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ABSTRACT

Selenoprotein GPX4 (glutathione peroxidase 4), originally known as PHGPX (phospholipid hydroper-
oxide glutathione peroxidase), is the main oxidoreductase in the use of glutathione as a reducing
agent in scavenging lipid peroxidation products. There are three GPX4 isoforms: cytosolic (cGPX4),
mitochondrial (mGPX4), and nuclear (hGPX4), with distinct spatiotemporal expression patterns during
embryonic development and adult life. In addition to inducing the main phenotype of ferroptosis,
the loss of GPX4 can in some cells trigger apoptosis, necroptosis, pyroptosis, or parthanatos, which
mediates or accelerates developmental defects, tissue damage, and sterile inflammation. The inter-
action of GPX4 with the autophagic degradation pathway further modulates cell fate in response to
oxidative stress. Impaired GPX4 function is implicated in tumorigenesis, neurodegeneration, inferti-
lity, inflammation, immune disorders, and ischemia-reperfusion injury. Additionally, the R152H muta-
tion in GPX4 can promote the development of Sedaghatian-type spinal metaphyseal dysplasia, a rare
and fatal disease in newborns. Here, we discuss the roles of classical GPX4 functions as well as
emerging GPX4-regulated processes in cell death, autophagy, and disease.

Abbreviations: AA: arachidonic acid; cGPX4: cytosolic GPX4; CMA: chaperone-mediated autophagy;
DAMPs: danger/damage-associated molecular patterns; mGPX4: mitochondrial GPX4; nGPX4: nuclear
GPX4; GSDMD-N: N-terminal fragment of GSDMD; I/R: ischemia-reperfusion; PLOOH: phospholipid
hydroperoxide; PUFAs: polyunsaturated fatty acids; RCD: regulated cell death; ROS: reactive oxygen
species; Se: selenium; SSMD: Sedaghatian-type spondylometaphyseal dysplasia; UPS: ubiquitin-

ARTICLE HISTORY
Received 17 March 2023
Revised 19 May 2023
Accepted 22 May 2023

KEYWORDS

Lipid peroxidation;
oxidoreductase; cell death;
autophagy

proteasome system

Introduction

Cell death takes many forms and is not only involved in
normal tissue development and homeostasis, but also triggers
pathological inflammatory responses [1]. Regulated cell death
(RCD) refers to a large class of cell death forms that can be
controlled by genetic and pharmacological approaches [2].
Uncontrolled oxidative stress is a common signal involved
in the initiation or execution phases of cell death [3]. One of
the common manifestations of oxidative stress is damage to
the plasma membrane and membrane-bound organelles,
which not only affects cell function, but even leads to cell
lysis [4]. This process is associated with lipid peroxidation,
which is one of the major consequences of free radical-
mediated damage to membrane structures [5]. In addition to
macroautophagy (hereafter referred to as autophagy), some
enzymatic and non-enzymatic antioxidants defend against
oxidative damage to maintain cellular homeostasis and tissue
development. However, uncontrolled autophagy can also
cause cell death, which is referred to as autophagy-
dependent cell death [6]. Understanding the context-
dependent relationship between the autophagy pathway and
cell death and the key regulator of this interplay may establish
new approaches for the treatment of human diseases.

GPX (glutathione peroxidase) is a protein superfamily that
carries cysteine as a redox-active residue in the catalytic site
[7]. The human GPX family contains eight isoforms with
distinct tissue expression, structure, substrate specificity, and
function [8]. Mammalian GPX1, GPX2, GPX3, and GPX4 are
selenoenzymes; in humans, GPX6 is a selenoprotein, whereas
in rodents the protein is present as a cysteine-containing
homolog [9] (Figure 1). GPX4, originally known as PHGPX
(phospholipid hydroperoxide glutathione peroxidase), was
initially purified in porcine liver or heart in 1982 as
a peroxidation-inhibiting protein on liposomes and biological
membranes in the presence of glutathione (GSH) [10]. We
now know that GPX4 reduces a variety of oxidative substrates
(e.g., organic and hydroperoxides and hydrogen peroxide),
thereby protecting cells from oxidative damage [8]. gpx4 glo-
bal knockout mice exhibit embryonic lethality, whereas gpx4-
related conditional knockout mice also display selective devel-
opmental defects, increased cell death, or disease susceptibility
(Table 1).

In this review, we first describe the structure and function
of GPX4, then outline the novel roles of GPX4 in cell death
and autophagy, and finally discuss the impact of GPX4 on
embryonic development and disease.
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GPX1 GPX2 GPX3 GPX5 GPX6 GPX7 GPX8 GPX4
Tissue specificity Widespread Gastroin- Kidney Epididymis  Epididymis Widespread Widespread Widespread,
testinal especially
tract testis
Cellular localization Cytosol Cytosol Secreted Secreted Secreted Cytosol Cytosol Cytosol
Mitochondria Nucleus Mitochondria
Nucleus
Structure type Homote- Homote- Homote- Homote- Homote- Monomer  Monomer Monomer
tramer tramer tramer tramer tramer
Molecular mass 22 kD 21.9kD 22.5 kD 25.2 kD 24.9 kD 20.9 kD 23.8 kD 19-34 kD
Peroxidic residue Sec Sec Sec Cys Sec Cys Cys Sec

Figure 1. Differences among GPX family members. Briefly, human GPX members can be divided into groups of selenoproteins (GPX1, 2, 3, 4, and 6) and non-
selenoproteins (GPX5, 7, and 8) with different subcellular locations, spatial structures, and molecular masses.

GPX4 structure, isoform, and function

Structurally, GPX4 has a typical thioredoxin motif, comprised
of four a-helices and 7 b-strands located near the protein
surface, 5 of which cluster together to form a central
b-sheet. GPX4 contains the conserved catalytically active tet-
rad observed in other GPX selenozymes this is comprised of
selenocysteine  (Sec46), glutamine (GIn81), tryptophan
(Trpl36), and asparagine (Asnl37) [42]. The stability of
Sec46 is controlled by GIn81 and Trpl36 via hydrogen-
bonding and electrostatic interactions. Although Asnl137 is
responsible for catalytic activity, mutation of any of the resi-
dues in the tetrad inhibits GPX4 activity [42]. A mutation of
selenocysteine to cysteine reduces the activity of GPX4 by
90%. The structure of the GPX4 monomer lacks an internal
extension of 20 amino acids that is conserved in the tetra-
meric GPX enzyme, which encodes a loop around the active
site to prevent the entry of complex substrates into the active
site [8]. Therefore, the activity of GPX4 is not only affected by
a single amino acid, but also by its spatial structure.

GPX4 can be expressed in a variety of tissues, with the
highest content in the testis, affecting the development and
function of sperm [43]. GPX4 is present as three physiological
isoforms: cytosolic (cGPX4), mitochondrial (mGPX4), and
nuclear (nGPX4; Figure 2). The structural integrity of mam-
malian sperm chromatin depends on nGPX4, whereas cGPX4
is required for embryonic survival and development
[18,22,23,26]. In addition to protecting from infertility,
mGPX4 limits cell death induced by mitochondrial reactive
oxygen species (ROS) or oxidized a-ketoisocaproic acid (a
metabolic intermediate in the tricarboxylic acid/TCA cycle)
[44,45]. ¢GPX4 can be translocated into the nucleus [11];
mGPX4 contains an N-terminal 27 amino acid mitochondria-
targeting sequence [46]; and nGPX4 has a canonical nuclear
localization signal, but more importantly lysine/arginine rich
domains (similar to that in protamines) which facilitates
nGPX4 binding to sperm DNA enabling oxidation of
cysteines in protamines [47]. In the liver tissue of humans
and mice with metabolic-associated fatty liver disease, lipid
stress induces the expression of a non-canonical transcript

