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Ferroptosis is an atypical form of regulated cell death, which is different from apoptosis, necrosis, pyroptosis, and autophagy.
Ferroptosis is characterized by iron-dependent oxidative destruction of cellular membranes following the antioxidant system’s
failure. The sensitivity of ferroptosis is tightly regulated by a series of biological processes, the metabolism of iron, amino acids,
and polyunsaturated fatty acids, and the interaction of glutathione (GSH), NADPH, coenzyme Q10 (CoQ10), and
phospholipids. Elevated oxidative stress (ROS) level is a hallmark of cancer, and ferroptosis serves as a link between nutrition
metabolism and redox biology. Targeting ferroptosis may be an effective and selective way for cancer therapy. The underlying
molecular mechanism of ferroptosis occurrence is still not enough. This review will briefly summarize the process of ferroptosis
and introduce critical molecules in the ferroptotic cascade. Furthermore, we reviewed the occurrence and regulation of
reduction-oxidation (redox) for ferroptosis in cancer metabolism. The role of the tumor suppressor and the epigenetic regulator
in tumor cell ferroptosis will also be described. Finally, old drugs that can be repurposed to induce ferroptosis will be
characterized, aiming for drug repurposing and novel drug combinations for cancer therapy more efficiently and economically.

1. Introduction

Ferroptosis is an atypical form of programed cell death first
proposed by Dixon et al. in 2012 [1] and is different from
apoptosis, pyroptosis, autophagy, or the other types of cell
death in morphology, biochemistry, and genetics. Morpholog-
ically, it is characterized by diminished mitochondrial cristae,
ruptured mitochondrial outer membrane, and the shrunken
mitochondria [1, 2]. The significant markers of ferroptosis in
biochemistry are iron dependence and accumulation of lipid
reactive oxygen species (ROS). An emerging evidence shows
that oncogenes and tumor suppressors’ change both have
essential impacts on tumor cell ferroptosis regulation. For
example, p53 has a dual role as pro- and antiferroptotic func-
tions in response to oxidative stress [3, 4]. The tumor suppres-

sor BRCAl-associated protein 1 (BAP1) represses SLC7A11
expression via reducing H2Aub occupancy on SLC7All
promoter in a deubiquitinating-dependent manner [5]. The
retinoblastoma (Rb) protein’s status can modulate the respon-
siveness of HCC cells to sorafenib [6]. Clear cell carcinomas
(CCCs) are vulnerable to ferroptosis due to its unique
metabolic state [7]. The current conventional view is that the
induction of ferroptosis is related to the regulation of system
Xc, iron sequestration, GSH metabolism, the activity of
glutathione peroxidase 4 (GPX4), and finally imbalanced
ROS homeostasis. A recent evidence shows that ferroptosis
suppressor protein 1 (FSP1) repressed ferroptosis independent
to the classical glutathione-based GPX4 pathway, in which
through nonmitochondrial CoQ10 antioxidant system [8, 9].
Accordingly, ferroptosis is a nexus closely linked to
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metabolism, redox biology, and cancers. Cancer cells are char-
acterized by increased aerobic glycolysis (Warburg effect) and
elevated oxidative stress [10]. The regulation of antioxidant
homeostasis is essential in maintaining cancer cell survival
and normal cellular function. The occurrence of oxidative
stress-induced ferroptosis is the consequence of imbalanced
redox homeostasis. Although cancer cell survives in a high
oxidative stress context, ferroptosis does not happen very often
because of elevated antioxidant defense mechanisms of cancer
cells [11].

For many years, it was generally considered that tumor
initiation and progression depend on the oncogene activa-
tion or the tumor suppressor gene’s inactivation. However,
an emerging evidence shows that the ability to adapt to
aberrant metabolism and escape from immunosurveillance
is also essential for tumor cell survival [12]. Thus, targeting
the “cart” (metabolism, immune) rather than the “horse”
(oncogenes and tumor suppressors) may provide a new
horizon for cancer therapy efficiently and selectively.

In the context of tumor microenvironments, tumor cells
can overgrow because they evolved to be insensitive to the
oxidative stress or the other harmful factors. As a conse-
quence, tumor cells become resistant to stress inducers, such
as chemotherapy and radiation. Here, ferroptosis can be a
powerful tool to develop a new strategy by amplifying oxida-
tive stress or inhibiting antioxidant regulators in tumor cells.

In this review, we summarized the basic regulation in
oxidative-induced ferroptosis and its latest advances firstly,
and then, the old drugs which can be repurposed for
proferroptotic anticancer therapy has been described, which
is aimed at expanding the new indications for existing drugs
and alleviating the shortage of medicine for drug-resistant
patients [13].

2. Metabolic Reprogramming and Ferroptosis in
Tumor Cells

To fulfill tumor cells’ needs for continuous proliferation, tumor
cell metabolism is elaborately reprogrammed, thus forming a
complex but precise metabolic-redox circuit [14]. Tumor cell
metabolism and redox signal can be regulated mutually, and
tumor metabolic reprogramming leads to ROS accumulation
and cellular oxidative stress [15]. The main sources of ROS
which can be used to trigger lipid peroxidation and ferroptosis
include NADPH oxidase- (NOX-) induced ROS and
mitochondrial-derived ROS (mROS) [16]. To relieve oxidative
stress, tumor cells can also control the intracellular antioxidant
system (GSH, NADPH, et al.).

The intracellular accumulation of ROS is a double-edged
sword for tumor progression [17]. The redox status of cancer
cells usually differs from that of normal cells. ROS are
generally considered toxic substances in the cell. Because of
metabolic and genetic aberration, cancer cells exhibit upregu-
lated ROS levels. Adapting to stress helps tumor cells evolved
powerful ROS scavenging systems to maintain redox homeo-
stasis. This dynamic equilibrium makes ROS as a promoter
in tumor development and progression [17]. Therefore, the
critical point of using ROS as a tool for anticancer therapy is
to trigger it into a lethal level. This can be achieved by treating
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cancer cells either with ROS-inducing therapies or with
antioxidant-inhibiting therapies, which are new strategies that
can kill cancer cells effectively and selectively.

Understanding the specific pathways involved in ROS
and ferroptosis is essential to develop therapeutic approaches
for cancer therapy. Below, we have summarized the signifi-
cant modulators of antioxidant gene expression and ferrop-
totic pathway they mediate.

3. Regulation of Oxidative Stress-Induced
Tumor Cell Ferroptosis

It is currently considered that ferroptosis is related to iron,
amino acids, and lipid metabolism, but the sensitivity of
ferroptosis is also modulated by several noncanonical path-
ways (Figure 1). In the following, we first summarized the
role of iron sequestration in ferroptosis, which can form
ROS, leading to cell damage. Next, we describe the GSH
metabolism and NADPH metabolism, which act as ROS
scavenger and reduce oxidized phospholipids (PLs). Last,
we described the role of lipid metabolism that provides
substrates for lipid peroxidation and the other ferroptotic
effector’s function, including transcription factors, mevalo-
nate pathway, and epigenetic regulator in ferroptosis.

3.1. Regulation of Iron Sequestration in Oxidative-Induced
Ferroptosis. Iron is a redox-active metal that is facilitated
for the ROS production by Fenton reaction. Numerous
studies show that genes involved in iron homeostasis impact
ferroptosis sensitivity (Figure 1(a)). Inactivation of NF2, a
tumor suppressor, rendered cancer cells more sensitive to
ferroptosis by NF2-YAP axis through upregulating the
expression of transferrin receptor (TFRC) and acyl-CoA
synthetase long-chain family member 4 (ACSL4) [18], while
genetic inhibition of the iron metabolism key regulator
(IREB2) causes tumor cells resistant to ferroptosis [1].
Repression of nitrogen fixation 1 (NFS1) predisposes tumor
cells to ferroptosis by activating the iron-starvation response
via stabilizing TFRC transcription and inhibiting ferritin
heavy chain 1 (FTHI) translation [19]. The degradation of
FTHI in the lysosome can increase the accumulation of iron
in the cell. Genetic inhibition of NCOA4 (nuclear receptor
coactivator 4), a cargo receptor that recruits FTH to autopha-
gosome from lysosome [20], abrogates ferritin degradation
and ROS accumulation, thus inhibiting ferroptosis occur-
rence. Except for the direct effect of nuclear factor erythroid
2-related factor 2 (NRF2) as a ROS scavenger via GSH metab-
olism, it can also regulate ROS levels by modulating free Fe**
homeostasis [21]. The main source of intracellular free Fe** is
derived from the breakdown of ferritin by lysosome or the
degradation of haem by haem oxygenase (HMOX1); nuclear
factor erythroid 2-related factor 2 (NRF2) positively regulates
HMOX1 transcription [22]. This seems a bit paradoxical, as a
well-recognized ferroptosis suppressor NRF2 would promote
uncontrolled Fe into cells that facilitate Fenton reaction.
Interestingly, except for HMOX1 elevation, NRF2 enhanced
the transcription of ferritin light chain (FTL) and FTH, two
components of the ferritin complex, which can detoxify free
Fe** and soon store it in its own structure [23, 24].
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F1GURE 1: The central metabolic regulation of ferroptosis. (a) Transferrin, TFRC, and NCOA4 regulate iron sequestration by increasing the
levels of [Fe®"] LIP, thus triggering lipid peroxidation and ferroptosis. (b) System Xc~ (composed by SLC7A11 and SLC3A2) exchanges
intracellular glutamate for extracellular cystine, thereby supporting intracellular glutathione (GSH) synthesis, which is the primary
endogenous antioxidant. GPX4 uses GSH to detoxify lipid hydroperoxide, thus protecting tumor cells against ferroptosis. And the
transsulfuration pathway affects ferroptosis sensitivity by providing cysteine for GSH synthesis. (c¢) NADPH can be used for the
regeneration of the reduced form of glutathione (GSH) by glutathione reductase (GR). There are three significant ways for intracellular
NADPH production—produced from pentose phosphate pathway, produced by isocitrate dehydrogenase 1 (IDH1) and IDH2 through the
conversion of isocitrate to a-ketoglutarate, and malic enzyme 1 (ME1) through the transformation of malate to pyruvate. In addition to
GSH regeneration, the regeneration of thioredoxin (TXN) and the activity of CoQ10 are also required for the participation of NADPH to
eliminate ROS and antiferroptosis. And in some cellular contexts, NADPH can be oxidized by NADPH oxidase (NOX), thus increasing
intracellular ROS levels. (d) Isopentenyl pyrophosphate (IPP) produced from the mevalonate pathway is required for the cholesterol
biosynthesis, Sec-tRNA, and CoQ10 production, which all can be used to regulate ferroptosis sensitivity. Sec-tRNA is essential for the
integration of GPX4 with selenocysteine. TF: transferrin; DMT1: divalent metal transporter 1; TFRC: transferrin receptor; STEAPI:
STEAP family member 1; NCOA4: nuclear receptor coactivator 4; LIP: labile iron pool; GLS: glutaminase; GCL: glutamate-cysteine ligase;
GSS: glutathione synthetase; GR: glutathione reductase; DJ-1: also known as Parkinsonism-associated deglycase: PARK7; G6PD: glucose-
6-phosphate dehydrogenase; ME1: malic enzyme 1; IDHI1/IDH2: isocitrate dehydrogenase 1/2; NOX: NADPH oxidase; TXNRD:
thioredoxin reductase 1; CoQl0: coenzyme Q10; TXN: thioredoxin; HMGCR: 3-hydroxy-3-methylglutaryl-CoA reductase; MVA:
mevalonate; IPP: isopentenyl pyrophosphate; FPP: farnesyl pyrophosphate; SQS: squalene synthase; SQLE: squalene monooxygenase; GPX4:
glutathione peroxidase 4; LOX: lipoxygenase; ACSL4: acyl-CoA synthetase long-chain family member 4; LPCAT3: lysophosphatidylcholine
acyltransferase 3.

