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1 | BACKGROUND

Programmed cell death (PCD) is the basis of embryogene-
sis, tissue homeostasis, immune response, and other pro-
cesses, and is essential for normal development, homeosta-
sis, and prevention of hyperproliferative diseases such as
cancer [1]. Various types of programmed cell death such
as apoptosis, pyroptosis, parthanatos, necroptosis, and fer-
roptosis have been identified by researchers.

Apoptosis is a form of cell death during development,
homeostasis, infection, and pathogenesis. It is conserved
in the evolutionary process. Therefore, the regulation of
death in mammalian cells is caused by the core steps of
caspase activation [2]. In addition, new cell death mech-
anisms, such as pyroptosis, parthanatos and necroptosis,
are gradually being discovered and improved. Pyroptosis
is a type of PCD that critically depends on the formation
of plasma membrane pores by members of the gasdermin
protein family, often (but not always), as a result of inflam-
matory caspase activation [3]. In pyroptosis, the cells swell
and form pores before rupture, causing the cell membrane
to lose its integrity, releasing the cellular contents and
leading to inflammation, accompanied by nuclear shrink-
age and DNA breaks [4]. Parthanatos is based on poly
polymerase-1 (PARP-1) which activates a type of PCD that
is unrelated to caspase. It plays a vital role in a variety
of neurological diseases. Parthanatos is characterized by
chromatin condensation which produces large amounts
of DNA fragments [5]. Necroptosis involves the activa-
tion of receptor-interacting protein kinase 1 or 3 (RIP1 or
RIP3) [6], with the accumulation of ATP and reactive oxy-
gen species (ROS), calcium overload, mitochondrial per-
meability transition, opening of pores, increased cell vol-
ume, organelle swelling, plasma membrane rupture, and
subsequent leakage of cell contents [7-9]. Cancer cells can
be regulated by inducing necroptosis; however, the above

seen in radiotherapy, chemotherapy, and tumor immunotherapy; therefore, fer-
roptosis activation may be a potential strategy to overcome the drug resistance
mechanism of traditional cancer treatments. In this review, the characteristics
and causes of cell death by lipid peroxidation in ferroptosis are briefly described.
In addition, the three metabolic regulations of ferroptosis and its crosstalk with
classical signaling pathways are summarized. Collectively, these findings sug-
gest the vital role of ferroptosis in immunotherapy based on the interaction of
ferroptosis with tumor immunotherapy, chemotherapy and radiotherapy, thus,
indicating the remarkable potential of ferroptosis in cancer treatment.

cancer, ferroptosis, immunotherapy

assumption is extremely limited owing to the acquired
or intrinsic resistance of cancer cells to necroptosis
[10].

Erastin and RSL3(oncogenic-RAS-selective lethal com-
pounds) are two different inducers of ferroptosis which are
selectively cytotoxic to carcinogenic RAS mutant cell lines.
RSL-induced cell death is related to increased ROS pro-
duction, which is inhibited by reduced cellular iron inges-
tion or chelation of iron. Accordingly, cell death caused by
the accumulation of iron-dependent cellular ROS leading
to the breakdown of cell redox homeostasis is called fer-
roptosis [11-13]. Under transmission electron microscopy,
erastin-treated HRAS mutants do not undergo apoptosis
(chromatin condensation and marginalization), necrosis
(cytoplasm and organelle swelling and plasma membrane
rupture) or autophagy (the formation of double-membrane
closed vesicles) related to the classic morphological char-
acteristics; however, the mitochondria show an increase in
membrane density [13, 14]. In short, ferroptosis and known
cell death have different phenotypic characteristics, bio-
chemical characteristics, and regulatory factors (Table 1)
[15, 25].

Many studies have confirmed that ferroptosis plays an
important role in cancer biology. Dysregulated ferropto-
sis has been shown to be involved in cancer, neurodegen-
eration, tissue damage, inflammation, and infection [26].
The metabolic plasticity of cancer cells provides interest-
ing insights into the mechanism by which metabolic recon-
nection plays a key role in cancer persistence. In some
cases, this metabolic reprogramming is related to acquired
sensitivity to ferroptosis; hence, targeting ferroptosis is
expected to enhance the efficacy of immunotherapy, rep-
resenting the potential physiological functions of ferrop-
tosis in tumor suppression and immune surveillance [27];
however, the potential importance of ferroptosis in cancer
therapy has not been fully emphasized.


mailto:zhoufangfang@suda.edu.cn
mailto:zhangchong@zucc.edu.cn

ZHAO ET AL.

CANCER
% | COMMUNICATIONS

"€ (dW'IN) urejord Sururejuod-urewop Ad pue YT LHOVN ‘€
JYIN ‘urjoid ayI[-urewrop aseury aSeaul[-paxiur “TTIA ‘€ urojoxd Sunoeroyur-103dooay ‘cd1y ‘1 urejoid Sunoerdjur-10)deday ‘TdTY ‘-UIULIDPSED ‘NSO ‘8T UIYNI[INU] ‘QT-T] ‘BIQ[-URNI[INUI ‘ST-T] ‘oseuadorpAyap
918101001pAYIP ‘HAOHJ ‘T urejoxd 1031qryut s1sojdoirs ‘I4S 4 aseprxorad auoryieinid pxdo ‘seroads uagAxo aanoeal ‘SO ‘ursjord ayI[-UTewop aseury ageaur]-paxIul “TY TN ‘¢/1 urdjoid Sunoerajur-103daosy ‘c/1dTd
‘I pajeroosse-eLIpuoydojIw 1030ej Suronpur-sisoydode TNV ‘1-oserowk[od (9s0qui-dAV)AIOd ‘TdYVd ‘d-UTWIdPSED ‘INASD ‘S-asedse) ‘SdSVD ‘p-asedse) ‘pdSVI T-osedse) ‘1dSVD ‘¢ 10308} paje[dI-za AN ‘TN
‘oseururesuenjourwe jeiredse ‘1100 ‘urraidorqoipAyen1d) ‘vHg 1 urejoid 103iqryur sisojdorrd) ‘1S (9seuaSoIpAyap 21810100IpAYIP ‘HAOHAJ ‘+ dseprxorad suoryiein(3 ‘v Xdo 9seprxo HIAVN ‘XON :SUONBIAIqQqY

UONESUSPUOd
UO[}BULIOJ SWIOSOIIOU PUE “JUIUIINIOT uoneAnoeIddAy 1dYvd UIIRUWIOIYD 2)eISPOIA “SUI[[oms
[sz ‘vz ‘2z ‘9] €31d1d ‘vonedroydsoydone 13(drd  TITIN PUB‘SdTY ‘TdIY JO UONBAIRY T ‘€/1dId o[ieuegIo-sueIquiowt ewseld yo arnydmy sisojdoroaN
sosedsed
Jo Juapuadapur “Yvd Jo Junoure syuawSeIy YN JO Junowre ag1e|
[sz ‘1z 5] sojeueyired 193311 SOY SAISSAOXH 931e] © seonpoid uoneAnde IgIVd TNAIV ‘TddVd  © S9onpoid yorym ‘U0 esuSpuod UiewoIy) sojeurylIed
s1s£1014d Jo 10Jn29%3 A3 a3 SI
[-osedse) 2JeAnOE 0} SWOSEWWEJUl QNSO "ST-TI Pue JI-TI SAUI{0ILD awason 'syealq VNJ pue syuLys
€ IY'IN uo yuapuadop Aemyjed A1oyewrurerjur Jo uononpod ‘SdSVD SNI[oNU ‘sa10d SULIO} dUBIGUISU [[3D
[2z ‘v ‘€] s1sojdoiAd [eorssepo o) a1eAndoe SO 9yl djowoid pue 1-asedsed 91BAIDY ‘b ISVD ‘TdSVD ay,L, ‘suorsnnioxd ULIO] 03 PI[[aMS S[[30 YL, s1sojdoikg
1J1ys auLasiApneydsoyd UOIBSUSPUOD
BLIPUOYD0}TUW pagewrep sasedsed Jo UONBAIOY UIBUIOIYD PUE UONBIUSWIeIy
Surpeidep £q sIse}soawoy [0 SUTBIUTEUL SUWI0S0[ONU IX-199 ‘¢ -1°od Ie3[oNN "UOHONPAI SWIN[OA I[ONU
[cz-61 ] pue £3eydoine s2onpur SOY SAISSIOXH Jo uonoun( ay) U1 syeaIq VNA ‘Yeq ‘xeq ‘ced pue Ie[N[[ad {3UIqqa]q SUBIqUISTI BUISE[] sisojdody
‘UNBWOIYD pUe AZIS 1ed[ONU [RWLION
s1soydo11dy pue ainjdni s1503do113] 31qIy Ul A[[eonSISIoUAS AN 'sernydni oueIqUISW [BLIPUOYI0ITUL
sueIqUIAW [[99 03 Surpes] ‘wononpoid HAOHAJ pue 1dSd ‘¥XdO T10O ‘YHA 191n0 9y} pue ‘pareaddesip 10
[BUBUOU-Z-AX0IPAY- 0NPUT IY}INJ sisoydoxrdy  “14Sd ‘HAOHA PoNPaI A1k $ISAIO [RLIPUOYIOIA "SIISI[q
[s1-5T “c1] Aewr yorym ‘uoneprxorad pidi ajowoid gjowoxd SOY pue uoir ‘spidr] “4XdD “XON pue arnjdni jou pIp SUBIqUIdW [[3 Y], sisojdorrog
OUAIYIY uonouny SO 9INJBIJ [EITWIYIOIY I0yenSoy d1njedy resrsoroydion yjeap
1199 pawrwrexSoad
30 2dAL,

sisojdoroau pue sojeueylred ‘sisojdoifd ‘sisojdode ‘sisojdorrsy jo arnjesjurewr oyl T ATAV.L



ZHAO ET AL.

ANCER
COMMUNICATIONS

=

Here, we review the discovery of ferroptosis and the
molecular details of its underlying mechanism. The
metabolic regulation of ferroptosis and its interaction with
the classic signaling pathways involved in cell survival are
also discussed. In addition, this review focuses on the avail-
ability of functional ferroptosis for tumor treatment and its
response to regulate the survival and metastasis of tumor
cells by regulating the three metabolic pathways to achieve
ferroptosis therapy. This review summarizes the general
biomarkers of ferroptosis and the application and mining
of exosomes for cancer treatment.

2 | THE OCCURRENCE
OF FERROPTOSIS

Lipid peroxidation is a positive feedback chain reac-
tion driven by free radicals; ROS, including superox-
ide (O,-), peroxide (H,0, and ROOH), and free radicals
(HO-and RO-) initiate the oxidation of polyunsaturated
fatty acids (Figure 1) [28], which is called oxidative stress
[29].