variant of GPX4, known as iGPX4 [48]. This variant plays
an opposing role by promoting oxidative stress and ferropto-
sis, due to its ability to maintain GPX4 in inactive oligomers
[48]. Further understanding of the localization sequences and
regulatory signals of different GPX4 isoforms may lead to new
therapeutic strategies to protect against oxidative damage.
The main function of GPX4 is to use GSH as a co-factor to
resist lipid peroxidation, thereby protecting the integrity of the
membrane (Figure 3). GPX4 serves as a critical antioxidant
peroxidase, reducing phospholipid hydroperoxide (PLOOH),
even when the latter is incorporated in membranes and lipo-
proteins. In addition to using GSH to eliminate toxic PLOOH,
GPX4 can reduce thymine hydroperoxide, cholesterol hydro-
peroxide, and fatty acid hydroperoxide, protecting cells from
oxidative damage [49,50]. Structural and biochemical studies
have demonstrated that GPX4 interacts with the polar head of
phospholipids, allowing it to bind to bilayer membranes [51]. In
addition to inhibition of hydroperoxide-dependent reactions,
GPX4 has the additional function of inhibiting the activity of
the ALOX (arachidonate lipoxygenase) family [52]. However,
whether ALOX is a key mediator of lipid peroxidation induced
by GPX4 deficiency is debated [20,27]. Consequently, the dys-
function of GPX4 in preventing lipid peroxidation can trigger
various types of RCD and tissue damage (discussed below).
Another unique function of GPX4 compared to other GPX
family members is the regulation of embryonic development in
mammals. In mouse models, gpx4”~ embryos die in utero by mid-
gestation (E7.5) [11,12]. In contrast, the global depletion of GPX1,
GPX2, or GPX3 in mice produces no embryonic lethality. Because
GPX4 ablation or inaction is embryonically lethal, only hetero-
zygous or conditional knockout mice can be analyzed (Table 1).
There are two reported Gpx4 genes, Gpx4a and Gpx4b. The
dynamics of GPX4B expression suggest its proper role in funda-
mental developmental processes compared to GPX4A [53].
However, GPX4B inhibits dorsal organizer formation via interact-
ing with LEF1 (lymphoid enhancer binding factor 1) and decreas-
ing conserved Wnt-Ctnnbl/B-catenin signaling in zebrafish
embryos, which is independent of its selenoprotein activation
[54]. In addition, mGPX4 deficiency impairs hindbrain develop-
ment and induces cerebral apoptosis [55]. Silencing the expression



Table 1. Developmental and disease phenotypes associated with GPX4 deficiency in mice.
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Name Annotation Isoform Allele Phenotype Salvage Reference
gpx4”~ mice  Mice that are homozygous  Constitutive Homozygous Embryos die at E7.5 NA [11,12]
for a gpx4 null allele
Gpx4+ mice Mice that are heterozygous  Constitutive Heterozygous 50% reduction in GPX4 expression and Culture under low oxygen [13]
for a gpx4 null allele sensitivity to oxidative stress
GPX4 activity and selenium concentrations Administration of paraquat [14]
are lower in mouse tissues
Longer median lifespan and reduced/ NA [15]
delayed severity of age-related
pathologies, such as fatal neoplastic
lymphoma and glomerulonephritis
GPX4 activity is 50% reduced in lung NA [16]
fibroblasts and is susceptible to oxidative
cytotoxicity
ngpx4 KO mice Mice with a targeted deletion nGPX4/ Homozygous Defective chromatin condensation and NA [17]
of the nGpx4 gene nPHGPx abnormal morphology in spermatozoa
Easier depolymerization of spermatozoa at NA [18]
all stages of epididymal maturation and
accelerated dispersion of sperm chromatin
in oocytes
mgpx4-KO Mice with a targeted deletion mGPX4 Homozygous Retinal degeneration and photoreceptor ~ Administration of vitamin E [19]
mice of the mGpx4 gene apoptotic death
Inducible gpx4- Inducible loss of Gpx4 in the Constitutive Homozygous Massive lipid peroxidation and cell death  Reconstitution of wild-type [20]
KO mice kidney (apoptosis and ferroptosis) occur GPX4, adding a-tocopherol,
or the knockdown of
AIFM1
Massive lipid peroxidation and cell death ~ Administration of [21]
(apoptosis and ferroptosis) occur liproxstatin-1
Neuron-specific Knockout of Gpx4 in mouse  Conditional Homozygous Neuron-specific gpx4-KO mice exhibits NA [20]
gpx4-KO cerebral cortex and irregular gait at P10 and a hyperexcitable
mice hippocampus phenotype at P12
Tg(sGPX4)/ Mice that are null for Constitutive Homozygous Rescue the lethal phenotype of gpx4-null ~ NA [22]
gpx4-/- mice endogenous Gpx4 but
express a short form of the
GPX4 protein
mgpx4-KO Mice specifically deficient in  mGPX4 Homozygous Impaired sperm quality and structural Intracytoplasmic sperm [23]
mice mitochondrial Gpx4 abnormalities lead to infertility injection
Retinal degeneration Vitamin E-enriched diet [19]
Spermatocyte-  Depletion of Gpx4 in murine Conditional Homozygous Mice are infertile and have significantly NA [24]
specific spermatocyte reduced sperm counts
gpx4-KO
mice
Keratinocyte-  Depletion of Gpx4 in murine Conditional Heterozygous Epidermal hyperplasia, dermal Adding celecoxib to the [25]
specific keratinocyte inflammatory infiltrates, malformed hair  diet
gpx4-KO follicles, and alopecia in perinatal mice
mice
Gpx4_U46S Mice express a catalytically ~ Constitutive Homozygous Died at embryonic stage E7.5 NA [26]
mice inactive mutant form of Gpx4 Heterozygous Subfertility and damaged sperm
gpx4 KO Homozygous gpx4-knockout Constitutive Homozygous Mice are not viable, but undergo NA [27]
Sec46Ala- mice expressing intrauterine resorption between E 6 and E7
Gpx4+/+ a catalytically inactive Gpx4 Heterozygous Mice are viable, fertile and show no major
knockin mutant (Sec46Ala) phenotypic changes
mice
TAgpx4/Agpx4 T cell-specific gpx4-deficient  Conditional Homozygous T cells lacking Gpx4 fail to expand and Diet supplementation of [28]
mice mice protect against infection high dosage of vitamin E
gpx4-NIKO Conditional ablation of Gpx4 Conditional Homozygous Rapid motor neuron degeneration and Administration of [29]
mice in neurons paralysis liproxstatin-1
Mx1-cre Loss of Gpx4 in murine Conditional Homozygous Develop necroptosis-related anemia Administration of vitamin [30]
/Gpx4F/F hematopoietic cells E or knockout of Ripk3
(Gpx44)
mice
Hepatocyte- Depletion of Gpx4 in murine Conditional Homozygous Die shortly after birth and present Vitamin E-enriched diet [31]
specific hepatocyte extensive hepatocyte degeneration
gpx4-KO
mice
gpx4-BIKO Mice with conditional Conditional Homozygous Exhibit significant deficits in spatial Administration of [32]
mice deletion of Gpx4 in forebrain learning, memory function, and cognition liproxstatin-1
neurons
gpx4Mye-/- Myeloid cell-specific gpx4- Conditional Homozygous Susceptible to pyroptosis-related lethal Administration of vitamin [33]
mice knockout mice infection E, PLCG1 inhibitor, genetic
Casp11 deletion, or Gsdmd
inactivation
Gpxdcys/cys Mice with a targeted Conditional Homozygous Exhibit severe spontaneous seizures or NA [34]
mice mutation of the catalytically hyperactivity; Gpx4”*¥* mice survive until

active Sec to Cys of Gpx4

the pre-weaning stage only on a mixed
genetic background

(Continued)
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Table 1. (Continued).