Accordingly, NRF2 reduces ROS production by hindering
Fe(II) released from haem and its subsequent chelation. The
sustained activation of NRF2 leads to iron signaling alteration,
which enhances tumor cell’s resistance to ROS and is benefi-
cial to tumor cell survival and progression.

3.2. Redox Regulation of GSH Metabolism

3.2.1. Regulation of Ferroptosis by GPX4. GSH metabolism
and NADPH synthesis’s capacity is commonly considered as
positively correlating with ferroptosis sensitivity (Figures 1(b)

and 1(c)). Glutathione peroxidase 4 (GPX4) is the only enzyme
that can reduce phospholipid peroxides (oxidized phosphati-
dylethanolamine (PE) and phosphatidylcholine (PC)) directly
[25]. GSH was found as a cofactor of GPX4 [26]; GPX4 uses
two molecules of GSH to reduce phospholipid peroxides; the
enzyme activity of GPX4 is directly correlated to GSH metabo-
lism. So, that is why GPX4 and GSH play an essential role in
ferroptosis regulation. Pharmacological inhibition by (1S,3R)-
RSL3 or genetical GPX4 silencing can induce ferroptosis
in vitro and in vivo [2], and the adaptor protein 14-3-3¢ is
required for the RSL3-induced ferroptosis [27]. Zou et al
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FIGURE 2: Modulation of system Xc™ in ferroptotic cancer cells.The cystine/glutamate exchanger is composed of SLC7A11 and SLC3A2.
Inhibition of them both can impair the uptake of cystine and following GSH synthesis, thus affect the activity of GPX4 and sensitize
tumor cells to ferroptosis. Cys-Cys: cystine; Cys: cysteine; GSH: glutathione; SLC3A2: solute carrier family 3 member 2; SLC7A11: solute
carrier family 7 member 11; MTDH: metadherin; ATF3: activating transcription factor 3; BAP1: BRCAl-associated protein 1; IFNy:
interferon-y; p53: tumor protein p53; OTUBI1: OTU deubiquitinase, ubiquitin aldehyde binding 1; CD44: CD44 molecule (Indian blood
group); NRF2: nuclear factor erythroid 2-related factor 2; ARF: also known as CDKN2A: cyclin-dependent kinase inhibitor 2A; BECNI:
beclinl; AMPK: also known as PRKAA2: protein kinase AMP-activated catalytic subunit alpha 2.

reported that clear cell carcinomas (CCCs) are vulnerable to
ferroptosis because of its unique metabolic state, in which
hypoxia-inducible factor 2« selectively enriches polyunsatu-
rated lipids, by HILPDA (hypoxia-inducible, lipid droplet-
associated protein) activation [7]. Data analysis shows that
GPX4 is highly expressed in tumor tissues, compared with
adjacent tissues. The upstream of GPX4 is characterized by
lower DNA methylation sites and elevated H3K4me3 and
H3K27ac levels, suggesting that enhanced expression of GPX4
in tumor tissues may result from epigenetic regulation [28].

3.3. Regulation of Ferroptosis by System Xc . Reduced gluta-
thione (GSH) is an essential antioxidant within cells that
can prevent ferroptosis by attenuating ROS accumulations.
The levels of extracellular cystine and intracellular cysteine
are required for the GSH synthesis, thus correlated to the
enzyme activity of GPX4 and the sensitivity to ferroptosis.
The cystine-glutamate antiporter, system Xc’, is composed
by two subunits, SLC3A2 and SLC7A11. Inhibition of system
Xc™ impairs the intake of cystine thus decreasing GSH
synthesis and following lipid peroxidation and ferroptosis
(Figure 2).

SLC7A11 is the catalytic subunit of system Xc  and
highly specific to cystine and glutamate, and the regulatory
subunit SLC3A2 primarily functions as a chaperone protein
that is essential to regulate retention of SLC7A11 on plasma
membrane [1, 29]. It has been reported that SLC3A2 deletion

results in a downregulation of SLC7A11 levels, indicating
that SLC3A2 is required to maintain SLC7A11 stability and
its deficiency will impair the integrity of the system Xc~, thus
sensitizing tumor cells to ferroptosis [30]. The efficient
exchange of cystine and glutamate by system Xc~ requires
both catalytic subunit and regulatory subunit.

Emerging evidences show that many factors can induce
ferroptosis by system Xc~ inhibition. As a typical stress
sensor, activating transcription factor 3 (ATF3) can promote
erastin-induced ferroptosis via binding to the promoter region
of SLC7A11 and suppressing SLC7A11 expression in a p53-
independent manner [31]. SLC7A11 is an essential BAP1
target in human cancers, and BAP1 represses SLC7A1l
expression via reducing H2Aub occupancy on SLC7All
promoter in a deubiquitinating-dependent manner [5, 32].
After phosphorylated by isoflurane or AMPK activation,
Beclinl (BECN1) can bind to SLC7A11, blocking system Xc~
activity [33, 34]. Wang et al. reported that interferon-y
released from CD8" T cells downregulates the expression of
SLC3A2 and SLC7A11 and, as a consequence, promotes
tumor cell lipid peroxidation and ferroptosis [35], suggesting
that the selective killing ability of CD8" T cells for tumor cells
is partially due to ferroptosis induced by interferon-y. NRF2
can transcriptionally activate SLC7A11, whereas ARF (also
known as CDKN2A) negatively regulates NRF2’s activity in
a p53-independent manner, indicating that NRF2 is a major
target of p53-independent tumor suppression by ARF [36].
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Expression of suppressor of cytokine signaling 1 (SOCS1)
sensitized cells to ferroptosis via a p53-dependent manner;
expression of SOCSI reduced the levels of GSH [37]. The role
of p53 in ferroptosis by regulating SLC7A11 expression is
presented in the following paragraphs. OTUB1 (OTU deubi-
quitinase, ubiquitin aldehyde binding 1) stabilizes SLC7A11
transcription through the deubiquitination of SLC7All,
which can be enhanced by CD44 [38]. KRAS mutation is a
major oncogenic driver for lung adenocarcinoma (LUAD);
mutationally activated KRAS strikingly increased SLC7A11
expression in an NRF2-dependent manner [39].

Hangauer et al. found that the survival of therapy-resistant
high-mesenchymal cancers relied on the activity of GPX4 [40]
and is especially vulnerable to ferroptosis inducers (sorafenib,
erastin, and sulfasalazine); the underlying mechanism is that
metadherin (MTDH) conferred to this therapy-resistant cell
state and sensitizes cells to ferroptosis inducer by decreasing
GPX4 and SLC3A2 expressions [41]. System Xc intakes
extracellular cystine into cells to sustain intracellular cysteine
pools and then together with glutamate and glycine to promote
GSH synthesis catalyzed by two enzymes, glutamate-cysteine
ligase (GCL) and glutathione synthetase (GSS). Knockdown
of glutamate-cysteine ligase catalytic (GCLC) subunit
sensitized tumor cells to ferroptosis [42]. Another source of
cystine is the transsulfuration pathway. The inhibition of DJ-
1 (also known as Parkinsonism-associated deglycase, PARK7)
enhances tumor cells’ sensitivity to ferroptosis inducer via
disrupting the formation of the S-adenosyl homocysteine
hydrolase (SAHase) and impairing its activity [43].

3.4. Regulation of NADPH Production and Utilization in
Ferroptosis. Reduced NADPH, an essential metabolic sub-
strate, is crucial to many biological processes (Figure 1(c)).
For example, the generation of GSH and thioredoxin (TXN),
which are essential in eliminating peroxides [44], both
required for the participation of NADPH. NADPH depletion
will lead to a decreased level of GSH and TXN, thus promoting
lipid ROS accumulation in biological membranes [45]. The
production of NADPH is mainly derived from three ways
within cells: through the pentose phosphate pathway (PPP)
by glucose-6-phosphate dehydrogenase (G6PD), as well as
the conversion of pyruvate to malate by malic enzyme 1
(ME1) and the conversion of isocitrate to a-ketoglutarate (a-
KG) by isocitrate dehydrogenase (IDH) isoforms. IDH1/2
mutation reduces the affinity for isocitrate and increases the
affinity for NADPH and a-KG, which blocks the conversion
of isocitrate to a-KG and facilitates the conversion of a-KG
to oncometabolite 2-hydroxyglutarate (2-HG) [46]. Accord-
ingly, because of decreased levels of NADPH, IDH1/2-mutant
cells become sensitized to ferroptosis inducer [47]. Interest-
ingly, the frequency of IDH1/2 mutation was relatively high
in acute myeloid leukemia (AML) and glioma [48, 49]; this
suggests that tumor cells with these kinds of mutations may
be well response to proferroptotic therapy.