The generation of hydroxyl-free radicals (HOs) and
peroxy-free radicals (ROes) is a prerequisite for initiat-
ing lipid peroxidation. Oxygen competitively deprives
the electrons of Nicotinamide Adenine Dinucleotide
phosphate (NADPH) accepted by oxidoreductase
NADPH-cytochrome P450 reductase (POR), and NADH-
cytochrome b5 reductase (CYB5R1) on the endoplasmic
reticulum is converted into superoxide (O,~) [30, 31]. The
electron transport chain of mitochondria and NADPH oxi-
dase (NOX) [29] also produce superoxide. Recently, it has
been demonstrated that P53 blocks the ability of dipeptidyl
peptidase-4 (DPP4) to form NOX1-DPP4 complexes with
NOX1 in the nucleus, reducing ROS production to inhibit
ferroptosis [32], indicating that NOX plays a critical role
in ferroptosis. Superoxide groups are highly active free
radicals that can be eliminated by superoxide dismutase
(SOD1), catalyzed and decomposed into hydrogen perox-
ide (H,0,) and water (H,0) with reduced reactivity [29,
33]. Hydrogen peroxide forms hydroxyl radicals (HO-)
under the catalytic action of Fe2*, which is the basis of
free radical lipid peroxidation, called the Fenton reaction
[33, 34]. HO is generated through the redox cycle of the
Fenton reaction, forming a closed-loop cycle through
the Haber-Weiss reaction (Figure 1A) [15, 35]. Hydrogen
peroxide can be reduced to water and oxygen through the
synergistic action of glutathione peroxidase (GPX), per-
oxidase (PRX) and catalase [29]. Hydroxyl radicals (HO)
and hydroperoxides (ROO) are the two most widespread
ROS that affect lipids [15, 36], which may compromise the
integrity of lysosomal membranes during oxidative stress,
thereby, affecting cell survival [37].

Oxidative stress-induced lipid peroxidation is the basis
for ferroptosis. Lipid peroxides are produced by the oxida-
tive attack of ROS on polyunsaturated fatty acids (PUFAs)
(Figure 1B) [38]. The first step is the production of RO [34],
followed by the creation of a new RO- (reproduction) [34,
39, 40]. The final step is to stop the reaction with antioxi-
dants [41]. Enzymatic lipid peroxidation is mediated by the
activity of the lipoxygenase (LOX) family [42], and phos-
phatidylethanolamine binding protein 1 (PEBP1), a scaf-
fold protein of LOX15, which directly promotes ferropto-
sis [43]. glutathione peroxidase 4(GPX4) is the only GPX
that can reduce hydroperoxide in the membrane, reducing
ROOH to R, and interrupting the lipid auto-oxidation reac-
tion [35].

Accumulation of phospholipid hydroperoxides in cel-
lular membranes is recognized as the hallmark and rate-
limiting step of ferroptosis; however, the exact mechanism
leading to the downstream ferroptosis of lipid peroxida-
tion remains elusive. 4-Hydroxy-2-nonanal (4-HNEs) is
the final product of malondialdehyde (MDA) produced by
lipid peroxidation which may form covalent adducts with
biological macromolecules to reduce membrane integrity
and crosslink and inactivate proteins, thereby, promoting
cell membrane rupture and ferroptosis [15, 16]. Molecu-
lar dynamics models hypothesized that the continuous
extensive oxidation and consumption of PUFAs can lead
to membrane thinning and local membrane curvature as
much as possible, driving the oxidant into the membrane,
and the oxidant further damages the integrity of the mem-
brane. This process makes the membrane increasingly
sparse and curved. The vicious circle of the membrane
eventually destroyed the stability of the membrane. There-
fore, without GPX4, uncontrolled positive feedback may
occur, forming a protein pore similar to that observed in
necrosis and sagging, which leads to pores and micelliza-
tion [44, 45]. The opening of the plasma membrane pores
allows solutes to exchange with the external environment,
leading to cell swelling and death (Figure 1C) [31].

3 | FERROPTOSIS METABOLIC
PATHWAY

Ferroptosis is caused by lipid peroxidation due to the accu-
mulation of ROS, which exceeds the redox content of glu-
tathione (GSH) and GPX4 [46]. Iron, lipids and ROS play
an irreplaceable role in cell survival. However, excessive
dependence is a double-edged sword. These three main-
tain normal body function in a steady-state and strike a
deadly blow to cells when metabolic disorders occur. The
complex biological processes involved in ferroptosis are
induced by the imbalance of antioxidants, iron, and lipid
dynamics (Figure 2); however, their role and contribution
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FIGURE 1 The occurrence of ferroptosis. (A) Generation of OH- and O,-. Oxygen produces O,- under the action of NADPH or NOX and

mitochondria. Subsequently, O, is converted into H,0, under the action of SOD. H,O, forms HO- in the presence of iron ions, which deprive
PUFA of hydrogen atoms, causing lipid peroxidation. (B) Lipid peroxidation cycle and its termination. HO- or RO- catalyzes R to form RO-,
RO- reacts quickly with oxygen to form ROO., then extracts hydrogen from another R to produce new RO- and ROOH (positive feedback
chain reaction). GPX4 can be used as an antioxidant to reduce ROOH to R to stop the peroxidation reaction. (C) The occurrence of ferroptosis.
ROO- will decompose to produce MDA and 4-HNE, then form covalent adducts with macromolecules such as protein, DNA, and lipids, or
crosslink and inactivate proteins that promote ferroptosis, thereby promoting cell membrane rupture and ferroptosis. Abbreviations: NOX,
NADPH oxidase; O,, superoxide radicals; SOD, peroxidase; HO-, hydroxyl radicals; RO-, lipid free radicals; ROO-, lipid peroxy-free radicals;
ROOH, lipids hydroperoxide; MDA, malondialdehyde; POR, NADPH-cytochrome P450 reductase; CYB5R1, NADH-cytochrome b5 reductase;
CYP450, cytochrome P450; NOX, NADPH oxidase; SOD, superoxide dismutase; GPX4, glutathione peroxidase 4; 4-HNE, 4-Hydroxy-2-nonanal

to the occurrence and metastasis of cancer remain
unclear.

3.1 | Antioxidant metabolism

The balance of antioxidant metabolism is dynamically
maintained mainly by GPX4, coenzyme CQ10, and dihy-
droorotate dehydrogenase (DHODH), all of which contain
a metabolite molecule that exists in a chemically reduced
and oxidized state that can inhibit ferroptosis (Figure 2A).
GPX4 is a selenoprotein that reduces hydroperoxide in the

cell membrane and uses GSH as an essential cofactor [35].
Glutamine-cysteine synthase activity, cysteine concentra-
tion, and GSH feedback inhibition directly regulate GSH
synthesis, thereby, affecting the enzymatic activity of GPX4
[47-49]. System XC and the trans-sulfurization pathway
are the two primary sources of cysteine.

The cystine/glutamate transport complex XC, compris-
ing of heterodimers SLC7A11 (xCT) and SLC3A2 (4F2hc),
takes up cystine (cystine) in a 1:1 form and excretes
intracellular glutamate [13, 50, 51]. Researchers have
established that SLC7A11 is the key hub for regulating
“iron overload ferroptosis” [52], and activating SLC7A1l
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expression in cardiomyocytes can create “dead” resurrec-
tion [53]. Many factors regulate the expression of XC in
the system, including targeted reduction of SLC7A1l lev-
els, inhibition of SLC7A11 degradation and promotion of
SLC7A11 expression; indicating that the XC system can
determine the tolerance of ferroptosis (Table 2) [54-101].

Glutamate is another important raw material required
for the synthesis of GHS, and its uptake mainly depends on
SLC38A1 and SLCIAS5 [102]. GCLC(glutamate-cysteine lig-
ase catalytic subunit) catalyzes the first step in glutathione
synthesis through the linkage of cysteine and glutamate.
However, when cysteine is insufficient, GCLC promotes
the synthesis of y-glutamyl peptides (y-Glu-AAs), eliminat-
ing glutamate, and preventing ferroptosis [103]. Overall,
both the biosynthesis/uptake of selenocysteine [56, 104]
and the synthesis of GSH [65, 67] affect the homeostasis
of GPX4, indicating that GPX4 plays a pivotal role in regu-
lating ferroptosis.

Mitochondrial metabolism is the main source of cellular
ROS, and the decomposition of glutamine, the raw mate-
rial of GSH, is thought to regulate ferroptosis by providing
a-ketoglutarate (a-KG) in the mitochondrial tricarboxylic
acid (TCA) cycle [93, 105]. Inhibition of the mitochondrial
TCA cycle, knockout of mitochondrial voltage-dependent
anion channel 2/3 (VDAC2/3), or suppression of electron
transfer chain (ETC) reduces lipid peroxide accumulation
and ferroptosis, indicating that ferroptosis involves abnor-
mal ROS production [11, 55, 106]. Blocking the mitochon-
dria strongly inhibits ferroptosis; however, when GPX4 is
pharmacologically inhibited, ferroptosis can be performed
independently of mitochondria. When cysteine is inade-
quate, mitochondrial metabolism promotes rapid deple-
tion of glutathione and subsequent lipid ROS production
and ferroptosis [106], suggesting that the role of mitochon-
dria in ferroptosis may be related to the upstream and
downstream; however, the exact role of mitochondria in
ferroptosis remains unclear.

Recent studies have revealed that FSP1-CoQ is an antiox-
idant system that is parallel to the GPX4 pathway and
acts only on GPX4-depleted cells. Ferroptosis inhibitor pro-
tein 1 (FSP1), formerly known as apoptosis-inducing factor
mitochondrial-related 2 (AIFM2), was identified as a fer-
roptosis inhibitor. FSP1 is recruited to the plasma mem-
brane through N-terminal myristoylation as an oxidore-
ductase, reduces ubiquinone (CoQ10) which is another
product of mevalonate metabolism to the lipophilic free
radical scavenger panthenol (CoQ;oH,), which limits the
accumulation of lipid ROS in the membrane without GPX4
[85, 86]. Isopentenyl pyrophosphate, a metabolite of meval-
onate, is essential for producing selenoproteins, GPX4 and
ubiquinone. Another product, squalene synthase, is a reg-
ulator of oxidation levels and is used to accumulate ROS
to induce ferroptosis [58]. Regarding the involvement of

squalene synthase in the mevalonate pathway, a rare lym-
phoma cell lacks an enzyme involved in cholesterol syn-
thesis. Cells without this enzyme will accumulate squalene
and the accumulation of squalene can increase the antiox-
idant capacity of a cell, thereby, providing benefits to can-
cer cells by a phenomenon known as an anti-ferroptotic
property [107]. The specific inducers of ferroptosis, ferrop-
tosis inducer derived from CIL56 (FIN56) [58] and statins
[108], can inhibit the CoQl10 and mevalonate pathways
to mediate cell ferroptosis. In addition to this pathway,
a recent study identified another GPX4-independent fer-
roptosis blocking pathway involving GTP cyclohydrolase
1 (GCH1), which is a rate-limiting step in the production
of tetrahydrobiopterin (BH4). BH4 inhibits ferroptosis by
facilitating the formation of CoQ10 and blocking the per-
oxidation of specific lipids [79].