Name Annotation Isoform Allele Phenotype Salvage Reference
gpx4fl/fl;,Cd19-  Mice with gpx4 deletion in  Conditional Homozygous Significant decrease in marginal zone NA [35]
Cre mice B cells B cells and splenic B1 cells, and
subsequent decrease in antibody response
to infection
Pdx1-Cre; Mice with gpx4 deletion in  Conditional Homozygous Increased sensitivity to pancreatitis Administration of [36]
gpx4flox/ pancreas induced by cerulean or a Lieber-DeCarli olanzapine
flox mice alcoholic liquid diet
Promote pancreatitis induced by cerulean Administration of [37]
or L-arginine liproxstatin-1
Pdx1-Cre; Mice with gpx4 deletion in Promote Kras®'?°-driven tumorigenesis
KrasG12D/+; KrasG12D-driven pancreatic
gpx4—/— cancer
mice (KCG
mice)
gpx4fl/fl,LysM-  Mice with gpx4 deletion in ~ Conditional Homozygous Increased sensitivity to ferroptosis Exposure to nitric oxide [38]
cre mice macrophages following IL4 overexpression and
nematode infection
MRL/Ipr mice  Mice with neutrophil-specific Conditional Homozygous Systemic lupus erythematosus features Administration of [39]
Gpx4 haploinsufficiency including autoantibodies, neutropenia, liproxstatin-1
skin lesions, and proteinuria
T-KO mice Mice with gpx4 deletion in  Conditional Homozygous Peripheral CD8* T cells are severely Selenium supplementation [40]
CD4+ T cells reduced, but CD4* T cells display relatively
normal naive and effector cell populations
in unchallenged mice
Col2a1-CreERT; Mice with gpx4 deletion in  Conditional Homozygous Aggravate the development of Administration of CoQ10 [41]
gpx4flox/ osteoarthritis model osteoarthritis and inhibition of calcium
flox mice channels
(gpx4-CKO
mice)
Cellular localization Gene structure Function
_ cGPX4 N g E_a_n_a_a_n_c * Promotes embryonic
survival and development
Cytosol  CTSS (+25)~ ~CATG (+82) * Inhibits cell death
« Promotes male fertilit
GPxa )+— maPx4  n——RTR BB E0-ER-c s cell deatn
Mitochondria mTSS (-147) — mATG (+1)
* Promotes male fertility
— nGPX4 N—F_H_B_H_n'c * Inhibits cell death
Nucleus NnTSS (+406)~ — nATG (+418)

Figure 2. GPX4 isoenzymes. The GPX4 protein has three isoforms (cGPX4, mGPX4, and nGPX4) encoded by distinct 1a and 1b exons. They exhibit overlapping and

distinct functions in regulating development and cell death.

of nGPX4 leads to retardation in atrium formation [55]. Thus,
GPX4 has unique protective functions in development and life that
other GPX members may not be able to replace.

GPX4 expression and modification

GPX4 contains eight exons, including alternative la and 1b
(Figure 2). The first 5“translational start site is present in exon la
producing the long form mGPX4; a second translation start site
exists closer to the 3” end and is used to generate the short form
c¢GPX4. The translational start site for nGPX4 is present within the
alternative exon 1b. All GPX4 isoforms share exon 2, 3,4, 5, 6,and 7.
Of note, the in-frame TGA opal stop codon that codes for Sec
insertion is contained within exon 3. GPX4 expression is dependent

on the availability of Sec, which is encoded by the stop codon UGA.
The 3 UTR of selenoprotein mRNA contains a conserved stem loop
structure called the Sec insertion sequence/SECIS element; the Sec
insertion sequence is required for UGA to be recognized as a Sec
codon instead of a stop [56]. The re-coding of highly specific UGA
codons from stop signals to Sec is driven by selenocysteinyl-tRNA>*
, which is synthesized from selenophosphate [57].

Statins are inhibitors of isopentenyl pyrophosphate bio-
synthesis and are used as anticholesterol drugs that preferen-
tially  affect  selenocysteinyl-tRNA%*“-mediated ~ GPX4
biosynthesis [58]. Selenium released as a product from the
degradation of other selenoproteins may increase Gpx4
mRNA stability and protein synthesis under conditions of
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Both the UPS and autophagy are involved in GPX4 protein degradation.

selenium deficiency [59]. Furthermore, GPX4 expression is
regulated by multiple transcription factors, such as SP1 (Spl
transcription factor) and TFAP2A/AP2 (transcription factor
AP-2 alpha), in specific cells or conditions [9] (Figure 4A).
Posttranslational modifications play complex roles in reg-
ulating protein expression and activity. GPX4 can be modified
by ubiquitination on Lys47, Lys80, Lys107, Lys135, Lys162,

and Lys167 or by phosphorylation on Ser40, Ser13, and Tyr
96 or by succination at Cys93 [60] or by alkylation at Cys107
[61] (Figure 4B). However, whether these posttranslational
modifications are critical for GPX4 function remains uncer-
tain. Regardless, a variety of small-molecule compounds or
drugs can affect the expression of GPX4, most of which cause
GPX4 degradation [62]. Further understanding the signals
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and mechanisms of GPX4 degradation may help in develop-
ing specific GPX4 inhibitors or activators.

The ubiquitin-proteasome system (UPS) is the primary
mechanism for the degradation of short-lived proteins and acts
through a multilevel cascade consisting of E1, E2, and E3
enzymes. Conversely, deubiquitinases/DUBs remove ubiquitin
chains from substrate proteins, counteracting the activity of E3
ligases, thereby stabilizing the targeted proteins. The alladium
pyrithione complex is a broad-spectrum inhibitor of deubiqui-
tinases that induces apoptosis and ferroptosis in human non-
small cell lung cancer cells in part through GPX4 degradation
[63]. Similarly, increased GPX4 ubiquitination by DMOCPTL,
a natural product parthenolide derivative, induces ferroptosis
and apoptosis in human triple-negative breast cancer cells [64].
DMOCPTL can bind to the GPX4 active site (Sec73Cys) [64,65],
highlighting that DMOCPTL results in the direct degradation of
GPX4. Another natural small molecule, bufatalin, also promotes
ubiquitination and degradation of GPX4 and subsequent ferrop-
tosis in human non-small cell lung cancer cells [66].
Environmental carcinogens (e.g., benzo[a]pyrenediol epoxide/
BPDE [67]) and electrophilic dopamine quinone [68] are poten-
tial factors to induce UPS degradation of GPX4. Another non-
classical degradation inducer of the GPX4 protein is a missense
mutation in the gene encoding its synthase and its pathogenic
variant (the R152H variant), suggesting that Lys125/Lys127 are
sites for ubiquitin ligation and subsequent degradation [69,70].
Besides the UPS, the activation of autophagy, including chaper-
one-mediated autophagy [71], mediates GPX4 degradation to
suppress tumor growth or cause tissue damage by activating
ferroptosis [71-76] (discussed below, Figure 4C).

Some binding proteins affect GPX4 protein degradation
and activity. For example, unlike the autophagic GPX4 degra-
dation mediated in breast cancer cells by the binding of
HSP90 (heat shock protein 90) to GPX4 [71], the upregulation
of HSPA5/BIP (heat shock protein family A (Hsp70) mem-
ber 5) prevents GPX4 degradation through protein-protein
interactions in pancreatic cancer cells [77]. A small-scale
RNAIi screen identified SMG9 (SMGY9 nonsense mediated
MRNA decay factor), a component of the nonsense-
mediated mRNA decay/NMD machinery, that promotes fer-
roptosis by binding and promoting GPX4 degradation in
cancer cells through a nonsense-mediated mRNA decay-
independent manner [78]. The linear ubiquitination assembly
complex, consisting of RNF31/HOIP (ring finger protein 31)
and SHARPIN (SHANK associated RH domain interactor),
binds and stabilizes GPX4 protein in mouse fibroblasts under
normal or oxidative stress conditions [79]. Furthermore, mass
spectrometry identified the redox-regulated adaptor protein
YWHAE/14-3-3¢ as a protein that competitively inhibits the
interaction of GPX4 with its small-molecule inhibitor RSL3
through a conformational transition of GPX4 [80]. These
findings also raise the hypothesis of whether changes in the
spatial conformation of GPX4 affect its protein degradation
[81]. Although the mechanisms that enable GPX4 expression
or degradation in response to drug treatment are well under-
stood, much more is to be learned of the complex regulatory
processes that control GPX4 levels during pathological
conditions.

GPX4 metabolic mechanism

As first reported in 1963 [82], lipid peroxidation generally
refers to the process by which oxidants (such as free radicals)
attack the unsaturated carbon bonds of lipids, especially those
found in polyunsaturated fatty acids (PUFAs) [83]. GPX4 has
broader substrate recognition specificity than other GPX
enzymes in response to lipid peroxidation on PUFAs. Below,
we discuss the three main types of metabolic pathways that
GPX4 is involved in.