To scavenge hydrogen peroxide or lipid hydroperoxide,
GSH is oxidized to glutathione disulfide (GSSG) by ROS
and GPX4, through the activity of glutathione reductase
(GR) and the reducing agent NADPH. This process uses
NADPH as the electron receptor derived from the pentose

phosphate pathway (PPP). The PPP generates NADPH,
which is essential for sustaining the cellular levels of GSH
and resistance to ferroptosis. However, it can also supply
NADPH to NADPH oxidases (NOXs) and contribute to
ROS production and ferroptosis in some cellular contexts.
The broad-spectrum NOX inhibitor diphenyleneiodonium
and the selective NOX1/4 isoform inhibitor GKT137831
significantly diminished erastin-stimulated ROS, lipid ROS,
and cell death [50]. By using large-scale testing of small
molecules in 60 human cell lines combined with tran-
scriptome analysis, Shimada et al. identified intracellular
NADPH abundance negatively correlates with sensitivity to
ferroptosis inducers [51]. NOXs, LOXs, and mitochondrial
transport complexes all can fuel ROS production, targeting
that these ROS-producing enzymes may be a new way to kill
tumor cells selectively.

3.5. Redox Regulation of Lipid Metabolism in Ferroptosis.
Accumulation of phospholipid peroxides in biomembranes
is the hallmark and rate-limiting step of ferroptosis
(Figure 1(d) and Figure 3). Lipidomic analysis indicates that
phosphatidylethanolamines (PEs) including arachidonic acid
(AA) and its extended product, adrenic acid (AdA), are vital
phospholipids that undergo oxidation and drive cells to
ferroptosis [52, 53]. Acyl-CoA synthetase long-chain family
member 4 (ACSL4) transforms AA or AdA to acylated AA
or acylated AdA; lysophosphatidylcholine acyltransferase 3
(LPCAT?3) catalyzes the acylated AA/AdA into PEs, while
LOXs, NOXs, and Fenton reaction may oxidize AA-PE or
AdA-PE to trigger ferroptosis [54]. Inhibition of these genes
can remove the substrate for lipid peroxidation and make
cells resistant to ferroptotic cell death [54, 55].

The integrin a6f34 can protect tumor cells from death in
adverse conditions and is correlated to metastasis [56].
a634-mediated activation of Src (SRC protooncogene, nonre-
ceptor tyrosine kinase) and STAT3 (signal transducer and
activator of transcription 3) suppresses expression of ACSL4,
thus inhibiting the occurrence of ferroptosis [57]. Deprivation
of cystine led to several EGFR/MAPK-driven tumors more
sensitized to ferroptosis, as GPX4 inhibition and catalase
NOX4 at the same time [58]. Treatment of xenografts derived
from EGFR-mutant non-small-cell lung cancer (NSCLC) with
cysteinase (an engineered enzyme that can deplete both
cysteine and cystine with cell) showed increased ferroptosis.
Phosphorylase kinase G2 (PHKG2) can regulate iron
availability of lipoxygenase, including arachidonate LOX12
(ALOX12), ALOX12B, ALOX15, and ALOX15B, which in
turn promote ferroptosis through lipid peroxide accumula-
tion. p53 activation modulates ferroptosis responses, while
ALOXI12 inactivation abrogated p53-dependent ferroptosis,
indicating that ALOX12 is essential for p53-dependent tumor
suppression [59]. Phosphatidylethanolamine-binding protein
1 (PEBP1), a scaffold protein inhibitor of protein kinase cas-
cades, was shown to bind and direct LOX15 toward PUFAs
in the cell membrane to promote ferroptosis [60]. Zou et al.
reported cytochrome P450 oxidoreductase (POR) contributes
to ferroptosis across a broad range of lineages and cell states.
In response to distinct mechanisms of ferroptosis induction
[61] and by using systematic lipidomic profiling, POR’s
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activity was further mapped to the lipid peroxidation step in
ferroptosis. Cancer cells with high-level AMP-activated
protein kinase (AMPK) activation are resistant to ferroptosis.
Further analyses show that AMPK regulation of ferroptosis
is related to AMPK-mediated phosphorylation of acetyl-CoA
carboxylase (ACC) and PUFA synthesis [62].

Oxidative stress-induced lipid peroxidation plays an

3.6. The Other Regulators in Ferroptosis Modulation

3.6.1. Role of Transcription Factors in Ferroptosis Regulation.
BTB domain and CNC homolog 1 (BACH1), a transcription
factor in heme and iron metabolism and a repressor of NRF2,
promotes ferroptosis by suppressing the transcription of a
cohort of proferroptotic genes. These sets of genes are involved

essential role in ferroptosis. The fundamental mechanism is
based on an overload of ROS, which attacks biomembranes,
scatters lipid peroxidation chain reactions, and subsequently
induces ferroptosis. Targeting molecules involved in the lipid
peroxidation network can effectively and selectively induce
ferroptosis, thus killing tumor cells.

in GSH biosynthesis or iron sequestration, which include
FTHI, FTL1, SLC7A1l, glutamate-cysteine ligase modifier
subunit (GCLM), and solute carrier family 40 member 1
(SLC40A1) [63].

p53, encoded by the TP53 gene, plays a critical role in
tumor suppression, and more than half of all cancers harbor
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TaBLE 1: p53-related ferroptotic genes.

Gene Name Function
Arachidonate 12- A critical regulator of p53-dependent ferroptosis. Deletion of one AIOX12 allele is enough to
ALOX12 . . .
lipoxygenase, 12S type abrogate p53-mediated ferroptosis [59].
CDKN2A Cychn.-de.p e.ndent kinase CDKN2A activation sensitized tumor cells to ROS-induced ferroptosis [36].
inhibitor 2A
DPP4 Dipeptidyl peptidase 4 DPP4 is critical for ferroptosis in p53-deficient colorectal cancer cells [72].
SATI Spermidine/spermine N1-  p53-mediated activation of SAT1 sensitized tumor cells to ferroptosis in the presence of ROS
acetyltransferase 1 stress. Knockdown of SAT1 partially rescued ROS-induced ferroptosis [66].
Supbressor of cvtokine Expression of SOCSI sensitized cells to ferroptosis inducer. This effect of SOCS1 was
SOCS1 bP sienalin }{t efficiently blocked by ferroptosis inhibitor. Expression of SOCSI1 reduced the levels of GSH,
& & explaining in part its ability to sensitize cells to ferroptosis [37].
Solute carrier family 7 Elevated levels of SLC7A11 make cells resistant to erastin-induced ferroptosis. p53 negatively
SLC7A11 Y regulates SLC7A11 expression that sensitizes cells to undergo erastin-induced ferroptosis
member 11 [117]
TP63 Tumor protein p63 Delta Np63 alpha can inhibit ferropt051s.1n'depeerent of p53. Overexpression protects cells
from ferroptosis-inducing agents [118].
Mutated p53 S47 The S47 mutation makes cell significantly resistant to agent-induced ferroptosis [119].
This p53 mutation type losses the ability to induce cell cycle arrest, senescence, and apoptosis,
Mutated p53 3KR but still has the capability of SLC7A11 inhibition [64].
Mutated p53 p53 4KR98 is unable to induce ferroptosis, and its ability to block cancer proliferation is also

p53 4KR98

p53 R273H and p53 R175H

abolished [117].

These two mutations inhibit SLC7A11 expression by blocking NRF2-mediated SLC7A11

elevation [67-69].

P53 mutation or inactivation. Much evidence suggests that
p53 controls multiple cellular processes at the transcription
level, including cell cycle arrest, senescence, DNA repair,
and apoptosis. However, the evidence is emerging that the
function of p53 in the metabolic pathway is also essential.
p53 has a controversial role in response to oxidative stress
as it can promote both pro- and antiferroptotic responses
(Figure 4 and Table 1) [3, 4].

Jiang et al. reported that an acetylation-defective mutant,
3°R "in which three lysine residues were replaced by
arginine (K117/161/162R), losses the ability to induce cell cycle
arrest, senescence, and apoptosis, but still has the capability of
generating ferroptosis via SLC7A11 inhibition, thus sensitizes
osteosarcoma U20S cells to ferroptosis [64]. Jiang et al. found
that induction of ferroptosis was required for the tumor
suppression function of p533KR in vitro and in vivo [64].
p53’s functional N-terminal domain is essential for its capacity
to regulate oxidative stress responses and ferroptosis [65]. Ou
et al. reported that p53 could also regulate ferroptosis via
p53-SAT1-ALOX15 axis [66]. Knockdown of SAT1 (spermidi-
ne/spermine N1-acetyltransferase 1) partially rescued ROS-
induced ferroptosis. Other p53 variants such as p53**”*" and
p53°7H two commonly occurring p53 mutants, can also
inhibit SLC7A11 expression by hampering NRF2-dependent
SLC7A11 elevation [67-69]. Interestingly, as the oncogene
MYC controls glutaminase 1 (GLS1) expression [70], the
tumor suppressor p53 controls glutaminase 2 (GLS2)
transcription, thus regulating ferroptosis via influencing GSH
synthesis. [42]

Notably, p53 can negatively modulate ferroptosis in
certain scenarios. The p53 stabilization can delay ferroptosis

induction via sustaining glutathione in a p53-p21 (also
known as CDKNI1A)-dependent axis [71]. p53 blocks
erastin-induced ferroptosis by inhibiting the expression of
dipeptidyl peptidase 4 (DPP4). In p53-deficient cells, DPP4
formed a complex with NOX1 that mediates lipid peroxide
accumulation and following ferroptosis [72].

NREF2 is generally considered the most significant
modulator of intracellular antioxidant response [73]. Under
unstressed conditions, NRF2 was sequestered by Kelch-like
ECH-associated protein 1 (KEAP1) and then targeted degra-
dation by the proteasome [74].

Upon exposure to oxidative stress, Keapl can be modified
by reactive cysteine residues, results in NRF2 detaches from
KEAPI, and translocates into nucleus [75]. NRF2 controls the
production of GSH by upregulating SLC7A11 expression.
NRE?2 silencing promotes hepatocellular carcinoma (HCC) cells
sensitized to ferroptosis [76], suggesting that NRF2 plays a cru-
cial role in protecting HCC against ferroptosis. Inhibition of
Lon peptidase 1 (LONP1) mitochondrial protects pancreatic
ductal adenocarcinoma cells against erastin-induced ferroptosis
through inhibiting the KEAP1/NRF2 pathway and GPX4
downregulation [77]. NRF2 negatively regulates FAK activity
by downregulating FOCAD expression, thus hampering ferrop-
tosis in NSCLC cells. Erastin treatment combined with NRF2
inhibitor (brusatol) showed better therapeutic efficacy partially
due to NRF2-FOCAD-FAK axis [78]. Yang et al. reported that
sirtuin 2 (SIRT2) downregulates intracellular NRF2 levels via
deacetylating NRF2 on lysine 506 and 508 [79]. The reduction
of NRF2 decreased a series of iron metabolism-related gene
expressions, including HMOX1, FTH, FTL, and ferroportin 1
(FPN1), which results in intracellular iron accumulation.



