L))

Check for
u

ipdates
Review Article Page 1 of 15

The critical role and molecular mechanisms of ferroptosis in
antioxidant systems: a narrative review

Meng Liu"’, Xiao-Yu Kongl’z, Yuan Yao"?, Xin-An Wangl’z, Wei Yangl’z, Hui Wu'?, Song Li"?,
Jia-Wang Ding"?, Jian Yang"*

'Department of Cardiology, The First College of Clinical Medical Science, China Three Gorges University, Yichang, China; “Institute of
Cardiovascular Diseases, China Three Gorges University, Yichang, China

Contributions: (I) Conception and design: XA Wang; (II) Administrative support: M Liu; (IIT) Provision of study materials or patients: XY Kong, Y
Yao; (IV) Collection and assembly of data: M Liu, XY Kong, Y Yao; (V) Data analysis and interpretation: M Liu; (VI) Manuscript writing: All authors;
(VII) Final approval of manuscript: All authors.

Correspondence to: Dr. Xin-An Wang. Department of Cardiology, The First College of Clinical Medical Science, China Three Gorges University,
Yichang, China; Institute of Cardiovascular Diseases, China Three Gorges University, Yichang, China. Email: wangxa2013@163.com.

Background and Objective: Ferroptosis is a recently discovered form of cell death which differs from
other forms of cell death in terms of morphology, biochemistry, and regulatory mechanisms. Ferroptosis
is regulated by a complex system and the precise molecular mechanisms are still being elucidated. Over
the past few years, extensive research has revealed that the essence of ferroptosis is iron-dependent
accumulation of lipid hydroperoxides induced by oxidative stress, and the System Xc-glutathione (GSH)-
glutathione peroxidase 4 (GPX4) pathway is the main ferroptosis prevention system. Meanwhile, other
antioxidant systems have also been implicated in regulating ferroptosis, including the transsulfuration
pathway, mevalonate pathway, ferroptosis inhibitory protein 1 (FSP1)-Coenzyme Q10 (CoQ10) pathway,
dihydroorotate dehydrogenase (DHODH)-dihydroubiquione (CoQH2) pathway, and GTP cyclohydrolase-1
(GCHI)-tetrahydrobiopterin (BH4) pathway. This article reviews the molecular mechanisms of ferroptosis
and its critical role in antioxidant systems, aiming to reveal that antioxidation is an important method of
inhibiting ferroptosis and to provide a new direction for the treatment of ferroptosis-related diseases.
Methods: We searched all original papers and reviews about the molecular mechanisms of ferroptosis
in antioxidant systems using PubMed to November 2021. The search terms used included: ‘ferroptosis’,
‘ferroptosis inducers’, ‘ferroptosis inhibitors’, ‘ferroptosis and GSH’, ‘ferroptosis and GPX4’, ‘ferroptosis and
System Xc-’, ‘SLC7A11%, ‘P53’, ‘NRF2 and ferroptosis’, ‘iron metabolism’, ‘lipid peroxidation’, ‘antioxidant
systems’, ‘transsulfuration pathway’, ‘mevalonate pathway’, ‘FSP1-CoQ10’, ‘DHODH-CoQH?2’, and
‘GCHI1-BH#.

Key Content and Findings: We first introduced the origin of ferroptosis and its common inhibitors and
inducers. Next, we discussed the molecular mechanisms of ferroptosis and its role in antioxidant systems in
existing studies. Finally, we briefly summarized the relationship between ferroptosis and diseases. It reveals
that antioxidation is an important method of inhibiting ferroptosis.

Conclusions: This review discusses the recent rapid progress in the understanding of the molecular

mechanisms of ferroptosis and its role in several antioxidant systems.
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pathway
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Introduction

Cell death is the irreversible cessation of cellular activity
and can be categorized into various types based on
morphological, biochemical, and regulatory features,
including apoptosis, necrosis, and autophagy. Ferroptosis
was first discovered as a new form of regulatory cell death in
2012 and differs from other cell death pathways in terms of
morphology, biochemistry, and regulatory mechanisms (1).
It is characterized by the loss of plasma membrane integrity,
cytoplasmic swelling, mitochondrial atrophy, rupture of the
mitochondrial outer membrane, and moderate chromatin
condensation (2). Its biochemical characteristics are cystine
deficiency, glutathione (GSH) depletion, and glutathione
peroxidase 4 (GPX4) inactivation, though its underlying
mechanisms have not yet been fully elucidated (3). Research
on the mechanisms of ferroptosis mainly focus on lipid
peroxidation and iron loading. Great progress has been
achieved in the System Xc-GSH-GPX4 pathway, which is
one of the most important antioxidant systems protecting
cells from ferroptosis. With the deepening of research, other
antioxidant systems have also been implicated in regulating
ferroptosis, including the transsulfuration pathway,
mevalonate (MVA) pathway, ferroptosis inhibitory protein 1
(FSP1)-Coenzyme Q10 (CoQ10) pathway, dihydroorotate
dehydrogenase (DHODH)-dihydroubiquione (CoQH,)
pathway, and GTP cyclohydrolase-1 (GCH1)-
tetrahydrobiopterin (BH4) pathway (Figure I).

