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Ferroptosis, as a newly discovered non-apoptotic cell death mode, is beginning to be
explored in different cancer. The particularity of ferroptosis lies in the accumulation of iron
dependence and lipid peroxides, and it is different from the classical cell death modes such
as apoptosis and necrosis in terms of action mode, biochemical characteristics, and
genetics. The mechanism of ferroptosis can be divided into many different pathways, so it
is particularly important to identify the key sites of ferroptosis in the disease. Herein, based
on ferroptosis, we analyze the main pathways in detail. More importantly, ferroptosis is
linked to the development of different systems of the tumor, providing personalized plans
for the examination, treatment, and prognosis of cancer patients. Although some
mechanisms and side effects of ferroptosis still need to be studied, it is still a
promising method for cancer treatment.
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INTRODUCTION

Ferroptosis is a kind of iron-dependent programmed cell death, which is different from traditional
cell necrosis, apoptosis, and autophagy in morphology, biochemistry, and genetics. It is a new type of
programmed cell death. In a word, the mode of cell death in which extensive lipid peroxidation
occurs is called ferroptosis (Chen et al., 2021b; Ding et al., 2021).

When Erastin is used to selectively act on the RAL gene in human cancer cells, it is found that lots
of iron ions and lipid oxidizing substances were produced in the cells and iron ions catalyzed the
oxidation of lipids. Abnormal metabolism of substances leads to cell death on account of destroying
the normal redox environment in the cell. Therefore, the essence of ferroptosis is the oxidative death
of cells caused by the accumulation of several iron ions. Biologically, the pivotal feature of the
ferroptosis is the iron-dependent lipid reactive oxygen accumulation and the activation of the
mitogen-activated protein kinase system (Dixon et al., 2012). Morphologically, once ferroptosis
occurs, the nucleus is normal in size but lacks chromatin agglutination. At the same time, the
mitochondria shrink and the mitochondrial ridges are reduced or even disappear. The outer
membrane is broken, and the bilateral membrane density increases in the mitochondria. The
application of iron chelating agents and antioxidants can effectively play inhibitory effects on the
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occurrence of ferroptosis. On the contrary, the supplementation
of iron will aggravate this process. Genetically, ferroptosis is
primarily regulated by iron response element-binding protein
(IREB2), citrate synthase (CS), and ATP synthase F0 complex
subunit C3 (ATP5G3). Immunologically, inflammatory
mediators released by DAMPs, such as high mobility group
protein b1, cause both innate and adaptive immune responses.

Ferroptosis was initially discovered and established only in
tumor cells, but as research continues to deepen, ferroptosis is
shown to play a vital role in pathological processes such as
tumors, neurodegenerative diseases, and tissue ischemia-
reperfusion injury (Stockwell et al., 2017).

BIOLOGICAL CHARACTERISTICS OF
FERROPTOSIS

Iron Overload
Excessive accumulation of iron is the necessary condition and
main characteristic of ferroptosis. Fe2+, whose quantity is the
kernel to the formation of PL-OOH, serves as the dominating
form of iron in the intracellular labile iron pool (LIP). LIP is
regulated by intracellular iron homeostasis. Accumulation of PL-
OOH is a sign of ferroptosis. The free radicals and hyperoxides
generated after the redox reaction of Fe2+ and Fe3+ can react with
Polyunsaturated fatty acids (PUFAs) containing phospholipids
(PLs) in the cell membrane to facilitate the spread of lipid
peroxidation on the cell membrane. This process produces lots
of ROS and induces cell ferroptosis (Doll and Conrad, 2017; Ruiz-
de-Angulo et al., 2020; Nieto-Garai et al., 2022). In addition, iron-
dependent lipid peroxidation can be attenuated by GPX4, radical
trapping protein removal, ferroptosis-specific inhibitors, and iron
chelation. William et al. lately found that if iron chelation, such as
Deferoxamine (DFO), is added to cells, the occurrence of
ferroptosis could be inhibited. In contrast, iron supplements
intensify the process (Abrams et al., 2016). This discovery
fully reveals that ferroptosis is dependent on iron.

Lipid Peroxidation
Cell peroxidation caused by lipid reactive oxygen accumulation is
the direct cause of ferroptosis (Chu et al., 2019), among which the
key lipid is sn2-15-HPET-PE (Anthonymuthu et al., 2018). When
lipid antioxidants are applied to cell membranes, lipid degradation
could significantly reduce the occurrence of cell ferroptosis (Yang
et al., 2016; Doll et al., 2019; Lin Z. et al., 2021). In brief, lipid
metabolism is an important process of ferroptosis. Researchers
discovered that in addition to long-chain polyunsaturated fatty
acid, long-chain saturated fatty acid can potentiate ferroptosis
through peroxisome-driven ether phospholipid biosynthesis
(Hwang et al., 2021). FAR1 and 1-hexadecanol (1-HE)
remarkably accelerate ferroptosis in tumor cells. Moreover,
TMEM189 can replace the role of the FAR1-alkyl-ether lipids
axis in inducing ferroptosis, which lays the ground for becoming a
target of a new generation of anticancer drugs (Cui et al., 2021).

The enzymes that stimulate ferroptosis are the
oxidoreductases POR and CYB5R1 located on the endoplasmic
reticulum. It was found that phospholipids containing long-chain

unsaturated fatty acids are catalyzed by POR and CYB5R1 to
produce lipid peroxidation, resulting in oxidative damage of
liposome membranes. This process revealed the biochemical
mechanism of cell membrane oxidative damage during
ferroptosis (Yan et al., 2021). In addition, MDM2 and MDMX
promote ferroptosis by regulating PPARα-mediated lipid
homeostasis, which is independent of P53. Therefore, MDM2
and MDMX inhibitors can be used to treat diseases associated
with ferroptosis (Venkatesh et al., 2020).