FSP1 inhibits ferroptosis by producing ubiquinol but its
activity is limited to the cell membrane. Thus, it is still
unclear whether the mitochondria use a similar mecha-
nism to produce ubiquinol to repair the oxidative dam-
age caused by mitochondrial membrane lipids. The latest
research proposes a third protection system: DHODH, an
enzyme located on the outer surface of the inner mito-
chondrial membrane and is responsible for oxidizing dihy-
droorotic acid (DHO) in the inner mitochondrial mem-
brane to orotic acid (OA). DHODH reduces CoQ to CoQH2
[80, 81]. Therefore, DHODH is a protective mitochondrial
lipid system that protects against oxidative damage. The
following three systems have unique subcellular locations:
GPX4 in the cytoplasm and mitochondria, FSP1 on the
plasma membrane, and DHODH on the mitochondria.
Damage to one system will force cells to rely more on the
other, while simultaneous loss of all three protective sys-
tems will trigger ferroptosis induced by lipid peroxidation.
The above results indicate the existence of three parallel
antioxidant systems in cells, namely GPX4, FSP1-CoQ, and
DHODH, which precisely regulate the metabolism of cel-
lular antioxidant substances to prevent ferroptosis.

3.2 | Iron metabolism

As one of the “bioelements,” iron in an oxygen-rich envi-
ronment can generate ROS through the Fenton reac-
tion with different types of phospholipid hydroperoxides
and lipid (fatty acid) hydroperoxides [28]. Fe** circu-
lating in the blood is transported to the cells by bind-
ing to transferrin (TF) and through endocytosis mediated
by the transferrin receptor (TFRC). After Fe3* is taken
into cells, it is reduced to Fe’* by the action of metal
reductase Six-transmembrane epithelial antigen of the
prostate 3(STEAP3) on the ferrosomes. The divalent metal
transporter (DMTI) mediates the release of Fe’* from
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TABLE 2 Substances that regulate ferroptosis
Category Molecule Target Mechanism
Antioxidant (1S, 3R)-RSL3 GPX4 Covalently binds and directly inhibits GPX4
metabolism Erastin GSH, XC, VCAD2/3 Inhibit the formation of GSH, inhibit the uptake of
cystine, and induce ROS
TFAP2c/ Spl GPX4 Enhance the expression of GPX4
Afelin A GPX4 Directly reduce the protein level and activity of GPX4
FIN56 GPX4,MVA Direct degradation of GPX4 and consumption of CoQ10
HSPA5 GPX4 Binds and protects GPX4 protein from degradation
Abramycin GPX4 Direct inhibition of GPX4
nitrile-oxide GPX4 Selectively target the active site of GPX4
electrophiles
FINO2 GPX4 Indirectly inhibit the function of GPX4 enzyme
BSO GSH Inhibit the activity of GSH synthase
miRNA-18a GCL Inhibit the activity of glutathione-cysteine ligase
Cysteinase Cysteine Excessive consumption of cysteine, induces pancreatic
cancer cell ferroptosis
Estatin SLC7A5 Reduce glutamate intake
CDO1 GSH Competitively restrict cysteine synthesis of GSH
CARS Transsulfurization Knockout CARS induce the transsulfur pathway and
pathway inhibit cystine deprivation
P53 SLC7Al1, DPP4 Inhibit SLC7A11 transcription, block DPP4 and reduce
induction of ROS
DPP4 NOX1 Interacts with NOXI1 to form NOX1-DPP4 complex
ATF3 XC Targeted reduction of SLC7A11 mRNA and protein
levels
BECN1 SLC7A1l Binds and inhibits SLC7AI1
BAP1 XC Epigenetic modification inhibits transcription of
SLC7A11
ATF4 XC Combines with SLC7A11 promoter and activates its
expression
mTORC1 SLC7A11 Degrade SLC7A11 in the lysosome
OTUB1 XC Directly interact with SLC7AL11 to prevent its
degradation
NRF2 FTH, OH-1, GPX4, Both promote iron death and inhibit ferroptosis
SCL7A11,GCLC
BH4 CoQ10 Potentially promote the production of CoQ10
DHODH CoQH2 Reduces CoQ to CoQH2, protects quality from oxidative
damage
ARF NRF2 Inhibit NRF2 transcription and activate SLC7A11
miRNA -137 SLC1A5 Reduce glutamine intake
Myc Glutamine Induce glutamine intake and promote glutamine
transporter decomposition
p53 547 GLS2 Inhibit the decomposition of glutamine
FSP1 CoQ10 Catalyze the regeneration of CoQ10H2
SREBP1 SCD1 Forms BECN1-SLC7A11 complex, inhibits ferroptosis
SCD1 Saturated fatty acid, Convert saturated fatty acids into monounsaturated
CoQ10 fatty acids

Reference
[54]
[13, 54, 55]

[56]
[57]
[58, 59]
[60]
[61]
[62]

[63]
[64]
[65]
[66]

[67]
[68]
[69]

[70]

(32]
[71]

[72]
[73]

[74]

[75]
[76]

[77, 78]

[79]
(80, 81]

(78]
[82]
(83]

(84]
[85, 86]
(87]
88]

(Continues)
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TABLE 2 (Continued)
Category Molecule Target Mechanism Reference
Iron NCOA4 FTH1 Ferritin phagocytosis [89,90]
metabolism HO-1 Heme Catalyzes the release of iron from heme [57,91]
Hepcidin FPN1 Decrease cell iron output [92]
NFS1 TFRC, FPN1 Increase iron levels in cells [55, 93, 94]
Deferoxamine Iron Chelate free iron, leading to depletion of iron storage [95]
GOT1 Aspartic acid Knockdown of GOTI increases the unstable iron pool [96]
Lipid SAT1 LOX15 Induce LOX15 expression to increase [97]
metabolism  pggp; LOX15 As a scaffold protein of LOX15, promote LOX15 [43]
expression
ACC Acyl-CoA Synthetic ferroptosis substrate polyunsaturated fatty [59, 98]
acid
iPLA23 Unknow Hydrolyzed oxidized phospholipid activity decreased [99]
Hippo pathway ACSL4 Inhibit the expression of ACSL4 [100]
MCT1 ACSL4 Inhibit the expression of ACSL4 [88]
AGPS PUFA-ePLs Catalyze the synthesis of ether lipids,increase the [101]

susceptibility to ferroptosis

Abbreviations: GPX4, glutathione peroxidase 4; ACSL4, acyl-CoA synthetase long-chain family member 4; CoQ10, ubiquinone; CoQH2, ubiquinol; FPN1, ferro-
portin; GCLC, glutamate-cysteine ligase catalytic subunit; FTHI, ferritin heavy chain 1; GCL, glutamate cysteine ligase; GLS2, glutaminase 2; GPX4, ###; MVA,
Mevalonate pathway; GSH, glutathione; VCADZ2/3, voltage-dependent anion channel 2/3; LOX15, lipoxygenase 15; NOX1, NADPH oxidase 1; NRF2, NFE2-related
factor 2; SCDI, stearoyl-CoA desaturase 1; SLC1AS5, Alanine, serine, cysteine-preferring transporter 2 (ASCT2; SLC1AS5); SLC7AL1I, cystine/glutamate antiporter

solute carrier family 7 member 11; TFRC, transferrin receptor; XC, cystine-glutamate reverse transporter.

ferrosomes to the labile iron pool (LIP) medium (Figure
2B) [53, 67, 109, 110]. Recent studies have revealed that
transferrin in the liver inhibits liver damage, fibrosis, and
cirrhosis by regulating ferroptosis [111], and the iron home-
ostasis pathway driven by sterol regulatory element bind-
ing protein-2 (SREBP2) contributes to cancer progression,
drug resistance and metastasis [112]; indicating that iron
homeostasis is essential for organ survival.

Most iron can be stored in ferritin or heme. Ferritin
includes two subunits: FTL (light chain) and FTH1 (heavy
chain) [113]. The nuclear receptor co-activator 4 (NCOA4)
directly binds to FTHI to form the ferritin complex target-
ing lysosomes for “ferritinophagy,” promoting the degra-
dation of ferritin and increasing intracellular free iron dur-
ing iron deficiency [89, 90]. As another common protein
containing iron in cells, Fe?* released by heme under the
catalysis of heme oxygenase-1 (HO-1) accumulates in car-
diomyocytes and induces ferroptosis [114] which may be
activated by NRF2 and BAY [57, 91]. Ferroportin (FPN1) is
the only cellular efflux channel for iron which is degraded
by binding to hepcidin secreted by the liver, resulting in
a decrease in cellular iron output (Figure 2B) [92]. How-
ever, most cells do not have an effective mechanism to
export iron, resulting in an increase in LIP levels when the
amount of iron exceeds the storage capacity [46]. Regard-
less of the pathway, the increase in intracellular free iron
increases the induction of ferroptosis by LIP.

3.3 | Lipid metabolism

Lipid production is the basis of survival and lipid
peroxidation is a biomarker of ferroptosis [115]. Lipid
peroxidation in the process of ferroptosis requires acyl-
CoA synthetase long-chain family member 4 (ACSL4),
lysophosphatidylcholine acyltransferase 3 (LPCAT3),
and arachidonic acid 15-lipoxygenase (ALOX15) (Figure
2C). Quantitative lipidomics has found that arachi-
donic acid (AA) and epinephrine (AdA), which are
phosphatidylethanolamines (PEs), are necessary for fer-
roptosis [116]. In addition, it has recently been found that
enhancing TPD52-dependent lipid storage or blocking
ATGS5, and RAB7A-dependent lipid degradation both
prevent RSL3-induced lipid peroxidation and subsequent
ferroptosis, indicating that the balance between lipid
synthesis, storage, and degradation can be manipulated
by ferroptosis [117]. ACSL4 expression is regulated by the
Hippo signaling pathways [100], radiotherapy [118], and
the lactic microenvironment [88]. Located in the endo-
plasmic reticulum, LPCAT3 is mainly expressed in the
metabolic tissues such as liver, fat, and pancreas [119], by
specifically inserting acyl groups in phosphatidylcholine
(PC) and PE-CoA produces PE-AA [120]. Lack of LPCAT3
can lead to a significant decrease in cell membrane AA
levels and accumulation of cytoplasmic lipid droplets,
which leads to lethality and intestinal cell damage in
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mice [120], indicating that LPCAT3 is essential for cell
survival. Another interesting study recently defined the
saturation of ether lipids as a determinant of ferroptosis.
It was also found that in the differentiation of cardiomy-
ocytes and nerve cells, increased levels of polyunsaturated
ether phospholipids (PUFA-ePLs) are accompanied by
increased sensitivity to ferroptosis, and selective downreg-
ulation of highly unsaturated PUFA-ePLs levels may be
an important approach for cells to escape ferroptosis [101].
The above findings are of great importance to the rational
design and use of ferroptosis-targeted drugs in disease
treatment.