Mounting evidence has implicated ferroptosis in disorders
of the cardiovascular, digestive, nervous, and urinary
systems, suggesting its potential as a therapeutic target
(4-9). In the past decade, a number of specific inducers and
inhibitors of ferroptosis have been identified and widely used
in the treatment of related diseases (10-15) (Figure 2). Thus,
better understanding of the mechanisms of ferroptosis may
facilitate the treatment of ferroptosis-related diseases. This
article reviews specifically: (I) the origin of ferroptosis; (II)
the molecular mechanisms of ferroptosis; (III) the regulation
of antioxidant systems in ferroptosis; (IV) the relationship
between ferroptosis and diseases. We present the following
article in accordance with the Narrative Review reporting
checklist (available at https://atm.amegroups.com/article/
view/10.21037/atm-21-6942/rc).

Methods

A literature review was performed using PubMed to search
all scientific articles published through to November
2021. The search terms used included: ‘ferroptosis’,
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‘ferroptosis inducers’, ‘ferroptosis inhibitors’, ‘ferroptosis
and GSH’, ‘ferroptosis and GPX#4’, ‘ferroptosis and System
Xc-’, ‘SLC7A11°, ‘P53’, ‘NRF2 and ferroptosis’, ‘iron
metabolism’, ‘lipid peroxidation’, ‘antioxidant systems’,
‘transsulfuration pathway’, ‘mevalonate pathway’, ‘FSP1-
CoQI10’, ‘DHODH-CoQH2’, and ‘GCH1-BH4’. We use a
table (Table 1) to present detailed search strategy.

Origin of ferroptosis

In 1955, Eagle er al. found that cystine influences
mammalian cell proliferation, and in cystine-deficient
medium, mouse fibroblasts and human cervical cancer cells
underwent a unique form of cell death (16). In the 1970s,
Bannai er al. showed that cystine deficiency-induced cell
death was accompanied by intracellular GSH reduction and
reactive oxygen species (ROS) accumulation, and that the
lipophilic antioxidant Vitamin E (Vit-E) reversed cystine
deficiency-induced cell death (17). Numerous studies
then showed that iron chelating agents also prevented cell
death induced by cystine deficiency and GSH depletion,
suggesting that this form of cell death is iron-dependent
(18-22). Additionally, the small molecular compound erastin
and RAS synthetic lethal substance 3 (RSL-3) affected the
synthesis of GSH and the ability of GPX4 to induce the
above type of cell death (19). In 2012, this unique form
of non-apoptotic cell death was named “ferroptosis” (1).
In 2018, the cell death nomenclature committee defined
ferroptosis as regulatory cell death from intracellular redox
imbalance, which can be inhibited by iron chelating agents
and lipophilic antioxidants (23).

Mechanisms of ferroptosis
Lipid peroxidation

ROS, mainly produced in mitochondria from normal
metabolism and energy production, are essential for cell
signaling and tissue homeostasis (24). However, excess
ROS have adverse effects on cells such as causing cell
damage by attacking various biomolecules. Meanwhile,
ROS are detoxified by antioxidants such as GPX, Vit-E,
and CoQ10 (25). The imbalance between the generation
and elimination rate of ROS leads to various pathologies
which are associated with oxidative stress. Among the
biomolecules attacked by ROS, lipids are one of the
most vulnerable molecules (15). Thus, the level of lipid
peroxidation represents the state of oxidative stress.

Lipid peroxidation is a process by which free radical
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Figure 1 The mechanisms of ferroptosis and its role in antioxidant systems. The mechanisms of ferroptosis include lipid peroxidation and
iron loading. The essence of ferroptosis is lipid peroxidation induced by various oxidative stress stimuli, and lipid peroxidation is highly
related to antioxidant systems. Several antioxidant systems have been implicated in regulating ferroptosis, including the System Xc-GSH-
GPX4 pathway, transsulfuration pathway, mevalonate pathway, FSP1-CoQ10 pathway, DHODH-CoQH2 pathway, and GCH1-BH4
pathway. STEAP3, six-transmembrane epithelial antigen of prostate 3; DMT1, divalent metal transporter 1; TFR, transferrin receptor;
TE, transferrin; FER, ferritin; IRPs, iron regulatory proteins; IRE, iron response element; FPN, ferroprotein; FTH, ferritin heavy chain;
FTL, ferritin light chain; NCOA4, nuclear receptor coactivator 4; LIP, labile iron pool; GLS, glutaminase; HMG-CoA, 3-hydroxy-3-
methylglutaryl-CoA; HMGR, HMG-CoA reductase; MVA, mevalonate; IPP, isopentenyl pyrophosphate; FSP1, ferroptosis inhibitory
protein 1; CoQ10, coenzyme Q10; DHODH, dihydroorotate dehydrogenase; CoQH2, dihydroubiquione; GCHI, GTP cyclohydrolase-1;
BH4, tetrahydrobiopterin; GSH, glutathione; GPX4, glutathione peroxidase 4; MAT, methionine adenosyl transferase; SAM, S-adenosyl
methionine; SAH, S-adenosylhomocysteine; SAAH, S-adenosine homocysteine hydrolase; HCY, homocysteine; ROS, reactive oxygen
species; GCL, glutamate cysteine ligase; GSS, glutathione synthase; PUFAs, polyunsaturated fatty acids; PL-OOH, lipid hydrogen peroxide;
PL-OH, phospholipid hydroxide.