The Role of Mitochondria
Iron and cysteine are involved in the regulation of one of the
mechanisms of ferroptosis. Cysteine deficiency results in
mitochondrial membrane potential hyperpolarization and lipid
peroxides accumulation. But when cysteine is deficient, serum
transferrin and glutamine are requisite for ferroptosis. Also,
Mitochondria are of the essence in regulating cysteine
deprivation-induced (CDI) ferroptosis, including the
mitochondrial TCA cycle and mitochondrial electron transport
chain (Jiang X. et al., 2021; Wei et al., 2022). In the mitochondrial
TCA cycle, the breakdown of glutamine produces α -ketoglutarate to
provide energy, thus improving mitochondrial respiration rate and
promoting ROS production. Conversely, loss of function of fumarate
hydra-tase (FH), a mitochondrial tumor suppressor, causes kidney
cancer cells to resist ferroptosis. Moreover, The hyperpolarization of
mitochondrial membrane potential promotes lipid accumulation
(Gao et al., 2019). When Erastin was applied to treat voltage-
dependent anion channels (VDACs), mitochondrial function was
disrupted so that oxidative substances were released, leading to
oxidative death (Yagoda et al., 2007). Furthermore,
Dihydroorotate Dehydrogenase (DHODH) is of great importance.
In tumor cells with low GPX4 expression, DHODH activity is
significantly reduced or even inactivated, which gives rise to
mitochondrial lipid peroxidation accumulation and activates
ferroptosis, thereby inhibiting tumor growth (Mao et al., 2021).
Whereas mitochondria and glutamine come into no effect in
inhibiting the GPX4-mediated pathway that boosts ferroptosis.
Whether to remove the mitochondria, add electron transfer chain
(ETC) inhibitors, or remove glutamine, RSL3 can inhibit GPX4-
induced ferroptosis (Gaschler et al., 2018). Mitochondrial ferritin is
also worth our attention. It not only inhibits oxidative stress-
dependent neuronal cell damage, but also has a protective effect
on Erastin-induced ferroptosis (Wang et al., 2016).

THE MECHANISM OF FERROPTOSIS

The mechanism of ferroptosis is that under the action of iron or
ester oxygenase, it catalyzes the lipid peroxidation of a great deal
of unsaturated fatty acids on the cell membrane. Finally,
ferroptosis causes the accumulation of ROS and induces cell
death (Dixon et al., 2012; Stockwell et al., 2017) (Figure 1).

Glutathione Peroxidase (GPX4)
GPX is an indispensable peroxidase that exists widely in the body
(Han et al., 2013). In the GPXs family, GPX4 takes a crucial effect
on the ferroptosis regulatory pathway (Ingold et al., 2018). Its
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function is generally responsible for catalyzing the degradation of
lipid peroxides, specifically in reducing lipid peroxides to non-
toxic lipid alcohols. When the activity of GPX4 is inhibited or the
amount of GPX4 is decreased, it will increase the iron-dependent
reactive oxygen species in the cell, destroy the membrane
structure, and induce ferroptosis (Yang et al., 2014; Seibt et al.,
2019). Studies have found that GSH, in the form of reactants,
participates in the process of GPX4 catalyzing the degradation of
lipid peroxides (Zheng and Conrad, 2020). Accordingly, the GSH
deficiency can lead to a decrease in the activity of GPX4, which in
turn leads to ferroptosis. The ferroptosis inducer RL3 can also
inhibit GPX4 activity by covalently binding with GPX4. The
Berghe team found that through chemical proteomics
experiments, RSL3 covalently bounds to the active site-
containing selenocysteine of GPX4. Hence RSL3 can not only
directly inhibit the phospholipid peroxidase activity of GPX4, but
lead to the accumulation of superoxide. At last, ferroptosis is
triggered (Fang et al., 2019). It is noteworthy that GPX4 may
produce unnecessary targeting effects on CD8+T cells in the anti-
tumor process, leading to adverse reactions.

Glutamate-Cystine Transporter
The glutamate-cystine transporter (system Xc-) is a heterodimer
composed of SLC7A11 and SLC3A2. Cystine enters the cell via
system Xc-, then GSH and GPX4 can be synthesized in the cell
(Yang et al., 2014). GPX4 requires the participation of GSH in
the catalytic reduction of lipid peroxides to alcohols, so
inhibiting cystine uptake by cells can induce ferroptosis.
Wang et al. (Wang L. et al., 2020) demonstrated that
activating transcription factor 3 (ATF3) inhibits system Xc-
by inhibiting the expression of SLC7A11, thereby promoting
ferroptosis induced by Erastin. In addition, it is shown that
pancreatic cancer cells need to take in exogenous cystine
through system Xc-to prevent ferroptosis. Knockout of
SLC7A11 can result in massive death of pancreatic cancer
cells (Badgley et al., 2020). Lei, G. et al. revealed that
ionizing radiation (IR) induces SLC7A11 and GPX4
expression as an adaptive response, which inhibits ferroptosis
and enhances radiation resistance. The use of FINs, a ferroptosis
inducer, restored IR sensitivity in radiation-resistant cancer
cells and xenograft cells (Lei et al., 2020).

FIGURE 1 | Pathways associated with ferroptosis in cells. PTEN promotes lipid peroxidation and ferroptosis by inhibiting the PI3K-AKT-mTOR pathway. System
Xc−, composed of SLC3A2 and SLC7A11, is an important structure that helps synthesize GSH. GSH promotes GPX4 to inhibit ferroptosis. In this pathway, T53 and
ATF3 acting on SLC7A11, RSL3 and FINs acting on GPX4, and Erastin and IFN-γ acting on System Xc-are important inhibitors that are conducive to ferroptosis. Also,
CD44v and MUC1-C acting on System Xc-promote GPX4 synthesis. P62-KEAP1-NRF2 goes against ferroptosis by increasing NQO1, HO-1, and FTH1. Fe3+

