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Abstract

Ferroptosis is a newly discovered type of cell-regulated death. It is characterized
by the accumulation of iron-dependent lipid peroxidation and can be distin-
guished from other forms of cell-regulated death by different morphology, bio-
chemistry, and genetics. Recently, studies have shown that ferroptosis is
associated with a variety of diseases, including liver, kidney and neurological
diseases, as well as cancer. Ferroptosis has been shown to be associated with
colorectal epithelial disorders, which can lead to cancerous changes in the gut.
However, the potential role of ferroptosis in the occurrence and development of
colorectal cancer (CRC) is still controversial. To elucidate the underlying mec-
hanisms of ferroptosis in CRC, this article systematically reviews ferroptosis, and
its cellular functions in CRC, for furthering the understanding of the pathogenesis
of CRC to aid clinical treatment.

Key Words: Ferroptosis; Colorectal cancer; Cell death; Therapy

©The Author(s) 2023. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Ferroptosis, a novel type of cell-regulated death, has diverse roles in the
occurrence and development of colorectal cancers (CRCs). This article reviews the
cellular functions of ferroptosis in CRC, providing potential therapeutic targets and
treatment strategies for patients with CRC.
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INTRODUCTION

Regulated cell death, including apoptosis, necroptosis, pyroptosis, ferroptosis, autophagy-dependent
cell death, netotic cell death, and other forms, is an important mechanism for regulating the internal
environment of the human body, and maintaining tissue function and morphology[1,2]. Ferroptosis,
which was formally proposed in 2012, is a unique form of death that depends on the disorder of iron
metabolism and accumulation of lipid reactive oxygen species (ROS). It differs from other forms of
regulated cell death in terms of morphology, biochemical characteristics, and gene expression[2].
Especially in terms of morphology, ferroptosis involves unique mitochondrial alterations, concerning
mitochondrial morphological disorder, membrane potential change, iron overload in the membrane and
lipid ROS accumulation, that are different from other death forms[3]. The underlying mechanisms and
pathways involved in ferroptosis include glutathione peroxidase/glutathione (GPx/GSH), system Xc
and p53 regulatory pathways. Usually, the pathways involved in ferroptosis ultimately regulate ROS
accumulation through iron accumulation[2,4,5]. At present, the inhibitory effect of ferroptosis on tumor
formation and development has been increasingly gaining attention, and its discovery has led to
important progress in the diagnosis and treatment of tumors, as well as prognosis.

Colorectal cancer (CRC) is a malignant tumor of the digestive system and is associated with high
morbidity and mortality. According to the 2018 GLOBOCAN assessment of global morbidity and
mortality, CRC is the third most diagnosed cancer and the second leading cause of cancer-related death
globally[6], and is characterized by multiple steps and stages during progression[7]. Currently,
treatments for CRC patients include surgery, radiotherapy, chemotherapy, immunotherapy and
biological targeted therapy[8]. However, due to the lack of highly specific biomarkers and the complex
biological characteristics of CRC, the lack of drugs targeting colorectal stem cells, and chemoresistance
or intolerance to current treatment methods continue to hamper treatment[9,10]. Ferroptosis, as a form
of regulated cell death independent of other forms of cell death, could provide an effective strategy for
CRC treatment. In addition, a large number of recent studies have shown that ferroptosis-related genes
can be used to predict the prognosis of patients with CRC, which is of great significance for improving
the clinical efficacy of cancer treatment and the survival of patients[11-13].

THE MOLECULAR MECHANISM OF FERROPTOSIS

Discovery of ferroptosis

Erastin, a compound with the ability to kill tumor cells expressing high levels of the Ras oncogene, was
discovered to induce a novel cell-death form that differed from apoptosis in terms of nuclear mor-
phology, DNA fragmentation and caspase 3 activation[3,14,15]. Although the form of cell-death induced
by erastin was not well elucidated at that time, other Ras-selective-lethal compounds (RSLs), such as
RSL3 and RSL5, have been shown to trigger the same process, accompanied by increases in ROS levels
that could be suppressed by iron chelators[3,16].

Ras protein, encoded by the well-known RAS oncogene, binds guanosine 5'-diphosphate (GDP)/
guanosine 5'-triphosphate (GTP) and possesses intrinsic GTPase activity[17]. Mutation of Ras is related
to the loss of GTPase activity, providing a possible therapeutic strategy of recovering Ras GTPase
function in RAS-mutant cancer cells as an effective means to combat cancer[18]. Based on previous
findings, Dixon et al[2] defined the unique non-apoptotic cell death caused by erastin and RSLs as
ferroptosis[2]. Ferroptosis, an iron-dependent form of cell death, is characterized by increases in
intracellular ROS, but is distinguished morphologically, biochemically and genetically from other
regulated cell death forms, such as apoptosis, necrosis and autophagy, in ways that will be specifically
described in the following sections. Since the proposal of the concept of ferroptosis, the mechanism of
ferroptosis has become an area of intense research, leading to progress in the study of anti-cancer drugs
focused on ROS homeostasis.

The molecular mechanism of ferroptosis

The imbalance between production and degradation of intracellular lipid ROS is the central mechanism
of ferroptosis-mediated cell death[2,19]. If the antioxidant capacity of cells is decreased, excessive iron
will initiate ferroptosis by producing lethal ROS via the Fenton reaction and cause ROS accumulation
accordingly[2,5]. In addition, GSH depletion is also important for the induction of ferroptosis and
subsequent nicotinamide adenine dinucleotide phosphate (NADPH)-dependent lipid peroxidation[5].
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Thus, intracellular ROS accumulation due to iron excess is the key for initiating ferroptosis (Figure 1).