3.6.2. Redox Regulation of the Mevalonate (MVA) Pathway.
The MVA pathway is a well-accepted driving malignant trans-
formation, and cancer cells deeply rely on some of the MVA
pathway products [80]. The path is an enzymatic cascade
responsible for de novo cholesterol synthesis (Figure 4).
HMG-CoA reductase (HMGCR), the rate-limiting enzyme
in the MVA pathway, catalyzes 3-hydroxy-3-methylglutaryl-
coenzyme A (HMG-CoA) to MVA. The direct product of
MVA, isopentenyl pyrophosphate (IPP), is essential for
cholesterol biosynthesis, isopentenylation of Sec-tRNA, and
CoQ10 production [81]. Inhibition of squalene synthase
(SQS), an enzyme in the downstream of IPP, blocks ferropto-
sis. In contrast, FIN56, a specific inducer of ferroptosis, can
bind to and activate SQS, thus promoting cholesterol synthesis
and following increased sensitivity to ferroptosis [82]. Mean-
while, the inhibition of HMGCR by statins enhances ferropto-
sis sensitivity.

Despite cholesterol synthesis, the MVA pathway is also
essential for GPX4 formation. There was selenocysteine on
the GPX4 catalytic subunit, IPP, and Sec-tRNA are required
for the insertion of Sec to GPX4 [83]. Selenium replenish-
ment elevates ferroptosis resistance, while selenium depletion
benefits ferroptosis sensitivity.

By activating the activity of SQS, FIN56 decreased the
production of CoQ10, which in turn increased the sensitivity
to ferroptosis. The underlying mechanism is that reduced
CoQ10 acts as a lipophilic radical-trapping antioxidant
(RTA) that halts the propagation of lipid peroxides [8, 9].
Bersuker et al. and Doll et al. found that ferroptosis suppressor
protein 1 (ESP1) inhibits ferroptosis in a GPX4-independent
pathway. The further study shows that FSP1 can act as an
oxidoreductase to reduce CoQ10 by using NADPH, generat-
ing RTA that inhibits ferroptosis [8, 9]. In this connection,
supplementation of cells with CoQ10 effectively suppresses
ferroptosis [51]. MDM2 and MDMX, negative regulators of
P53, also negatively regulated the levels of FSP1 in a p53-
independent manner. This indicates that MDM2 and MDMX
usually prevent cells from making enough defenses against
lipid peroxidation and promoting ferroptosis [84].

3.6.3. The Epigenetic Regulation of Redox-Induced Ferroptosis.
Until now, there is a growing evidence that shows epigenetic
regulation, including DNA methylation, histone modification,
RNA methylation, and posttranslational modification (PTM),
plays a significant role in cancer formation. Although some
studies indicate the importance of epigenetic regulation in
ferroptosis in recent years, the relationship between epigenetic
mechanism and ferroptosis is still poorly defined. Here, we
will list several significant epigenetic-related ferroptotic regu-
lators including methylation and PTM.

GPX4 is highly expressed in tumor tissues, compared
with adjacent tissues, and was inverse correlated with the
patient’s prognosis. Further analysis reveals that the
upstream of GPX4 is characterized by lower DNA methyla-
tion sites and elevated H3K4me3 and H3K27ac levels, sug-
gesting that a high level of GPX4 in cancer may result from
epigenetic regulation [28]. Upregulated methylation of
GPX4 inhibits its expression thus leading to lipid ROS accu-
mulation and following ferroptosis [85].
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Lymphoid-specific helicase (LSH), a member of the SNF2
family of chromatin remodeling ATPases encoded by the
HELLS gene, is a critical DNA methylation modifier [86].
Jiang et al. reported that LSH inhibits ferroptosis and
promotes lung tumorigenesis by affecting metabolic genes
through DNA methylation and histone modification [87].
LSH activated the transcription of ferroptosis-related genes,
including stearoyl-CoA desaturase 1 (SCD1) and fatty acid
desaturases 2 (FADS?2), by recruiting the WD repeat domain
76 (WDR?76) to these genes’ promoters. The expression of
SCD1 and FADS?2 affected the iron and lipid ROS accumula-
tion, and SCD1 can also positively regulate CoQ10 produc-
tion, thus suppresses lipid peroxide propagation.

The N-terminal of FSP1 contains a canonical myristoyla-
tion motif. By the mutation of the myristoylated modification
site in FSP1, its antiferroptotic function was abolished; it was
further demonstrated that myristoylation of FSP1 appears to
be significant for its antiferroptotic function.

4. Ferroptosis and Drug Repurposing

The development of an intervention to effectively and selec-
tively kill tumor cells is still defective, given the number of
clinical trial failures in combination with the expensive costs
for anticancer drugs, and there have been many reviews
described preclinical drugs and compounds that can act as
ferroptosis inducers. Our attention in this review was mainly
focused on the existing drugs approved for other indications,
which can be used for proferroptotic anticancer therapy.
Here, we will review the mechanism and potential efficacy
of the clinical drugs, which can be repurposed as ferroptosis
inducer for cancer therapy.

4.1. Acetaminophen. Acetaminophen (APAP, paracetamol) is
the most commonly used antipyretic and analgesic around
the world [88]. Some non-small-cell lung cancer (NSCLC)
cell lines are resistant to erastin-induced ferroptosis. Gai
et al. reported that combined treatment of erastin and APAP
inhibited NSCLC cell proliferation and promoted ferroptosis
and apoptosis, accompanied with GSH attenuation and lipid
peroxide accumulation [89]. Mechanistically, erastin and
APAP sensitize tumor cells to ferroptosis by regulating
nucleus translocation of NRF2 and the following downregu-
lation of HMOX1 and transferrin, which led to elevated levels
of LIP and thus making NSCLC cells sensitized to ferroptosis
[23, 24, 89].

4.2. Artemisinin. Artemisinin and its derivatives (dihydroarte-
misinin, artesunate, artemether, and arteether), the active sub-
stances against malaria, have been explored as potential
anticancer agents; their underlying mechanism for cancer
therapy is still controversial [90]. Chen et al. reported that
artemisinin compounds could sensitize tumor cells to ferrop-
tosis [91]. Mechanistically, artemisinin compounds can
induce lysosomal ferritin degradation in an autophagy-
independent manner, following elevated levels of [Fe2"] LIP,
thus sensitizing cells to ferroptosis. Furthermore, cellular labile
iron concentration can be sensed by iron regulatory protein 1
(IRP1) and IRP2; these two proteins can dynamically regulate



Oxidative Medicine and Cellular Longevity

intracellular free iron levels by changing its affinity to mRNAs
that contain iron-responsive element (IRE), thus regulating
these kinds of gene expression.

When the iron level is at a normal level, IRP1/2 can bind
to a mRNA class containing iron-responsive element (IRE),
thus promoting these kinds of gene expression. For example,
the expression of TFRC, which is having IRE, will be
enhanced, whereas the expression of ferritin is suppressed.
IRP-IRE signaling regulates iron homeostasis on a dynamic
balance, and artemisinin compounds can impede IRP/IRE-
controlled iron homeostasis to increase cellular free iron
further. Accordingly, the mechanism of artemisinin com-
pounds sensitizing tumor cells to ferroptosis is via regulating
intracellular iron homeostasis. Previous clinical trials have
shown the excellent safety and tolerability of artemisinin;
therefore, using artemisinin as a proferroptotic agents can
be a potential strategy for anticancer therapy [92].

4.3. Auranofin. Auranofin (AUR), an Au-containing com-
pound, was first developed by Smith Kline and French Labo-
ratories in 1976 [93] and was approved by the FDA to treat
rheumatoid arthritis in 1985. Interestingly, recent researches
reported that AUR could be a potential chemotherapeutic
drug for several tumor types for its function as a strong
thioredoxin reductase (TXNRD) inhibitor [94, 95]. Lee
et al. reported that inhibition of TXNRD by AUR inhibited
HCC cells’ proliferation and induced apoptosis in vitro,
which can also sensitize tumor cells to sorafenib [95].

AUR has been shown to act as a pan inhibitor of the
TXNRD family, which serves as an essential ROS scavenger
[96]. Recently, Yang et al. showed that high dose (25 mg/kg)
of AUR could induce lipid peroxidation and ferroptosis
through inhibition of thioredoxin reductase (TXNRD)
activity [45]. Notably, in addition to AUR which acts as a
ferroptosis inducer by TXNRD inhibition in high-dose
situation, low-dose AUR can relieve iron overload by increas-
ing hepcidin expression via the NF-xB/IL-6/JAK-STAT path-
way [45], which indicated that despite the new indication for
proferroptotic anticancer therapy, AUR could also be
repurposed to treat other hepcidin deficiency diseases.
Ferrostatin-1 (Fer-1), a ferroptosis inhibitor, conferred signif-
icant protection against liver injury or other effects induced by
high-dose AUR.

4.4. Cisplatin. Cisplatin is a chemotherapeutic agent, which
has been a mainstay of cancer treatment for decades [97].
Notably, cisplatin is effective against various solid tumors,
including ovarian, cervical, head-neck, NSCLC, and colorec-
tal cancer. Unfortunately, many cancers initially respond to
platinum treatment, but drug resistance often occurs when
the tumor returns.

It was generally considered that cisplatin kills tumor cells
by causing DNA damages via binding to DNA, therefore
creating inter- or intrastrand crosslinks and finally leading
to apoptosis. Recent studies have found that cisplatin acts
as an inducer of apoptosis and ferroptosis in A549 and
HCT116 cells [98]. Cisplatin promotes ferroptosis via GSH
depletion and GPX4 inactivation; combination therapy of
cisplatin and erastin showed a significant synergistic effect

on their antitumor activity [98]. The resistance of tumor cells
to cisplatin mainly affected cisplatin-induced apoptosis, but
not cisplatin-induced ferroptosis. Therefore, targeting
ferroptosis can be a promising way to alleviate tumor resis-
tance to cisplatin.

4.5. Fenugreek. Fenugreek (trigonelline) is one of the oldest
applied herbs. An emerging evidence indicates that Fenu-
greek can be used for antiatherosclerosis, anticancer, antidia-
betes, and anti-inflammation. Recently, Roh et al. reported
that trigonelline acts as an NRF2 inhibitor and sensitizes
tumor cell to ferroptosis [99]. The inhibition of NRF2 by
trigonelline repressed MT-1G expression, which improved
the proferroptotic efficacy of sorafenib [100].