Lipoxygenases (LOXs) can oxidize PUFAs into their cor-
responding hydroperoxides. In mammalian cells, linoleic
acid and AA are the most abundant polyunsaturated fatty
acid substrates in LOXs [42, 119]. PUFAs are the lipids that
are most prone to peroxidation during ferroptosis. There-
fore, pretreatment of cells with PUFAs containing heavy
hydrogen isotope deuterium at the peroxidation site (D-
PUFA) can prevent PUFA oxidation and block ferroptosis
[121]. Acetyl-coenzyme A carboxylase (ACC) is an enzyme
involved in the fatty acid synthesis and directly synthesizes
PUFAs from acyl-CoA. PE-AA is a polyunsaturated fatty
acid PUFA, which can be used in LOX15 and Fe?* catalytic
production of oxidized phospholipid ox-PE, contributes
to the development of ferroptosis [59, 98]. The muta-
tion of the key protein iPLA23 for phospholipid remod-
eling leads to a decrease in the activity of its hydrolyzed
oxidized phospholipid ox-PE, leading to the accumula-
tion of oxidized phospholipids in dopaminergic neurons
[99]. Evidence has shown that antioxidant metabolism,
iron levels and lipid metabolism play an extremely impor-
tant role in hypertrophy, and steady-state changes on
either side induce ferroptosis (Table 2). However, when
and how lipid peroxidation regulates ferroptosis and non-
ferroptotic cell death in different ways remain to be
discovered.

4 | CROSSTALK BETWEEN
FERROPTOSIS AND CLASSIC CELL
SIGNALING PATHWAYS IN CANCER

As previously mentioned, induced by lipid peroxidation,
ferroptosis controls many processes in a cell type-and
context-specific manner; however, the role of ferroptosis in
the airframe remains elusive. Many studies have revealed
that the synergistic regulation of ferroptosis by antioxi-
dant, iron, and lipid metabolism affects the occurrence and
development of specific types of cancer cells (Figure 2).
However, the crosstalk between ferroptosis and other sig-
naling pathways is not well understood. This review dis-
cusses the crosstalk between ferroptosis and other clas-

sic cell signaling pathways in cancer to provide cancer
immunotherapy targets (Figure 3).

4.1 | Energy metabolism pathways

Recent studies have indicated that energy metabolism
pathways are involved in the regulation of ferroptosis.
Because of the Warburg effect [122], cancer cells are
extremely dependent on glucose and have low produc-
tivity. Insufficient energy metabolism in the cell leads
to a decrease in ATP content and activates AMPK, an
important hub that senses and regulates the balance of cell
energy metabolism. ACCI1 and ACC2 are two enzymes that
catalyze the synthesis of malonyl-CoA from acetyl-CoA,
promoting fatty acid synthesis and inhibiting fatty acid
oxidation. AMPK inhibits ACC to reduce the synthesis of
PUFAs, ultimately inhibiting ferroptosis [123]. The above
results indicate that the AMPK-ACC-PUFA pathway
activated by energy metabolism reduces the synthesis
of polyunsaturated fatty acid PUFAs, thereby inhibiting
ferroptosis (Figure 3A). AMPK phosphorylation also
mediates the phosphorylation of BECN1, the main compo-
nent of the phosphatidylinositol 3-kinase (PI3K) complex,
which promotes BECNI1-SLC7A1l complex formation,
system XC inhibition, and subsequent ferroptosis [72].
These results indicate that tumor cells avoid the occur-
rence of ferroptosis to a certain extent through metabolic
reprogramming. Inhibition of AMPK-ACC-PUFA sig-
naling may produce antitumor effects by targeting this
pathway in different cell types of the tumor and its niche,
by enhancing the efficacy of immunotherapies and poten-
tiating chemotherapy treatments. However, therapeutic
interference with AMPK-ACC-PUFA signaling may also
result in unexpected adverse effects; therefore, these
inhibitors should be used with care.

4.2 | HCAR1/MCT1-SREBP1-SCD1
pathway

In addition to forming a microenvironment that is prone
to tumor metastasis, the lactate produced by tumor
metabolism may also inhibit the ferroptosis of tumor cells
through the HCAR1/MCTI-SREBP1-SCD1 pathway, pro-
viding potential for its metastasis and development (Fig-
ure 3B). Lactate produced by tumors enhances lipid syn-
thesis by inhibiting glycolysis Moreover, lactate induces
the expression of HCARI1 (lactate receptor) and MCTI1
(lactate transporter). MCT1-mediated lactate uptake pro-
motes the production of ATP in hepatocellular carcinoma
(HCC) cells, increasing the AMP/ATP ratio and phos-
phorylating AMPK, leading to the upregulation of sterol
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FIGURE 3 Crosstalk between ferroptosis and classic signaling pathways. (A) AMPK-ACC-PUFA pathway. EMP, PPP and TCA cycles all
require glucose as a substrate. When glucose is lacking, insufficient intracellular energy metabolism will activate AMPK, reducing the
synthesis of PUFA by inhibiting ACC. (B) HCAR/MCT1-SREBP1-SCD1 pathway. Lactate enhances cell lipid synthesis by inhibiting glycolysis.
Lactate induces the expression of HCAR1, MCT1 and inhibiting ferroptosis by directly inhibit ACSL4. Moreover, lactate promotes the
phosphorylation of AMPK, which inhibits the ability of SREBP1 to promote SCD1, which directly inhibit ferroptosis by promoting the
production of CQ,, and MUFA. (C) MTORCI1-Keapl-NRF2 pathway. PI3K-AKT-mTORCI signaling pathway activation will upregulate
SREBP1 and SCD1, promoting MUFA production to resist ferroptosis. In addition to degrading SLC7A11, mTORCI also promotes the
accumulation of NRF2 by phosphorylation of p62, and indirectly regulates NRF2 target genes. mTORC2 directly regulates the
phosphorylation of SLC7A11. (D) Cadherin-NE2-Hippo-YAP pathway. At high cell density, ECAD will send a signal to the Hippo signaling
pathway through NF2, inhibiting the ferroptosis process by promoting the phosphorylation of YAP and TZA. The green box indicates

inhibition of ferroptosis, and the red box indicates the inducer of ferroptosis. Abbreviations: HCARI, lactate receptor; MCT1, lactate
transporter; SREBPL, sterol regulatory element-binding protein 1; SCD1, stearoyl-CoA desaturase 1; MUFA, monounsaturated fatty acid; ACC,
acetyl-coenzyme A carboxylase; ACSL4, acyl-CoA synthetase long-chain family member 4; AMP, adenosine monophosphate; AMPK,
AMP-activated protein kinase; ATP, adenosine triphosphate; BECNI1, beclin 1; EMP, Embden-Meyerhof-Parnas pathway; FTH, ferritin heavy
chain; GCL, glutamate cysteine ligase; GPX4, glutathione peroxidase 4; GSS, glutathione synthetase; LPCAT3, lysophosphatidylcholine
acyltransferase 3; NF2, neurofibromatosis type 2; NOX4, NADPH oxidase 4; NRF2, NFE2-related factor 2; PI3K, phosphatidylinositol 3-kinase;
PTEN, phosphatase and tensin homolog; PUFA, polyunsaturated fatty acids; SLC7AL1l, cystine/glutamate antiporter solute carrier family 7
member 11; SOD1, superoxide dismutase; TAZ, PDZ-binding motif; TCA, tricarboxylic acid; TSC, tuberous sclerosis; YAP, yes-associated
protein
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regulatory element-binding protein 1 (SREBP1) [88, 124].
SREBPI is a transcription factor that regulates the expres-
sion of multiple lipid synthesis-related genes, includ-
ing stearoyl-CoA desaturase 1 (SCD1), which converts
saturated fatty acids into monounsaturated fatty acids
(MUFAs), thereby, inhibiting ferroptosis [87]. Lipidomic
testing found that the knockdown of MCT1 upregulates the
expression of ACSL4, reduces the production of phospho-
lipids containing MUFA, and downregulates the expres-
sion of another ferroptosis inhibitor, CoQ10, downstream
of SCD1 [88]. The above results indicate that lactate
induces the formation of monounsaturated fatty acids
through the HCAR1/MCT1-SREBP1-SCD1 pathway which
helps liver cancer cells to resist lipid peroxidation induced
by oxidative stress.

4.3 | PI3K-AKT-mTOR pathway

Regardless of the energy stress and lactate signaling path-
way activated by tumor metabolism, the master growth
regulator of the cell, mTORCI, and another different
mTOR kinase complex, mTORC2, have also been shown
to be involved in the regulation of ferroptosis (Figure 3C).
Many cancers require mTORC1 to maintain their abil-
ity to regulate protein synthesis and cell growth, coordi-
nating nutrition and energy supply, to ensure that they
undergo unlimited cell division, whereas mTORC2 mainly
promotes cell proliferation and survival through phospho-
rylation of AKT [125]. Both mTORC1 and mTORC?2 are
involved in ferroptosis. mTORC2 interacts with SLC7A11
to directly phosphorylate serine at position 26 of SLC7A1l,
inhibiting its transporter activity [126]. High cell density
activates LATS1/2 kinase in the Hippo pathway, subse-
quently phosphorylating a component of mTORC1, lead-
ing to inactivation of mTORC1 and preventing mTORC1
from degrading SLC7A11 in the lysosome [75]. Activated
PI3K-AKT-mTOR is one of the most mutated signaling
pathways in human cancers, and activation of the PI3K-
AKT-mTORCI signaling pathway ensures that cancer cells
resist ferroptosis through SREBP1-mediated MUFA pro-
duction [87].