GSH metabolism

GSH is the most abundant low-molecular weight thiol in
mammalian cells and plays a well-known antioxidant function
[84]. Two cytosolic enzymes, GCLC/y-GCS (glutamate-
cysteine ligase catalytic subunit) and GSS (glutathione synthe-
tase), sequentially catalyze the synthesis of GSH from glycine,
cysteine and glutamate in the presence of adenosine 5-
triphosphate/ATP (Figure 3) [84]. Buthionine sulphoximine/
BSO is an inhibitor of GCLC and therefore lowers GSH
concentrations. In addition, enteral or parenteral cystine,
methionine, N-acetyl-cysteine, and L-2-oxothiazolidine-4-car-
boxylate are effective precursors of cysteine for tissue GSH
synthesis [84]. With regard to degradation, GSH is degraded
in an extracellular manner followed by GSH export and is
hydrolyzed by GGT/gamma-glutamyltranspetidase. GPX4
exhibits catalytic oxidation-reduction steps involving redox
shuttling of the Sec active site between oxidized and reduced
states. This redox state change of GPX4 is associated with
a change between the reduced form GSH or the oxidized GSH
disulfide form/GSSH, which ultimately converts toxic PLOOH
to chemically inert lipid alcohols/PLOH [85]. Therefore, the
depletion of GSH typically results in inactivity of GPX4 [86].
This dimerization of GPX4 and GSH is reversible by reduc-
tion. The amino acid antiporter system xc is a heterodimeric
complex composed of SLC7A11 (solute carrier family 7 mem-
ber 11) and SLC3A2 (solute carrier family 3 member 2) that
typically mediates the exchange of extracellular cystine and
intracellular glutamate across cell membranes. System xc™-
mediated cystine uptake promotes not only GSH synthesis,
but also GPX4 protein synthesis through activating MTOR
(mechanistic target of rapamycin kinase), a regulator of lipid
metabolism and autophagy, indicating a crosstalk between
autophagy and ferroptosis [87,88].

Arachidonic acid metabolism

The lipid arachidonic acid (AA) is a major component of cell
membranes, is a PUFA and is primarily metabolized by three
families of enzymes: by PTGS1/COX (prostaglandin-
endoperoxide synthase 1) to form prostaglandins and throm-
boxanes, by ALOX to form leukotrienes, and by CYP (cyto-
chrome P450 family) enzymes to form epoxides [89]. These
three pathways allow AA to be converted into a range of
metabolites that can trigger different inflammatory responses
[90]. GPX4 promotes inflammation resolution by eliminating
oxidative species produced via an AA metabolic network [91].
An w-6 PUFA AA-enriched Western diet was recently found



to be a risk for inflammatory bowel disease [92]. Cytokines
triggered by PUFAs and AAs are restricted to GPX4, which
suppresses ferroptosis (discussed below) rather than controls
AA metabolism [93]. Collectively these findings suggest that
the activation of GPX4 can be used as an anti-inflammatory
strategy, although there is little evidence that GPX4 can be
released into the extracellular space as a danger signal.

Selenium metabolism

There exist at least 25 selenoproteins containing selenium (Se) as
the amino acid Sec [94]. The synthesis of Sec requires serine and
inorganic Se (Se™); it is encoded by the UGA stop codon and its
incorporation involves a unique tRNA. The main form of Se
found in food is selenomethionine in which Se substitutes for
sulfur in methionine [95]. Selenomethionine is not made in
animals, which cannot distinguish it from methionine, resulting
in its nonspecific incorporation into a wide range of Se-
containing proteins [95]. GPX4 is a selenoprotein that links
selenium to cellular homeostasis by inhibiting ferroptosis [34].
Decreased selenium levels increase cellular ferroptosis vulner-
ability and cause ribosome stalling due to inefficient translation
at the GPX4 Sec UGA codon; this leads to an increase in
ribosomal collisions, and premature termination of translation
as well as UPS-dependent clearance of the N-terminal GPX4
fragment [96].

GPX4 and cell death

As one of the major antioxidant enzymes, GPX4 is
a component in protecting cells and tissues from free radical
damage and is therefore essential for cell survival. In contrast,
GPX4 deficiency is associated with the course of several
RCDs, especially ferroptosis, which will be covered in the
following sections (Figure 5).
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Apoptosis

Apoptosis was originally described as a programmed cell
death that occurs in multicellular organisms [97]. CASPs
(caspases) comprise a family of proteases that play a central
role in apoptosis because of their activity to cleave specific
target proteins, although caspase-independent apoptosis also
occurs in some cases [97]. In general, there are two main ways
to initiate caspase-dependent apoptosis: through intrinsic and
extrinsic pathways [98]. The intrinsic pathway is controlled by
the BCL2 protein family, which regulates apoptosis sensitivity
through the control of mitochondrial membrane permeability
and subsequent release of mitochondrial proteins, such as
CYCS (cytochrome C, somatic) and DIABLO/SMAC (diablo
IAP-binding mitochondrial protein) [99]. The extrinsic path-
way is activated by the binding of a cell surface death receptor
(such as FAS [Fas cell surface death receptor], TNFRSF1A/
TNFR1 [INF receptor superfamily member 1A], or
TNESF10/TRAIL [TNF superfamily member 10]) to its corre-
sponding ligand, leading to CASP8 activation [97]. Finally,
intrinsic and extrinsic pathways can activate a common effec-
tor CASP (e.g., CASP3 or CASP7) to trigger apoptosis.
Numerous early studies have shown that GPX4 acts as an
anti-apoptotic factor in vitro and in wvivo [100-102].
Mechanistically, the overexpression of GPX4 protects cells
from mitochondrial pathway-mediated apoptosis by blocking
mitochondrial release of CYCS, inactivating CASP3, and inhibit-
ing hydroperoxide production [15,100,102-105] (Figure 5A). In
vivo, mGPX4 knockout mice exhibit a cone-rod dystrophy-like
phenotype, where the loss of cone photoreceptors precedes the
loss of rod photoreceptors due to apoptosis [19]. Among the
hydroperoxides, cardiolipin hydroperoxide is the most highly
inhibited by GPX4 [86,106]. GPX4 depletion in mouse embryo-
nic fibroblasts and in neurons causes lipid peroxidation and
AIFM1/AIF  (apoptosis-inducing factor, mitochondrion-
associated 1)-mediated and caspase-independent apoptosis
[20]. However, CRISPR-mediated knockout of AIFM1 fails to
protect cells from GPX4 depletion-induced ferroptosis [107].
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Mitochondria ROS PARP1
i RIPK1 CASP1/11 |~ GPX4 ¢ ¢
cycs)  GPx4 i PUFAs AIFM1) - GPX4
¢ RIPK3) - GPX4 GSDMD ¢
¢ ¢ T - Nuclear translocation
ipid peroxidation - GPXx4
CASP3 N-GSDMD (PLOOH)

MLKL

v

Membrane rupture

v

Necroptosis

v

Substrate cleavage

v

Apoptosis

v
v

Membrane rupture

Pyroptosis

AIFM1_ MIF

v

Membrane rupture

v

Ferroptosis

Chromatinolysis

v

Parthanatos

Figure 5. GPX4 and cell death. Regulated cell death mechanisms have been studied in a wide range of oxidative stress models. The overexpression of GPX4 blocks
cell death, whereas GPX4 depletion induces cell death in a cell-type and stimulus-dependent manner. For example, GPX4 has been demonstrated to be a negative
regulator of apoptosis (A), necroptosis (B), pyroptosis (C), ferroptosis (D), or parthanatos (E).
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Functionally, GPX4 disruption results in short life span, the
failure of embryonic brain development, and male infertility, in
part due to increased apoptosis [15,23,108,109]. These studies
establish a role for GPX4 in blocking CASP-dependent and -
independent apoptosis, which is associated with tissue develop-
ment. It is still uncertain how to distinguish CASP-independent
apoptosis from non-apoptotic cell death when they share some
common regulators, such as AIFM.