binds to transferrin and enters cells through TFR1, which is reduced to Fe2+ and released from DMT1-mediated endosomes. Plasma lipid peroxidation is induced by the
Fenton reaction process. PUFA is activated by ACSL4 and LPCAT3 and catalyzed by POR and ALOXs to promote ROS accumulation. The HIF2α-HILPDA axis, PKCβ II,
and ionizing radiation both positively regulate ferroptosis, in which PKCβ II and ionizing radiation acted on ACSL4. AMPK fights ferroptosis by promoting ACC
phosphorylation. E-cadherin activates the NF2-Hippo pathway and then inhibits YAP expression. Therefore, TFRC and ACSL4 are also inhibited, resulting in tumor cells
growing and metastasizing more quickly. FSP1 inhibits ferroptosis by reducing CoQ10. In mitochondria, Erastin induces lipid peroxidation in both VDACs and
mitochondrial potential hyperpolarization. GLS2 helps Gln transform into Glu, which enters the TCA cycle to promote ROS production. Besides, DHODH inhibits
ferroptosis.
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p53
p53 is an important and key tumor suppressor gene in humans,
which induces cell senescence or apoptosis by regulating cell cycle
arrest. Tumor suppressor activity is regulated by the classical
function of p53 (Cordani et al., 2016). What’s more, p53 is
capable of controlling the redox state of cells through non-
classical functions. p53 regulates ferroptosis in tumor cells in a
manner independent of GPX4 at high ROS levels (Chen D. et al.,
2021). According to the cell environment and state, p53 has the
dual effect of promoting and inhibiting ferroptosis (Hassannia
et al., 2019; Sun et al., 2022; Yuan et al., 2022) (Figure 2)

1) p53 can promote ferroptosis.
a. p53 has the effect of promoting ferroptosis under high-

level oxidative pressure (Kruiswijk et al., 2015).
b. p53 inhibits SLC7A11 transcription, then attenuates

cystine uptake, and finally facilitates ferroptosis (Jiang
et al., 2015).

c. p53 acts in a GSH-independent manner. SLC7A11 is
downregulated while ALOX12 is released. ALOX12 is
not only a key regulator of p53-dependent ferroptosis
but can be directly bound and inhibited by SLC7A11
(Chu et al., 2019).

d. p53 can potentiate tumor ferroptosis by inducing SAT1
expression and promoting ALOX15 work (Ou et al.,
2016).

e. GLS2, the target gene of p53, catalyzes the process of
Glutaminolysis to promote ferroptosis (Gao et al., 2019).

f. p53 inhibits Ser synthesis by regulating PHGDH, thus
inhibiting GSH synthesis and promoting ferroptosis.

g. LncRNA PVT1 potentiates ferroptosis through the
expression of TFR1 and p53 (Lu et al., 2020).

h. p53 binds to the mitochondrial transporter SLC25A28 to
facilitate ferroptosis (Zhang Z. et al., 2020).

i. PTGS2 and CBS are both target genes of p53 and markers
of ferroptosis.

2) p53 also negatively regulates ferroptosis in other cells or under
certain conditions.
a. p53 has the effect of inhibiting ferroptosis under basal or

low-level oxygen radical pressure (Kruiswijk et al., 2015).
b. iPLA2β mediates lipid peroxide detoxification to inhibit

ROS-induced p53-driven ferroptosis in a GPX4-
independent manner (Chen D. et al., 2021).

c. In colorectal cancer, p53 directly binds DPP4 and inhibits
DPP4 binding to NOX1 in the cytoplasm, resulting in
inhibition of lipid peroxidation and ferroptosis in cancer
cells (Xie et al., 2017).

d. In fibrosarcoma cells, p53 induces CDKN1A expression to
limit ferroptosis (Hassannia et al., 2019).

NF2
Normal NF2 genes express ECAD, LATS1, and LATS2, which
can confer resistance to ferroptosis. It is found that E-cadherin-
mediated activation of intercellular NF2 and Hippo signaling
pathways inhibits proto-oncogene transcription coactivator YAP.
Ferroptosis is thus suppressed. This pathway is the main pathway
through which cell density affects ferroptosis. If this signaling
pathway is inhibited, YAP promotes cellular ferroptosis by
elevating ferroptosis regulators of ACSL4 and TFRC. It is
noteworthy that NF2 inhibits ferroptosis by inhibiting YAP

FIGURE 2 | P53 potentiates ferroptosis through nine pathways and attenuates ferroptosis through three pathways. P53 promotes ferroptosis at high levels of
oxidative stress. Ferroptosis is promoted by P53 inhibition of SLC7A11 expression. The consequent inhibition of cystine uptake and the release of ALOX12 contribute to
ferroptosis. P53 inhibits tumor cell growth by promoting SAT1-ALOX15 and GLS-glutaminolysis axes, respectively. P53 inhibits GSH synthesis through PHGDH. P53
also promotes ferroptosis by enhancing the expression of LncRNA PVT1, SLC25A28, PTGS2 and CBS. Nevertheless, P53 inhibits ferroptosis at basal or low levels
of oxygen radical pressure. P53 inhibits ferroptosis by raising the expression of iPLA2β and CDKN1A. P53 protects cells from ferroptosis by inhibiting DPP4 binding to
NOX1.
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activity, although cells expressing YAP are more sensitive to
ferroptosis. As a result, malignant mutations in E-cadherin-
NF2-Hippo-YAP signaling, used as biomarkers, predict the
therapeutic response to ferroptosis induced in cancer (Wu
et al., 2019).

The study found that silencing of NF2 activates ferroptosis-
related pathways in GPX4-knockout tumor mice. NF2-silenced
tumor cells grow faster without GPX4 knockout. This is because
NF2 knockout facilitates tumor cell metastasis, which GPX4
knockout inhibits. These results indicated that NF2 also
depended on GPX4 to regulate ferroptosis.