Excessive metabolism and proliferation burden lead to
higher oxidative stress in cancer cells. NFE2-related fac-
tor 2 (NRF2) is a transcription factor that integrates cell
stress signals and directs various transcription elements
[127]. However, during periods of increased oxidative stress
or mutations in KEAP1, CUL3 or NRF2, NRF2 is no longer
ubiquitinated and degraded, enabling translated NRF2 to
be transported to the nucleus to activate the transcrip-
tion of genes containing antioxidant response elements
(ARE) [128, 129]. In addition, mTORC1 promotes the bind-
ing of p62 and Keapl by phosphorylating p62, leading to

the degradation of Keapl and accumulation of NRF2 [87].
Many antioxidant defense proteins involved in iron and
ROS metabolism, including SOD1, GPX4, glutathione syn-
thesis enzymes (GCL and GSS), HO-1 and FTHI, are all
induced by NRF2 transcription [128-130]. Therefore, the
PI3K-AKT-mTORCI signaling pathway plays a critical role
in maintaining cellular redox homeostasis through NRF2-
mediated signal transduction and SREBP1/SCDI-mediated
MUFA synthesis (Figure 3C).

4.4 | Cadherin-NE2-Hippo-YAP pathway
Apart from the mTORC1 pathway which controls tumor
cell growth, Hippo controls organ size by regulating cell
proliferation and apoptosis, and E-cadherin, maintains cell
polarity and is also involved in ferroptosis. The Hippo path-
way is a kinase chain composed of a series of highly con-
served protein kinases and transcription factors [131]. E-
cadherin (ECAD) is an important regulator of inter-cell
interconnection in epithelial cells and is positively corre-
lated with cell density [132]. Knockout of the Hippo ele-
ment or overexpression of YAP inhibits the reduction of
cell proliferation caused by the binding of E-cadherin to
the cell surface. The E-cadherin/catenin complex acts as
an upstream regulator of the Hippo signaling pathway in
mammalian cells and inhibits the activity of YAP in the
nucleus, directly regulating the Hippo pathway [133].

Recent studies have also revealed that neighboring cells
can also activate the NF2 and Hippo signaling pathways
through ECAD-mediated interactions, thereby, inhibiting
the ferroptosis of tumor cells (Figure 3D). TEA domain
transcription factor 4 (TEAD4), which interacts with Yes-
associated protein (YAP) and activates its function, binds
to the promoter regions of the ferroptosis markers TFRC
and ACSL4. This effect was inhibited by the phosphoryla-
tion of YAP. Therefore, an increase in cell density leads to a
decrease in the expression of TFRC and ACSL4. This phe-
nomenon can be reversed by knocking out ECAD, NF2 or
inhibiting the phosphorylation of YAP, thereby promoting
ferroptosis [100]. In addition, LATS1/2 is a key component
of Hippo and inhibits mTORC1 by phosphorylating Ser606
of Raptor, an important component of mTORCI, realizing
the interaction between the Hippo signaling pathway and
mTORCI1 [75]. The above results indicate that the intercel-
lular mechanism may be a vital defense function of cells
which resists oxidative stress and ferroptosis.

Unlimited growth is a major feature of tumors, accom-
panied by massive consumption of energy, “self-toxic” den-
sity, and violent biochemical metabolism. Thus, ferrop-
tosis was significantly induced in tumor cells. However,
in the natural state, few tumor cells lose the ability to
develop infiltration due to ferroptosis, and there must be a
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special mechanism to antagonize ferroptosis. Some stud-
ies have indicated that the classic energy metabolism path-
ways, density effects and biochemical reaction metabolites
in tumor cells interact closely with ferroptosis and signifi-
cantly inhibit cell ferroptosis. Therefore, inhibition of fer-
roptosis may be the result of tumor cells achieving a large
amount of growth. In summary, a better understanding of
the crosstalk between ferroptosis and classic cancer sig-
naling pathways could help developing new compounds
to target specific ferroptosis activation mechanisms or par-
ticular effectors, increasing selectivity and decreasing the
clinical drawbacks of current inhibitors.

5 | FERROPTOSIS AND ANTITUMOR
TREATMENT

Current treatments for cancer cannot effectively cope with
the resistance of cancer cells to existing chemotherapy
drugs. Many studies have demonstrated that ferroptosis
plays a vital role in killing tumor cells and inhibiting
tumor growth (Figure 4). Ferroptosis has been identified
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as a cause of non-small cell lung cancer [134], breast can-
cer [135], pancreatic cancer [136], HCC, and other tumor-
causing cell deaths. Consequently, targeted induction of
ferroptosis may be a new cancer treatment strategy.

Lung cancer is a malignant tumor with the fastest
increase in morbidity and mortality rates. It is the great-
est threat to the health and life of the population. Three
main drug mechanisms target the induction of ferropto-
sis in lung cancer cells. The first is to target the inhi-
bition of the XC system to limit the uptake of cystine
and induce the accumulation of ROS, such as the small-
molecule compound erastin [13, 137] and the FDA (U.S.
Food & Drug Administration)-approved immunosuppres-
sant sulfasalazine [47]. Second, ferroptosis can be induced
in lung cancer by increasing the level of free iron, typ-
ically cisplatin [138], changing the iron regulatory pro-
tein/iron response element ratio to regulate iron home-
ostasis, dihydroartemisinin [139], and NFS1, which tricks
lung cancer cells to absorb and release large amounts
of iron [94]. Research has also indicated that drug com-
bination therapy has great application potential. Erastin
makes lung cancer cells more sensitive to cisplatin, in turn
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triggering ferroptosis [134], and may enhance the thera-
peutic effect and improve the survival rate of lung can-
cer patients treated with epidermal growth factor receptor-
tyrosine kinase inhibitors (EGFR-TKIs) [140].

Glioblastoma is a very aggressive brain tumor that often
recurs and causes death even after surgery and radiother-
apy [141]. Sulfasalazine inhibits cysteine uptake through
XC, leading to ferroptosis in glioma cells Temozolomide
induces ferroptosis by activating NRF2/ATF4 at the mRNA
and protein levels to induce the expression of SLC7A11
and increase the activity of cystathionine gamma-lyase
in the trans-sulfur pathway [142]. Even at low concen-
trations, the combination of aspirin and sorafenib leads
to XC inhibition, GSH depletion, and ROS accumulation
in cancer cells, simultaneously enhancing the cytotoxic-
ity of cisplatin to drug-resistant cells by inhibiting XC and
DNA damage [143]. Therefore, ferroptosis also has poten-
tial applications in the management of treatment-resistant
malignant tumors.

HCC (hepatocellular carcinoma) is the most com-
mon primary hepatocellular carcinoma, with the fastest
increase in the incidence of all cancers. Sorafenib was orig-
inally thought to inhibit a variety of oncogenic kinases
that induce ferroptosis in HCC. This effect is significantly
inhibited by deferoxamine which depletes intracellular
iron storage [95]. A recent study indicated that inhibition
of metallothionein-1G enhanced the anticancer activity of
sorafenib in vitro and tumor xenograft models, knock-
ing out MT-1G by RNA interference enhanced ferroptosis
caused by sorafenib [144]. Loss of retinoblastoma (Rb) pro-
tein function is a hallmark of HCC development. HCC cells
with reduced Rb levels increase cell death induction two
to three times when exposed to sorafenib, indicating that
Rb inhibits sorafenib treatment of ferroptosis [145], which
may be the reason for the acquired resistance to sorafenib
in HCC patients.

Colorectal cancer (CRC) is the third most common
malignant tumor [146]. Sulfasalazine effectively depleted
GSH in CRC cell lines and enhanced the anticancer
activity of cisplatin, resulting in significant accumula-
tion of ROS and growth inhibition of CRC, indicating
that sulfasalazine is a relatively non-toxic drug targeting
the cystine transporter. Moreover, its combination with
CDDP(cisplatin) may have an effective therapeutic effect
on CRC [147]. RSL3-treated CRC cells accelerate ROS pro-
duction by activating transferrin and reducing GPX4 levels
[148].

Pancreatic cancer is one of the deadliest cancer types
with strong chemical resistance and has a clinical mor-
tality rate close to 95%; the occurrence of aggressive
metastasis and resistance to conventional chemotherapy
is considered a major challenge for treatment [149]. Sul-
fasalazine is an anti-inflammatory drug with a strong XC

inhibitory effect which can significantly reduce cysteine
uptake and glutathione levels of human MIA, Pa, Ca-2 and
PANC-1 pancreatic cancer cells [150]. Combining sulfadi-
azine (SSZ) and piperine (PL) treatment can significantly
increase ROS levels in pancreatic cancer and induce cyto-
toxic ferroptosis. This effect is eliminated by ferroptosis
inhibitors and deferoxamine [136]. Artesunate is an anti-
malarial drug that induces iron-and ROS-dependent cell
killing in pancreatic cancer cell lines with K-Ras muta-
tions and wild-type, indicating that artesunnate is a spe-
cific inducer of pancreatic cancer cell ferroptosis [151].

Ovarian cancer is a lethal malignant tumor but no major
progress has been made in the treatment of ovarian can-
cer for more than 30 years. The cells of patients with high-
grade serous ovarian cancer (HGSOC) are accompanied
by a decrease in FPN expression and an increase in the
expression of transferrin receptor (TFR1) in the iron efflux
pump, leading to excessive iron accumulation in the cell
and enhancement of iron dependence. Consequently, the
increase in iron efflux and erastin inhibits the metastasis
and proliferation of ovarian cancer, the effects of which
are inhibited by Fer-1 and Deferoxamine mesylate (DFO)
[152]. In addition to killing pancreatic cancer cells, artesun-
nate can also induce HGSOC ferroptosis to exert antitumor
effects [153], and combining siramesine and lapatinib has
been shown to synergistically inducing breast cancer fer-
roptosis by increasing the levels of transferrin and ROS,
the effect of which is significantly inhibited by the iron
chelator deferoxamine [135]. Similarly, CDO1 overexpres-
sion reduces GSH levels in breast cancer cells, leading to
the accumulation of high levels of ROS and aggravating fer-
roptosis [154], indicating that small-molecule drugs target-
ing different metabolic axes of ferroptosis have great poten-
tial for clinical treatment.