4.6. Haloperidol. Haloperidol, a sigma receptor 1 (SIR) antag-
onist, is a commonly used antipsychotic agent, which can be
used for antiacute/chronic psychosis therapy. However, Bai
et al. reported that haloperidol significantly promoted erastin-
and sorafenib-induced cell death, which can be blocked by
ferrostatin-1 but not ZVAD-FMK or necrosulfonamide
[101]. SIR has been shown to function in antioxidant metab-
olism, and both erastin and sorafenib strongly enhanced S1P
expression. Haloperidol treatment significantly increased the
levels of intracellular free iron, facilitating GSH depletion
and lipid peroxidation. Accordingly, haloperidol’s combined
treatment with sorafenib may be a novel strategy for hepato-
cellular carcinoma (HCC) therapy.

4.7. Neratinib. Neratinib is an HER-2 receptor tyrosine
kinase inhibitor and is used in the extended adjuvant therapy
of HER-2-positive early-stage breast cancer. Mechanistically,
neratinib binds to the HER-2 receptor irreversibly, which
thus blocked downstream signal transduction and cell cycle
transition (arrest cell cycle at the G1-S phase) and finally
repressed cell proliferation [102]. Nagpal et al. reported that
neratinib promotes ferroptosis and inhibited brain metastasis
in HER-2-positive breast cancer, but the underlying mecha-
nism of how neratinib is inducing ferroptosis is obscure
[103]. Neratinib-induced ferroptosis provides a new way for
drug intervention. Further application of neratinib adjuvant
therapy should be further assessed.

4.8. Siramesine Combined with Lapatinib. Siramesine, a
sigma receptor 2 (S2R) ligand, was initially used for depres-
sion therapy [104] and was recently repurposed for cancer
therapy [105]. Siramesine kills tumor cells via inducing
cytoprotective autophagosome accumulation. Lapatinib is a
small molecule inhibitor that can block several tyrosine
kinase receptors’ phosphorylation (EGFR, ErbB2, Erkl/2,
and AKT kinases) and is generally used for advanced breast
cancer therapy [106]. Ma et al. reported that the combination
of siramesine and lapatinib synergistically induced ROS
accumulation and ferroptosis [107], and this synergistic
effect is mediated by lysosomes which release iron and
proteasomes which degrade HO-1 [108]. These results sug-
gest that altering iron homeostasis by clinical drugs could
be a novel strategy for apoptosis-resistant cancer therapy.
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TaBLE 2: Old drugs used for proferroptotic anticancer therapy.

Old drugs Target/function for ferroptosis

Acetaminophen The combination of erastin and APAP can promote ferroptosis by NRF2 inhibition [89].

Artemisinin Artemisinin compounds sensitize tumor cells to ferroptosis via impeding IRP/IRE-controlled iron homeostasis [91].

Auranofin High dose of auranofin could induce lipid peroxidation and ferroptosis through TXNRD inhibition [45].

Cisplatin Cisplatin promotes ferroptosis via GSH depletion and GPX4 inactivation [98].

Fenugreek Fenugreek acts as an NRF2 inhibitor and sensitizes tumor cell to ferroptosis [99].

Haloperidol Haloperidol treatment significantly increased the level§ of .intracellular free iron, facilitating GSH depletion and lipid

peroxidation [101].
Neratinib Neratinib promotes ferroptosis and inhibited brain metastasis in HER-2-positive breast cancer, but the underlying

mechanism is still obscure [103].

Siramesine combined = The combination of siramesine and lapatinib synergistically induced ROS accumulation and ferroptosis, and this

with lapatinib
Sorafenib

Sulfasalazine

synergistic effect is mediated by lysosomes release iron and proteasomes degrade HO-1 [107, 108].
Sorafenib induces ferroptosis via system Xc™ inhibition and following GSH depletion [100].
Sulfasalazine acts as a strong system Xc inhibitor and induces ferroptosis by inhibiting GSH biosynthesis [1, 113].

4.9. Sorafenib. Sorafenib is an FDA-approved drug for the
treatment of advanced hepatocellular carcinoma and
primary kidney cancer. Sorafenib is a small molecular inhib-
itor that is uniquely targeting the Raf/Mek/Erk pathway and
some other intracellular (CRAF, BRAF, and mutant BRAF)
and cell surface kinases (KIT, FLT-3, VEGFR-2, VEGFR-3,
and PDGFR-3) [109]. By inhibiting these kinases, cell prolif-
eration and neoangiogenesis are inhibited.

Recent studies have identified that sorafenib could induce
ferroptosis. The underlying mechanism of the correlation
between ferroptosis and sorafenib is mainly in two ways. On
the one hand, sorafenib inhibits the activity of system Xc” thus
causing the depletion of GSH and following lipid peroxidation
[110]. On the other hand, the activation of NRF2 and MT-1G
makes cells resistant to sorafenib. Under the treatment of
sorafenib, the expression of p62 blocks NRF2 degradation and
enhances the nuclear accumulation of NRF2, thus activating
NADPH quinone’s expression dehydrogenasel (NQO1),
FTHI, and HMOXI1, which all can block the accumulation of
ROS and lipid ROS in biomembranes. Genetic or pharmaco-
logic inhibition of NRF2 expression in HCC cells increased
the anticancer activity of sorafenib in vitro and tumor xenograft
models [76]. Meanwhile, on the treatment of sorafenib, the
expression of metallothionein- (MT-) 1G in HCC cells was
significantly increased, which can hinder GSH attenuation-
mediated lipid peroxidation and promote tumor cells resistant
to sorafenib [100]. In summary, the above studies suggest that
the combination of NRF2 or MT-1G inhibitor and sorafenib
may prove to be a promising therapeutic strategy for cancer
treatment.

4.10. Sulfasalazine. Sulfasalazine (SAS), the sulfonamide
derivative, was firstly synthesized in 1940. It was clinically
used to treat chronic inflammatory diseases and rheumatoid
arthritis [111, 112]. Gout et al. first reported that SAS acts as a
strong system Xc inhibitor and inhibits tumor cell prolifera-
tion by repressing GSH biosynthesis [113], and further study
identified that SAS induces ferroptosis by inhibiting system
Xc activity [1].

Accordingly, we summarized the existing clinically used
drugs which can be repurposed for proferroptotic anticancer

therapy (Table 2). The proferroptotic effects of these agents
described above are all due to elevated oxidative stress, which
is also the cause of their toxic effect. The comorbidity profile
of individual patients may modulate response to therapy.
Hence, when repurposing old drugs to target oxidative stress,
various drug interactions should be considered. Inducing
extensive ROS by these drugs can kill tumor cells efficiently,
but may also be accompanied with serious toxic effect. How
to apply them clinically needs further investigation.

In addition to the drug-drug interaction, drug-disease
interactions also deserve special consideration. For example,
overdose of APAP can result in organ toxicity, especially in
the liver, and is the main cause of drug-induced liver injury
and acute liver failure in many western countries [114]. The
mechanism of APAP hepatoxicity is associated with APAP-
induced lipid peroxidation and subsequent liver injury.
Therefore, the application of APAP for proferroptotic
anticancer therapy is limited in patients with liver dysfunc-
tion. Previous animal experiments and clinical trials show
that fenugreek has a testicular toxicity and antifertility effects,
which means that fenugreek is not recommended for
pregnant women [115]. People with peanut allergy are also
not recommended due to possible occurrence of chronic
asthma [116].

5. Conclusions and Perspectives

Although substantial progress has been made about how
tumor metabolism and oncogenic mutation regulate the
sensitivity of ferroptosis, the extent to which the mutation
profile affects the sensitivity to ferroptosis is still unclear.
Given that tumor cells can persist and increase in such a
high-oxidative stress environment, how can tumor cells
evolve and adapt against increased oxidative stress? In addi-
tion to the anticancer context, why ferroptosis evolved the
conserved and the fundamental role of ferroptosis in tumor
development needs in-depth research. An emerging evidence
has shown that ROS and lipid ROS play a different impact on
cancer initiation, progression, and response to therapy;
ferroptosis might act as a double-edged sword for cancer
therapy. One hypothesis is that ferroptosis-sensitive states
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allow cancer cells to generate either prodeath or prosurvival
lipid-derived mediators, which can act as a messenger to
modulate intracellular and intercellular signaling pathways,
so it is essential to understand the role of these lipid media-
tors before we can further develop a new strategy to kill
tumor cells efficiently and selectively.

The epigenetic regulation of ferroptosis is poorly studied.
What is the role of DNA methylation, RNA methylation, and
posttranslational modification in ferroptosis regulation?
How to use epigenome editing to manipulate tumor cells’
sensitivity worth to explore? Likewise, developing a new
strategy combined with immunotherapy and proferroptotic
treatment may be an exciting way for drug-resistant cancer
therapy.

Data Availability

No data were used to support this study.

Conflicts of Interest

The authors declare no conflict of interest, financial, or
otherwise.

Authors’ Contributions

Jinghan Zhu and Huifang Liang designed and directed the
manuscript. Jinghan Zhu collected the literature and drafted
the initial manuscript. Yixiao Xiong revised the manuscript
and edited the language. Yuxin Zhang aided in the design
of the figures and table. Jinghan Zhu and Yixiao Xiong have
contributed equally to this work. All authors approved the
final version of the manuscript.

Acknowledgments

This work is supported by grants from the National Natural
Science Foundation of China (No. 81874149 to Wanguang
Zhang; No. 81202300 to Huifang Liang) and a project of
the Hubei Province Natural Science Foundation of China
(No. 2015CFB462).

References

[1] S.]. Dixon, K. M. Lemberg, M. R. Lamprecht et al., “Ferrop-
tosis: an iron-dependent form of nonapoptotic cell death,”
Cell, vol. 149, no. 5, pp. 1060-1072, 2012.

[2] W.S. Yang, R. SriRamaratnam, M. E. Welsch et al., “Regula-
tion of ferroptotic cancer cell death by GPX4,” Cell, vol. 156,
no. 1-2, pp. 317-331, 2014.

[3] K. H. Vousden and K. M. Ryan, “p53 and metabolism,”
Nature Reviews Cancer, vol. 9, no. 10, pp. 691-700, 2009.

[4] K. Gnanapradeepan, S. Basu, T. Barnoud, A. Budina-Kolo-
mets, C. P. Kung, and M. E. Murphy, “The p53 tumor sup-
pressor in the control of metabolism and ferroptosis,”
Frontiers in Endocrinology, vol. 9, p. 124, 2018.

[5] Y. Zhang, J. Shi, X. Liu et al., “BAP1 links metabolic regula-
tion of ferroptosis to tumour suppression,” Nature Cell Biol-
0gy, vol. 20, no. 10, pp. 1181-1192, 2018.