FSP1 (AIFM2)
FSP1, formerly known as AIFM2, is a biomarker of ferroptosis
resistance in many different cancers, protecting GPX4-deficient
cells from ferroptosis. FSP1 is a key component of the non-
mitochondrial coenzyme Q antioxidant system, whose inhibition
of ferroptosis is mediated by ubiquinone (CoQ10) (Doll et al.,
2019; Stockwell, 2019). FSP1 reduces CoQ10 to inhibit
ferroptosis. Reductive CoQ is an antioxidant that traps free
radicals with the ability to inhibit the propagation of lipid
peroxides and prevent lipid damage. The NAD(P)H-FSP1-
CoQ10 pathway is independent of the GPX4 pathway of
glutathione, which synergistically inhibits phospholipid
peroxidation (PLPO) and ferroptosis. Now it has been found
that FSP1 is resistant to ferroptosis only when modified by
cardamomylation. Cardamoylation mediates the recruitment of
FSP1 into lipid droplets and the plasma membrane, where
NADH-dependent CoQ is reduced (Bersuker et al., 2019). The
expression of FSP1 provides a strategy for predicting the
sensitivity and efficacy of cancer cells to ferroptosis-inducing
chemotherapies, as well as directions for developing FSP1
inhibitors to treat cancer and overcome ferroptosis resistance
in many cancers.

AMPK
AMP-activated protein kinase (AMPK) is a crucial substance that
senses and regulates the balance of cellular energy metabolism.
When glucose is deficient, insufficient intracellular energy
metabolism gives rise to a decrease in ATP content, which
further leads to an increase in AMP/ATP ratio and activation
of AMPK (Hardie et al., 2012). AMPK, which acts as the primary
signaling hub to trigger energy stress, ultimately combats
ferroptosis. It has been found that AMPK can block PUFAs
biosynthesis regulated by Acetyl CoA carboxylase (ACC),
resulting in significant inhibition of ferroptosis. As a result, on
the one side, ACC phosphorylation is instrumental to regulate
ferroptosis (Lee et al., 2020). On the other side, it has also been
suggested that AMPK can mediate phosphorylation of Beclin 1,
thereby inhibiting GSH production and promoting ferroptosis
(Chen et al., 2021b).

PI3K
The PI3K-AKT-mTOR signaling pathway, one of the most
frequently mutated pathways in human cancer, prevents
cancer cells from oxidative stress and ferroptosis through
SREBP1/SCD1-mediated adipogenesis during carcinogenic

activation (Fruman et al., 2017; Zhang et al., 2017; Zou et al.,
2020). When mTORC1 activation is raised, SREBP1 can be
upregulated and confer activation to SCD1 (Saxton and
Sabatini, 2017). Inhibition of mTORC1 or ablation of
SREBP1/SCD1 plays a protective role in ferroptosis in cancer
cells with mutations in the PI3K-AKT-mTOR pathway, as well as
enhances the effect of ferroptosis-induced cancer therapy. A
research team discovered that drugs that block the PI3K-AKT-
mTOR pathway, in combination with drugs that induce
ferroptosis, evidently destroy and clear tumors (Yi J. et al., 2020).

Since both the PI3K pathway and the HDAC pathway are vital
signaling pathways of malignant tumors (Li and Seto, 2016), the
combination of inhibitors of the two can achieve good antitumor
effects and overcome the problem of drug resistance of single
drug use. A research team developed the PI3K/HDAC dual
inhibitor BEBT-908, which is capable of distinctly inhibiting
PI3K kinase, HDAC1, HDAC2, HDAC3, HDAC10, and
HDAC11, thus delaying tumor cell growth and giving
promotion cell ferroptosis. When used in association with
immune checkpoint inhibitors, such as an anti-PD-1 antibody,
BEBT-908 can also enhance immunotherapy efficacy and
generate antitumor immune memory (Fan et al., 2021; Wang
et al., 2021).

HIF2α
Hypoxia dramatically enhances HIF2α -dependent cancer cell
death and facilitates cancer cell sensitivity to ferroptosis. HIF2α
inhibits GPX4 expression and drives PUFA remodeling by
activating hypoxia-induced lipid droplet-associated (HILPDA),
causing cancer cells to be highly sensitive to ferroptosis. As HIF2α
is absent, cancer cells develop tolerance to GPX4 inhibitors and
reduce the occurrence of ferroptosis. Therefore, the mechanism
of cell ferroptosis driven by the HIF2α -HILPDA signaling
pathway is expected to be applied in the clinic, especially in
the treatment of colorectal cancer and renal clear cell carcinoma
(Zou et al., 2019; Singhal et al., 2021).

FERROPTOSIS AND CANCER

Overview of Ferroptosis and Tumors
Ferroptosis is a form of cell death caused by the accumulation of
iron and ROS (Dixon et al., 2012). Tumors refer to neoplasms
formed by the excessive proliferation of local cells under the
action of various tumor-causing factors. Normally, benign
tumors can be removed by surgery, and malignant tumors
require radiation therapy and chemotherapy in addition to
removal. Unfortunately, some tumors are highly malignant
with strong drug resistance and radiation resistance. However,
recent studies have found that with the deepening of research, the
relationship between the proliferation of tumor cells and iron
metabolism is getting closer and closer. Tumor cells cause
ferroptosis through different pathways leading to their growth
inhibition or death (Torti and Torti, 2020). Further investigation
of ferroptosis is expected to solve the problems of cancer cell
treatment resistance and drug insensitivity. Here we will
systematically show the research progress of ferroptosis in
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cancer of different systems, providing a groundbreaking
perspective for clinical treatment to inhibit and kill cancer cells.

Ferroptosis and Respiratory Tumors
Lung cancer, the most common cancer in humans, originates in
the epithelium or glands of the lungs (Berns, 2005). Mature tumor
cells usually exhibit NSF1 gene dependence under circumstances
of high oxygen. NSF1maintains an iron-sulfur cluster in proteins,
which are essential for tumor cells to perform basic functions.
Sequentially, NSF1 protects cancer cells from oxidative damage
and prevents ferroptosis. Conversely, if NSF1 and iron-sulfur
clusters are inactivated, iron starvation response and ferroptosis
sensitive pathways of lung cancer cells will be activated, which
will induce cell ferroptosis (Nurtjahja-Tjendraputra et al., 2007;
Alvarez et al., 2017). The synthesis of iron-sulfur clusters and
NSF1 inhibitors may be a new method for lung cancer treatment
in the future (Mao et al., 2018).