species such as oxygen radicals, peroxyl radicals, and
hydroxyl radicals attack the diallylidene of polyunsaturated
fatty acids (PUFA), resulting in the accumulation of lipid
peroxidation free radicals and hydroperoxide (26). The
PUFA content in cells and organelle membranes is high,
so lipid peroxidation occurs easily, leading to impaired cell
integrity and functions (27). Of note, recent studies have
shown that lipid peroxidation is essential for ferroptosis.
Kagan er al. showed that most oxygenated phospholipid
species, such as phosphatidylethanolamine-arachidonic
acid (PE-AA) and adrenic acid (PE-AdA), are upregulated
in ferroptosis induced by GPX4 knockout in vivo and
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in vitro (28). PE-AA and PE-AdA are important substrates
for lipid peroxidation. Previous studies indicated that Acyl-
CoA synthetase long-chain family member 4 (ACSL4)
and lysophosphatidylcholine acyltransferase 3 (LPCAT3)
catalyzed the biosynthesis of PE-AA and PE-AdA (29,30).
Consistently, inhibiting lipid peroxidation through the
deletion of ACSL4 and LPCAT3 suppressed ferroptosis
in cancer cells (31,32). It has been confirmed that the
antioxidants Ferrostatin-1 (Fer-1), Liproxstatin-1 (Lip-1),
and Vit-E inhibit ferroptosis via protecting cells from lipid
peroxides (12,26). The main primary products of lipid
peroxidation are lipid hydrogen peroxide (L-OOH) and
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Figure 2 The common inducers and inhibitors of ferroptosis. Ferroptosis inducers can be divided into four categories. One category
is found to inhibit System Xc-, including erastin, piperazine erastin, imidazole ketone erastin, sorafenib, and sulfasalazine. The second
category inhibits GPX4, such as RSL-3, altretamine, DPI family members [DPI7, 10, 12, 13, 17, 18, 19], FINS56, and FINO2. Furthermore,
FINS56 also induces ferroptosis by depleting CoQ10. The third category increases the production of ROS by targeting VDAC2/3, including
erastin and RSL-5. The final category increases active iron, including FeCl2, FAS, FAC, ART, and DHA. Ferroptosis inhibitors can be
divided into two categories. One category is iron chelating agents, such as DFO and DFOM. The second category is lipid peroxidation
inhibitors, such as Fer-1, Lip-1, Vit-E, Trolox, BH4, and CoQH2. The red text boxes and blue text boxes indicate ferroptosis inducers and
inhibitors, respectively. FeCl2, ferrous chloride; FAS, ferrous ammonium sulfate; FAC, ferric ammonium citrate; ART, artesunate; DHA,
dihydroartemisinin; DFO, deferoxamine; DFOM, deferoxamine mesylate; RSL-5, RAS synthetic lethal substance 5; VDAC2/3, voltage-
dependent anion channels 2/3; HCY, homocysteine; CoQ10, Coenzyme Q10; BSO, buthionine sulfoximine; GSH, glutathione; GPX4,
glutathione peroxidase 4; RSL-3, RAS synthetic lethal substance 3; Fer-1, Ferrostatin-1; Lip-1, Liproxstatin-1; BH4, tetrahydrobiopterin;
CoQH2, dihydroubiquione.

numerous aldehydes, including malondialdehyde (MDA) elucidating the mechanisms of lipid peroxidation-induced
and 4-hydroxy-nonenal (4-HNE) (25). MDA and 4-HNE ferroptosis.

are widely used as ferroptosis markers, although their role
in ferroptosis induction needs further investigation. Though Tron loading
the above studies have confirmed the promotive effect of

lipid peroxidation on ferroptosis, there is as yet no evidence Lipid peroxidation can be mediated by enzymatic (non-heme
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Iltems Specification

Date of search 2021.11.30
Databases and other sources searched PubMed

Search terms used “ferroptosis”’[MeSH]

“ferroptosis inducers” [MeSH]

“ferroptosis inhibitors” [MeSH]

(“ferroptosis” [MeSH]) AND “GSH”[MeSH]

(“ferroptosis” [MeSH])AND “GPX4” [MeSH]

(“ferroptosis” [MeSH]) AND “System Xc-“[MeSH]

“SLC7A11” [MeSH]
“P53” [MeSH]

(“NRF2” [MeSH]) AND “ferroptosis” [MeSH]

“iron metabolism” [MeSH]
“lipid peroxidation” [MeSH]

“antioxidant systems” [MeSH]

“transsulfuration pathway” [MeSH]

“mevalonate pathway” [MeSH]

“FSP1-CoQ10” [MeSH]

“DHODH-CoQH2” [MeSH]

“GCH1-BH4” [MeSH]
Timeframe 1955-2021

Inclusion and exclusion criteria

Focus was placed on original papers and reviews in English about the molecular mechanisms

of ferroptosis in antioxidant systems; it excluded articles that have no information about the
antioxidant systems and ferroptosis