No matter whether using erastin or RSL, the induced ferroptosis is related to iron-dependent accumu-
lation of ROS. In the normal intracellular environment, lipid oxidation and reduction are in a state of
dynamic equilibrium. When cellular homeostasis is disrupted, gene expression related to lipid oxidation
is up-regulated or that related to lipid reduction is inhibited, causing a high accumulation of
intracellular oxidized lipid[20]. However, the sources of ROS are still unclear. Hassannia et al[21]
pointed out that peroxidation of phospholipids containing polyunsaturated fatty acids (PUFAs) in cell
membranes could also lead to ferroptosis[21]. During induction of ferroptosis, PUFAs can form
phospholipid hydroperoxides (PLOOHs) through enzymatic or non-enzymatic oxidation reactions.
PLOOHSs combined with intracellular iron will generate toxic lipid free radicals, such as alkoxy radicals,
causing cell damage. Furthermore, these free radicals can extract protons from adjacent PUFAs,
initiating a new round of lipid oxidation and delivering further oxidative damage[21,22]. Overall, ROS-
mediated cell lipid damage is required for ferroptosis.

Obviously, intracellular iron plays a vital role during the process of ferroptosis, involving the
absorption and reduction processes of iron[23]. Iron ingested in food is mainly absorbed, into the blood,
as the ferric (Fe*) form in the duodenum and upper jejunum, and transferred by plasma transferrin into
cells, where it is converted to the reduced ferrous (Fe*") form by metalloreductases in the endoplasmic
reticulum (ER). Fe* is the main form of iron that participates in metabolic processes. Therefore,
inhibition of iron absorption and reduction, such as silencing transferrin receptor expression, could
inhibit erastin-induced ferroptosis, whereas the elevation of heme catabolism or iron supplementation
could restore and accelerate ferroptosis[24-26].

Generally, Fe*" is transported into cells and stored as ferritin to protect cells from iron toxicity[27]. In
order to exert biological activity, Fe** has to be released into the active iron pool in the cytoplasm via
iron pump solute carrier family 11 member 2/divalent metal transporter 1 (SLC11A2/DMT1), while the
extra Fe*" will either be recycled or stored as ferritin[28,29]. Up-regulation of ferritin gene expression
restricts iron overload, whereas knockout of the SLC11A3 gene, which blocks iron transport out of the
cells, aggravates erastin-induced ferroptosis in neuroma cells[30-32]. In the case of iron deficiency,
ferritin is degraded by autophagy through the ATG5-ATG7-nuclear receptor coactivator 4 (NCOA4)
signaling pathway, where NCOA4 binds to and transports ferritin to the lysosome, releasing Fe** to
abnormally increase the labile iron pool. Subsequently, through the Fenton reaction, excess hydroxyl
and peroxy radicals can be generated to initiate ferroptosis. Deletion of ATG5, ATG7 or NCOA4 will
prevent erastin-induced ferroptosis by limiting ferritin degradation and reducing intracellular ferrous
iron levels[33-35].

Signaling pathways involved in ferroptosis

The previous findings show that the key link causing ferroptosis involves increased lipid peroxidation
and accumulation of ROS. Generally, the ferroptotic upstream pathways ultimately affect the activity of
GPx directly or indirectly[4,36,37]. Consequently, GPx family members play an indispensable role in the
process of ferroptosis. Among the 8 GPx family members, GPX4, a selenoprotein that inhibits lipid
oxidation, has been shown to be the main regulator of ferroptosis[38].

GPX4, a selenoprotein capable of degrading small molecular peroxides and relatively complex lipid
peroxides, is also able of reducing cytotoxic lipid hydroperoxides to non-toxic lipid alcohols, preventing
the formation and accumulation of lethal ROS[39,40]. Knocking down GPX4 with siRNA results in cell
sensitivity to ferroptosis, whereas up-regulating GPX4 induces resistance to ferroptosis[4,36,37]. In fact,
RSL3, noted above as an important ferroptotic inducer, can directly suppress the activity of GPX4,
thereby inducing ferroptosis[2,41,42]. The selenocysteine active site of GPX4 is covalently bound by
RSL3, resulting in reduced cellular antioxidant capacity, increased lipid ROS and initiation of ferroptosis
[2,4,43].

Additionally, the biosynthesis of GPX4 occurs through the mevalonate (MVA) pathway via in-
terfering with the maturation of selenocysteine tRNAs[43,44]. Selenocysteine is one of the amino acids in
the active center of GPX4, and its insertion into GPX4 requires a special selenocysteine tRNA.
Isopentenyl pyrophosphate (IPP), a product of the MVA pathway, facilitates the maturation of seleno-
cysteine tRNA by transferring an isopentenyl group to a selenocysteine tRNA precursor through
isopentenyltransferase. Importantly, the MVA pathway influences the synthesis of selenocysteine by
down-regulating IPP to further disrupt the activity of GPX4, finally causing ferroptosis[45]. Statins, such
as cerivastatin, inhibit the MVA pathway and restrict GPX4 biosynthesis[43,44]. Coenzyme Q10
(CoQ10), an endogenous antioxidant produced by the MVA pathway, protects cells from ferroptosis by
preventing lipid oxidation[4,37]. Recently, Hadian et al[46] implicated ferroptosis-suppressor protein 1
(FSP1) as a novel ferroptosis resistance factor that reduces the expression of CoQ10, leading to the
accumulation of lipid peroxides in a process independent of the cysteine/ GSH/GPX4 pathway[46].