The KEAP1/NRF2 genes are highly mutated in non-small cell
lung cancer (NSCLC) and tend to be found in heavy smokers.
Abnormal activation of KEAP1/NRF2 can prevent cancer cells
from being harmed by oxidative stress and improve the survival
chance of cancer cells (Kang et al., 2021). Now Telaglenastat, a
drug targeting KEAP1/NRF2 mutations, is available, offering
hope for patients with NSCLC.

Furthermore, acetaminophen has been shown to induce
ferroptosis by modulating the NRF2-heme oxygenase-1
signaling pathway in NSCLC (Gai et al., 2020). lncRNA
P53RRA can inhibit the G1-S phase of lung cancer cells,
promoting cell apoptosis and ferroptosis. By contrast,
knockdown of GPX4 reverses the inhibition of ferroptosis
caused by overexpression of serine/threonine/tyrosine kinase 1
and GPX4 in NSCLC (Lai et al., 2021).

Ferroptosis and Urinary System Tumors
Ferroptosis, one of the main pathways of cell carcinoma death,
has also been seen in urinary system tumors. With the interest of
in-depth research on the mechanism of ferroptosis, it has the
chance to be combined with targeted therapy and
immunotherapy shortly, improving the success rate of urinary
system tumor treatment.

Clear cell renal cell carcinoma (ccRCC) is a kind of malignant
and common metastatic cancer marked by clear cytoplasm. We
demonstrate that the HIF2α-HILPDA signaling pathway is the
main pathway to activate ccRCC, and HIF2α strongly inhibits
GPX4 expression by activating downstream proteins (Zou et al.,
2019; Courtney et al., 2020; Hoefflin et al., 2020). On account of
ccRCC being exceedingly sensitive to the absence of GPX4, GPX4
inhibitors can show high selective destruction (Yang and
Stockwell, 2016). Not only so, the protein-modifying gene
KDM5C significantly synergizes Erastin-induced lipid
peroxidation and inhibits glucose to the pentose-phosphate
pathway (PPP) flow and glycolysis in ccRCC. Ultimately
ferroptosis is promoted while tumorigenicity is inhibited
(Zheng et al., 2021). In the future, glycogen metabolism
will hopefully be one of the therapeutic targets for ccRCC.
Some further researches reveal that there are two new
approaches for the treatment of ccRCC, which are the

inhibition of glutathione synthesis and the use of fumarate
hydratase, inducing ferroptosis in renal tumor cells (Kerins
et al., 2018; Miess et al., 2018).

Prostate tumor is one of the most common tumors of the
urinary system. For the above reason, research on the treatment
of prostate cancer has been the talk of the world. Some studies
have found that with the increased expression of heat shock
protein (HSPB1) and ZNF217, ferroptosis of prostate cancer cells
is restrained and the growth of tumor cells is synergized (Sun
et al., 2015). Fe3O4 nanoparticles are surprisingly detected to
trigger ferroptosis in prostate cells while avoiding damage to
normal tissue. In addition, acsbg1 is a key factor regulating the
transition of different modes of death, which provides new
enlightenment and methods for the treatment of prostate
tumors (Xie et al., 2021).

Ferroptosis and Digestive System Tumors
The P62-KEAP1-NRF2 signaling pathway exists in hepatocellular
carcinoma cells, among which NRF2 is the core transcription
factor. Target genes, such as quinone oxidoreductase 1 (NQO1),
heme oxygenase 1, HO-1) and ferritin heavy chain-1 (FTH1),
involved in iron and ROS metabolism are up-regulated when this
pathway is activated (Zhu et al., 2010; Zhu et al., 2011; Liao et al.,
2013; Sun et al., 2016b). Metallothionein-1G (MT-1G) is also
regulated and significantly expressed (Sun et al., 2016a).
Ultimately, ferroptosis is undermined. Also, resistance to
Erastin and Sorafenib in hepatocellular carcinoma is
intensified. Louandre, C. et al. strongly suggested that tumor
suppressor gene Rb can achieve a tumor-suppressive effect by
increasing mitochondrial ROS level and ferroptosis toxicity
(Louandre et al., 2015).

Pancreatic ductal adenocarcinoma (PDAC) stops ferroptosis
by extracellular cysteine input despite a high concentration of
lipid peroxides in cells. Cysteine outside PDAC synthesizes
glutathione and CoA through the transporter SLC7A11, which
counteracts the excess lipid peroxides. In contrast, when cysteine
depletion occurs, intracellular autophagy promotes the
degradation of the nuclear receptor Coactivator 4 (NCOA4) in
PDAC. Lysosomal function and autophagy flux are impaired,
thus in turn affecting cell iron overload and lipid peroxide
production (Hou et al., 2016; Song et al., 2018). In other
words, ferroptosis is facilitated when PDAC lacks exogenous
cysteine or knocks out the cysteine transporter (SLC7A11). To
our excitement, the combination of GSH and CoA, as well as
metabolic disorders, that synergizes ferroptosis to treat PDAC is
promising clinical option (Badgley et al., 2020). Dai, E. et al.
found that a high iron diet and consumption of GPX4 can activate
the TMEM173/STING-dependent DNA sensor pathway, leading
to macrophages entering and activating KRAS-driven PDAC,
which can significantly be inhibited by Liproxstatin -1 (Dai et al.,
2020). Chen, X. et al. considered that the blockade of NUPR1,
LCN2, or MGST1-mediated ALOX5 will also be a feasible
strategy for the treatment of PUAC. At present, what also
manifests obvious anticancer activity and promising clinical
application is the combination of the antimalarial drug
Artesunate and the anti-HIV1 drug Zalcitabine (Chen et al.,
2021a).
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In colorectal cancer, P53 not only directly inhibits DPP4
binding to NOX1 but also mediates SLC7A11, reducing the
anticancer activity of Erastin in vivo. Whether Kras gene
mutations or bromelain can stimulate ACSL4 expression,
contributes to ferroptosis, and circumvents the development of
colorectal cancer. With Betula etnensis Raf stimulates colorectal
cancer cells, heme oxygenase (HO-1) overexpression increases
intracellular iron content and redox balance was broken, followed
by ferroptosis and cancer cell death (Malfa et al., 2019).