Necroptosis

Necroptosis is another mode of RCD that mimics the
features of apoptosis and necrosis, as discovered in studies
of TNF (tumor necrosis factor) signaling under CASP
inhibition [110]. Briefly, TNF can induce CASP-
independent necrosis through a mechanism involving
RIPK1 (receptor interacting serine/threonine kinase 1).
Necrostatins are necrosis inhibitors that target RIPK1,
providing evidence that TNF-induced necrosis is regulated
by a kinase, and this process is termed necroptosis [111].
Subsequent studies reveal that RIPK1 and RIPK3 (receptor
interacting serine/threonine kinase 3) are key upstream
kinases that initiate necroptosis through the phosphoryla-
tion of executor protein MLKL (mixed lineage kinase
domain like pseudokinase) by multiple regulators [112].
Finally, phosphorylated MLKL oligomerizes and translo-
cates to membranes, leading to the disruption of cell
membranes and organelle membranes, which results in
cell death and leakage of intracellular contents [110,112].
Although many pathological stimuli can trigger necropto-
sis, the most typical pathway for inducing necroptosis is
TNF and FAS signaling, in which CASP8 inhibition acti-
vates necrosomes (a multi-protein complex containing
RIPK1, RIPK3, and MLKL) to trigger necroptosis [113].
This process is regulated by oxidative stress signals, espe-
cially mitochondrial ROS [114].

A transgenic animal study of the development of anemia
using GPX4 depletion in erythrocyte precursors provides the
first evidence of GPX4 in inhibiting necroptosis, but not
ferroptosis [30] (Figure 5B). Rescue experiments reveal that
the administration of vitamin E, but not a ferroptosis inhibi-
tor and an iron chelator, suppresses anemia in mice caused by
the conditional depletion of GPX4 in red blood cell precursors
[30]. Furthermore, the knockout of Ripk3 prevents the devel-
opment of anemia with decreased lipid peroxidation caused
by the conditional depletion of GPX4 in erythrocyte precur-
sors [30]. However, the depletion of ALOX12 and ALOX15
does not affect GPX4 depletion-induced erythropoiesis. In
addition to necroptosis, the role of GPX4 in erythropoiesis
may also be related to mitophagy to clear damaged mitochon-
dria [30]. In other cases, the overactivation of mitophagy by
the mitochondrial complex I inhibitor BAY 87-2243 triggers
necroptosis and ferroptosis in melanoma cells [115]. These
findings raise additional questions about how dysfunctional
mitochondria trigger both CASP-independent necroptosis
and ferroptosis. Additional work may be required to elucidate
whether lipid peroxidation products affect the posttransla-
tional modification of necroptotic regulatory proteins.

Pyroptosis

Pyroptosis is a regulated form of necrosis that occurs primar-
ily due to the activation of CASP1- and CASP11-dependent
inflammasomes in macrophages and monocytes [116].
Furthermore, the cleavage of GSDMD (gasdermin D) by
CASP1 and CASP11 to produce an N-terminal fragment of
GSDMD (GSDMD-N) is a key event driving infection-
associated pyroptotic cell death [117]. Increased GSDMD-N
binds to lipids on the inner leaflet of the plasma membrane;
the resulting pores cause cellular lysis. Other GSDM family
members play cell-type-dependent roles in mediating pyrop-
tosis after cleavage by different enzymes, not only CASP1 or
CASP11 [118]. Targeting pyroptosis is an attractive strategy to
limit lethal infection or enhance antitumor immunity [119].

gpx4™*”" mice (myeloid cell-specific gpx4-knockout mice)
are susceptible to lethal infection [33]. Although the antiox-
idant vitamin E protects against septic death, only the admin-
istration of caspase inhibitors (Z-VAD-FMK and
wedelolactone), but not other cell death inhibitors (ferrosta-
tin-1 or necrostatin-1) prevents septic death in gpx4™*’" mice
[33]. The knockout of Caspll in myeloid cells also confers
similar protection in septic gpx4™*" mice [33] (Figure 5C).
CASPI11-mediated noncanonical inflammasome activation in
pyroptosis requires two signals. Signal 1 (also known as the
priming signal) is mediated by the transcriptional expression
of pro-IL1B (interleukin 1 beta) and pro-CASP11 through the
activation of the NFKB/NF-«B (nuclear factor kappa B) path-
way [118]. Signal 2 relies on CASP11-dependent cleavage of
GSDMD to generate activated GSDMD-N [118]. The deletion
of Gpx4 in myeloid cells produces lipid peroxidation that
affects only signal 2, but not signal 1 [33]. CASP1-
dependent NLRP3 (NLR family pyrin domain containing 3)
inflammasome is also inhibited by GPX4, indicating that
GPX4 has a broad role in inhibiting pyroptosis [33].
Recently, GPX4 was identified as one of the target genes of
MIRI1656 in the regulation of pyroptosis in kidney tissue of
broiler chicks [120]. Combined with other pyroptotic genes,
GPX4 can be used to build a prognostic model for diseases
including malignancies, requiring further clinical validation
[121,122]. A major future challenge will be to determine
exactly how GPX4 regulates membrane oxidative damage
under different inflammatory conditions.

Ferroptosis

Currently, the most comprehensive understanding of GPX4’s
role in cell death is through ferroptosis, which shares similar
mechanisms with the initial concept of oxytosis [123].
Ferroptosis was originally described as iron-dependent non-
apoptotic cell death induced by compounds that selectively
kill RAS-mutant cancer cells [124]. This oxidative death is
characterized by an increase in lipid hydroperoxide and
occurs in both cancer cells and normal tissues [125,126].
The process requires ACSL4 (acyl-CoA synthetase long
chain family member 4)-mediated incorporation of PUFAs
into phospholipids [127-129], which is further controlled by
various antioxidant and oxidative pathways [130]. The phar-
macological induction of ferroptosis mainly involves



inhibition of the SLC7A11-GPX4 pathway, whereas the com-
pounds ferrostatin-1 or liproxstatin-1 exhibit strong antiox-
idant activities in blocking ferroptosis [85,131,132]. The
extrinsic ferroptotic pathway involves the use of erastin, sul-
fasalazine, or sorafenib to inhibit SLC7A11-mediated cysteine
uptake in the cell membrane, and subsequent GSH synthesis
in the cytoplasm. The intrinsic ferroptosis pathway is com-
pleted by directly inhibiting GPX4 activity using compound
RSL3, ML210, or FIN56. Other ferroptosis inducers, such as
FINO2, are involved in the activation of iron accumulation
[133]. Most ferroptosis inducers lead to GPX4 degradation,
suggesting that the protein degradation pathway favors fer-
roptosis [62].

Although both ¢GPX4 and mGPX4 can inhibit ferroptosis
under different conditions [45,85], the first evidence that gpx4
gene deletion induces ferroptosis was reported after an
induced disruption of GPX4 in mouse embryonic fibroblast
cells (also known as Pfal cells) [21]. Subsequent conditional
knockout mouse models showed that GPX4 expression in
different organs or cells, such as kidney [21], pancreas [36],
T cells [28], or B cells [35], prevents ferroptosis-related tissue
damage, sterile inflammation, or immune responses
(Figure 5D). Our understanding of GPX4-related ferroptosis
modulation in different cell types also involves hepatocyte
degeneration, neuroinflammation, myocardial infarction,
tumorigenesis, and tumor therapy [134-136]. The importance
of GPX4’s utilization of cysteine to suppress ferroptosis is
further confirmed by embryonic and tissue development stu-
dies using GPX4<*Y* mice, a tool to study the difference
between thiolate- and selenolate-based GPX4 catalysis [34].
Given that many GPX4-independent antioxidant systems have
been identified in ferroptosis [132], synergistic or comple-
mentary functions involving these different antioxidant path-
ways need to be further assessed.