GSH, a tripeptide antioxidant composed of glutamate, cysteine and glycine[47,48], is an essential
cofactor for GPX4 to degrade hydroperoxide[49]. Yant et al[50] found that GSH depletion is an indirect
way of inactivating GPX4, which further causes a reduction in cellular antioxidant capacity, and
increases accumulation of lipid ROS and subsequent ferroptosis[50]. Overall, hindering the synthesis
and absorption of GSH or accelerating its degradation provides another means to induce ferroptosis.
For example, erastin can block the absorption of GSH by inhibiting system Xc to initiate ferroptosis[23].
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Figure 1 The schematic diagram of ferroptosis. PUFAs: Polyunsaturated fatty acids; PLOOHs: Phospholipid hydroperoxides; GSH: Glutathione; Nrf2:
Nuclear factor erythroid2-related factor 2; GPx4: Glutathione peroxidase 4.
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System Xc is a heterodimer composed of solute carrier family 3 member 2 (SLC3A2) and solute carrier
family 7 member 11 (SLC7A11), embedded in the cell surface membrane. SLC7A11 is the main fun-
ctional subunit, which can transport cystine into cells, reduce it to cysteine in the cytoplasm, and
incorporate it in the synthesis of GSH[51-54]. Interestingly, inhibiting system Xc results in
compensatory transcriptional upregulation of SLC7A11 in erastin- and sulfasalazine-induced ferroptosis
[54-56]. When system Xc is restrained, the absorption of cystine will be hindered, decreasing the
synthesis of intracellular GSH, which will interfere with the biological activity of GPX4[22]. Finally,
erastin obstructs the absorption of GSH by inhibiting system Xc. However, GSH is a necessary cofactor
for GPx, so the activity of GPx wanes and eventually results in cell ferroptosis[23]. Nevertheless, fer-
roptosis inducers that negatively regulate system Xc are not effective in killing cells, since the cysteine
involved in GSH synthesis can also be synthesized from methionine via trans-sulfation. Hayano et al[57]
showed that inhibition of cysteine tRNA synthetase expression activates the trans-sulfuration pathway,
further reducing cellular sensitivity to ferroptosis-inducing agents[57]. In addition, B-mercaptoethanol is
able to promote cystine uptake without system Xc;, thus significantly inhibiting erastin- and glutamate-
induced cell death[58].

Another factor involved in ferroptosis is p53, as an important tumor suppressor encoded by TP53
gene, which is mutated or inactivated in more than half of human cancers[59]. A large number of
studies have shown that the tumor suppressing capacity of p53 is mainly derived from its typical
functions, such as inducing cell cycle arrest, senescence, or apoptosis[60]. However, p53 also regulates
metabolism, metastasis and invasion, and stem cell processes[61]. Recently, atypical functions of p53,
such as controlling metabolism and redox status, have also been demonstrated to inhibit tumor
development via regulating ferroptosis[62,63]. To verify whether p53 could induce ferroptosis, Jiang et al
[56] showed treatment of p53-mutant non-small cell lung cancer cells with ROS had no significant effect
on cell proliferation. However, following re-activation of p53, treatment with ROS dramatically induced
90% cell death, indicating that activation of p53 could dramatically reduce the antioxidant capacity of
tumor cells[56]. Under the same conditions, addition of ferrostatin-1, an iron-death inhibitor, reduced
the ROS-induced the cell death to 40%, indicating prevention of ROS-induced p53-dependent
ferroptosis.

Under circumstances of oxidative stress, p53 can induce ferroptosis by transcriptional inhibition of
SLC7A11, thereby inhibiting the absorption of cystine and reducing the production of GSH to enhance
the sensitivity of cells to ferroptosis[56,64]. It is worth mentioning that acetylation of the p53 DNA-
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binding domain plays a key role in the regulation of SLC7A11 expression[56,65]. Notably, mice
harboring p53 (3KR), an acetylation-defective p53 due to a lysine-to-arginine mutation, did not form
tumors spontaneously, suggesting that p53 (3KR) cells lose their typical functions of inducing apoptosis,
senescence, and cell cycle arrest[15], but retain the ability to regulate SLC7A11 expression. This finding
highlights the ability of p53 to restrain tumorigenesis by means of inhibiting SLC7A11 expression and
triggering ferroptosis[15,56].

Moreover, p53 could promote ferroptosis through regulating its target genes, such as glutaminase 2
(GLS2), prostaglandin endoperoxidase synthetase 2, and spermidine/spermine N1 acetyltransferase 1
(SAT1)[4,56,66,67]. For example, SAT1 enhances the activity of arachidonic acid (AA) and oxidizes
PUFAs, thus promoting lipid peroxidation. Knockout of SAT1 will reduce p53-mediated ferroptosis
whereas overexpression of SAT1 has the opposite effect[66].