As a large number of clinical drugs are modified or
combined with small-molecule inhibitors, their speci-
ficities may be different (Figure 4). There are also drugs
that only target specific cancers, and these may be special
drugs that have been selected by researchers through
screening in cancer models. For ease of understanding,
ferroptosis-associated anticancer drugs are also listed here
(Table 3) [155-161], along with their targets and functions.
It should be noted that the characteristics of the tumor
itself determine the type and effect of drugs in relation to
ferroptosis. For example, iron-rich tumors (such as HCC
and breast cancer) or reactive oxygen-rich tumors (lung
cancer) are particularly sensitive to drugs that promote
ferroptosis. In this case, the use of ferroptosis-targeted
drugs can achieve a better curative effect. Second, the
selection of specific drugs largely depends on the degree
of expression of drug targets in tumor cells. Different
ferroptosis-regulatory genes have different gene expres-
sion levels in different tumors. For example, certain
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TABLE 3 Applications of ferroptosis in cancer
Compound/Drug Cancer type Target Function Reference
Sulfasalazine Lung cancer, Glioblastoma, SLC7A11 Inhibit cysteine uptake and [47,128,147,150]
Colorectal cancer, Pancreatic GPX4 synthesis, promote
cancer, Prostate cancer ferroptosis
Cisplatin Lung cancer, Colorectal cancer GSH Induce Lipid peroxidation, [134, 138]
increase the level of free iron,
Dihydroartemisinin Lung cancer, Glioblastoma, Ferritinophagy Induce Iron metabolism [139]
Colorectal cancer, Breast
cancer
Statins Lung cancer GPX4 Block the synthesis of GPX4 [140]
Gefitinib Lung cancer ROS Inhibition of EGFR-ERK/AKT [155]
by gefitinib, reduces ROS
Sorafenib Glioblastoma, Hepatocellular SLC7A11 Induce lipid peroxidation, [95,143, 144]
carcinoma, Liver Cancer, accumulation of ROS to
Colorectal cancer promote ferroptosis
Lapatinib Breast Cancer, Glioblastoma Fe Induces ferroptosis by elevating [156]
the intracellular iron level
Temozolomide Glioblastoma NRF2/ATF4 Induce the expression of [142]
SLC7A11
Artesunnate Glioblastoma, Pancreatic cancer, Ferritin Enhance lysosomal degradation [151, 153, 157]
Ovarian cancer of ferritin
Paclitaxel Colorectal cancer P53, SLC7A11 Lipid peroxidation [158]
Siramesine Breast cancer Iron increases iron [135]
Gemcitabine Pancreatic cancer GPX4 Inhibit lipid peroxidation [159]
Tanshinone Pancreatic cancer STAT3 Regulating ferroptosis through [160]
lysosome pathway
Cotylenin A Pancreatic cancer ROS Promoting ROS production [161]

Abbreviations: SLC7A1l, cystine/glutamate antiporter solute carrier family 7 member 11; GSH, glutathione; GPX4, glutathione peroxidase 4; ROS, reactive oxygen
species; ATF4, Activating transcription factor 4; NRF2, NFE2-related factor 2; STAT3, signal transducer and activator of transcription 3; ROS, reactive oxygen
species; EGFR, epidermal growth factor receptor; ERK, extracellular signal-regulated kinase; AKT, protein kinase B.

types of tumor cells (lung cancer) overexpress SLC7All,
and thus, the ferroptosis inducer sulfasalazine which
targets SLC7A11 may be effective against them. However,
although other ferroptosis-related drugs (such as lapa-
tinib) can also induce ferroptosis, they cannot directly
target SLC7ALll, so their effects in the treatment of lung
cancer are not satisfactory. It is also interesting to note
that traditional drugs have been repurposed to target
ferroptosis treatment. For example, sulfasalazine, which
was originally used to treat colitis and arthritis, was found
to promote ferroptosis by inhibiting cysteine uptake and
GPX4 synthesis. This reminds us that the function of drugs
may expand with more scientific exploration. It is worth
mentioning that many nano-drugs have great potential
in specifically inducing ferroptosis in tumor cells, and
can be simply classified according to the nanomaterials
and coating materials used (Table 4) [161-178]. However,
not all nanomedicines are listed because they have fewer
clinical applications compared with conventional drugs.
To summarize, drugs related to ferroptosis mainly exert
their clinical functions in the following ways: (1) inhibi-

tion of the XC-glutathione/GPX4 axis by regulating antiox-
idants; (2) regulating the p62-Keapl-NRF2 pathway and
the downstream antioxidant gene expression of NRF2; and
(3) activation of the iron axis to trigger ferroptosis by reg-
ulating the functions of lysosomes, ferritin, transferrin,
and iron autophagosomes. Previous research provides a
comprehensive review of the drugs that induce ferropto-
sis and lays the foundation for future clinical treatment of
cancer.

6 | FERROPTOSIS AND TUMOR
IMMUNOTHERAPY

Traditional tumor treatment methods, including
chemotherapy and radiotherapy, are not effective in
tumor treatment because of the broad spectrum of their
targets and tumor cell tolerance. The response rate of
tumor immunotherapy to many tumors is still limited;
consequently, cancer treatment still needs development,
and recent research has revealed that ferroptosis has a
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TABLE 4 Recently reported nanomaterial-induced ferroptosis-related nanoparticles for cancer therapy applications

Nanoparticle Material type Encapsulation Mechanism Reference

Ferumoxytol Polysaccharide Fe, 0, Fe** increasing and ROS [162]
overloading

FePt Black phosphorus, Fe Promote Fenton reaction [163]

metal

RSL3@COF-Fc COFs RSL3 Promote Fenton reaction, GPX4 [164]
inhibition, Lipid peroxidation

FePt@MnO@DSPE Metal nanoparticles Fe?t, Mn?* Promote Fenton reaction [165]

UPDA-PEG@Fe?+/3+ Coordination polymer Fe?*, Fe3t Promote Fenton reaction [166]

DS@MA-LS Liposome Doxorubicin and Increase ROS and SLC7A11 [167]

Sorafenib inhibition

FaPEG-MnMSN Mesoporous silica Sorafenib Promote Fenton reaction, [168]
SLC7A11 inhibition and GSH
depletion

MoS2, WS2 Metal sulfide None GPX4 inhibition, Oxygen free [169]
radical generation, Lipid
peroxidation

TA-Fe/ART@ZIF MOFs Artemisinin, Fe?* Promote Fenton reaction [170]

RSL3@mPEG-PLys-AA Polymer RSL3 Promote Fenton reaction, GPX4 [171]
inhibition, Lipid peroxidation

SRF@Hb-Ce6 Protein Sorafenib GPX4 inhibition [172]

LDL-DHA Self-assembled Omega-3 fatty acid, GSH depletion, GPX4 inhibition,  [173]

nanoparticles docosahexaenoic acid Lipid peroxidation
UCNP@LP(Azo-CA4) Upconversion material ~ Azobenzene Promote Fenton reaction [174]
combretastatin A4

BNP@R Phenylboronate ester RSL-3 Induces the secretion of IFN-y [175]
and inhibits GPX4

Erastin@FA-exo Exosome Erastin GPX4 inhibition and ROS [176]
overloading

MnO2@HMCu2-xS Nanocomposites Mn?* rapamycin GSH exhaustion and ROS [177]
overloading

Ascorbate plus nanocarrier Lipid-coated calcium Ascorbate, iron, RSL3 Iron overload, GPX4 inhibitions,  [178]

loading Fe** and RSL3

phosphate

ROS overgeneration

Abbreviations: COF, covalent organic frameworks; MOF, metal-organic frameworks; RSL3, oncogenic-RAS-selective lethal compounds; ROS, reactive oxygen

species; GPX4, glutathione peroxidase 4; SLC7A11, cystine/glutamate antiporter solute carrier family 7 member 11; IFN-y, interferon-gamma.

certain degree of crosstalk with radiotherapy and the
immune system, combined with the fragility of tumor
cell metabolism and the difference in sensitivity brought
about by different cell states [155-179]. Therefore, this
review proposes six potential methods for the treatment
of cancer, including the combination of ferroptosis and
tumor immune checkpoint inhibitor therapy; using
ferroptosis to activate tumor immune cells and reverse
resistance to radiotherapy; targeting tumor metabolic
features and specifically inducing ferroptosis; using fer-
roptosis to induce innate transformation of anti-cancer
macrophages; inducing damage-related molecular pat-
tern generation and targeting plasticity in cancer cell
differentiation.(Figure 5).

6.1 | Tumor immune checkpoint
inhibitor therapy

Traditional NK(natural killer cell) cells and innate lym-
phoid cells interact with cancer cells through perforin,
TNF family death receptors (such as TRAIL), and immune
checkpoint receptors (such as programmed cell death pro-
tein 1 [PD-1]) [180]. PD-1 is lacking on resting T cells,
while high levels of PD-1 expression are detected in
tumor-infiltrating T cells, indicating that immune-induced
tumor PD-L1 expression may be an adaptive drug resis-
tance mechanism for tumor cells to respond to immune
challenges [181-183]. Studies have revealed that inter-
feron has the dual function of activating and suppressing
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FIGURE 5 Ferroptosis and tumor immunotherapy. CD8* T cells inhibit tumor cell cystine uptake by downregulating SLC3A2 and
SLC7A11 by releasing IFNy, and at the same time assisting immune checkpoint inhibitor PD-L1, which can synergistically enhance T
cell-mediated anti-tumor immunity and induce tumor cell ferroptosis. Ferroptosis is dependent on glucose and glutamine, and selectively
targeting tumor cells by hindering metabolism has a bright future. The DAMPs released in vitro by cancer cells undergoing ferroptosis can

induce the maturation of dendritic cells, cross-induction of CD8" T cells, production of IFN-y, and production of M2 macrophages.
Subsequently, it activates adaptability in the tumor microenvironment, forming a positive feedback of the immune response. Radiotherapy
produces a large amount of ROS by upregulating ACSL4 and inactivating SLC7A11 or GPX4 with ferroptosis inducers (FINs) at the same time,
which makes radiation-resistant cancer cells sensitive to radiotherapy, reversing the resistance to radiotherapy. Different differentiation stages
of cancer cells have different sensitivities to ferroptosis, and targeted therapy can be implemented according to the differentiation state of the
sensitive stage of ferroptosis induced by the differentiation plasticity of cancer cells. Abbreviations: RT-MP, irradiated tumor cell-released
microparticles; ACSL4, acyl-CoA synthetase long-chain family member 4; DAMP, damage-related molecular patterns; FIN,
ferroptosis-inducer; GPX4, glutathione peroxidase 4; GSH, glutathione; IFNy, interferon-gamma; PD-L1, programmed death 1 ligand; ROS,
reactive oxygen species; SLC3A2, solute carrier family 3 member 2; SLC7A11, cystine/glutamate antiporter solute carrier family 7 member 11;
TGF-p, transforming growth factor-beta



ZHAO ET AL.

