory effects, as OS is a part of inflammation [203]. Nonetheless, there are certain activities that are not dependent on
these antioxidant properties. Vitamin E has the ability to interfere with inflammation at different levels, such as the synthesis of
signaling molecules, signaling cascades, and transcription factors [202,204]. A vitamin E-deficient diet may lead to worsened
behavioral dysfunction and hippocampal neurodegeneration, where Lip-1 ameliorated neurodegeneration and cognitive function in
mouse models [205]. In addition, high-dose vitamin E supplementation terminated LPO, neutralized peroxidative free radicals, and
decreased the risk of cognitive deficit in AD individuals [206]. Vitamin E also showed clinical benefits in individuals with
mild-moderate AD by reducing caregiver burden and slowing functional decline, in a large randomized clinical trial [207,208].

6.9. Coenzyme Q10

Coenzyme Q19 (CoQ10) is an antioxidant that offers protection to lipoproteins and cellular membranes. CoQ10 is an important part
of the mitochondrial electron transport chain [209]. It has been observed that a nanomicellar, water-soluble formulation of CoQ10
significantly suppressed the formation of Ap plaques and ameliorated long-term memory [210]. CoQ10 also prevents the propagation
and initiation of LPO [211,212]. Therefore, CoQ10 might serve as an effective ferroptosis inhibitor. CoQ10 also reduced LPO and
upregulated GSH in mouse models. Various studies have also confirmed the efficacy and safety of high-dose CoQ10 supplementation in
multiple neuropsychiatric disorders [213,214]. In a study, Li et al. [215] reported that CoQ10 averted Ap25-35-mediated IxBa
degradation and p65 nuclear translocation by reducing PGE2 generation and COX-2 expressions. Thus, CoQ10-mediated suppression
of NF—«B signaling in PC12 cells may lead to the downregulation of several pro-inflammatory mediators, which can lead to an
anti-inflammatory effect [215]. The therapeutic agents that can be used to target ferroptosis and inflammatory pathways in neuro-
inflammation and neurological disorders have been summarized in Table 2.

7. Conclusion and perspectives

Characteristics of ferroptosis include iron metabolism disorder, suppression of glutamate transport, and accumulation of lipid ROS,
which can further induce OS as well as neuroinflammation and subsequently exacerbate CNS injury. Neuroinflammation involves the
overgeneration of inflammatory mediators, invading T cells, reactive astrocytes, and activated microglia. Neuroinflammation is not
essential during the primary stage of various NDs, however prolonged inflammation can lead to the exacerbation of diseases.
Numerous studies have already demonstrated that ferroptosis is closely linked with stroke, HD, PD, AD, and various other NDs. Various
studies have revealed the link between ferroptosis and inflammation in NDs, however differences and similarities in the molecular
mechanisms of ferroptosis in terms of different NDs. Ferroptosis inhibitors have already demonstrated their efficacy in multiple
experimental animal models in improving the severity of NDs, nonetheless clinical efficacy of these inhibitors in treating chronic
neuroinflammation is yet to be verified. Furthermore, more studies on inflammation and ferroptosis will enhance the understanding of

Table 2
Summary of therapeutic agents that can be used to target ferroptosis and inflammatory pathways in neuroinflammation and neurological disorders.
Therapeutic Characteristics Anti-inflammatory and anti-ferroptosis mechanisms References
agents
Deferiprone Antioxidant, iron Decreases oxidative stress (OS); reduces iron overload [166,170,
chelator 171]
Ferrostatin-1 Antioxidant, iron Inhibits reactive oxygen species (ROS) accumulation; activates angiotensin II type 1 receptor; [67,171,
chelator suppresses ROS; activates the Keap1l/Nrf2/HO-1 signaling 1751
Liproxstatin-1 Antioxidant, iron Reduces serum inflammation mediators; decreases the in vivo rise of interleukin (IL)-1p, tumor [178-180]
chelator necrosis factor alpha (TNF-a), and IL-6; inhibits lipid peroxidation
Alpha-lipoic Antioxidant, iron Decreases the level of ROS; elevates the GPX4 expressions; decreases mitogen-activated protein [70,181]
acid chelator kinase and nuclear factor kappa B (NF-kB) signaling; activates NLRP3 inflammasome; secretes pro-
inflammatory cytokines, reduces iron overload
Quercetin Antioxidant Inhibits the generation of nitric oxide, suppresses NF-kB signaling, eliminates ROS and several [185-190]
oxidizing substances; decreases iron overload
Baicalein Antioxidant Decreases various inflammatory cytokines such as IL-6, TNF-«, and IL-1f; provides protection against [191,192,
0OS-induced damage, suppresses OS; suppresses glutathione (GSH) depletion, lipid peroxidation 194]
(LPO), and phosphatidylethanolamine oxidation
Puerarin Antioxidant Inhibits ROS production; regulates p38 MAPK-CREB pathway; suppresses iron overload; regulates [197,198]
iron homeostasis
Vitamin E Antioxidant Decreases synthesis of signaling molecules, signaling cascades, and transcription factors; terminates  [202,204,
LPO; neutralizes peroxidative free radicals 206]
Coenzyme Q10 Antioxidant Degrades IkBa and nuclear translocation of p65 by decreasing prostaglandin E2 generation and [211,212,

cyclooxygenase-2 expression; suppresses NF—«B signaling; downregulates several pro-inflammatory ~ 215]
mediators; decreases propagation and initiation of LPO; upregulates GSH
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the role of ferroptosis and associated inflammation in neurological disorders and advance the development of novel therapeutic agents
which will be effective in treating and preventing inflammation and ferroptosis in NDs.
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