Thus, depending on the p53 mutation status and cellular environment, p53 can promote or inhibit
ferroptosis in response to different oxidative stress scenarios[68]. Under high oxidative stress, p53 will
promote ferroptosis, while under basal or low ROS stress, it can prevent ferroptosis[69]. On the one
hand, activation of the p53-p21 transcriptional pathway enables wild-type p53 to inhibit cysteine
deprivation and systemic Xc inhibition in cancer cell lines[70], which may help normal cells survive
under various metabolic stress conditions. By binding to dipeptidyl peptidase-4 (DPP4) in the nucleus,
P53 can prevent the interaction of DPP4 with NADPH oxidase (NOX) in the cytoplasm, and then reduce
the accumulation of intracytoplasmic lipid peroxides, thereby inhibiting ferroptosis. This results in p53-
WT CRCs being resistant to erastin-induced ferroptosis[71].

Initiation of cystine deprivation-induced ferroptosis requires glutaminolysis[67]. To prevent
glutamine hydrolysis and resist ferroptosis, it is possible to restrict the uptake of glutamine by inhibiting
the SLC1AD5 transporter, inhibit glutamine metabolism to glutamate by mitochondrial GLS2, or deter
glutamate synthesis to o-ketoglutarate by aspartate aminotransferase 1[67,72].

FSP1, a novel GSH-independent ferroptosis suppressor, suppresses CoQ10-mediated ferroptosis
through an FSP1-CoQ10-NAD(P)H pathway, in a parallel manner to GPX4[73,74]. NADPH, normally
used as a biomarker of iron-death inducer sensitivity, is a GSH reductase that maintains reduced GSH
[75]. NOX, an enzyme complex that produces superoxide anions and oxidative radicals by consuming
NADPH, mediates cellular oxidation to provide an important source of oxidative radicals[2]. Overex-
pression of NOX causes depletion of intracellular NADPH and increases the level of oxidative free
radicals, which significantly raises the sensitivity of cells to ferroptosis. In contrast, NOX inhibitors can
down-regulate NOX expression, thereby inhibiting erastin-induced ferroptosis[76].

FERROPTOSIS, A NON-APOPTOTIC CELL DEATH, IS ASSOCIATED WITH MITO-
CHONDRIAL ALTERATIONS

The characteristics of ferroptosis, compared with other forms of cell death

Ferroptosis, a form of cell death that is different from apoptosis, necrosis and autophagy, depends on
the accumulation of lipid ROS, resulting in a redox imbalance. To investigate the differences between
ferroptosis and other forms of cell death in morphology, biochemical characteristics, gene expression,
and bioenergetics, Dixon et al[2] used different inducers to individually induce apoptosis, necrosis and
autophagy, and found that, following erastin-induced ferroptosis, cells did not show the morphological
characteristics associated with apoptosis (chromatin condensation, plasma membrane blebbing, unique
apoptotic bodies), necrosis (cytoplasmic and organelle swelling, cell rupture, cytoskeleton disinteg-
ration) or autophagy (formation of a classic closed bilayer structure)[2,14]. Notably, mitochondrial
alterations, including small mitochondria, increased membrane density, and mitochondrial outer
membrane disruption detected in erastin-treated cells, are unique features that distinguish ferroptosis
from other forms of cell death[77-79].

Also, the biochemical characteristics of ferroptosis differ from other forms of cell death. During
ferroptosis, Fe?* and ROS accumulate, the mitogen-activated protein kinase (MAPK) system is activated,
and the uptake of cystine is reduced, resulting in an inhibitory effect on the Xc system. At the same
time, this process increases the activity of NOX and promotes the release of mediators, such as AA[1].
Regarding bioenergetics, a large reduction in intracellular ATP is found in H,O,-treated, but not in
erastin-, STS-, or rapamycin-treated cells[2]. Regarding the characteristics of gene expression in the
ferroptosis process, the intracellular Ras/Raf/MAPK and cystine transport pathways, and the activities
of acyl-CoA synthetase long-chain family member 4 (ACSL4), NADPH oxidase 1 (NOX1), GPX4, and
SLC7A11 were all involved in ferroptosis, which is one of the differences between erastin-induced
ferroptosis and other forms of cell death[2].

To investigate the effect of existing cell death inhibitors on erastin-induced ferroptosis, Dixon ef al[2]
used a regulatory assay strategy to test 12 cell death inhibitors for their ability to prevent ferroptosis in
cells, and found that compounds confirmed to inhibit apoptosis, necrosis, and autophagy were unable
to modulate erastin-induced ferroptosis[2]. In contrast, other compounds, such as the iron chelator
deferoxamine (DFO), the antioxidant Trolox, a MEK inhibitor, and the protein synthesis inhibitor
cycloheximide, conversely were able to alleviate ferroptosis[3], demonstrating that these compounds are
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involved in ROS production and exert a preventive effect on ferroptosis[2].