Zhang, H. et al. revealed that when processing cancer-
associated fibroblasts (CAFs) of gastric cancer cells with
cisplatin and paclitaxel, the USP7/hnRNPA1 axis is activated,
through which miR-522 secretion is promoted. Then, the level of
ferroptosis in cancer cells was downregulated in the wake of the
targeted inhibition of ALOX15, and lipid peroxidation was
reduced (Zhang H. et al., 2020). In other words, high levels of
ALOX15 play a critical role in mediating tumor lipid
peroxidation and improving overall survival in patients. Ying
Liu et al. demonstrated that Jiyuan oridonin A (JDA) derivative
a2 has the effect of inducing ferroptosis and anti-tumor
proliferation by down-regulating GPX4 and causing iron ion
accumulation. Gastric cancer drugs targeting a2 will be a hot topic
in the future (Liu Y. et al., 2021). Of note, stearoyl-CoA desaturase
(SCD1), perilipin2 (PLN2), and SLC7A11 can exert ferroptosis
resistance in gastric cancer cells, which will be an effective target
for early diagnosis, treatment, and prognosis of gastric cancer
(Wang C. et al., 2020; Sun et al., 2020).

Ferroptosis and Reproductive System
Tumors
Triple-negative breast cancer (TNBC), which is famous for its
high aggressiveness, high metastasis rate and high mortality, has
always been the goal and direction of human efforts to explore the
target of its early diagnosis and effective treatment. In TNBC,
holo-lactoferrin (Holo-Lf) has been shown to inhibit MDAMB-
231 cell viability while enhancing the ability of Erastin-induced
cell ferroptosis. Of course, it also has an undeniable significance in
improving the sensitivity of cells to radiotherapy (Zhang et al.,
2021). Current studies have fully demonstrated that when
MUC1-C, SREBP1, SCD1, KLF4, CD44variant, DKK1, and
Cysteine are expressed in TNBC, they inhibit the occurrence
of ferroptosis, resulting in high proliferation and high invasive
activity (Hasegawa et al., 2016; Yi J. et al., 2020; Luis et al., 2021).
MUC1-C, CD44variant, and KLF4, as negative regulators, up-
regulate xCT expression and GSH level to reduce the sensitivity of
tumor cells to ferroptosis (Lee et al., 2021; Zhou et al., 2021).
Moreover, DKK1 regulates tumor stem cells to protect lung
metastases from ferroptosis (Wu et al., 2022). Conversely, as
TNBC expresses ACSL4, GPX4, DDR2, miR-324-3p, miR-3825p,
and miR-5096, the imbalance of GSH levels enhances the
probability of ferroptosis in cells (Lin C.-C. et al., 2021; Hou
et al., 2021; Sun et al., 2021; Yadav et al., 2021). Surprisingly, the
ACSL4 level can be an independent predictor of complete
response and tumor-free survival after TNBC neoadjuvant
chemotherapy (Dinarvand et al., 2020; Sha et al., 2021). These
aforementioned proteins or genes not only have the chance to

serve as novel biomarkers to predict efficacy and prognosis but
are expected to become potential treatment methods for TNBC,
reducing the proliferation, migration, and invasion ability
of TNBC.

Ferroptosis and Neurological System
Tumors
Ferroptosis plays an incomparable key role in the characteristics
and biological behavior of nervous system tumors, especially
gliomas and neuroblastoma. In other words, the mechanism of
ferroptosis in gliomas and neuroblastoma deserves further
exploration.

One study, through analyzing 19 ferroptosis-associated genes
in gliomas, found that they are closely associated with the
malignancy, immunity, migration, progression, and death of
gliomas. This also indicates that they are potential prognostic
markers and therapeutic targets for glioma, which have a
milestone significance for predicting overall survival in glioma
patients and understanding the underlying mechanisms of
ferroptosis (Liu et al., 2020). Chen, D. et al. manifested that in
glioma, with the increase of ATF4 expression, the expression of
xCT is up-regulated, resulting in three major effects. First, normal
nerve cells die at an increased rate. Second, tumor cells become
less sensitive to ferroptosis. Third, tumor angiogenesis and
vascular structure were enhanced (Chen et al., 2017a; Chen
et al., 2017b). Similarly, overexpression of NRF2 can change
the tumor microenvironment, reducing the sensitivity of the
tumors to ferroptosis and ferroptosis inducers and promoting
tumor proliferation and migration. Concerning the glioma
treatment process with Dihydroartemisinin (DHA), the PERK-
ATF4 negative feedback pathway is activated. HSPA5 and GPX4
are induced to express. Most importantly, the possibility of
ferroptosis of glioma cells is largely avoided. As a result,
inhibition of the PERK-ATF4 pathway has a chance to
significantly improve the efficiency of DHA in treating glioma
(Chen et al., 2019; Yi R. et al., 2020).

Neuroblastoma, as MYC gene-driven tumors, is mainly
characterized by malignancy, which is highly metastatic and
prone to recurrence. Studies have shown that neuroblastoma
with high expression of MYCN gene is highly dependent on
cysteine and sensitive to ferroptosis. Thus, neuroblastoma can
trigger ferroptosis due to cysteine deficiency and inhibition of
ferroptosis by blocking cysteine uptake, transsulfuration, and
inhibition of GPX4. This suggests that simultaneous targeting
of multiple ferroptosis-related targets has the potential to be an
effective treatment for MYCN-driven tumor therapy (Alborzinia
et al., 2022).