ANCER
COMMUNICATIONS 105

the immune system. Interferon signals in cancer cells
and immune cells oppose each other to establish a reg-
ulatory relationship that limits adaptability and natural
immune killing. Therefore, blocking PD-1 inhibitors in
breast, melanoma, and CRC cells can block the interferon
signal (IFNy) and enhance the abundance of CD8* T cells,
and ultimately activate the immune system to attack can-
cer cells [184]. However, due to the complexity of the
tumor microenvironment and insufficient activation of the
host immune system, the systemic antitumor response
rate of immune checkpoint blocking therapy for many
cancers is still limited (Figure 5) [185, 186]. Ferroptosis-
related lipid peroxides can be used as an identifying signal
to promote the recognition, phagocytosis and processing
of tumor antigens by dendritic cells, and present tumor-
associated antigens to CD8* T lymphocytes, activating
cytotoxic T lymphocytes to enhance tumor immunother-
apy. Selective enrichment of RSL-3-containing nanoparti-
cles in tumor tissues can induce the immunogenic death
of tumor cells, initiate antitumor immune responses and
induce cytotoxic T lymphocytes to secrete IFN-y. More
importantly, IFN-y and RSL-3 can block the lipid peroxide
repair pathway and increase the accumulation of lipid per-
oxide in tumor cells. After further treatment with immune
checkpoints, the infiltration of cytotoxic T lymphocytes in
tumor tissues increased by four times, effectively inhibit-
ing tumor growth and metastasis [175]. This shows that
tumor immune checkpoint inhibitor therapy based on
tumor cell ferroptosis is expected to provide a new strategy
for improving ferroptosis-mediated tumor immunother-

apy.

6.2 | Activating tumor immune cells
and reversing radiotherapy resistance

Immunotherapy is a method of treating cancer by gener-
ating or enhancing the immune response to cancer [187].
CD8* T cells activated by immunotherapy are tradition-
ally thought to be through (i) perforating granzyme and
(ii) Fas-FasL induces tumor cell death [188]. Studies have
also established that Janus kinase (JAK) and signal trans-
ducer activator of transcription 1 (STAT1) mediate IFNy
signal activation and regulate immune responses [189].
Further research found that CD8% T cell-derived IFN-y
increased the binding of STAT1 to the transcription start
site of SLC7A11 and inhibited its transcription. There-
fore, the lack of STAT1 in tumor cells eliminates IFN-y-
mediated downregulation of SLC7A11 and simultaneously
reverses RSL3-induced lipid peroxidation and ferroptosis
[190]. Erastin and RSL3 promote ferroptosis in cancer cells,
except in human and mouse CD8" T cells [191], suggesting
that tumor cells and T cells may have different susceptibil-

ities to ferroptosis inducers. When mice are treated with
immune checkpoint inhibitors and ferroptosis inducers,
they can produce a strong immune response and promote
ferroptosis against tumors [190].

Radiotherapy was once considered to be one of the most
vital tumor treatment methods [191, 192]. However, radia-
tion resistance is still the main factor leading to the fail-
ure of radiation therapy, accompanied by tumor recur-
rence and metastasis; therefore, it is used in combina-
tion with specific chemical drugs to sensitize patients to
radiotherapy. Studies have indicated that ferroptosis may
crosstalk with radiotherapy. For example, radiotherapy can
cause mutations in the KEAPI gene, which upregulates
the expression of SLC7A1l, subsequently triggering cell
resistance to ferroptosis and radiotherapy [118]. In addi-
tion, the combination of radiotherapy and immunother-
apy increases cell sensitivity to ferroptosis, and cytoplas-
mic radiation instead of nuclear radiation has a synergis-
tic effect with ferroptosis inducers. These treatments pro-
mote cell death by increasing sugar absorption and induc-
ing peroxidation, rather than the typical DNA-damaging
effect [193].

Recent studies have indicated that effector T cells
and radiotherapy interact through ferroptosis to promote
tumor clearance. CD8" T cells activated by immunother-
apy increase lipid peroxidation and ferroptosis through
IFNy, the latter directly sensitizing tumor cells to radia-
tion therapy [194]. Radiotherapy activates the expression of
telangiectasia mutant gene ATM to inhibit the expression
of SLC7A11, limiting the uptake of tumor cystine, reduc-
ing glutathione, increasing the level of lipid peroxidation,
and mediating tumor cell ferroptosis [194]. In addition,
radiotherapy produces a large amount of ROS and reduces
the level of ferroptosis marker 4-HNE; combining FINs to
inhibit SLC7A11 or GPX4 significantly enhances the effi-
cacy of radiotherapy and reverses radiation resistance [118],
indicating that radiotherapy combined with ferroptosis-
inducer FINs and immune checkpoint inhibitors may be
a new strategy to eliminate radiotherapy resistance (Fig-
ure 5). It is noteworthy that ferroptosis is related to the
adverse events of radiation, such as pulmonary fibro-
sis and granulocyte-macrophage hematopoietic progenitor
cell death [195, 196].

6.3 | Targeting tumor metabolism
addiction

Maintaining the Warburg effect of tumor metabolism
requires higher glucose uptake and metabolic activity,
making tumor cells heavily dependent on antioxidant
mechanisms; therefore, they are more susceptible to oxida-
tive stress [122]. Moreover, tumor cells consume glucose
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and glutamine at a higher rate than normal cells, which
is called glucose and glutamine addiction. New treatment
methods may selectively target tumor cells by blocking
their metabolism [197]. For example, the metabolic pres-
sure of mitochondria increases the ROS level of T cells
under hypoxia, causing severe T cell dysfunction and
exhaustion, thereby, reducing the internal ROS of T cells
and alleviating the hypoxic environment of tumor cells
effectively blocks T cell immune failure and achieves a
synergistic anticancer effect with tumor immunotherapy
[198].

Cancer cells with high SLC7A11 expression are more
sensitive to glutamine starvation and exhibit glucose-PPP
dependence. Using glucose transporter inhibitors to limit
the glucose in SLC7A11 highly expressing cancer cells
leads to NADPH depletion and redox system breakdown,
causing intracellular cystine accumulation and ferropto-
sis [199]. Aspartic acid undergoes transamination with
GOT1(aspartate aminotransaminase) to produce oxaloac-
etate, which undergoes downstream biochemical reactions
to produce NADPH. NADPH is used to support redox
balance in cancer cell proliferation. Knockdown of GOT1
damages the oxidative phosphorylation of the mitochon-
dria, prevents mitochondrial metabolism, increases the
unstable iron pool, and increases cell sensitivity to ferrop-
tosis, thereby triggering ferroptosis [96]. Furthermore, the
combination of tryptophan depletion and immune check-
point blockade synergistically enhanced T cell-mediated
antitumor immunity and induced tumor cell ferroptosis
[190]. In conclusion, the treatment methods for the charac-
teristics of cancer cell metabolism may include: (1) directly
blocking the activity of the SLC7AL11 cystine transporter to
inhibit cystine absorption, ultimately inducing lipid perox-
idation and ferroptosis; (2) inhibiting glucose uptake to tar-
get the glucose dependence of SLC7A11 highly expressing
cancer cells, leading to rapid cell death caused by nutrient
deficiency; (3) in glutamine -dependent cancer cells, the
growth of cancer cells is inhibited by using glutaminase
inhibitors.

6.4 | Innate transformation of anticancer
macrophages

Recent studies have established that ferroptosis is directly
immunogenic or triggers an inflammatory response to
other forms of regulatory necrosis in the tumor microen-
vironment [49]. Tumor-associated macrophages (TAMs)
can exhibit different activation states based on the local
microenvironment stimuli. The M1 macrophage phe-
notype leads to tumor regression and inhibits tumor
growth and occurrence [200]. M2 macrophages secrete
pro-angiogenic factors and immunosuppressive cytokines

to effectively inhibit the effector functions of T cells and M1
macrophages [201].

The above results indicate that TAMs play an impor-
tant role in promoting tumor growth and metastasis,
and inhibiting the antitumor immune response. There-
fore, it is conceivable that the development of anticancer
macrophage innate transformation therapy, directly target-
ing intracellular signaling pathways to increase the ratio
of M1/M2, may be another direction for tumor therapy.
For example, the protein, KRAS®!?P, released from pan-
creatic cancer cells undergoing ferroptosis, is further taken
up by macrophages through a specific receptor for hyper-
glycosylation end products, ultimately inducing STAT3-
dependent fatty acid oxidation and driving the formation
of M2 macrophages [66]. In addition to sulfadiazine-loaded
magnetic nanoparticles (Fe;O0,-SAS@PLT) [186], com-
bined therapy with microparticles released from tumor
cells and radiotherapy with PD-1 antibody and TGF-3
inhibitor [202], repolarizes M2-TAMS to the antitumor
MI1-TAMS, regulating the antitumor interaction between
tumor cells and TAMS [203]. Additionally, the com-
bined treatment of oxygen-proliferative photosensitizer
(PS-PDT) [204] and strong ferroptosis-inducer leads to
an increase in lipid peroxidation, IFN-y secretion, and
immunity reshaping of the TME [172]. In addition, M1
macrophages are easier to activate and produce IFN-y than
M2 macrophages [205] whereas PD-1 antibody and TGF-
B inhibitors synergistically enhance the immune response
in the TME, leading to M1 polarization, and the increase
in H,0, levels in macrophages triggers a Fenton reaction
with ions released from the core of the nanoparticle, which
subsequently contributes to tumor cell ferroptosis [206]. In
summary, anticancer macrophage innate transformation
combined with ferroptosis therapy may have broad appli-
cation prospects.

6.5 | Clever use of damage-related
molecular patterns (DAMPs)

Necrotic cancer cells release DAMPs in vitro which bind
to receptors in various immune cells to induce the matu-
ration of dendritic cells and the cross-induction of CD8*
T cells, accompanied by the production of IFN-y, sub-
sequently activating the adaptive immune system in the
tumor microenvironment and mediating antitumor immu-
nity [207-209]. In the process of tumorigenesis, ferropto-
sis has the dual effect of promoting and inhibiting tumors,
which mainly depends on the release of DAMPs in the
tumor microenvironment. Cell death caused by ferropto-
sis is characterized by the release of restricted intracellu-
lar components, including DAMPs. Once released outside
the cell, these components acquire immunostimulatory
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properties and act as adjuvants, thereby, activating the
innate and adaptive immune system by binding to pattern
recognition receptors [210]. For example, in a model of car-
diac injury, ferroptotic cells attract neutrophils in a TLR4-
TRIF-dependent manner, which indicates that DAMPs are
released when ferroptotic cell death triggers TLR4 signals
[211]. These results indicate that cells undergoing ferropto-
sis secrete factors that strongly activate the innate immune
system, as shown in several pathological and genetic mod-
els of kidney and brain ferroptosis. Phagocytosis of bone
marrow-derived dendritic cells is activated by three key
DAMPs (CRT, HMGBI, and ATP) in cells undergoing fer-
roptosis [204]. Neutrophils are also recruited through the
TLR4/TRIF/1 IFN or Wnt signaling pathways induced by
cancer cells undergoing ferroptosis, which are important
regulators and potential therapeutic targets against can-
cer progression [210]. In addition, DAMP, high-mobility
group protein Bl (HMGBL1), plays a crucial role in DNA
regulation, such as DNA repair, transcription, and repli-
cation [212]. Both type I and type II ferroptosis activators,
including erastin, sorafenib, RSL3, and FIN56, can induce
the release of HMGBI [213], which in turn interacts with
the immune system and regulates cancer treatment, and
plays a vital role in the success of the therapy [214]. There-
fore, it is speculated that the accumulation of DAMPs can
trigger tissue inflammation and regulate ferroptosis in a
spontaneous cascade [215], and the delicate use of DAMPs
can activate positive immune feedback to inhibit tumor
growth.