Selection process

It was conducted independently by Meng Liu, Xiao-Yu Kong, Yuan Yao; data selection is the

intersection of the search of three authors

iron-containing enzyme lipoxygenase family) and non-
enzymatic (iron-catalyzed lipid free radical autoxidation
chain reaction, iron-driven oxidative cleavage of hydrogen
peroxidation products) processes (26). Both enzymatic and
non-enzymatic reactions require iron. Additionally, Fe’* can
directly catalyze H,O, decomposition into hydroxyl radical
through the Fenton reaction, promoting intracellular ROS
aggregation and lipid peroxidation (33). Therefore, excess
iron (mainly free Fe™) can directly or indirectly promote
lipid peroxidation, suggesting that iron loading is an
important mechanism for triggering ferroptosis.

© Annals of Translational Medicine. All rights reserved.

Iron uptake

Uptake of extracellular Fe’ is mainly mediated by transferrin
(TF) and transferrin receptor (TFR). Fe'*-bearing TF
binds to TFR on target cells transporting Fe'* into the cell,
where it is reduced to Fe’* by six-transmembrane epithelial
antigen of prostate 3 (STEAP3). The expression of TF and
TFR affects cell sensitivity to ferroptosis. 7FR knockdown
and TF depletion with anti-transferrin antibody in serum
could significantly inhibit ferroptosis in mouse embryonic
fibroblasts (34). Uptake of extracellular Fe’ is mediated by
divalent metal transporter 1 (DMT1). Song er al. showed
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that DMT1 overexpression in cardiomyocytes promotes
ferroptosis induced by hypoxia/reoxygenation, and increases
intracellular ROS accumulation, Fe™ deposition, and MDA
levels (35). In contrast, DMT1 knockout suppressed hypoxia/
reoxygenation-induced ferroptosis in cardiomyocytes. In
addition, intracellular Fe™* is secreted to the extracellular
space by ferroprotein (FPN). FPN knockout in
neuroblastoma cells reduces iron efflux, elevates intracellular
iron, and promotes erastin-induced ferroptosis (36).

Iron storage

Most intracellular iron is stored in ferritin (FER), with a
small proportion existing in a free state to form the labile
iron pool (LIP) 37). FER is a spherical polymer composed
of ferritin heavy chain (FTH) and ferritin light chain (F'TL)
and protects cells from oxidative stress caused by free iron
overload (37,38). Autophagic FTH degradation releases
Fe** which is mediated by nuclear receptor coactivator 4
(NCOA4) (38). Fe™" is then transported from the lysosome
to the cytoplasm by DMT1, elevating intracellular levels of
free iron (38). Consistently, inhibition of FER autophagy
by ATGS, ATG7, or NCOA4 knockout reduces intracellular
free iron and inhibits ferroptosis (39). Numerous studies
show that targeting FER can modulate the sensitivity
of various cell types to ferroptosis (7,40,41). Targeted
knockout of cardiomyocyte FTH induces ferroptosis in
mice, leading to mild cardiomyopathy on a normal diet and
severe left ventricular (LV) hypertrophy and heart damage
on a high-iron diet (7). FTH silencing enhances ferroptosis
induction by erastin and sorafenib in hepatoma cells (40).
The pentapeptide protein Prominin2 promotes formation
of polyvesicular bodies and FER exosomes, reduces
intracellular iron levels, and inhibits ferroptosis in breast
cancer cells (41). Together, promoting the release of free
iron from FER is an important way to trigger ferroptosis.

Iron regulation

Iron regulatory proteins (IRPs), including IRP1 and
IRP2, regulate intracellular iron homeostasis. IRPs bind
to the iron response element (IRE) in the 5' UTR of iron
metabolism-related gene transcripts to regulate their
translation. When intracellular free iron is low, IRPs bind
to IREs in FER, TFR, and FPN gene transcripts, blocking
the translation of FER and FPN and enhancing the
translation of TFR, resulting in increased release of free
iron, decreased iron efflux, and increased iron uptake (42,43).
Dihydroartemisinin (DHA), a semisynthetic derivative of
artemisinin, is reported to elevate intracellular free iron
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through the IRP-IRE pathway, increase the sensitivity of
cancer cells to RSL3-induced ferroptosis, and enhance the
anticancer effect of GPX4 knockout in mice (44).

Regulation of antioxidant systems in ferroptosis
System Xc-GSH-GPX4 pathway

It is considered that the essence of ferroptosis is the iron-
dependent accumulation of lipid hydroperoxides induced
by various oxidative stress stimuli, and the System Xc-
GSH-GPX4 pathway is the main prevention system
for ferroptosis. System Xc- is a cell membrane cystine-
glutamate antiporter, comprised of a heterodimer
of the light chain subunit SLC7AI11 and the heavy
chain subunit SLC3A2 (45). System Xc- transports
intracellular glutamate to the extracellular space and
extracellular cystine into the intracellular space (1).
Intracellular cystine is then converted to cysteine, which
is combined with glutamic acid and glycine into GSH
by glutamate cysteine ligase (GCL) and glutathione
synthase (GSS) (18). GPX4 can convert lipid hydrogen
peroxide into nontoxic lipid alcohol with GSH as a
cofactor, which protects cells from lipid peroxides (46).
Thus, when System Xc- is inhibited, GSH synthesis
is decreased and GPX4 is inactivated, cell an induce
ferroptosis, and targeting this pathway is an important
antioxidant system involved in regulating ferroptosis.