Ferroptosis and Melanoma
Although targeted therapy and immunotherapy have greatly
improved the survival rate of melanoma patients, there are
still cases of relapse and treatment failure. The discovery of
ferroptosis offers hope of solving the problem. Luo, M. et al.
showed that miR-137 knockdown can target SLC1A5, reducing
glutamine uptake and malondialdehyde (MDA) accumulation.
Finally, melanoma cells are killed by drugs due to increased

Frontiers in Molecular Biosciences | www.frontiersin.org July 2022 | Volume 9 | Article 9386777

Tan et al. Ferroptosis and Tumor Treatment

https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles


TABLE 1 | Introduction of the more innovative methods and their respective advantages and disadvantages.

Approaches Characteristics Advantages Disadvantages

Aniline-derived Probe Lipid-derived electrophiles (LDEs) produced by
Ferroptosis can influence the protein function in the
manner of covalently modifying the protein. Aniline-
derived probe can detect protein carbonylations
and novel cysteine sites in the process of cell
ferroptosis.

1. This is a commercial compound that is cheap
and easy to obtain

—

2. Compared with classic hydrazine and
hydroxylamine probes, it has higher sensitivity
and is very suitable for studying endogenous
carbonylation modifications with weak signals
3. The chemical properties of the adduct of the
aniline probe and the peptide are very stable,
which can avoid fragmentation during sample
preparation and computer application.

Arginine-rich manganese
silicate nanobubbles
(AMSNs)

AMSNs is a novel tumor targeted nanoparticle that
inhibits the growth of cancer cells by effectively
consuming glutathione and synergistic
chemotherapy drugs. During this process, the
ferroptosis pathway is activated.

1. The particle size of nanobubbles is about
6.2 nm, and the potential is -17.6mv. It has a high
specific surface area, porosity, colloidal stability,
long half-life (4.07 h) and tumor targeting
recognition function. Its lethal effect is significantly
lower than that of cancer cells

1. There is still a challenge to kill cancer by
consuming GSH because of the low
consumption rate of GSH.

2. AMSNs have better degradability than solid
nanomaterials (such as MnO). In the process of
consuming GSH, the color of AMSNs solution
gradually becomes lighter, while the color of solid
nanomaterials changes less, indicating that
manganese ions in AMSNs are released faster
and more easily degraded

—

3. AMSNs, as a contrast agent for NMR, are easily
degraded in the microenvironment of tumor cells
(weak acid and high GSH concentration) and
produce Mn (II) to help enhance the contrast
effect of NMR T1-weighted imaging. AMSNs can
be used as anti-cancer drug carriers or anti-
cancer agents, effectively inhibiting the growth of
cancer cells

—

Covalent inhibitor that
selectively targets GPX4

The author synthesized a series of GPX4 covalent
inhibitors containing electrophilic warhead and
nitrile oxidation to selectively inhibit GPX4 activity
and induce ferroptosis in drug-resistant tumor
cells. This is a novel highly selective probe
molecule for GPX4-mediated detection, providing
a strategy for broadening the selection of covalent
inhibitor warheads.

1. Compared with the previous covalent inhibitor-
containing chloroacetamide, it has significantly
superior pharmacokinetic properties

1. JKE-1674, the intermediate of ML-210,
will decompose when stored in DMSO for a
long time.

2. It can more specifically induce cell ferroptosis
through GPX4, and the signal pathway is single
and clear. It is more suitable as a probe to study
related pathways

—

Dual-function fluorescent
probe (H-V)

The H-V probe can be used to detect the
cytoplasmic Viscosity and OH changes during
ferroptosis with a typical molecular rotor structure.
With the increase of microenvironmental viscosity,
the fluorescence of the probe was enhanced.

1. The unique hydroxylation of OH on aromatic
compounds results in high selectivity
2. A strong electron-donating methoxy group is
added to enhance the H-V probe’s capture ability
of OH, thereby improving the detection sensitivity
3. The probe can work more effectively in the
cytoplasm. The probe can detect viscosity and
OH in two independent channels
4. It has good biocompatibility

SRF@FeIIITA
nanoparticles

SRF@FeIIITA nanoparticles are formed by the self-
assembly of iron ions (Fe3+) and tannic acid (TA) on
the surface of sorafenib nanocrystals. SRF inhibits
GPX4 to induce ferroptosis. The Fe2+ sustainably
reduced from TA was toxic to cancer cells. The
photosensitizers assist in photodynamic therapy in
conjunction with ferroptosis.

1. The prepared nanomedicine selectively causes
ferroptosis of tumor cells, which is low cytotoxicity

—

2. Many functional substances can adhere to the
surface of polyphenols to facilitate the expansion
of deep applications based on ferroptosis
treatment methods

Hypoxia-responsive
micelles

Hypoxia-responsive micelles, acting as ferroptosis
inducers, promote ferroptosis against solid tumors
by reducing glutathione and thioredoxin in hypoxia.

1. Compared with other chemotherapeutic drugs
(including procaspase-3 agonist, PAC-1, 1541B,
nucleoside analog gemitabine, 5-F, etc.), the
median lifetimewas found to be short

—

2. The same dose of these compounds showed
better than RSL3 and Erastin in inhibiting the
proliferation of HCT116 and A549 cancer cells
3. These compounds exert their ability to inhibit
tumor proliferation by inducing ferroptosis in
tumor cells.
4. Novel structure and excellent activity.
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sensitivity to Erastin and RSL3-induced ferroptosis (Luo et al.,
2018). When melanoma cells express ACSL3, the protective effect
of oleic acid on Erastin-induced ferroptosis is restored. In other
words, the protection of oleic acid on tumor cells depends on
ACSL3. In addition, the lymphatic environment also contributes
to inhibiting ferroptosis and improves the survival of tumor cells,
making it easier for tumors to metastasize distally (Ubellacker
et al., 2020). Tsoi, J. et al. suggested that dedifferentiated
melanoma cells are extraordinarily sensitive to ferroptosis
inducers despite their obvious resistance to mitogen-activated
protein kinase pathway inhibitors. Melanoma can be effectively
treated with a combination of anti-melanoma drugs and
ferroptosis inducers (Tsoi et al., 2018).