(6]

(10]

(11]

(12]

(13]

(14]

(15]

(16]

(17]

(18]

(19]

(20]

(21]

(22]

(23]

11

C. Louandre, I. Marcq, H. Bouhlal et al., “The retinoblastoma
(Rb) protein regulates ferroptosis induced by sorafenib in
human hepatocellular carcinoma cells,” Cancer Lett,
vol. 356, no. 2, pp. 971-977, 2015.

Y. Zou, M. J. Palte, A. A. Deik et al., “A GPX4-dependent can-
cer cell state underlies the clear-cell morphology and confers
sensitivity to ferroptosis,” Nature Communications, vol. 10,
no. 1, p. 1617, 2019.

K. Bersuker, J. M. Hendricks, Z. Li et al., “The CoQ oxidore-
ductase FSP1 acts parallel to GPX4 to inhibit ferroptosis,”
Nature, vol. 575, no. 7784, pp. 688-692, 2019.

S. Doll, F. P. Freitas, R. Shah et al., “FSP1 is a glutathione-
independent ferroptosis suppressor,” Nature, vol. 575,
no. 7784, pp. 693-698, 2019.

R. A. Cairns, L. S. Harris, and T. W. Mak, “Regulation of can-
cer cell metabolism,” Nature Reviews Cancer, vol. 11, no. 2,
pp- 85-95, 2011.

M. Diehn, R. W. Cho, N. A. Lobo et al., “Association of reac-
tive oxygen species levels and radioresistance in cancer stem
cells,” Nature, vol. 458, no. 7239, pp. 780-783, 2009.

D. Hanahan and R. A. Weinberg, “Hallmarks of cancer: the
next generation,” Cell, vol. 144, no. 5, pp. 646-674, 2011.

S. Pushpakom, F. Iorio, P. A. Eyers et al., “Drug repurposing:
progress, challenges and recommendations,” Nature Reviews
Drug Discovery, vol. 18, no. 1, pp. 41-58, 2019.

K. Wang, J. Jiang, Y. Lei, S. Zhou, Y. Wei, and C. Huang,
“Targeting metabolic-redox circuits for cancer therapy,”
Trends in Biochemical Sciences, vol. 44, no. 5, pp. 401-414,
2019.

K. M. Holmstrém and T. Finkel, “Cellular mechanisms and
physiological consequences of redox-dependent signalling,”
Nature Reviews Molecular Cell Biology, vol. 15, no. 6,
pp. 411-421, 2014.

B. Li, Z. Wan, Z. Wang et al., “TLR2 signaling pathway com-
bats Streptococcus uberis infection by inducing mitochon-
drial reactive oxygen species production,” Cell, vol. 9, no. 2,
p. 494, 2020.

C. Gorrini, I. S. Harris, and T. W. Mak, “Modulation of oxi-
dative stress as an anticancer strategy,” Nature Reviews Drug
Discovery, vol. 12, no. 12, pp. 931-947, 2013.

J. Wu, A. M. Minikes, M. Gao et al., “Intercellular interaction
dictates cancer cell ferroptosis via NF2-YAP signalling,”
Nature, vol. 572, no. 7769, pp. 402-406, 2019.

S. W. Alvarez, V. O. Sviderskiy, E. M. Terzi et al., “NFS1
undergoes positive selection in lung tumours and protects
cells from ferroptosis,” Nature, vol. 551, no. 7682, pp. 639-
643, 2017.

W. Hou, Y. Xie, X. Song et al., “Autophagy promotes ferrop-
tosis by degradation of ferritin,” Autophagy, vol. 12, no. 8,
article 1425, 2016.

R. Gozzelino, V. Jeney, and M. P. Soares, “Mechanisms of cell
protection by heme oxygenase-1,” Annual Review of Pharma-
cology and Toxicology, vol. 50, no. 1, pp. 323-354, 2010.

J. Alam, D. Stewart, C. Touchard, S. Boinapally, A. M. K.
Choi, and J. L. Cook, “Nrf2, a Cap‘n’Collar transcription fac-
tor, regulates induction of the heme oxygenase-1 gene,” The
Journal of Biological Chemistry, vol. 274, no. 37, pp. 26071
26078, 1999.

E. C. Pietsch, J. Y. Chan, F. M. Torti, and S. V. Torti, “Nrf2
mediates the induction of ferritin H in response to xenobi-
otics and cancer chemopreventive dithiolethiones,” The



12

[24]

(25]

(26]

(27]

(28]

[29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

Journal of Biological Chemistry, vol. 278, no. 4, pp. 2361-
2369, 2003.

M. R. Campbell, M. Karaca, K. N. Adamski, B. N. Chorley,
X. Wang, and D. A. Bell, “Novel hematopoietic target genes
in the NRF2-mediated transcriptional pathway,” Oxidative
Medicine and Cellular Longevity, vol. 2013, Article ID
120305, 12 pages, 2013.

F. Ursini, M. Maiorino, M. Valente, L. Ferri, and C. Gregolin,
“Purification from pig liver of a protein which protects lipo-
somes and biomembranes from peroxidative degradation
and exhibits glutathione peroxidase activity on phosphatidyl-
choline hydroperoxides,” Biochimica et Biophysica Acta,
vol. 710, no. 2, pp. 197-211, 1982.

V. Ribas, C. Garcia-Ruiz, and J. C. Fernandez-Checa, “Gluta-
thione and mitochondria,” Frontiers in Pharmacology, vol. 5,
p. 19,2014

A. M. Vuckovié, V. Bosello Travain, L. Bordin et al., “Inacti-
vation of the glutathione peroxidase GPx4 by the ferroptosis-
inducing molecule RSL3 requires the adaptor protein 14-3-
3e,” FEBS Letters, vol. 594, no. 4, pp. 611-624, 2020.

X. Zhang, S. Sui, L. Wang et al., “Inhibition of tumor propel-
lant glutathione peroxidase 4 induces ferroptosis in cancer
cells and enhances anticancer effect of cisplatin,” Journal of
Cellular Physiology, vol. 235, no. 4, pp. 3425-3437, 2020.

E. Nakamura, M. Sato, H. Yang et al., “4F2 (CD98) heavy
chain is associated covalently with an amino acid transporter
and controls intracellular trafficking and membrane topology
of 4F2 heterodimer,” The Journal of Biological Chemistry,
vol. 274, no. 5, pp. 3009-3016, 1999.

C.S. Shin, P. Mishra, J. D. Watrous et al., “The glutamate/cys-
tine xCT antiporter antagonizes glutamine metabolism and
reduces nutrient flexibility,” Nature Communications, vol. 8,
no. 1, article 15074, 2017.

L. Wang, Y. Liu, T. du et al., “ATF3 promotes erastin-induced
ferroptosis by suppressing system Xc’,” Cell Death and Differ-
entiation, vol. 27, no. 2, pp. 662-675, 2020.

Y. Zhang, P. Koppula, and B. Gan, “Regulation of H2A ubi-
quitination and SLC7A11 expression by BAP1 and PRC1,”
Cell Cycle, vol. 18, no. 8, pp. 773-783, 2019.

R. Liu, X. Li, and G. Zhao, “Beclin1-mediated ferroptosis acti-
vation is associated with isoflurane-induced toxicity in SH-
SY5Y neuroblastoma cells,” Acta Biochimica et Biophysica
Sinica, vol. 51, no. 11, pp. 1134-1141, 2019.

X. Song, S. Zhu, P. Chen et al., “AMPK-mediated BECN1
phosphorylation promotes ferroptosis by directly blocking
system X_- activity,” Current Biology, vol. 28, no. 15,
Pp. 2388-2399.¢5, 2018.

W. Wang, M. Green, J. E. Choi et al., “CD8" T cells regulate
tumour ferroptosis during cancer immunotherapy,” Nature,
vol. 569, no. 7755, pp. 270-274, 2019.

D. Chen, O. Tavana, B. Chu et al., “NRF2 is a major target of
ARF in p53-independent tumor suppression,” Mol Cell,
vol. 68, no. 1, pp. 224-232.e4, 2017.

E. Saint-Germain, L. Mignacca, M. Vernier, D. Bobbala,
S. Ilangumaran, and G. Ferbeyre, “SOCS1 regulates senes-
cence and ferroptosis by modulating the expression of p53
target genes,” Aging, vol. 9, no. 10, pp. 2137-2162, 2017.

T. Liu, L. Jiang, O. Tavana, and W. Gu, “The deubiquitylase
OTUBI mediates ferroptosis via stabilization of SLC7A11,”
Cancer Research, vol. 79, no. 8, pp. 1913-1924, 2019.

(39]

(40]

(41]

[42]

(43]

(44]

[45]

[46]

(47]

(48]

(49]

(50]

[51]

(52]

(53]

(54]

(55]

Oxidative Medicine and Cellular Longevity

K. Hu, K. Lij, J. Lv et al., “Suppression of the SLC7A11/glu-
tathione axis causes synthetic lethality in KRAS-mutant lung
adenocarcinoma,” The Journal of Clinical Investigation,
vol. 130, no. 4, pp. 1752-1766, 2020.

M. J. Hangauer, V. S. Viswanathan, M. J. Ryan et al.,, “Drug-
tolerant persister cancer cells are vulnerable to GPX4 inhibi-
tion,” Nature, vol. 551, no. 7679, pp. 247-250, 2017.

J. Bi, S. Yang, L. Li et al., “Metadherin enhances vulnerability
of cancer cells to ferroptosis,” Cell Death ¢ Disease, vol. 10,
no. 10, p. 682, 2019.

M. Gao, P. Monian, N. Quadri, R. Ramasamy, and X. Jiang,
“Glutaminolysis and transferrin regulate ferroptosis,” Molec-
ular Cell, vol. 59, no. 2, pp. 298-308, 2015.

J. Cao, X. Chen, L. Jiang et al., “DJ-1 suppresses ferroptosis
through preserving the activity of S-adenosyl homocysteine
hydrolase,” Nature Communications, vol. 11, no. 1, p. 1251,
2020.

E. S. Arnér and A. Holmgren, “Physiological functions of
thioredoxin and thioredoxin reductase,” European Journal
of Biochemistry, vol. 267, no. 20, pp. 6102-6109, 2000.

L. Yang, H. Wang, X. Yang et al., “Auranofin mitigates sys-
temic iron overload and induces ferroptosis via distinct
mechanisms,” Signal Transduction and Targeted Therapy,
vol. 5, no. 1, p. 138, 2020.