System Xc-

Research on ferroptosis regulation by targeting System
Xc- activity has mainly focused on the SLC7A11 subunit.
In general, various molecules regulate SLC7A11, such as
tumor suppressor P53, tumor suppressor BRCA1-associated
protein 1 (BAP1), activating transcription factor 3/4 (ATF3/
ATF4), beclin 1 (BECN1), and nuclear factor erythroid
2-related factor 2 (NRE2) (Figure 3).

Over the past few years, the role of P53 in ferroptosis
has gradually become a burgeoning research direction, and
studies have shown that P53 plays a dual role in ferroptosis.
On the one hand, P53 suppresses SLC7A11 expression and
reduces cystine uptake, triggering ferroptosis (15,47). On
the other hand, P53 suppresses erastin-induced ferroptosis
by blocking dipeptidyl-peptidase-4 (DPP4) activity in
human colorectal cancer (CRC) (48). In addition, Zhang
et al. discovered that another tumor suppressor BAP1
promoted ferroptosis and inhibited the growth of cancer

cells by inhibiting SLC7A11 (49). The mechanism may

Ann Transl Med 2022;10(6):368 | https://dx.doi.org/10.21037/atm-21-6942
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Figure 3 Role of SLC7A11 in ferroptosis. SLC7A11-mediated cystine uptake and GSH production play a pivotal role in inhibiting lipid
peroxidation and protecting cells from ferroptosis. SLC7AL11 is inhibited by P53, BAP1, ATF3, and BECN1 and activated by NRF2 and
ATF4. Also, SLC7A11 promotes the synthesis of GPX4 protein by activating the mTORCI1-4EBP signaling pathway. In addition, NRF2
inhibits ferroptosis by regulating a variety of molecules, such as GCL, GSS, and GPX4. NRF2, nuclear factor erythroid 2-related factor

2; GCL, glutamate cysteine ligase; GSS, glutathione synthase; GSH, glutathione; GPX4, glutathione peroxidase 4; ATF3, activating

transcription factor 3; ATF4, activating transcription factor 4; BAP1, tumor suppressor BRCAl-associated protein 1; BECNI, beclin 1;

HSPAS, heat shock protein family A (Hsp70) member 5.

be that BAP1 represses the transcription of SLC7A11
by reducing histone 2A ubiquitination (H2Aub) on the
SLC7A11 gene (49).

Several transcription factors regulate SLC7A11. ATF3
binds to the SLC7A411 promoter to inhibit the transcription
of SLC7AL11, thus inhibiting the synthesis of GSH and
promoting erastin-induced ferroptosis (50). In contrast,
ATF4 binds to the SLC7AI11 promoter, activating its
expression, thereby inhibiting ferroptosis (50,51). NRF2
is one of the most important transcription factors that
regulates ferroptosis. NRF2 is released from the Kelch-
like ECH-associated protein 1 (Keapl) binding site and

transferred to the nucleus to bind to the antioxidant

© Annals of Translational Medicine. All rights reserved.

response elements (AREs) in the target gene promoter
region under oxidative stress (52-54). NRF2 binds to the
ARE of the SLC7A11 promoter, promoting the synthesis of
GSH (52). Dong er al. demonstrated that NRF?2 inhibited
acute lung injury induced by intestinal ischemia-reperfusion
in mice via upregulating the expression of SLC7AI11 (55).
The target genes of NRF2 also include GPX4, GCL, and
GSS (52-54). For example, NRF2 binds to the ARE of the
GPX4 promoter, regulating its expression and inhibiting
lipid peroxidation (52).

More recently, it was shown that SLC7A11 promoted
the synthesis of GPX4 protein to inhibit ferroptosis by
activating the mTORCI-4EBP signaling pathway (56).

Ann Transl Med 2022;10(6):368 | https://dx.doi.org/10.21037/atm-21-6942



Page 8 of 15

BECNTI, a key player in macroautophagy, is reported to
directly bind to SLC7A11 and inhibit ferroptosis (57).
These two studies suggest that ferroptosis regulated by
SLC7A11 may be linked with autophagy. In view of the
importance and complexity of SLC7A11 in regulating
ferroptosis, it is necessary to understand the regulatory
network of SLC7A11 and explore its potential mechanism
for finding more targets of ferroptosis.

GSH

GSH, a tripeptide of cysteine, glutamate, and glycine,
exists in almost all cells and has important functions such
as antioxidation, integration, and detoxification. Previous
studies show that silencing GCL, a rate-limiting enzyme in
GSH synthesis, is fatal in mice (58,59). A study shows that
the GCL inhibitor buthionine sulfoximine (BSO) promotes
ferroptosis by suppressing GSH synthesis (60).