Parthanatos

Parthanatos is triggered by excessive oxidative damage caused
by genotoxic stress or excitotoxicity, which leads to hyperac-
tivation of poly (ADP-ribose) polymerase (PARP). The first
identification of parthanatos was in 2006 when hyperglycemia
was found to increase mitochondrial ROS production and
DNA damage in diabetes models [137]. The PARP-
dependent nuclear translocation of AIFM1 from mitochon-
dria induces DNA breakage, ultimately leading to cell death
through the formation of an AIFM1-MIF complex. This pro-
cess is now associated with various diseases, such as
Parkinson’s disease, stroke, heart attack, and diabetes [138].
Cyclophosphamide, an alkylating agent, induces degradation
of GPX4, which results in AIFM1-dependent parthanatos that
suppresses tumor growth [139]. However, it does not trigger
lipid peroxidation-mediated ferroptosis [139] (Figure 5E).
These findings offer further insights into the relationship
between oxidative damage, GPX4 degradation, and cell
death outcomes, which can be context-dependent. Further
studies are needed to investigate whether the GPX4-
mediated regulation of parthanatos is a widespread mechan-
ism that also occurs in other disease models.
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GPX4 and autophagy

Autophagy is an evolutionarily conserved degradation
mechanism that includes three subtypes: macroautophagy,
microautophagy, and chaperone-mediated autophagy (CMA)
[140]. Mammalian macroautophagy degrades various sub-
strates, including damaged organelles, dysfunctional proteins,
and invading pathogens [141]. The autophagy machinery
relies on the ATG (autophagy related) protein family, which
forms distinct protein complexes to control the generation of
the membrane compartments that are the morphological and
functional hallmark of this process [142]. These include pha-
gophores that engulf various cargos and mature into double-
membrane autophagosomes, which fuse with lysosomes to
become autolysosomes; the latter degrade the cargos and
release the breakdown products into the cytosol for reuse
[143]. In many cases, elevated autophagy is a survival-
promoting defense mechanism, but unlimited autophagy
causes oxidative stress-related cell death [144]. Recently, fer-
roptosis has been considered a type of autophagy-dependent
cell death due to the selective autophagic degradation of anti-
ferroptosis proteins (e.g., ferritin [145,146], BMAL1/ARNTL
[basic helix-loop-helix ARNT like 1] [147], SLC40A1/ferro-
portin-1 [39], or GPX4 [71] as well as organelles [e.g., lipid
droplets] [148]). In addition to involving classic autophagy
upstream kinases, such as the inhibition of MTOR [88] and
the activation of AMP-activated protein kinase/AMPK
[149,150], the process of autophagy-dependent ferroptosis
requires certain specialized proteins, such as TMEM164
(transmembrane protein 164) [76] and HPCALI1 (hippocalcin
like 1) [151]. Below, we summarize the interplay between
GPX4 and autophagy, which determines cell death sensitivity.

Regulation of GPX4 by autophagy

The transmembrane protein TMEMI164 is located in the
plasma membrane and that of various organelles. In certain
cancer cells, TMEM164 is needed for the formation of the
ATGI12-ATG5-ATG16L1 complex and subsequent degrada-
tion of GPX4 induced by ferroptosis activators (such as era-
stin or RSL3) (Figure 6) [76]. However, ATG9A, not
TMEM164, mediates the ATG12-ATG5-ATG16L1 complex
assembly induced by starvation [76]. HPCALL, rather than
SQSTM1/p62 (sequestosome 1), is a specific autophagy recep-
tor involved in CDH2 (cadherin 2) degradation for ferroptosis
in cancer cells [151]. Conversely, TAX1BP1 (Taxl binding
protein 1) specifically mediates autophagic degradation of
GPX4 in copper-induced ferroptosis, unlike SQSTMI-
mediated GPX4 degradation in response to erastin [151].
Mechanistically, exogenous copper increases the ubiquitina-
tion and aggregate formation of GPX4 by directly binding to
cysteines in GPX4, Cys107 and Cys148, leading to subsequent
recognition by TAX1BPI1 [151]. While the precise mechan-
isms linking copper and ferroptosis are still being studied,
autophagy plays a multifaceted role in regulating metal-
dependent cell death [152].

In addition to macroautophagy, interactions between
GPX4 and HSPA8/HSC70 (heat shock protein family
A (Hsp70) member 8) or LAMP2A (lysosomal associated
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Figure 6. GPX4 and autophagy. Autophagy is a dynamic degradation process that involves the formation of multiple membrane structures. In addition to the
classical autophagic machinery, the induction of autophagy-dependent ferroptosis requires specific proteins, such as TMEM164, which is responsible for the
formation of phagophores for autophagosome generation. The selective degradation of pro-survival proteins or organelles by autophagy promotes ferroptosis,
including the passive release of DAMPs. On the other hand, the early secretion of inflammatory mediators such as DCN during ferroptosis is involved in secretory
autophagy mediated by the fusion of the plasma membrane. The autophagic degradation of GPX4 is mediated by different mechanisms. For example, copper and
erastin can promote GPX4 degradation by using autophagic receptors TAXIBP1 and SQSTM1, respectively. In addition to macroautophagy, CMA also mediates GPX4
degradation in response to erastin. This process can be inhibited by phosphorylated CKB at T133, which leads to GPX4 phosphorylation at S104.

membrane protein 2A) can promote CMA-mediated GPX4
degradation in HT1080 cancer cells [71]. The inhibition of
CMA-mediated GPX4 degradation can occur through CKB
(creatine kinase B)-mediated phosphorylation of GPX4 at
serine 104 residue [153]. Because GPX4 is overexpressed in
multiple cancers, inducing autophagy-dependent GPX4
degradation could be a different approach to anticancer ther-
apy compared to inhibiting autophagy to trigger apoptosis.

Regulation of autophagy by GPX4

Because ROS can trigger different autophagy pathways, the anti-
oxidant GPX4 is also a potential regulator of autophagy. The
overexpression of GPX4 reduces cardiolipin peroxidation and
prevents the formation of PLOOHs in the cytosol and mitochon-
dria in response to photodynamic stress, thereby inhibiting auto-
phagosome formation [154]. L-carnitine, a compound produced
in the body from lysine and methionine, reduces intracellular ROS
and GSH levels and increases GPX4 mRNA levels, thereby enhan-
cing autophagy and developmental capacity in aged oocyte
embryos [155]. In yeast, 12-hydroxyeicosatetraenoic acid (which
is probably a product of GPX4 depletion in mammals) is
a substrate for Atg8 (MAP1LC3 [microtubule-associated protein
1 light chain 3] in mammalian cells) lipidation required to activate
autophagy [156]. Further elucidation of the dynamic relationship
between autophagy, lipid metabolism, and GPX4 is important for
understanding cell fate [140,157].

GPX4 in disease

Impaired GPX4 activity is often positively associated with
increased oxidative stress and RCD in disease. Therefore, targeting

GPX4 for lipid homeostasis is a valuable approach to maintaining
human health [158]. In this section, we discuss the pathological
functions and potential applications of GPX4 inhibition, most of
which are related to studies on ferroptotic damage.

Cancer

On the one hand, tissue damage associated with cell death leads
to chronic inflammation, which is a high risk for tumorigenesis.
On the other hand, the induction of cell death is the main
principle of anticancer therapy. Consistent with this concept,
GPX4 plays a dual role in tumor initiation and progression
(Figure 7). Numerous studies have shown that GPX4 inhibitors
enhance sensitivity to chemotherapy, radiotherapy, and immu-
notherapy by inducing ferroptosis [159]. For example, enhanced
ferroptosis by GPX4 inhibition increases the sensitivity of color-
ectal cancer to oxaliplatin, non-small-cell lung cancer to lapati-
nib, hepatocellular carcinoma to sorafenib, and Epstein-Barr
virus-infected nasopharyngeal carcinoma to platinum [160-
163]. Of note, recent studies suggest that sorafenib may have
no effect on triggering ferroptosis in cancer cells [164] and
ferroptosis is a non-immunogenic form of cell death [165].
Inhibiting GPX4 is also a new way to kill cancer persister
cells, the small subset of cancer cells that survive treatment
and resume growth after the drug is removed [166]. Recently,
researchers developed GPX4 protein degradation strategies to
promote ferroptotic cancer cell death. One is the use of
a photodegradation targeting chimera/PDTAC, which selec-
tively and efficiently degrades GPX4, resulting in ferroptosis
and potent antitumor immunity [167]. Another designed
GPX4 degrader, namely dGPX4, which depletes GPX4 via pro-
teasomal protein degradation, shows a 5-fold enhancement of
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Figure 7. Dual roles of GPX4 in cancer. The loss of GPX4 results in cell death and tissue damage. On the one hand, chronic inflammation may occur, leading to
DAMP-mediated macrophage polarization in the tumor microenvironment, which can promote tumor growth. On the other hand, acute cell death caused by the loss
of GPX4 can clear tumor cells and release DAMPs, activating anti-tumor immunity. GPX4 is widely expressed in cancer cells and immune cells, including DCs, CD8
T cells, and neutrophils. However, current GPX4 inhibitors are nonselective and can also cause immune cell death, leading to inhibition of anti-tumor immunity.

efficiency in triggering ferroptosis compared to the GPX4 inhi-
bitor ML162 [168]. Because GPX4 can be expressed in antitu-
mor immune cells (such as T cells [28], dendritic cells [169], and
neutrophils [170]) and immunosuppressive cells (e.g., Treg
[171]), nonselective targeting of GPX4 may cause immune
side effects during preclinical cancer therapy. However, the
completion of studies with human participants is needed to
draw conclusions about the side effects.