S. Gross, R. A. Cairns, M. D. Minden et al., “Cancer-associ-
ated metabolite 2-hydroxyglutarate accumulates in acute
myelogenous leukemia with isocitrate dehydrogenase 1 and
2 mutations,” The Journal of Experimental Medicine,
vol. 207, no. 2, pp. 339-344, 2010.

T.X. Wang, J. Y. Liang, C. Zhang, Y. Xiong, K. L. Guan, and
H. X. Yuan, “The oncometabolite 2-hydroxyglutarate pro-
duced by mutant IDHI1 sensitizes cells to ferroptosis,” Cell
Death & Disease, vol. 10, no. 10, p. 755, 2019.

H. Yan, D. W. Parsons, G. Jin et al., “IDH1 and IDH2 muta-
tions in gliomas,” The New England Journal of Medicine,
vol. 360, no. 8, pp. 765-773, 2009.

E. R. Mardis, L. Ding, D. J. Dooling et al., “Recurring muta-
tions found by sequencing an acute myeloid leukemia
genome,” The New England Journal of Medicine, vol. 361,
no. 11, pp. 1058-1066, 2009.

J. Dichert, V. Ehrenfeld, K. Habermann, N. Dolgikh, and
S. Fulda, “Targeting ferroptosis in rhabdomyosarcoma cells,”
International Journal of Cancer, vol. 146, no. 2, pp. 510-520,
2019.

K. Shimada, M. Hayano, N. C. Pagano, and B. R. Stockwell,
“Cell-line selectivity improves the predictive power of phar-
macogenomic analyses and helps identify NADPH as bio-
marker for ferroptosis sensitivity,” Cell Chemical Biology,
vol. 23, no. 2, pp. 225-235, 2016.

S. Doll, B. Proneth, Y. Y. Tyurina et al., “ACSL4 dictates fer-
roptosis sensitivity by shaping cellular lipid composition,”
Nature Chemical Biology, vol. 13, no. 1, pp. 91-98, 2017.

V. E. Kagan, G. Mao, F. Qu et al,, “Oxidized arachidonic and
adrenic PEs navigate cells to ferroptosis,” Nature Chemical
Biology, vol. 13, no. 1, pp. 81-90, 2017.

S.J. Dixon, G. E. Winter, L. S. Musavi et al., “Human haploid
cell genetics reveals roles for lipid metabolism genes in non-
apoptotic cell death,” ACS Chemical Biology, vol. 10, no. 7,
pp. 1604-1609, 2015.

H. Yuan, X. Li, X. Zhang, R. Kang, and D. Tang, “Identifica-
tion of ACSL4 as a biomarker and contributor of ferroptosis,”



Oxidative Medicine and Cellular Longevity

(56]

(57]

(58]

(59]

(60]

(61]

[62]

[63]

(64]

[65]

[66]

(67]

(68]

(69]

(70]

Biochemical and Biophysical Research Communications,
vol. 478, no. 3, pp. 1338-1343, 2016.

T. Kriska and A. W. Girotti, “A thin layer chromatographic
method for determining the enzymatic activity of peroxidases
catalyzing the two-electron reduction of lipid hydroperox-
ides,” Journal of Chromatography. B, Analytical Technologies
in the Biomedical and Life Sciences, vol. 827, no. 1, pp. 58-64,
2005.

C. W. Brown, J. J. Amante, H. L. Goel, and A. M. Mercurio,
“The a6/34 integrin promotes resistance to ferroptosis,” The
Journal of Cell Biology, vol. 216, no. 12, pp. 4287-4297, 2017.

L. Poursaitidis, X. Wang, T. Crighton et al., “Oncogene-selec-
tive sensitivity to synchronous cell death following modula-
tion of the amino acid nutrient cystine,” Cell Reports,
vol. 18, no. 11, pp. 2547-2556, 2017.

B. Chu, N. Kon, D. Chen et al., “ALOX12 is required for p53-
mediated tumour suppression through a distinct ferroptosis
pathway,” Nature Cell Biology, vol. 21, no. 5, pp. 579-591,
2019.

S. E. Wenzel, Y. Y. Tyurina, J. Zhao et al., “PEBP1 wardens
ferroptosis by enabling lipoxygenase generation of lipid death
signals,” Cell, vol. 171, no. 3, pp. 628-641.€26, 2017.

Y. Zou, H. Lij, E. T. Graham et al., “Cytochrome P450 oxido-
reductase contributes to phospholipid peroxidation in fer-
roptosis,” Nature Chemical Biology, vol. 16, no. 3, pp. 302-
309, 2020.

H. Lee, F. Zandkarimi, Y. Zhang et al., “Energy-stress-medi-
ated AMPK activation inhibits ferroptosis,” Nature Cell Biol-
0gy, vol. 22, no. 2, pp- 225-234, 2020.

H. Nishizawa, M. Matsumoto, T. Shindo et al., “Ferroptosis is
controlled by the coordinated transcriptional regulation of
glutathione and labile iron metabolism by the transcription
factor BACHIL,” The Journal of Biological Chemistry,
vol. 295, no. 1, pp. 69-82, 2020.

L. Jiang, N. Kon, T. Li et al., “Ferroptosis as a p53-mediated
activity during tumour suppression,” Nature, vol. 520,
no. 7545, pp. 57-62, 2015.

L. Jiang, J. H. Hickman, S. J. Wang, and W. Gu, “Dynamic
roles of p53-mediated metabolic activities in ROS-induced
stress responses,” Cell Cycle, vol. 14, no. 18, pp. 2881-2885,
2015.

Y. Ou, S. J. Wang, D. Li, B. Chu, and W. Gu, “Activation of
SAT1 engages polyamine metabolism with p53-mediated fer-
roptotic responses,” Proceedings of the National Academy of
Sciences of the United States of America, vol. 113, no. 44,
pp. E6806-E6812, 2016.

E. Habib, K. Linher-Melville, H. X. Lin, and G. Singh,
“Expression of xCT and activity of system x (-) are regulated
by NRF2 in human breast cancer cells in response to oxida-
tive stress,” Redox Biology, vol. 5, pp. 33-42, 2015.

E. Kalo, I. Kogan-Sakin, H. Solomon et al., “Mutant
p53R273H attenuates the expression of phase 2 detoxifying
enzymes and promotes the survival of cells with high levels
of reactive oxygen species,” Journal of Cell Science, vol. 125,
pp. 55785586, 2013.

D. S. Liu, C. P. Duong, S. Haupt et al., “Inhibiting the system
x—/glutathione axis selectively targets cancers with mutant-
p53 accumulation,” Nature Communications, vol. 8, no. 1,
article 14844, 2017.

P. Gao, I. Tchernyshyov, T. C. Chang et al., “c-Myc suppres-
sion of miR-23a/b enhances mitochondrial glutaminase

(71]

(72]

(73]

(74]

[75]

(76]

(77]

(78]

(79]

(80]

(81]

(82]

(83]

(84]

(85]

(86]

13

expression and glutamine metabolism,” Nature, vol. 458,
no. 7239, pp. 762-765, 2009.

A. Tarangelo, L. Magtanong, K. T. Bieging-Rolett et al., “p53
suppresses metabolic stress-induced ferroptosis in cancer
cells,” Cell Reports, vol. 22, no. 3, pp. 569-575, 2018.

Y. Xie, S. Zhu, X. Song et al., “The tumor suppressor p53
limits ferroptosis by blocking DPP4 activity,” Cell Reports,
vol. 20, no. 7, pp. 1692-1704, 2017.

M. B. Sporn and K. T. Liby, “NRF2 and cancer: the good, the
bad and the importance of context,” Nature Reviews Cancer,
vol. 12, no. 8, pp. 564-571, 2012.

I. Bellezza, I. Giambanco, A. Minelli, and R. Donato, “Nrf2-
Keapl signaling in oxidative and reductive stress,” Biochi-
mica et Biophysica Acta (BBA) - Molecular Cell Research,
vol. 1865, no. 5, pp. 721-733, 2018.

K. Taguchi, H. Motohashi, and M. Yamamoto, “Molecular
mechanisms of the Keapl-Nrf2 pathway in stress response
and cancer evolution,” Genes to Cells, vol. 16, no. 2,
pp. 123-140, 2011.

X. Sun, Z. Ou, R. Chen et al., “Activation of the p62-Keap1-
NRF2 pathway protects against ferroptosis in hepatocellular
carcinoma cells,” Hepatology, vol. 63, no. 1, pp. 173-184,
2016.

H. Wang, C. Liu, Y. Zhao et al., “Inhibition of LONP1 pro-
tects against erastin-induced ferroptosis in pancreatic ductal
adenocarcinoma PANCI cells,” Biochemical and Biophysical
Research Communications, vol. 522, no. 4, pp. 1063-1068,
2020.

P. Liu, D. Wu, J. Duan et al., “NRF2 regulates the sensitivity
of human NSCLC cells to cystine deprivation-induced fer-
roptosis via FOCAD-FAK signaling pathway,” Redox Biology,
vol. 37, article 101702, 2020.

X. Yang, S. H. Park, H. C. Chang et al., “Sirtuin 2 regulates
cellular iron homeostasis via deacetylation of transcription
factor NRF2,” The Journal of Clinical Investigation, vol. 127,
no. 4, pp. 1505-1516, 2017.

A. Gobel, D. Breining, M. Rauner, L. C. Hofbauer, and T. D.
Rachner, “Induction of 3-hydroxy-3-methylglutaryl-CoA
reductase mediates statin resistance in breast cancer cells,”
Cell Death & Disease, vol. 10, no. 2, p. 91, 2019.

B. Moosmann and C. Behl, “Selenoproteins, cholesterol-
lowering drugs, and the consequences revisiting of the meva-
lonate pathway,” Trends in Cardiovascular Medicine, vol. 14,
no. 7, pp. 273-281, 2004.

K. Shimada, R. Skouta, A. Kaplan et al., “Global survey of cell
death mechanisms reveals metabolic regulation of ferropto-
sis,” Nature Chemical Biology, vol. 12, no. 7, pp. 497-503,
2016.

B. R. Cardoso, D. J. Hare, A. I. Bush, and B. R. Roberts, “Glu-
tathione peroxidase 4: a new player in neurodegeneration?,”
Molecular Psychiatry, vol. 22, no. 3, pp. 328-335, 2017.

D. Venkatesh, N. A. O'Brien, F. Zandkarimi et al., “MDM?2
and MDMX promote ferroptosis by PPARx-mediated lipid
remodeling,” Genes & Development, vol. 34, no. 7-8,
Pp. 526-543, 2020.

X. Zhang, Z. Huang, Z. Xie et al., “Homocysteine induces oxi-
dative stress and ferroptosis of nucleus pulposus via enhanc-
ing methylation of GPX4,” Free Radical Biology and
Medicine, vol. 160, pp. 552-565, 2020.