Unique features of ferroptosis: Mitochondrial alterations

As mentioned above, mitochondrial morphological changes are the most significant feature of fer-
roptosis compared to other forms of cell death. Dixon et al[2] investigated the potential combination of
erastin and the voltage-dependent anion channel 2/3 (VDAC2/3) on the mitochondrial membrane by
affinity purification, demonstrating that VDAC2 and VDAC3 were necessary but not sufficient for
erastin-induced cell death, which also suggests that mitochondria may be involved in the regulation of
ferroptosis[3]. Under transmission electron microscopy, it was obvious that the number of mitochondria
decreased and bilayer density increased in erastin induced BJeLR cells[2]. Mitochondrial swelling and
mitochondrial crests decreased or disappeared in GPX4 ablated cells, and mitochondrial outer
membranes rupture in RSL3 exposed Pfal cells in a time-dependent manner[37]. These abnormal
mitochondrial structural changes are considered to be unique morphological features of ferroptosis[5].
In addition, the latest studies from Dr. Xuejun Jiang's laboratory have shown that cystine starvation-
induced ROS accumulation and ferroptosis can be blocked by mitochondrial electron transport chain
inhibitors, such as mitochondrial decoupling CCCP with mitochondrial membrane potential disruption
[72]. However, in GPX4 knockout-induced ferroptosis, these electron transport chain inhibitors were
unable to produce the blocking effect described above[37].

It is well known that iron overload and ROS accumulation are critical processes of ferroptosis in cells,
and may be related to their induction of mitochondrial damage[80,81]. Iron overload would lead to
mitochondrial morphological abnormalities, limit mitochondrial oxidative phosphorylation and
antioxidant reactions, and impair mitochondrial function. Mitochondrial DNA (mtDNA) double-strand
breaks, reduced mtDNA transcription, and decreased expression of respiratory chain subunits encoded
by the mitochondrial genome have been observed in iron-overloaded mitochondria[82-85], whereas
preserving mitochondrial structure and function protects cells from iron toxicity[86]. In addition,
Carsten Culmsee and colleagues found a sharp increase in mitochondrial ROS in erastin-[87] and RSL3-
treated[88] HT-22 and MEF cells, but not in erastin treated HT-1080 cells. Thus, the researchers
speculated that the difference could be due to the use of different cells or different exposure times. The
mitochondrial targeting ROS scavenger MitoQ (mito-quinone) prevents neuronal cells from undergoing
RSL3-induced ferroptosis[88]. Other studies have indicated that lipid ROS accumulates in the
mitochondria rather than the cytoplasm[89], while some reports suggest that ferroptosis is caused by
lipid peroxidation outside the mitochondria[37].

In general, according to existing studies, the structural integrity of mitochondria becomes damaged,
membrane potential is altered, and abnormal iron metabolism and lipid peroxidation have varying
degrees of influence on mitochondrial function. However, the alterations in mitochondrial structure and
function in ferroptosis still requires further exploration and verification.

The surefire way to ferroptosis: Lipid peroxidation

Based on lipomics analysis, polyphosphorylated phosphatidylethanolamines (PEs) have been found to
be key components in the induction of ferroptosis[90,91]. ACSL4, a key enzyme regulating lipid
composition, catalyzes the addition of coenzyme A to AA and adrenic acid (AdA) to form PUFA coe-
nzyme derivatives AA-CoA and AdA-CoA through an ER-associated oxygenation center. Subsequently,
AA-CoA and AdA-CoA are esterified to AA-PE and AdA-PE by lysophosphatidylcholine acyltrans-
ferase 3 (LPCATS3) to take part in the synthesis of membrane phospholipids with negative charge[91-
94]. In this situation, downregulation of ACSL4 for better conversion of AA to acylated AA, or
inactivation of LPCATS3 to catalyze the insertion of acylated AA into membrane phospholipids, are also
effective approaches to induce resistance to ferroptosis[90-92,95].

Additionally, free PUFAs such as AA-PE and AdA-PE will be selected as the preferred substrates for
lipoxygenases (LOXs), lipid peroxidizing enzymes that catalyze the peroxidation of unsaturated fatty
acids[96]. Knocking out LOX expression or treatment of cells with both tocotrienols and tocopherols
have become an effective means to reduce erastin-induced ferroptosis[97,98]. With such treatment, LOX
binds to phosphatidylethanolamine-binding protein 1 (PEBP1) to form a 15-LOX/PEBP1 complex that
oxidizes AA-PE and AdA-PE to lipid hydroperoxides, thereby co-regulating the oxidation and
reduction of esterified fatty acids with recombinant GPX4[99,100].

Recently, nuclear factor erythroid 2-related factor 2 (Nrf2), a well-known transcription factor, was
found to be involved in the antioxidant process by inducing many antioxidant enzymes with
antioxidant response elements in their promoters, such as GPX4 and GSH reductase, and its activity is
strictly controlled by Kelch-like ECH-associated protein 1 (KEAP1)[101]. Under normal conditions, the
binding of Nrf2 to KEAP1 causes the degradation and inactivation of Nrf2. However, when in a state of
oxidative stress or with a large number of electrophiles, Nrf2 is released from the KEAP1 binding site
and rapidly enters the nucleus to balance oxidative stress by activating transcriptional pathways and
maintaining cellular redox homeostasis, ultimately inhibiting cellular oxidation and ferroptosis[74,102].
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FERROPTOSIS PARTICIPATES IN TUMOR OCCURRENCE AND PROGRESSION

Ferroptosis and the tumor microenvironment

Ferroptosis can either inhibit or enhance tumorigenesis and development, with enhancement depending
on the release of damage-associated molecular patterns in the tumor microenvironment (TME) and the
inhibition of anti-tumor immune mechanisms, and inhibition depending on the activation of immune
responses triggered by ferroptosis injury[103]. Therefore, understanding the interaction between
ferroptosis and TME could provide new and effective anti-cancer strategies[104].