GPX4 depletion-induced ferroptosis accelerates KRAS-
driven pancreatic tumorigenesis by activating certain inflam-
matory pathways, resulting in the polarization of macro-
phages for tumor growth [37,172]. This process is mediated
by danger/damage-associated molecular patterns (DAMPs),
which are endogenous danger-signaling molecules released
from dead or dying cells. It has been reported that at least
two DAMPs, namely mutant KRAS protein [172] and the
DNA oxidation product 8-hydroxyguanosine/8-OHG [37],
are released by ferroptotic cells to mediate macrophage polar-
ization through the activation of AGER/RAGE (advanced
glycosylation end-product specific receptor) and STING1/
STING/TMEM173 (stimulator of interferon response
cGAMP interactor 1) pathways, respectively. In early stages
of erasin or RSL3 treatment of pancreatic cancer cells, the
release of the proteoglycan DCN (decorin) is associated with
secretory autophagy (Figure 6) [173]. However, in later stages,
DCN is released passively due to plasma membrane rupture.
The release of DCN contributes to inflammation as well as

antitumor immunity [173]. While these studies are promising,
researchers need to collect more data before they can recom-
mend different strategies to target DAMPs for enhancing or
inhibiting antitumor immunity.

Neurodegenerative disease

Neurodegeneration is an age-related pathological condition
that results in the loss of neural structure and function,
often accompanied by abnormal cell death, including apop-
tosis, necrosis, necroptosis, oxytosis, and ferroptosis. GPX4
facilitates neuronal differentiation in mice after birth
[20,174,175]. The ablation of GPX4 in forebrain neurons
[32] and spinal motor neurons [29] promotes a loss of
spatial learning and memory function, and accelerates the
progression of motor neuron disease in mouse models.
More specifically, a ferroptosis inhibitor and vitamin
E diet ameliorate hippocampal neurodegeneration in fore-
brain neurons in mice that have undergone a conditional
knockout of Gpx4 [32]. In addition, conditional ablation of
neuronal GPX4 via tamoxifen treatment in adult mice (3-4
months of age) results in a striking paralysis phenotype
associated with motor neuron degeneration with ferropto-
sis-like features, whereas neurons in the cerebral cortex are
unaffected [29]. After brain injury, the induction of GPX4
can inhibit further cellular damage caused by ferroptosis
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[29]. Thus, in this context, the induction of GPX4 expres-
sion and activity may be a strategy to protect against
neurodegenerative diseases, such as Alzheimer and
Parkinson diseases [176,177].

Inflammatory and autoimmune disorders

Sepsis is a potentially life-threatening disease caused by
microbial infection and subsequent multiple organ dysfunc-
tion [118]. As previously discussed, GPX4 expression in mye-
loid cells (especially macrophages) limits CASP1-CASP11-
mediated inflammasome activation and GSDMD-dependent
pyroptosis, thereby preventing a cytokine storm and septic
death during bacterial infection [33]. GPX4 also exhibits
activity to inhibit inflammatory NFKB pathway activation
and proinflammatory mediator production (e.g., production
of IL1B and PTGS2/COX2 [prostaglandin-endoperoxide
synthase 2]) in various experimental models, such as angio-
genesis and hair follicle development [25,178]. A mouse
model with conditional knockout of Gpx4 in T cells displays
a phenotype of accumulated membrane lipid peroxides, lead-
ing to an intrinsic defect in protecting against acute lympho-
cytic choriomeningitis virus and Leishmania major parasite
infections [28]. Interestingly, peripheral T-cell survival, but
not thymic T-cell survival and T-cell memory function, are
affected by GPX4 depletion, supporting the idea that GPX4 is
context-dependent for T-cell differentiation and function
[28]. B1 and marginal zone B cells play a key role in prevent-
ing autoimmunity by producing regulatory cytokines and
natural antibodies, and die from ferroptosis in the absence
of GPX4 [35]. GPX4 depletion-mediated ferroptosis may be
associated with COVID-19 [179], an infectious disease caused
by a recently identified coronavirus [180]. A deficiency in
GPX4 in the pancreas or small intestine can lead to pancrea-
titis [36] and inflammatory bowel disease [93]. Furthermore,
the ablation of GPX4 in neutrophils exacerbates the develop-
ment of autoimmune diseases, such as systemic lupus erythe-
matosus, by inducing ferroptosis [39]. Mechanistically,
autoantibodies and type 1 interferon IFNA production during
the latter disease reduce GPX4 expression through the tran-
scriptional repressor CREM (cAMP response element modu-
lator) [39]. Overall, these conditional GPX4-depletion models
suggest that GPX4 has a broad regulatory role in preventing
inflammatory and autoimmune diseases.

Dietary selenium plays a functional role in inflammation
and immunity, primarily through the incorporation of sele-
nium into selenoproteins. Selenium deficiency can lead to
GPX4 downregulation and oxidative immune stress in
chicken thymus [181]. Human follicular helper T cells are
prone to ferroptosis due to GPX4 deficiency, and selenium
supplementation reverses this process [40]. The genetic deple-
tion of the ferroptosis effector ACSL4 restores the viability of
immune cells, such as CD8" T cells [182]. Therefore, the
inhibition of ferroptosis by GPX4 may be a strategy for
maintaining immune cell numbers during innate or adaptive
immune responses. The involvement of GPX4 in immune cell
differentiation requires further characterization.

The STINGI sensing pathway has emerged as a next-
generation immunotherapy target in the fields of infection
and immunity [183]. Hyperactivation of STINGI is also
a bridge between the autophagy response and cell death
[184]. A complex relationship exists between GPX4 and
STINGI, and key checkpoints of it remain unknown. On the
one hand, STINGI mediates inflammation induced by GPX4
depletion-triggered ferroptosis injury [37]. As a negative feed-
back mechanism, excessive lipid peroxidation can inhibit
STING1 activation through lipid-aldehyde 4-hydroxynone-
nal/4-HNE binding to STINGI, resulting in STING1 carbo-
nylation at Cys88 [185]. Cys88 is a key residue for final
palmitoylation required for STINGI trafficking to the Golgi
for STINGI activation [185]. On the other hand, STINGI1-
mediated autophagy and MFNI (mitofusinl)-MFN2-
dependent mitochondrial fusion can increase ferroptosis sen-
sitivity to various stimuli, including GPX4 inhibitors [186]. In
the future, a comprehensive evaluation of the combination of
STING1- and GPX4-targeted drugs for immune-related dis-
eases is required.

Infertility

The process in which germ cells in the seminiferous tubules of
the testis develop into haploid spermatozoa is referred to as
spermatogenesis, and is physiologically finely regulated by
oxidative stress. GPX4 (especially nGPX4 and mGPX4) is
strongly expressed in testes and sperm, thereby ensuring
male fertility. The nGPX4 is required for the structural integ-
rity of mammalian sperm chromatin and is responsible for
sperm maturation [18,47]. In addition, the nulling of mGPX4
also leads to male infertility in mice due to abnormal sperm
maturation, but mGPX4 depletion fails to cause animal death
[23]. mGPX4 does not rescue the lethal phenotype in gpx4-
null mice, but protects sterile mice expressing cGPX4 in the
gpx4-null background [22]. Furthermore, GPX4, especially
mGPX4, is the major selenoenzyme for spermatogenesis in
the testis [23,187]. Selenium deficiency increases GPX4-
mediated lipid peroxidation and subsequent apoptotic cell
death in germ cells [109]. An inactive mutant form of GPX4
(the heterozygote of Gpx4_U46S) produces reduced litter size
resulting from heterozygous reproduction and impaired
sperm fertilization of oocytes in vitro [26]. Overall, decreased
GPX4 expression or impaired GPX4 activity cause sperm
apoptosis, leading to male fertility. Accordingly, selenium is
an essential nutrient for maintaining spermatogenesis.