Notably, the glutamine metabolism pathway
promotes ferroptosis by enhancing glutamine uptake
and decomposition of glutamine, elevating intracellular
glutamate and decreasing intracellular GSH. Glutamine,
which is mediated by SLC38A1 and SLCIAS receptors on
the cell membrane, was shown to degrade to glutamate by
glutaminase (GLS) (61). It has been shown that inhibiting
glutamine uptake by negative regulation of SLC1AS using
miRNA-137 inhibits lipid peroxidation and iron loading
in melanoma cells (62). In a mouse model of myocardial
ischemia/reperfusion (I/R) injury, GLS inhibitor compound
968 suppressed ferroptosis by inhibiting glutamine
decomposition, thereby reducing LV end-diastolic pressure
and inhibiting lactate dehydrogenase (LDH) release during
reperfusion (34). Taken together, intracellular glutamate can
regulate ferroptosis by affecting the level of GSH.

GPX4

In 2003, Imai et 4/l. showed that GPX4 knockout in mice
could lead to early embryonic death (63). In 2008, Seiler
et al. showed that conditional GPX4 knockout in mouse
primary fibroblasts could lead to massive lipid peroxidation
and non-apoptotic cell death (64). Following official
recognition of ferroptosis, mounting evidence has shown
that GPX4 plays a pivotal role in preventing ferroptosis
(51,56,65-67). GPX4 inhibitors, including RSL-3, DPI10,
and DPI7, are used to specifically induce ferroptosis (12).
In addition, ATF4 is reported to induce binding of heat
shock protein family A (Hsp70) member 5 (HSPAS) to
GPX4 and regulate ferroptosis in human pancreatic ductal
adenocarcinoma cells by inhibiting GPX4 degradation (65).

© Annals of Translational Medicine. All rights reserved.
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Transsulfuration pathway

In addition to System Xc-mediated cystine transport into
the cell to produce cysteine, cells also produce cysteine
through the transsulfuration pathway. This involves the
process of transferring sulfur atoms from methionine
to serine, thereby producing cysteine. In this way, the
transsulfuration pathway is an alternative antioxidant
process to inhibit lipid peroxidation when the System Xc-
GSH-GPX4 pathway is inhibited.

Methionine is converted to S-adenosyl methionine
(SAM) by methionine adenosyl transferase (MAT), which
further produces S-adenosylhomocysteine (SAH). SAH
is hydrolyzed to homocysteine (HCY), the precursor
of cysteine, by S-adenosine homocysteine hydrolase
(SAHH) (68,69). Cao et al. reported that high expression
of the oxidative stress-related protein DJ-1 stabilizes
SAHH activity and promotes HCY synthesis through the
transsulfuration pathway (68). Cysteine-tRINA synthetase
(CARS), which links cysteine with tRNAs for protein
translation, is important in cysteine metabolism (70).
Hayano et al. found that CARS knockdown in human
and rat fibroma, Ewing’s sarcoma, and osteosarcoma
cells upregulates genes related to serine biosynthesis and
transsulfuration including PHGDH, PSATI, and PSPH,
and promotes cysteine synthesis, elevates intracellular GSH
levels, and inhibits erastin-induced ferroptosis (71).

MVA pathway

The MVA pathway synthesizes isoprene compounds from
acetyl-CoA. The process involves the condensation of
acetyl-CoA and acetyl coenzyme A to synthesize 3-hydroxy-
3-methylglutaryl-CoA (HMG-CoA). HMG-CoA is then
converted to MVA by HMG-CoA reductase (HMGR) (72).
MVA is further metabolized into isoprene compounds,
including cholesterol, isopentenyl pyrophosphate (IPP), and
gibberellin A. Past studies have shown that IPP promotes
selenocysteine tRINA maturation and selenoprotein GPX4
synthesis, which is vital for the enhancement of GPX4
activity and inhibition of ferroptosis (67,73). Statins
suppress HMGR activity and inhibit the MVA pathway,
thereby inhibiting GPX4 synthesis (74). Before ferroptosis
was recognized, clinical trials had shown that statins are
effective in cancer treatment (31). However, there is no
evidence that statins affect disease progression by promoting
ferroptosis, and further studies are needed to elucidate the
relationship between MVA and ferroptosis to determine if
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statins act by modulating ferroptosis.

FSP1-CoQ10 pathway

Apart from the above GSH/GPX4-dependent pathway,
other antioxidant pathways have been reported to
inhibit ferroptosis in a GPX4-independent manner.
In lung cancer cells, GPX4 inhibition did not induce
ferroptosis, indicating the existence of a GSH/GPX4-
independent pathway (75,76). Apoptosis-inducing factor
mitochondria-associated 2 (AIFM2) is a CoQ10 redox
enzyme dependent on nicotinamide-adenine dinucleotide
phosphate (NADP) (43). CoQ10 is a lipophilic compound
needed by the mitochondrial electron transport chain and
lysosomal membranes to produce energy, and can be used
as a lipophilic free radical trapping agent. Bersuker ez al.
showed that AIFM?2 (also FSPI) overexpression markedly
suppresses ferroptosis caused by GPX4 inhibition and
correlates positively with ferroptosis resistance in numerous
cancer cell lines (75). The above study suggests that FSP1
can capture lipid free radicals independently of GPX4 and
inhibit lipid peroxidation and ferroptosis.

