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Parkinson’s disease (PD) and Alzheimer’s disease (AD) are the most common rapidly developing
neurodegenerative diseases that lead to serious health and socio-economic consequences. Ferroptosis is a non-
apoptotic form of cell death; there is growing evidence to support the notion that ferroptosis is involved in a variety
of pathophysiological contexts, and there is increasing interest in the role of ferroptosis in PD and AD.
Simultaneously, cells may have evolved four defense systems to counteract the toxic effects of ferroptosis

occasioned by lipid peroxidation.
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| 2. Cellular Defense System for Ferroptosis

Iron is a crucial trace element involved in a variety of biological processes, including DNA synthesis, cellular
respiration, and immune function, and is essential for the survival of living organisms . In normal healthy cells,
iron homeostasis is tightly regulated to balance systemic uptake, distribution, cellular uptake, storage, and export 2
Bl jmbalance in iron homeostasis is a key cause of ferroptosis, which is often accompanied by excessive cellular
iron uptake and the release of intracytoplasmic iron, such as ferritin phagocytosis €. The core events of
ferroptosis involve increased iron accumulation, impaired lipid repair systems, and lipid peroxidation, ultimately
leading to membrane disruption and cell death [, Intracellular GSH depletion and reduced GPX4 activity, the
inability of lipid peroxides to be metabolized by GPX4-catalyzed reduction reactions, and the generation of large
amounts of reactive oxygen radicals (ROS) by Fe2* via the Fenton reaction increase intracellular and lipid oxidative
stress levels B9, The lethal accumulation of lipid peroxides in cell membranes can eventually yield membrane
damage and rupture, which leads to ferroptosis, damage to cell membrane structure’s, and severe effects on

various organelle functions [LLI22I13]

Accordingly, cells may have evolved four defense systems to counteract the toxic effects of ferroptosis induced by
lipid peroxidation (141, The most notable defense mechanism against ferroptosis is mediated by GPX4, which acts
as a lipid peroxidase, reducing toxic lipid peroxides from cell membranes to nontoxic lipid alcohols, thereby
alleviating ferroptosis 138171 |y addition, ferroptosis suppressant protein 1 (FSP1) acts as a REDOX reductase
to inhibit GPX4-independent ferroptosis by reducing coenzyme Q (CoQ) to dihydroubiquione (CoQH,) on the
plasma membrane. Subsequently, CoQH, acts as a lipophilic radical to trap antioxidants; thus, lipid peroxy radicals
are detoxified (1819 GPX4 acts synergically with dihydrowhey dehydrogenase (DHODH) to convert CoQ to
CoQH,; thus, lipid peroxidation and ferroptosis are inhibited 2921, Finally, GTP cyclohydrolase 1 (GCH1) mediates
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the synthesis of the powerful endogenous antioxidant tetrahydrobiopterin/dihydrobiopterin (BH4/BH>), which inhibits

ferroptosis in a manner independent of GPX4 2223l The specific regulatory mechanism is depicted in Figure 1.
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Figure 1. Mechanisms of ferroptosis cellular defense systems. Shows the four cellular defense systems of
ferroptosis. GR, glutathione reductase; GSH, glutathione; GSSG, glutathione disulfide; GPX4, glutathione
peroxidase 4; CoQH,, dihydroubiquione; CoQ, coenzyme Q; FSP1, ferroptosis suppressant protein 1; DHODH,
dihydrowhey dehydrogenase; GCH1, GTP cyclohydrolase 1; DHFR, dihydrofolate reductase; BHy,,
tetrahydrobiopterin; BH», dihydrobiopterin; PL-OO, phospholipid hydroperoxide; PL-OH, phospholipid alcohols; and
NADPH, nicotinamide adenine dinucleotide phosphate. (Modified from [22123]),

| 2. GPX4-Mediated Cellular Defense System

GPX4 (i.e., glutathione-dependent peroxidase) is a member of the GPXS family. Glutathione peroxidase (GPX),
which is a highly conserved evolutionary enzyme, utilizes reduced glutathione (GSH) as a cofactor to detoxify lipid
peroxidation 1811712611271 GSH, the main cofactor of GPX4, is a tripeptide composed of glutamate, cysteine, and
glycine Bl In contrast, the synthesis of GSH entails an amino acid reverse transporter protein (System Xc-) that
mediates the uptake of cystine in exchange for intracellular glutamate and is a heterodimer consisting of two
subunits, namely, SLC7A11 and SLC3A2 [28], System Xc-, which is widely distributed in phospholipids, exchanges
glutamate and cystine in a 1:1 ratio, with cystine being taken up into cells, where it is reduced to cysteine 22, GSH
is then utilized as a cofactor for GPX4, which acts as a lipid peroxidase, reducing lipid peroxides to lipid alcohols;
thus, propagation of lipid peroxidation in the membrane is limited . Therefore, GPX4 is one of the most crucial
defense mechanisms for the cellular detoxification of lipid peroxides. GPX4 activity is essential for maintaining lipid