6.6 | Targeting cancer cell differentiation
plasticity

There is different drug resistance in cancer cell lines in
different growth and differentiation states. For instance,
melanoma can be divided into four subtypes, each of which
has a specific sensitivity to ferroptosis induction which
targets differentiation plasticity to improve the target and
provides a treatment method for immunotherapy efficacy
[216]. Tumor necrosis factor a (TNFa) and interferon y
cause the dedifferentiation of melanoma cells. Compared
with the vector or cytokine control, cell death increased
after Erastin or RSL3 combination treatment, which veri-
fied that the failure differentiation subtypes were the most
sensitive and melanocyte subtypes had the strongest drug
resistance [216].

The hypermesenchymal cell status observed in human
cancer cell lines is related to the resistance of different
cancer lineages to multiple treatment modalities. This
treatment-resistant hyper-mesenchymal cell status relies
on a drug-targetable lipid peroxidase pathway, character-
ized by increased lipid peroxidase activity and promo-

tion of polyunsaturated lipid synthesis [108]. Two differ-
ent types of compounds are closely related to the selec-
tive induction of cell death in epithelial cancer cell lines
in a high-mesenchymal state. The first type includes RSL3,
ML210 and ML162, which are known to induce ferropto-
sis. The second category is statins that inhibit 3-hydroxy-3-
methyl-glutaryl-CoA reductase (HMGCR). The inhibitory
effect of statins on HMG-CoA reductase also consumes
CoQ10 and mevalonate pathways, mediating its selectiv-
ity for high mesenchymal cancer cells [108]. Therefore, tar-
geting the differentiation plasticity of cancer cell lines and
adjusting their different cell states to improve targeting
and immunotherapy may be a potential cancer treatment
method.

Ferroptosis is a new therapy that depends on iron-
mediated lipids. Several studies have shown that ferrop-
tosis is closely related to chemotherapy and radiotherapy
[60, 217]. However, the connection between ferroptosis and
cancer immunotherapy is speculative at best because the
available evidence is based on very few well-conducted
studies, and only few ferroptosis-related genes have been
subjected to prognostic analyses [218, 219]; moreover, these
analyses are unreliable because these genes possess many
physiological functions beyond ferroptosis.

Nevertheless, when one treatment strategy is used alone,
its systemic antitumor response rate for multiple cancers is
limited. Thus, considering the characteristics of cancer cell
metabolism and differentiation, we propose that a combi-
nation of the abovementioned six ferroptosis-related meth-
ods will be of great significance in cancer treatment.

7 | CONCLUSIONS

ROS accumulation exceeding the redox content main-
tained by the phospholipid catalase in the cell mediates
the occurrence of ferroptosis [13]. Previous studies on fer-
roptosis are based on the use of pharmacological induc-
ers/inhibitors to affect lipid oxidation, iron metabolism, or
lipid metabolism, and there is a lack of specific biomark-
ers for ferroptosis; thus, it is uncertain whether ferropto-
sis always occurs in cancer, and the corresponding clinical
therapies for ferroptosis are still inadequate.

The effectiveness of anticancer drugs to kill cancer cells
is inhibited by the non-targetability of oncoproteins and
the necessity of cancer essential genes for normal cells
[59]. Therefore, precision medicine based on ferroptosis
needs to identify the biomarker of ferroptosis for each can-
cer patient to achieve subsequent molecular targeted pre-
cision therapy. In vitro experiments have shown that cell
viability, SLC7A11, ACSL4 and ROS levels [98, 220, 221],
the final product of AA and larger PUFA decomposition,
4-HNE [15, 16, 118], the ER stress response gene CHACI



CANCER
108 | COMMUNICATIONS

ZHAO ET AL.

which is a downstream target of the eIF2a-ATF4 pathway
[137], prostaglandin peroxidase synthase PTGS2 [54, 210],
NADPH abundance [58], and lipid droplet-associated pro-
tein HILPDA activated by hypoxia-inducible factor HIF-
2a, are biomarkers for predicting tumor cell ferroptosis
[222]; however, some of the current fluorescence-based
techniques for lipid peroxide detection accurately and
precisely measure cellular lipid peroxides. Still, further
research on ferroptosis biomarkers will greatly promote
the treatment of related diseases.

Recent studies have shown that metabolic reprogram-
ming is involved in the regulation of ferroptosis, which
indicates that tumor cells avoid the occurrence of ferropto-
sis to a certain extent through metabolic reprogramming.
Inhibition of AMPK-ACC-PUFA signaling may produce
antitumor effects by targeting this pathway in different
types of tumors and its niche [123], thereby, enhancing the
efficacy of immunotherapies and potentiating chemother-
apy treatments. Ferroptosis inhibitors potently increase
neuronal reprogramming by inhibiting lipid peroxidation
during fate conversion [223] which suggests that ferrop-
tosis is also associated with cell reprogramming. In some
cases, this metabolic reprogramming has been linked to an
acquired sensitivity to ferroptosis [60, 61]; therefore, reg-
ulation of the metabolic pathways controlling ferroptosis
might reshape the tumor niche, opening up new oppor-
tunities to treat therapy-insensitive tumors [62]. Further-
more, defining the metabolic mechanisms governing iron
and lipid turnover might lead to the discovery of novel ther-
apeutic strategies.

Autophagy plays a vital role in determining the survival
of cells under various stresses, and it contributes to ferrop-
tosis through degradation of cellular iron storage proteins
(a process known as ferritinophagy), causing cellular iron
homeostasis [63]. Moreover, intracellular ferrous iron
and lipid peroxidation levels decrease following knock-
down of Atg5 (autophagy-related 5) and Atg7, limiting
erastin-induced ferroptosis [64]. Therefore, ferroptosis is
an autophagic cell death. Whether oxidative stress induces
autophagy that is dependent on KRAS®?P protein [66],
the core clock protein ARNT that facilitates ferroptosis
induction [69], or mitochondrial reactive oxygen species
(MtROS), regulation of iron homeostasis [78] still has a
complex relationship with ferroptosis. Taken together,
autophagy is of great significance to ferroptosis, but
the complex relationship between the two, whether it
is interdependence or mutual antagonism, needs to be
reexamined.

Combining exosome technology and nano-drug devel-
opment to increase free iron or oxides in cells is one of
the interesting ways to achieve ferroptosis therapy. Exam-
ples of new regimens for the treatment of breast cancer
include grafting heparin (NLC/H), DOX, dimer with (-

cyclodextrin (8-CD) iron, and TGF-§ receptor inhibitor
(SB431542) co-loaded with modified nanoparticles, which
can effectively increase the level of intracellular ROS to
activate the ferroptosis pathway [82]. Furthermore, exo-
somes may be able to optimize drug delivery. Various
Pt-free iron oxide nanoparticles are constructed by coat-
ing polyethyleneimine and polyethylene glycol. They are
transported through the exosome channel in the acidic
environment of cancer through absorption and degrada-
tion, followed by the release of intracellular iron, enhanc-
ing the Fenton response and ROS production, and lead-
ing to tumor cell ferroptosis [83]. However, drug-resistant
cells can induce the expression of glutaric acid protein
prominin-2 that regulates lipid motility, thereby stimulat-
ing the formation of ferritin-containing exosomes, trans-
porting iron from the cells, and promoting ferroptosis resis-
tance through iron transport in breast epithelial cells and
breast cancer cells [84]. Moreover, drug-induced increases
in intracellular glutathione concentration mediate the
drug resistance of tumor cells [97]. Therefore, the double-
edged sword of exosome use in ferroptosis therapy requires
more in-depth research.

Tumor cell metastasis poses a challenge for targeted
therapies. For example, tumor cells migrate to lymph
nodes to avoid ferroptosis caused by high levels of oxida-
tive stress and iron overload in blood vessels. Moreover, the
lymph nodes are rich in lipids, which improves the ability
of tumor cells to metabolize fatty acids and use the ACSL3
enzyme to coat a layer of oleic acid molecular protective
film on their surface [224]. Thus, when they re-enter the
bloodstream, the amount and density of unsaturated fatty
acids in tumor cells are low, implying that the use of fer-
roptosis to limit tumor metastasis is still unknown.

Recent studies have greatly advanced the knowledge
on ferroptosis, such as the negative effect of ferropto-
sis on tumorigenesis and its potential use in tumor ther-
apy [225]. Moreover, research has revealed that the deple-
tion of GPX4 or SLC7A11 not only causes ferroptosis, but
also other types of cell death [226]. The defense mecha-
nism of DHODH-mediated mitochondrial ferroptosis has
also been reported [80]. In addition, the lack of GPX4
enhances cellular lipid peroxidation, specifically inhibit-
ing the cGAS-STING pathway, which may be a direct con-
nection between GPX4 and immunity [227]. Combina-
tion of ferroptosis-mediated immunotherapies with image-
guided therapy may be a promising method. For example,
iron-chelated semiconductor multi-composite nanoparti-
cles are used in photothermal ferroptosis treatment under
the guidance of photoacoustic imaging [228]. With high
temporal and spatial accuracies, easy control, noninvasive
property, and minimal side effects, photodynamic therapy
is also an attractive method for image-guided cancer cell
ablation [229]. However, further studies are required to
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explore more inducers of ferroptosis (which may be more
useful than inhibitors), clarify the synergistic or antagonis-
tic relationship between ferroptosis and other types of cell
death, and develop combined therapies of ferroptosis with
exosomes, nanomedicines, and tumor immunotherapies.
Detailed information regarding ferroptosis will be gradu-
ally discovered in the near future, with an in-depth under-
standing of the occurrence, development, and treatment of
cancer.
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