Ischemia-reperfusion injury

Ischemia-reperfusion (I/R) injury is a pathological condition
requiring physicians to manage local tissue damage and pre-
vent systemic inflammation. DAMPs are immune mediators
of cell death-induced I/R damage. Ferroptosis is also asso-
ciated with I/R injury in multiple organs [188]. Although it
remains controversial whether ferroptosis is the ultimate cau-
sative factor for the condition, the overexpression of GPX4
prevents I/R damage in certain tissues by limiting lipid per-
oxidation [189]. The depletion or inhibition of GPX4 expres-
sion can accelerate I/R damage. For example, the



downregulation of GPX4 expression by Mir135b-3p promotes
cardiomyocyte I/R injury [190]. Statin-induced selective
downregulation of selenoprotein (including GPX4) expression
leads to increased sensitivity of hepatocytes to peroxides by
preventing mevalonate-dependent maturation of a single
human Sec-tRNA [191]. As a gut microbiota metabolite,
capsiate induces GPX4 expression and inhibits ferroptosis-
related intestinal I/R injury [40]. Reducing a high-fat diet
prevents I/R damage mediated by GPX4 downregulation in
the liver of obese mice [192,193]. Furthermore, bicyclol and
glycyrrhizin prevent ferroptosis-induced liver and brain
injury, respectively, by activating the GPX4 pathway in vivo
[194,195]. The duration of ischemia determines the level of
production of toxic oxidized lipids during liver I/R injury,
such as phosphatidylcholine hydroperoxide/PC-OOH and
phosphatidylethanolamine hydroperoxide/PE-OOH  [196].
Investigators must further evaluate the production of different
lipid peroxidative metabolites and their impact on systemic
inflammation during I/R injury.

Sedaghatian-type spondylometaphyseal dysplasia

Sedaghatian-type spondylometaphyseal dysplasia (SSMD) is
a rare neonatal lethal disease characterized by severe meta-
physeal chondrodysplasia with shortened limbs, cardiore-
spiratory deficits, and central nervous system abnormalities.
Most of the affected infants die of respiratory failure within
a few days of birth. Although more mutations in GPX4
(especially truncating ones) lead to SSMD, the development
of SSMD is strongly associated with R152H mutations of
GPX4, resulting in loss of enzymatic activity [70]. In contrast,
selenium supplementation, selective antioxidants, and deuter-
ated PUFAs can alleviate the pathological changes of SSMD in
mice [69]. These genetic studies provide the only available
evidence linking GPX4 mutations to human disease, making
GPX4 a rare disease target. Additional studies are needed to
determine how pediatricians can appropriately recommend
these selenium-rich food strategies to patients with SSMD.

The implication of GPX4 inhibitors

Inhibitors of GPX4 have been developed and studied as
potential cancer therapeutics, as well as for other ferroptosis-
related diseases. GPX4 inhibitors are classified into two main
types: GPX4 activity inhibitors and GPX4 protein degraders.
RSL3, ML210, ML162, and FIN56 are among the most used
GPX4 inhibitors to induce ferroptosis. For instance, RSL3
triggers ferroptotic cell death (with an IC50 of 0.01 uM in
HRAS“"?V-expressing BJeHLT cells) by inducing a lethal
accumulation of lipid hydroperoxides [85]. RSL3 reduces
tumor volume in various mouse xenograft models, with dif-
fuse large B cell lymphomas and renal cell carcinomas being
the most sensitive [85]. ML210, a selective covalent inhibitor
of cellular GPX4, is a potential anticancer agent in cancers
that are resistant to conventional chemotherapy [58,197].
JKE-1716, a derivative of ML210, is a GPX4 inhibitor contain-
ing nitrolic acid, which effectively inhibits the growth of
multiple cancer cell lines [198]. ML162, which is selectively
lethal to mutant RAS oncogene-expressing cells (with IC50s of
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25 and 578 nM for HRAS®'*"-expressing and wild-type RAS-
expressing BJeHLT cells, respectively), is another GPX4 inhi-
bitor to suppress tumor cell proliferation [197]. Recently,
a study has suggested that RSL3 and ML162 may not directly
inhibit GPX4, but instead target TXNRD1 (thioredoxin reduc-
tase 1) [199]. The study used pure enzyme system and thermal
stabilization assays to arrive at this conclusion, which chal-
lenges the previously reported mechanism of RSL3 and
ML162 inducing ferroptosis [199]. FIN56 induces ferroptosis
in cancer cells by promoting the degradation of GPX4 protein
and reducing the abundance of coenzyme Q10 [200].
Moreover, some chemicals, nanomedicines, natural products,
and clinical agents have been found to induce GPX4 degrada-
tion via either autophagy-dependent or UPS-dependent path-
ways, although these inhibitors may also impact other
molecular targets [62]. The use of GPX4 inhibitors in vivo
(in living organisms) presents several challenges, particularly
due to the risk of excessive systemic toxicity caused by non-
selective inhibition of GPX4.

Conclusion and perspective

The production of oxidizing species, including ROS, can
damage DNA, proteins, lipids, and carbohydrates, and even
lead to cell death. Multiple protective mechanisms, including
integrated antioxidant systems, are activated to remove free
radicals and their toxic products. In this review, we summar-
ized the function and modification of GPX4, a second sele-
noprotein found in animals, in preventing oxidative damage,
particularly in various types of RCD. Selenium-dependent
GPX4 plays a unique role in detoxifying lipid peroxides com-
pared to other antioxidant enzymes in the body. Although
lipid peroxidation plays a major role in mediating ferroptosis,
this biochemical response to oxidative damage also occurs in
other types of RCD [201,202]. While degradation of GPX4 by
autophagy can enhance ferroptosis sensitivity, the drug and
cellular selectivity of this pathway has largely remained
unclear.

We also highlighted that GPX4 dysfunction is associated
with a variety of developmental abnormalities and pathologi-
cal conditions. In addition to common human diseases, such
as cancer and neurogenerative diseases, GPX4 has been impli-
cated in spermatogenesis and the pathogenesis of the rare
genetic disease SSMD, as its mutation or downregulation
reduces enzymatic activity. This knowledge may provide
new strategies for targeting the GPX4 pathway to prevent
developmental, inflammatory, or aging-related diseases.

Despite these advances in understanding GPX4 biology,
several important questions remain to be answered. How
does GPX4 have tissue or cell selectivity to prevent
a different RCD? The process of cell death is a complex
interconnected process involving multiple molecules. The
absence of one molecule may briefly result in a phenotype,
but from an evolutionary perspective, other molecules would
have evolved to take over its function. Not all conditional
GPX4 mouse models produce spontaneous disease pheno-
types on a normal diet, although a vitamin E-depleted diet
accelerates the pathogenic phenotype of cell death [31].
While vitamin E is thought to act primarily as a chain-
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breaking antioxidant to prevent the spread of lipid peroxida-

tion,

other nutrient regulatory functions certainly occur

[203]. Indeed, in some cases, vitamin E supplementation
does not completely prevent iron-dependent lipid peroxida-

tion

[204]. Are GPX4-mediated antioxidant functions

required for the physiological functions of all tissues? Is
there a Se-independent function of GPX4 in oxidative
damage? How can we selectively target GPX4 only in cancer
cells, but not normal cells? How can we overcome the side
effects of GPX4 inhibitors, including covalent inhibitors? No
specific GPX4 activator is currently available. There is also
a need to further understand the pathological role of auto-
phagy-dependent GPX4 degradation in oxidative or reduc-
tive cell death [205].
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