DHODH-CoQH, pathway

DHODH is a flavin-dependent enzyme in the inner
mitochondrial membrane that catalyzes the 4™ step
of pyrimidine nucleotide synthesis (oxidation of
dihydroorotate, DHO, to orotate, OA, and reduction of
ubiquinone to dihydroubiquione, CoQH,) (77). CoQH,,
which is a radical trapping antioxidant, can inhibit lipid
peroxidation in mitochondria. Recently, DHODH has
been shown to inhibit mitochondrial ferroptosis by
regulating CoQH, production in the inner mitochondrial
membrane (78). DHODH deletion induced lipid
peroxidation in cancer cells with low GPX4 expression, and
the substrate and product of DHODH could impact the
sensitivity of ferroptosis induced by inhibition of GPX4.
Thus, the DHODH-CoQH, pathway is an important
antioxidant system to inhibit ferroptosis. This was the first
study linking ferroptosis to nucleotide metabolism.

GCH1-BH4 pathway

BH4 is a component of the antioxidant system
and is involved in the metabolism of nitric oxide,
neurotransmitters, and aromatic amino acids (79).
GCHLI is a rate-limiting enzyme in BH4 synthesis (80).
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Kraft er al. used whole genome library CRISPR/Cas9
screening to show that GCH1 suppresses ferroptosis (81).
GCH1 overexpression in mouse fibroblasts significantly
inhibited ferroptosis induction by RSL-3 treatment and
GPX4 inhibition. Liposome analysis revealed that GCHI
overexpression selectively inhibits peroxidation of some
PUFA phospholipids (81). Similarly, GCH1-BH4 pathway
regulates ferroptosis by inhibiting lipid peroxidation.

Ferroptosis and disease
Neoplastic disease

Numerous studies have identified ferroptosis as an effective
way of killing cancer cells. Mounting evidence suggests
that ferroptosis induction enhances sensitivity to anticancer
drugs (31,74,82). Ferroptosis induction with erastin and
RSL-3 is reported to enhance the anticancer effects of
cisplatin and reduce drug resistance to anticancer drugs by
inhibiting System Xc- in lung cancer, CRC, ovarian cancer,
and pancreatic ductal adenocarcinoma (82).

In recent years, attention has been paid to the role
of epigenetic modification in ferroptosis of tumor cell,
especially post-translational modification (PTM) of proteins.
PTM of proteins (such as phosphorylation, ubiquitin,
acetylation and methylation) plays an indispensable role
in ferroptosis (43). AMP-activated protein kinase (AMPK)
accelerates the phosphorylation of acetyl-CoA carboxylase
and inhibits the biosynthesis of PUFA, thus inhibiting
ferroptosis in many cancer cell lines (83). According to
the latest research, class I histone deacetylase (HDAC)
inhibitors enhance ferroptosis in human fibroma HT-
1080 cell line (84). Also, tumor suppressor BRCA-1-
related protein-1 inhibits the transcription of SLC7A11
by reducing the ubiquitination of histone 2A on SLC7A411
gene, thus triggering ferroptosis (49). One study has been
identified that histone H3K9 demethylase KDM3B inhibits
erastin-induced ferroptosis by up-regulating the expression
of SLC7AL1 in conjunction with transcription factor ATF4
in human fibroma HT-1080 cell line (85).

Recent research has sought to uncover ferroptosis-
driven anticancer strategies. Tang et a/. synthesized
manganese-silica nanoparticles (MMSNs) whose oxidation
bonds are broken at high GSH levels, causing GSH
consumption and triggering ferroptosis in liver cancer
cells (86). Ou et al. found that LDL-DHA, which is
the low-density lipoprotein nanoparticles reconstituted
with docosahexaenoic acid, directly reduces GSH and
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inactivates GPX4, inducing ferroptosis (87). Additionally,
the ferroptosis inducer sorafenib can be encapsulated in
a nanostructure composed of Fe'*and reduced to Fe’* at
tumor-specific sites for the Fenton reaction, resulting in
tumor cell-specific ferroptosis (88).

Non-neoplastic disease

Studies have implicated ferroptosis in liver, cardiovascular,
kidney, and neurodegenerative disorders (9,89-92). It was
reported that RSL-3 increased steatosis, inflammation,
and cell damage in mouse livers (90). There is evidence
suggesting that excessive ROS production and iron overload
promote inflammation, myocardial fibrosis, ventricular
remodeling, and pressure overload in mouse hearts (89).
A proteomics study of myocardial mouse tissue after
myocardial infarction revealed significantly reduced GPX4
protein expression, suggesting that ferroptosis may have
occurred in cardiomyocytes (92). Feng et al. found that Lip-
1 increased GPX4 levels and reduced ROS levels, reducing
the size of myocardial infarction after ischemia and
protecting mitochondrial structural integrity (91). Deletion
of Panx1, a member of the ATP-release protein family,
inhibits lipid peroxidation and iron loading, reducing injury
to human kidney HK-2 cells and mouse kidneys (9).