The TME is a complex environment within the tumor and enables tumor cells to survive and develop,
serving as the ‘soil” for non-cancerous cells (including stromal cells, immune cells, adipocytes, and
endothelial cells) and extracellular matrix[105]. Theoretically, changes in tumor cytogenetics and
epigenetics could enhance the ability of cancer cells to evade immune surveillance through various
metabolic and biochemical mechanisms, ultimately promoting tumor initiation, progression, and
metastasis[106]. Recently, Dai et al[107] found that ferroptosis caused by autophagic degradation
releases cancer cells into TME and drives tumor-associated macrophage (TAM) polarization[107]. Yet
ferroptosis inducers, such as erastin, RSL3 and sulfasalazine, have the capability to induce ferroptosis in
cancer cells through different pathways, thus exerting anti-cancer effects, indicating the diverse role of
ferroptosis in the process of cancer.

The regulatory effects of ferroptosis in malignancies

Erastin-induced cell death can be inhibited by antioxidants and iron chelators, suggesting that erastin-
triggers cell death via ferroptosis related to the accumulation of ROS and iron[2,3]. The reduced GSH
levels caused by erastin results from direct inhibition of the Xc system, activating the ER stress response,
and attenuating the antioxidant effect of GPX4/GSH, thereby accelerating the accumulation of ROS in
the cytoplasm[42]. Sulfasalazine, another inducer of ferroptosis, has the same mechanism and function
as erastin[108]. Thus, treatment with sulfasalazine also induces ferroptosis in cancer cells[2,42].
Activation of the RAF/MEK/ERK signaling pathway also appears to be an important factor in erastin-
treated cells with high Ras expression[3]. As mentioned before, changes in mitochondrial structure and
morphology are detected in cells following treatment with erastin, which binds to the mitochondrial
VDACI3].

Other inducers of ferroptosis, such as RSL3 and ferroptosis-inducing agents (FINs), are also
associated with ROS accumulation. RSL3, a direct inhibitor of GPX4, can inactivate GPX4 through direct
binding, resulting in the accumulation of intracellular lipid peroxides and ferroptosis[4]. FINs, with the
ability to generate ROS, are classified into two types according to their mechanism of action[109,110].
Class I FINs share the same mechanism as erastin and sulfasalazine, inducing GSH depletion[111,112].
Class II FINs, similar to RSL3, directly inhibit the activity of GPX4 without depleting GSH[4]. Yang et al
[4] showed that GPX4 overexpression and knockdown modulated the lethality of 12 ferroptosis
inducers, but not of 11 compounds that induced cell death by other mechanisms[4].

Nevertheless, erastin- and RSL3-induced ferroptosis could be inhibited by ferrostatin, a lipophilic iron
chelator[2]. Ferrostatin can cross the cell membrane and chelate free intracellular iron, or act directly on
enzymes containing iron, to prevent the formation of iron-catalyzed lipid free radicals and inhibit the
degradation of PUFAs. Lipoxygenase can be directly inactivated by iron chelators and thus most likely
mediates iron-dependent lipid ROS formation[113]. Unlike lipophilic iron chelators, DFO is a non-
membrane-permeable chelator that can accumulate on cell lysosomes, following endocytosis, and
interact with iron in lysosomes to prevent the generation of lipid ROS[113-115]. Liproxstatin-1, a clinical
drug, acts by preventing the accumulation of ROS and cell death in GPX4"-cells[37]. More importantly,
liproxstatin-1 is able to inhibit FIN-induced ferroptosis in vitro[37].

MECHANISMS OF FERROPTOSIS IN CRC

Signaling pathways of ferroptosis involved in CRC

GPX4 is a key factor in the regulation of ferroptosis. Molecules that inhibit GPX4 activity, either directly
or indirectly, are involved in ferroptosis. RSL3, a confirmed ferroptosis-inducer, has anti-cancer effects
in CRC that can be enhanced by aspirin through suppressing mechanistic target of rapamycin
(mTOR)/sterol regulatory element-binding protein 1 (SREBP-1)/stearoyl-CoA desaturase-1 (SCD1)-
mediated lipogenesis in PIK3CA-mutant CRC[116]. Not surprisingly, genetic ablation of SREBP-1 or
SCD1 expression enhances CRC cell sensitivity to RSL3-induced ferroptosis, supporting the molecular
mechanism of aspirin on RSL3-induced cytotoxicity[116].

In addition, reducing the synthesis of intracellular GSH by inhibiting SLC7A11, which is also the
target of erastin and sulfasalazine, is also an effective way to induce ferroptosis in CRC[117]. 2-Imino-6-
methoxy-2H-chromene-3-carbothioamide, a benzopyran derivative, has also been reported to have anti-
cancer activity and was first discovered to exert ferroptotic anti-CRC activity through down-regulating
SLC7A11 expression in the AMP-activated protein kinase/ mTOR/p70S6K pathway in CRC[118].