K. Myant, A. Termanis, A. Y. M. Sundaram et al., “LSH and
G9a/GLP complex are required for developmentally



14

(87]

(88]

(89]

[90]

[91]

[92]

(93]

[94]

[95]

[96]

[97]

(98]

[99]

[100]

[101]

[102]

[103]

programmed DNA methylation,” Genome Research, vol. 21,
no. 1, pp. 83-94, 2011.

Y. Jiang, C. Mao, R. Yang et al., “EGLN1/c-Myc induced
lymphoid-specific helicase inhibits ferroptosis through lipid
metabolic gene expression changes,” Theranostics, vol. 7,
no. 13, pp. 3293-3305, 2017.

W. M. Lee, “Acetaminophen (APAP) hepatotoxicity-isn’t it
time for APAP to go away?,” Journal of Hepatology, vol. 67,
no. 6, pp. 1324-1331, 2017.

C. Gai, M. Yu, Z. Li et al., “Acetaminophen sensitizing era-
stin-induced ferroptosis via modulation of Nrf2/heme oxy-
genase-1 signaling pathway in non-small-cell lung cancer,”
Journal of Cellular Physiology, vol. 235, no. 4, pp. 3329-
3339, 2019.

T. Efferth, “From ancient herb to modern drug: Artemisia
annua and artemisinin for cancer therapy,” Seminars in Can-
cer Biology, vol. 46, pp. 65-83, 2017.

G. Q. Chen, F. A. Benthani, J. Wu, D. Liang, Z. X. Bian, and
X. Jiang, “Artemisinin compounds sensitize cancer cells to
ferroptosis by regulating iron homeostasis,” Cell Death ¢ Dif-
ferentiation, vol. 27, no. 1, pp. 242-254, 2020.

Y. Augustin, H. Staines, and S. Krishna, “Artemisinins as a
novel anti-cancer therapy: targeting a global cancer pandemic
through drug repurposing,” Pharmacology ¢ Therapeutics,
vol. 216, article 107706, 2020.

B. M. Sutton, E. McGusty, D. T. Walz, and M. J. DiMartino,
“Oral gold. antiarthritic properties of alkylphosphinegold
coordination complexes,” Journal of Medicinal Chemistry,
vol. 15, no. 11, pp. 1095-1098, 1972.

M. Celegato, C. Borghese, N. Casagrande et al., “Preclinical
activity of the repurposed drug auranofin in classical Hodg-
kin lymphoma,” Blood, vol. 126, no. 11, pp. 1394-1397, 2015.
D.Lee, I. M. J. Xu, D. K. C. Chiu et al., “Induction of oxidative
stress through inhibition of thioredoxin reductase 1 is an
effective therapeutic approach for hepatocellular carcinoma,”
Hepatology, vol. 69, no. 4, pp. 1768-1786, 2019.

T. Zou, C. T. Lum, C. N. Lok, J. J. Zhang, and C. M. Che,
“Chemical biology of anticancer gold(III) and gold(I) com-
plexes,” Chemical Society Reviews, vol. 44, no. 24, pp. 8786-
8801, 2015.

A. M. Breglio, A. E. Rusheen, E. D. Shide et al., “Cisplatin is
retained in the cochlea indefinitely following chemotherapy,”
Nature Communications, vol. 8, article 1654, no. 1, 2017.

J. Guo, B. Xu, Q. Han et al., “Ferroptosis: a novel anti-tumor
action for cisplatin,” Cancer Research and Treatment, vol. 50,
no. 2, pp. 445-460, 2018.

J. L. Roh, E. H. Kim, H. Jang, and D. Shin, “Nrf2 inhibition
reverses the resistance of cisplatin-resistant head and neck
cancer cells to artesunate-induced ferroptosis,” Redox Biol-
ogy, vol. 11, pp. 254-262, 2017.

X. Sun, X. Niu, R. Chen et al., “Metallothionein-1G facilitates
sorafenib resistance through inhibition of ferroptosis,” Hepa-
tology, vol. 64, no. 2, pp. 488-500, 2016.

T. Bai, S. Wang, Y. Zhao, R. Zhu, W. Wang, and Y. Sun, “Hal-
operidol, a sigma receptor 1 antagonist, promotes ferroptosis in
hepatocellular carcinoma cells,” Biochemical and Biophysical
Research Communications, vol. 491, no. 4, pp. 919-925, 2017.
E. D. Deeks, “Neratinib: first global approval,” Drugs, vol. 77,
no. 15, pp. 1695-1704, 2017.

A. Nagpal, R. P. Redvers, X. Ling et al., “Neoadjuvant nerati-
nib promotes ferroptosis and inhibits brain metastasis in a

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

Oxidative Medicine and Cellular Longevity

novel syngeneic model of spontaneous HER2"* breast cancer
metastasis,” Breast Cancer Research, vol. 21, no. 1, p. 94, 2019.
C. Heading, “Siramesine H Lundbeck,” Current Opinion in
Investigational Drugs, vol. 2, no. 2, pp. 266-270, 2001.

M. S. Ostenfeld, M. Hgyer-Hansen, L. Bastholm et al., “Anti-
cancer agent siramesine is a lysosomotropic detergent that
induces cytoprotective autophagosome accumulation,”
Autophagy, vol. 4, no. 4, pp. 487-499, 2014.

E. Gourd, “Pyrotinib versus lapatinib in HER2-positive breast
cancer,” The Lancet Oncology, vol. 20, no. 10, article €562,
2019.

S.Ma, E. S. Henson, Y. Chen, and S. B. Gibson, “Ferroptosis is
induced following siramesine and lapatinib treatment of
breast cancer cells,” Cell Death ¢ Disease, vol. 7, no. 7, article
€2307, 2016.

G. E. Villalpando-Rodriguez, A. R. Blankstein, C. Konzelman,
and S. B. Gibson, “Lysosomal destabilizing drug siramesine
and the dual tyrosine kinase inhibitor lapatinib induce a syn-
ergistic ferroptosis through reduced heme oxygenase-1 (HO-
1) levels,” Oxidative Medicine and Cellular Longevity,
vol. 2019, Article ID 9561281, 14 pages, 2019.

L. Adnane, P. A. Trail, I. Taylor, and S. M. Wilhelm, “Soraf-
enib (BAY 43-9006, Nexavar®), a dual-action inhibitor that
targets RAF/MEK/ERK pathway in tumor cells and tyrosine
kinases VEGFR/PDGFR in tumor vasculature,” Methods in
Enzymology, vol. 407, pp. 597-612, 2006.

B. R. Stockwell, J. P. Friedmann Angeli, H. Bayir et al., “Fer-
roptosis: a regulated cell death nexus linking metabolism,
redox biology, and disease,” Cell, vol. 171, no. 2, pp. 273-
285, 2017.

M. A. Peppercorn, “Sulfasalazine. Pharmacology, clinical use,
toxicity, and related new drug development,” Annals of Inter-
nal Medicine, vol. 101, no. 3, pp. 377-386, 1984.

G. L. Plosker and K. F. Croom, “Sulfasalazine: a review of its
use in the management of rheumatoid arthritis,” Drugs,
vol. 65, no. 13, pp- 1825-1849, 2005.

P. W. Gout, A. R. Buckley, C. R. Simms, and N. Bruchovsky,
“Sulfasalazine, a potent suppressor of lymphoma growth by
inhibition of the x_ — cystine transporter: a new action for
an old drug,” Leukemia, vol. 15, no. 10, pp. 1633-1640, 2001.
K. Du, A. Ramachandran, and H. Jaeschke, “Oxidative stress
during acetaminophen hepatotoxicity: sources, pathophysio-
logical role and therapeutic potential,” Redox Biology, vol. 10,
pp. 148-156, 2016.

M. Ouzir, K. El Bairi, and S. Amzazi, “Toxicological proper-
ties of fenugreek (Trigonella foenum graecum),” Food and
Chemical Toxicology, vol. 96, pp. 145-154, 2016.

S. P. Patil, P. V. Niphadkar, and M. M. Bapat, “Allergy to
fenugreek (Trigonella foenum graecum),” Annals of Allergy,
Asthma & Immunology, vol. 78, no. 3, pp. 297-300, 1997.

S.J. Wang, D. Li, Y. Ou et al., “Acetylation is crucial for p53-
mediated ferroptosis and tumor suppression,” Cell Reports,
vol. 17, no. 2, pp. 366-373, 2016.

G. X. Wang, H. C. Tu, Y. Dong et al., “ANp63 inhibits oxida-
tive stress-induced cell death, including ferroptosis, and
cooperates with the BCL-2 family to promote clonogenic sur-
vival,” Cell Reports, vol. 21, no. 10, pp. 2926-2939, 2017.

M. Jennis, C. P. Kung, S. Basu et al,, “An African-specific
polymorphism in the TP53 gene impairs p53 tumor suppres-
sor function in a mouse model,” Genes ¢ Development,
vol. 30, no. 8, pp. 918-930, 2016.



	The Molecular Mechanisms of Regulating Oxidative Stress-Induced Ferroptosis and Therapeutic Strategy in Tumors
	1. Introduction
	2. Metabolic Reprogramming and Ferroptosis in Tumor Cells
	3. Regulation of Oxidative Stress-Induced Tumor Cell Ferroptosis
	3.1. Regulation of Iron Sequestration in Oxidative-Induced Ferroptosis
	3.2. Redox Regulation of GSH Metabolism
	3.2.1. Regulation of Ferroptosis by GPX4

	3.3. Regulation of Ferroptosis by System Xc−
	3.4. Regulation of NADPH Production and Utilization in Ferroptosis
	3.5. Redox Regulation of Lipid Metabolism in Ferroptosis
	3.6. The Other Regulators in Ferroptosis Modulation
	3.6.1. Role of Transcription Factors in Ferroptosis Regulation
	3.6.2. Redox Regulation of the Mevalonate (MVA) Pathway
	3.6.3. The Epigenetic Regulation of Redox-Induced Ferroptosis


	4. Ferroptosis and Drug Repurposing
	4.1. Acetaminophen
	4.2. Artemisinin
	4.3. Auranofin
	4.4. Cisplatin
	4.5. Fenugreek
	4.6. Haloperidol
	4.7. Neratinib
	4.8. Siramesine Combined with Lapatinib
	4.9. Sorafenib
	4.10. Sulfasalazine

	5. Conclusions and Perspectives
	Data Availability
	Conflicts of Interest
	Authors’ Contributions
	Acknowledgments