Emerging evidence supports that the inhibition of
ferroptosis is an effective measure to reduce ischemia-
reperfusion injury (IRI). IRI is a process in which the
degree of tissue injury increases rapidly when an organ
undergoes a brief decrease or cessation of blood flow and
then re-establishes perfusion. A large number of oxygen
free radicals can be produced after reperfusion, which is
the main pathogenesis of extensive tissue and cell injury.
Inhibitor of apoptosis-stimulating protein of P53 (IASPP),
which promotes nuclear factor NRF2 accumulation and
nuclear translocation, has been proved to inhibit renal and
cardiac IRI in vivo and in vitro (93). Similarly, ferroptosis
inhibitor Lip-1 has been reported to alleviate intestinal
IRI by inhibiting ACSL4 (94). One study has shown that
flavonoid Galangin inhibits ferroptosis by activating the
SLC7A11/GPX4 axis, thus alleviating cerebral IRI in
gerbils (95).

Iron accumulation and lipid peroxidation are important
factors in the pathogenesis of neurodegenerative diseases. It
is well documented that ferroptosis promotes the occurrence
and development of neurodegenerative diseases such as
Alzheimer’s, Parkinson’s, and Huntington’s disease (4).
Early clinical trials involving Parkinson’s disease patients
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found that N-acetylcysteine, a precursor of GSH synthesis,
improves motor symptoms (8). Together, inhibition of
ferroptosis may be a preventive measure for non-neoplastic
diseases in general.

In addition, previous studies have shown that inhibition
of apoptosis promotes cell reprogramming, which is of
great significance to reverse aging (96-98). In pararal,
current studies have demonstrated that inhibition of
ferroptosis can effectively promote cell reprogramming,
though the molecular mechanisms of phospholipid
oxidation signal transduction are different from apoptosis
(97,99). The oxidation of polyunsaturated phospholipids
leads to a large number of oxidation products, which
have different chemical structures and play different
biological effects on the membrane (100). In apoptosis, it
is mainly phosphatidyl serine oxidation, which initiates the
inherent apoptotic cascade reaction (100). In ferroptosis,
phosphatidylethanolamines (PEs), specifically arachidonic
acid (AA) and adrenic acid (ADA) containing PEs, is
prone to oxidation and induce ferroptosis (24). Ferroptosis
inhibitors, including Lip-1 and Vit-E, can effectively
increase neuronal reprogramming by inhibiting lipid
peroxidation (97).

Conclusions and prospect

Lipid peroxidation is central to ferroptosis, and is also a
hub for antioxidant systems. Lipid peroxidation products
directly damage cell and organelle membranes, causing
cell death. However, few studies have investigated whether
the mechanisms underlying ferroptosis in various cellular
organelles are the same. Because iron loading promotes
ferroptosis, the therapeutic effect of iron chelators against
ferroptosis-related diseases has been widely demonstrated in
cell and animal models (4,45). However, a recent study has
shown that copper may induce glutamate-induced oxidative
damage and cell death in HT22 cells by reducing the activity
of GCL, a rate-limiting enzyme in GSH synthesis, indicating
that other metal ions may influence ferroptosis (101).
Ferroptosis is a form of cell death that is associated
with iron, lipid, amino acid, and pyrimidine nucleotide
metabolism. Lee er al. showed that energy stress is also
associated with ferroptosis and that glucose starvation
inhibited ferroptosis induction by erastin in mouse
fibroblasts, partly through AMP-activated protein kinase
(AMPK) activation, which in turn inactivates acetyl-CoA-
carboxylase (ACC), suppressing PUFA biosynthesis (83).
Their research differs from previous studies in two ways:
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first, glucose starvation alone induces ROS production and
apoptosis, and second, another study found that AMPK-
mediated BECN1 phosphorylation promotes ferroptosis
in numerous cancer cells by directly blocking System Xc-
activity (57). Thus, the molecular basis of ferroptosis may
differ by cell type and stress stimuli.

As mentioned above, ferroptosis promotes the clearance
of cancer cells and its inducers increase the sensitivity
of many anticancer drugs. In order to treat cancer more
effectively and economically, ferroptosis inducers can be
used alone or in combination with chemotherapeutic drugs
to increase the therapeutic effect of cancer. Moreover,
it’s an excellent practice to improve the delivery mode of
traditional anticancer drugs, such as adding anticancer drugs
to nanoparticles that induces ferroptosis specifically. There
has been growing interest in the relationship between
ferroptosis and various diseases, but there are few studies on
the downstream effects of ferroptosis; that is, how it triggers
disease occurrence and progression. Hence, it is crucial to
elucidate the mechanisms of ferroptosis in different diseases.
Future studies should investigate the basis of ferroptosis and
its relationship with other forms of cell death in dynamic
environments. This would improve our understanding of
the occurrence, progression, diagnosis, and treatment of
ferroptosis-related disorders.

The molecular mechanisms and therapeutic strategies
of oxidative stress-induced ferroptosis in tumor cells have
been reported in the past (102), but this article more
comprehensively summarizes the molecular mechanisms
of ferroptosis in various cells. It focuses on the relationship
between antioxidant systems and ferroptosis, reveals the
inhibitory role of antioxidant system in ferroptosis, and
provides new ideas for the treatment of ferrroptosis-related
diseases (neoplastic diseases and non-neoplastic diseases).
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