FERROPTOSIS AND TUMOR
IMMUNOTHERAPY

Tumor immunotherapy is an incredibly innovative treatment
for cancer today, which has the advantages of stronger
targeting and fewer side effects (Li et al., 2020; Lin et al.,
2020; Tan et al., 2020; Xu et al., 2020; Wu et al., 2021; Xu et al.,
2022). Although it has incomparable advantages compared
with other traditional therapies, there are still problems of
poor efficacy and drug resistance (Liu X. et al., 2021; Dey et al.,
2021; Repellin et al., 2021; Xiong et al., 2021). As research
progresses, it is revealed that immunotherapy combined with
therapies that activate ferroptosis will kill tumor cells more
efficiently and quickly.

1) Zhang, H.L. et al. found that PKCβII, a sensory molecule of
lipid peroxidation, promotes PUFA-phospholipid peroxide
accumulation by activating ACSL4, initiating the process of
inducing tumor ferroptosis. After the continuous operation of
the lipid peroxide-PKCβII-ACSL4 positive feedback axis,
tumor sensitivity to PD-1 antibody is significantly
increased and the efficacy of immunotherapy is enhanced
(Zhang et al., 2022).

2) Wang, W. et al. demonstrated that the number of CD8 (+)
T cells and IFN-γ expression are positively correlated with the
treatment prognosis of cancer patients. IFN-γ released by CD8
(+) T cells inhibits the expression of system Xc-, SLC3A2 and
SLC7A11, thus blocking the uptake of cystine by tumor cells.
This pathway enhances lipid peroxidation and promotes
ferroptosis. The combination of anti-PD-L1
immunotherapy and cyst(e)kinase can effectively achieve
anti-tumor immunity (Wang et al., 2019).

3) Other studies have shown that high expression and
phosphorylation of TYRO3 are significantly associated with
resistance to immune checkpoint inhibitors and the creation
of an anti-inflammatory tumor microenvironment. TYRO3
protects tumor cells from ferroptosis through the AKT-NRF2
pathway and leads to a poor prognosis for various cancers.
The combination of TYRO3-targeted drugs and anti-PD-1
drugs can not only overcome drug resistance but also reduce
the therapeutic toxicity and improve the therapeutic efficacy
of patients (Jiang Z. et al., 2021; Deng et al., 2022).

4) It was found that radiotherapy enhances the sensitivity of lipid
peroxidation and ferroptosis by down-regulating SLC7A11
and up-regulating ACSL4 (Lang et al., 2019). In brief,
radiotherapy combined with immunotherapy is conductive
to treat cancer effectively (Lei et al., 2021).

5) Ma, X. et al. found that CD8 (+) T cells induce lipid
peroxidation and ferroptosis mediated by CD36, resulting
in reduced production of cytotoxic factors and antitumor
ability of CD8 (+) T cells. Targeting CD36 restores the ability
of CD8 (+) T cells to participate in tumor immunotherapy
(Ma et al., 2021; Aksoylar and Patsoukis, 2022; Zhu et al.,
2022).

In conclusion, the combination of immunotherapy and
ferroptosis inducer has opened up a new way of thinking and
strategy for cancer treatment, which will be a milestone in the
improvement of cancer treatment.

OTHER NOVEL TREATMENT ASSOCIATED
WITH FERROPTOSIS

In addition to immunotherapy, many other advanced therapies
conduce to induce ferroptosis and promote tumor cell
development, deserving our understanding and attention.
Currently, the preparation of probes and nanomedicine
particles has helped to locate and observe ferroptosis and
target tumor cells with precision therapy. Aniline-derived
probe (Chen et al., 2018) and H-V probe (Li et al., 2019) can
observe the changes of ferroptosis on cancer cells. Arginine-rich
manganese silicate nanobubbles (AMSNs) (Wang et al., 2018),
GPX4 covalent inhibitors (Eaton et al., 2020), SRF@FeIIITA
nanoparticles (Liu et al., 2018) and hypoxia-responsive
micelles (Guo et al., 2020) achieve the purpose of precise
treatment of tumors. There is no doubt that, compared with
the previous methods, they have their advantages and
disadvantages (Table 1).

CONCLUSION AND OUTLOOK

In summary, the discovery of ferroptosis is of epoch-making
significance as it participates in the regulation of cancer in
various systems through its complex mechanism (Xie et al.,
2016). Researchers have developed novel therapeutic
modalities based on key targets of ferroptosis pathways that
complement traditional therapies and have achieved
impressive results in improving treatment success, survival,
and anti-tumor drug resistance in cancer patients (Chen et al.,
2021b). However, ferroptosis still needs a lot of further
research, especially the physiological and pathological effects,
gene expression, and regulation involved in ferroptosis. First, in
addition to the currently known pathway of ferroptosis, some
other factors or pathways mediate ferroptosis and tumor
metabolism. Second, whether there is some connection
between ferroptosis and other cell death modes, such as
autophagy and programmed cell death, to mediate the

Frontiers in Molecular Biosciences | www.frontiersin.org July 2022 | Volume 9 | Article 9386779

Tan et al. Ferroptosis and Tumor Treatment

https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles


occurrence and development of tumors and other diseases.
Third, further identification of ferroptosis-related biomarkers
will contribute greatly to applying ferroptosis-based therapies
to clinical cancer patients as soon as possible, as well as making
precise and personalized treatment plans. Fourth, it is high time
that there is a need to explore ferroptosis in association with
other therapies to broaden tumor treatment regimens and
slow disease progressions, such as immunotherapy,
chemotherapy, and radiotherapy. Whether additional
toxicity, drug resistance, and adaptation are generated
during combination therapy is of public and scientific
concern. The link between ferroptosis and cancer is a
burgeoning area that still needs to be detected, and we still
have a long way to go in the future (Wang et al., 2022).
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