WJG | https://www.wjgnet.com 475 January 21,2023 | Volume29 | Issue3 |



Wu Z et al. Ferroptosis in colorectal cancer

Jaishideng®

Importantly, cancer stem cell (CSC)-regulated phenotypic plasticity and protection of metastasized
cancer cells from lipid peroxidation and ferroptosis are related to the increased expression of SLC7A11
[119]. In CRC, a remarkably low level of ROS is found in colorectal CSCs high in cysteine, GSH and
SLC7A11 compared with CRC cells, while targeting SLC7A11 could induce ferroptosis through
specifically suppressing the progression of colorectal CSC. Erastin exerts a dramatically strong cytotoxic
effect on colorectal CSCs in vitro and in vivo[120]. By comparing the stemness of CRC cells and drug-
resistant cells, it was found that the higher the stemness of CRC tumors, the more obvious the anti-
ferroptosis characteristics. Correspondingly, the higher the stemness of CRC, the higher the expression
of SLC7A11, suggesting that SLC7A11 is a potential target for colorectal CSC resistance to ferroptosis
[120,121]. Knockdown of SLC7A11 expression in CSCs induced down-regulation of ALDH1, and tumor
sphere size, as well as decreased cysteine and GSH and increased ROS levels, indicating decreased
tumor stemness and increased ferroptotic characteristics. Similar results were obtained with erastin
treatment, suggesting that erastin can effectively induce ferroptosis in drug-resistant CRC cells, thus
achieving a therapeutic effect by targeting drug-resistant CSCs[120,121], providing a potential solution
for drug resistance in CRC.

Doll et al[91] performed a genome-wide CRISPR-based genetic screen and microarray analysis of
ferroptosis-resistant cell lines, and identified ACSL4 as an essential component for the synthesis of PE
and execution of ferroptosis[91]. Another study analyzed the signaling pathway and miRNA profile of
Kras mutant human CRC cells, and found that ACSL4 expression is high in CRC cells. Bromelain, a
plant extract derived from pineapple, stimulated the expression of ACSL4, induced the cells to undergo
ferroptosis and inhibited tumor progression[122], suggesting that the Kras gene may be an upstream
regulator of ferroptosis.

TP53, an important tumor suppressor, plays a tumor suppressor role through transcriptional or non-
transcriptional mechanisms in cancer cells[71]. In CRC cells, wild-type p53 restrains ferroptosis by
blocking DPP4 activity, while deletion of wild-type p53 increases the anti-cancer activity of erastin in
tumor-bearing mice[71]. In the nucleus, wild-type p53 binds to DPP4, preventing the translocation of
DPP4 from the nucleus to the cytoplasm and the formation of the DPP4-NOX1 complex, responsible for
preventing lipid peroxidation and ferroptosis, thereby restoring erastin-induced sensitivity in CRC cells
[64,71]. On the contrary, p53 can also stimulate the expression of SLC7A11 in CRC, thereby protecting
CRC cells from ferroptosis[71]. Therefore, it is desirable to modulate p53 to achieve efficacy in future
CRC treatments.

Although ferroptosis is markedly different from other forms of cell death, there is a link between
them in CRC. Hong et al[123] treated cancer cells with a combination of an apoptotic agent [tumor
necrosis factor-related apoptosis-inducing ligand (TRAIL)] and ferroptotic agents (erastin or artesunate)
and found molecular crosstalk between ferroptosis and apoptosis[123]. The combined treatment
remarkably promoted TRAIL-induced apoptosis due to the expression of ER stress-induced p53-
independent up-regulation of apoptosis regulator PUMA. Further experiments found that the ER stress-
response mediated by death receptor 5, one of the TRAIL receptors, also plays a significant role in the
combined synergistic cytotoxic effect on multiple cell lines[124]. On the other hand, iron autophagy
promotes ferroptosis in various types of cancer cells through regulating NCOA4, and inhibition of
ferritin degradation inhibits the ferroptosis of these cells[31,35]. Interestingly, knockdown of NCOA4
did not change the ferroptosis of CRC cells[125], which could be explained by cell line differences or
NCOA4 functional compensation, but further studies are needed.

Recent progress in CRC ferroptosis

In addition to the classical pathways mentioned above, mechanistic studies on ferroptosis in CRC are
also increasing. A recent study revealed TP53-induced glycolysis and apoptosis regulator (TIGAR) to be
a potential inhibitor of ferroptosis during CRC development[126]. TIGAR is highly expressed in CRC
cell lines, and knockdown of TIGAR unexpectedly increases erastin-induced growth inhibition and
death, indicating that low levels of TIGAR increase the sensitivity of CRC cells to erastin-induced
ferroptosis and that TIGAR is a potential negative regulator of ferroptosis. Increased levels of lipid
peroxidation and malondialdehyde are associated with knockdown of TIGAR in CRC, without obvious
changes of iron level, suggesting TIGAR is a potential target for iron-death-based therapy for CRC
through regulating ROS[126]. Similarly, cytoglobin (CYGB), a regulator of ROS, has been shown to be
an inhibitor of ferroptosis via the p53-YAP1 pathway. In the same study, CYGB suppression, first shown
in CRC, promoted ROS production and increased the sensitivity of cancer cells to RSL3- and erastin-
induced ferroptosis, thus inhibiting the growth of CRC cells in a YAP1-dependent manner[126].