homeostasis in cells, preventing the accumulation of toxic lipid ROS and maintaining redox homeostasis 22,
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GPX4 knockdown may lead to substantial cell death and cell degeneration (e.g., hepatocytes and neurons), which
can be alleviated by ferroptosis inhibitors. GPX4-regulated ferroptosis is involved in cancer development and
progression Bl drug-resistant persistent cells are highly dependent on GPX4 for survival, and loss of GPX4
function leads to cellular ferroptosis and prevents drug resistance; thus, a novel avenue of cancer therapy is
proposed 2. GPX4-ablation-induced ferroptosis is responsible for cognitive impairment and neurodegeneration in
neurodegenerative diseases and can be ameliorated by ferroptosis inhibitors B3], Regarding tissue or cellular injury,
the inhibition of ferroptosis by adaptive GPX4 upregulation provides protection against the various adverse factors
that contribute to the injury 2483 Overall, GPX4 crucially facilitates the regulation of ferroptosis, affecting the

development and progression of a wide range of diseases.

| 3. FSP1-Mediated Cellular Defense System

GPX4 is the main enzyme regulating ferroptosis; however, a number of cancer cell lines (e.g., non-small cell lung
cancer PC9, melanoma A375, and Kuramochi ovarian cancer JCRB cells) are resistant to GPX4 inhibitors L2321[36]
(37138 and the sensitivity to ferroptosis induced by GPX4 inactivation varies considerably between cancer cell
types, which indicates that a parallel ferroptosis defense system to GPX4 may exist 28, In U-2 OS osteosarcoma
cells treated with GPX4 inhibitor 1S, 3R-RSL3 (hereafter RSL3), a CRISPR/Cas9 screening was conducted using
apoptosis and a cancer single-stranded RNA (sgRNA) subpool to identify FSP1 as a potent ferroptosis defense
factor (18, FSP1 expression was positively correlated with resistance to multiple GPX4 inhibitors (RSL3, ML210,
and ML162), and the protective effect of FSP1 against cell death was specific to ferroptosis and not to cell death
induced by cytotoxic compounds and/or pro-apoptotic conditions 22, FSP1 functions as an NADH-dependent
coenzyme Q10 (CoQ10) oxidoreductase; it converts CoQ in the cell membrane to CoQH, B4 which acts as a

lipophilic radical-trapping antioxidant that prevents ferroptosis from occurring and is unique in this role 411,

FSP1 was originally named flavoprotein apoptosis-inducing factor mitochondrial-associated 2 (AIFM2) because it is
homologous to apoptosis-inducing factor (AIF or AIFM1), a mitochondrial pro-apoptotic protein 2. However, FSP1
lacks the N-terminal mitochondrial targeting sequence in AlF, is not located in mitochondria, and does not promote
apoptosis. Therefore, AIFM2 was renamed FSP1 81191 Although the mechanism of regulation with FSP1 is not
appropriately understood, the level of resistance to ferroptosis is positively correlated with the level of FSP1
expression in many cultured human cancer cell lines, and the overexpression of FSP1 protects cancer cells from
ferroptosis both in vivo and in vitro 28, FSP1 exists as an independent parallel system that can be utilized with
GPX4 to inhibit phospholipid peroxidation and ferroptosis 43, FSP1 is a molecular target that facilitates neural
repair, and administration of phenylephrine treatment can inhibit ferroptosis in mice after cerebral hemorrhage by
upregulating FSP1, thereby reducing white matter damage and promoting the recovery of motor and coordination
abilities 44, Experiments with human cartilage and mouse chondrocytes show that FSP1 treatment attenuates the
development of osteoarthritis in GPX4 knockout mice 42!, Ginsenoside Rg1 alleviates sepsis-induced acute kidney
injury, probably by inhibiting ferroptosis in tubular epithelial cells in the kidney via FSP1. Ginsenoside Rg1l reduced
iron content, ferroptosis-related protein, and MDA levels, increased GPX4, FSP1, and GSH levels, and inhibited

lipid peroxidation and ferroptosis responses. In addition, the inhibitory effect of ginsenoside Rgl on ferroptosis
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response was counteracted by FSP1 knockdown. In cellular experiments, ginsenoside Rgl increased the viability
of renal tubular epithelial cells and reduced iron accumulation and lipid peroxidation during ferroptosis; its anti-
ferroptosis activity was dependent on FSP1. Ginsenoside Rgl alleviated sepsis-induced acute kidney injury,
possibly by inhibiting ferroptosis in renal tubular epithelial cells in the kidney via FSP1 4847 |n conclusion, FSP1
plays different roles in various diseases and may be a good molecular target; the upregulation of FSP1 or the

stabilization of FSP1 expression could provide a novel direction for the treatment of related diseases.

| 4. DHODH-Mediated Cellular Defense System

DHODH is an inner mitochondrial membrane enzyme, an enzyme essential for the de novo biosynthesis of
pyrimidine-based nucleotides, which catalyzes the de novo synthesis of pyrimidine ribonucleotide and crucially
affects the metabolism of cancer cells 4843 DHODH catalyzes the oxidation of dihydroorotic acid (DHO) to
orotate, which is essential for the production of uridine-5-phosphate (UMP), and DHODH inhibition leads to
pyrimidine depletion; thus, the cell lacks the essential nucleotides it requires 24, DHODH-CoQ10 and
mitochondrial (MGPX4) act as local mitochondrial defense systems, inhibiting mitochondrial lipid peroxidation and
preventing ferroptosis. DHODH couples with the reduction of CoQ10 to CoQ10H, after the oxidation of DHO to
whey acid 49, CoQ10H, acts as a radical-trapping antioxidant, reducing lipid ROS in the inner mitochondrial
membrane. DHODH and mGPX4 form the two main defense arms to inhibit lipid peroxidation in the mitochondrial
membrane, which must be disabled to promote mitochondrial lipid peroxidation and induce ferroptosis 5. DHODH
has been extensively analyzed as a potential target for cancer therapy due to the increased demand for
nucleotides by rapidly proliferating cells #2. DHODH exhibits a unique function in attenuating mitochondrial lipid
peroxidation and ferroptosis, which is independent of its traditional role in the production of pyrimidine nucleotides.
The inactivation of DHODH sensitizes GPX4-high cancer cells to ferroptosis inducers and enhances ferroptosis in
GPX4-low cancer cells 2. Mechanistically, DHODH acts in parallel with GPX4, independent of other pathways, to
inhibit ferroptosis through the reduction of CoQ to CoQHs,.

| 5. GCH1-Mediated Cellular Defense System

To identify alternative approaches to ferroptosis regulation, a set of novel ferroptosis suppressor genes was
identified through a genome-wide activation library screen, which culminated in the identification of a novel GCH1-
centred ferroptosis suppressor axis 22, Tetrahydrobiopterin (BH,) is an active cofactor involved in redox processes
and exhibits antioxidant properties both in vitro and in vivo 28, Overexpression of GCH1, the synthetic rate-limiting
enzyme of BH,, not only abolished lipid peroxidation but also exhibited strong protection against the two ferroptosis
inducers (i.e., RSL3 and IKE) and against ferroptosis induced by the absence of GPX4, independently of other
ferroptosis-related antioxidant systems 241551381 Fyrthermore, GCH1 did not protect against apoptosis induced by
apoptosis inducers, which indicated that GCH1 could act as a selective target for ferroptosis 7. Elevated levels of
CoQ10, a potent antioxidant that neutralizes lethal lipid peroxidation by trapping free radicals, were found in GCH1-
overexpressing cells 22, A subsequent metabolic analysis of GCH1 overexpression cells indicated that BH, was

responsible for the effective anti-ferroptosis effect of GCH1 overexpression and that the supplementation of GCH1
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knockout cells with BH,/BH, was sulfficient to rescue the cells from ferroptosis; however, it was observed that this

BH, function did not considerably influence its protective effect against ferroptosis 4. In conclusion, GCH1, which

acts as a ferroptosis defense system, prevents the onset of ferroptosis and acts independently of known

ferroptosis-pathway-related proteins.
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