As GPX4 also plays crucial roles in ferroptosis, factors regulating GPX4 are predicted to be involved
in the regulation of ferroptosis. Lipocalin-2 (LCN2), a protein siderophore that regulates iron homeo-
stasis, is upregulated in several types of tumors, including CRC. Overexpression of LCN2 reduces the
level of ferroptosis through reducing intracellular iron levels and stimulating the expression of GPX4
and system Xc[127]. Serine and arginine rich splicing factor 9 was identified as a key factor promoting
GPX4 expression and correspondingly decreased lipid peroxide damage, thereby driving CRC tumori-
genesis, and thus providing another target for enhancing the sensitivity of CRC to erastin[128]. In
addition, miR-15A-3p was found to positively regulate ferroptosis by directly targeting and suppressing
GPX4 in CRC[129].
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GTP cyclohydrolase 1 (GCH1), a rate-limiting enzyme in the synthesis of the free radical trapping
antioxidant tetrahydrobiopterin (BH4) was found to suppress ferroptosis in a GPX4-independent
manner[130]. Blocking GCH1/BH4 promoted erastin-induced but not RSL3-induced ferroptosis,
suggesting that GCH1 inhibitors combined with erastin provide a novel treatment strategy for CRC
[130]. Interestingly, autophagy inhibitors could reverse erastin resistance in GCH1-knockdown cells,
suggesting that GCH1/BH4 may act through ferritin phagocytosis[130]. Another novel inducer of
ferroptosis, talaroconvolutin A was found to strongly induce ferroptosis in a dose- and time-dependent
manner, but not apoptosis. Surprisingly, talaroconvolutin A was far more effective in inhibiting CRC by
ferroptosis than erastin, and thus has become a potential treatment option for inducing ferroptosis in
CRC[131].

CLINICAL IMPLICATIONS OF FERROPTOSIS INDUCTION IN CANCER TREATMENT

Cancer remains one of the most threatening diseases to human health. Although traditional treatments,
such as medication, surgery, radiation and chemotherapy, and comprehensive treatment, as well as
immune therapy and targeted therapy, have been applied in the clinic, but the complexity of cancer
pathogenesis, drug resistance, and patient intolerance have severely limited the efficacy of these
approaches[132]. Therefore, further investigation is needed to explore the molecular changes and
mechanisms involved in tumorigenesis and prognosis. Ferroptosis, a novel form of death, could play an
indispensable role in inhibiting tumor growth and may therefore become an emerging strategy for anti-
cancer therapy.

Reversing chemotherapeutic drug resistance

Chemotherapy has remained a necessary means to treat cancer, but drug resistance also remains one of
the reasons for the poor prognosis of patients with malignancies. According to the molecular
mechanism of ferroptosis, the pathways that reduce chemotherapeutic drug resistance are mainly
involved in the lipid metabolism, iron metabolism and classical GPX4 pathways. The resistance of
chemotherapeutic drugs in CRC also involves these processes.

In the process of lipid metabolism, ACSL4 is involved in the lipid oxidation pathway through the
conversion of AA and AdA in PUFAs into coenzyme derivatives, and then producing oxidized lipid
molecules[91]. Wu et al[133] reported that inhibiting ADP ribosylation factor 6 (ARF6), functions
downstream of the Kras/ERK signaling pathway, and can activate ACSL4 and endow cancer cells with
sensitivity to oxidative stress, especially RSL3-induced lipid peroxidation. ARF6 has a profound effect
on the development of pancreatic cancer. Abrogation of ARF6 promotes RSL3-induced ferroptosis and
alleviates gemcitabine resistance[133]. Another key enzyme in lipid metabolism, LOX, can directly
oxidize PUFAs and mediate ferroptosis in a non-enzymatic manner[97]. Wu et al[134] demonstrated that
arachidonate lipoxygenase 15 (ALOX15) is closely related to the inhibition of ferroptosis in gastric
cancer. Decreasing miRNA-522 and increasing ALOX15, to induce ferroptosis, has become a novel
treatment strategy to reverse drug resistance in gastric cancer, especially resistance to cisplatin/
paclitaxel[134].

In iron metabolic pathways, dihydroartemisinin (DHA), a safe and promising therapeutic agent that
preferentially induces ferroptosis of cancer cells, was found to intensively enhance the cytotoxicity of
cisplatin through impairing mitochondrial homeostasis and increasing mitochondrial-derived ROS, as
well as promote ferroptosis with catastrophic accumulation of free iron and unrestricted lipid
peroxidation. Depleting the free iron reservoir prevents death and triggers tolerance to DHA/ cisplatin-
induced ferroptosis, whereas supplementation of iron accelerates ferroptotic cell death[135]. Blocking
lysosomal iron translocation out of lysosomes can be caused by the inhibition of DMT1 in CSC, resulting
in iron accumulation in lysosomes, production of ROS and cell death in the form of ferroptosis[136].

Chen et al[137] discovered that androgen receptors could induce tumor cell drug resistance during the
treatment of glioblastoma with temozolomide. Curcumin analogues reverse temozolomide resistance
through ubiquitinating androgen receptors, which can be achieved by inhibition of GPX4 followed by
induction of ferroptosis[137]. The reduction of oxaliplatin resistance in CRC occurs through a similar
mechanism. CRCs induce ferroptosis by disrupting the KIF20A/NUAK1/PP13/GPX4 pathway, in
which high expression of KIF20A has been shown to be associated with oxaliplatin resistance[138]. In
addition to the direct inhibition of GPX4 activity, blocking the synthesis of GSH also triggers ferroptosis
indirectly. It is reported that ent-kaurane diterpenoids overcome cisplatin resistance by targeting
peroxiredoxin I/II and consuming GSH to induce ferroptosis[139]. In head and neck cancer, cisplatin
resistance can also be overcome by inhibiting system Xc[140], and in gastric cancer, inhibition of the
Nrf2/Keapl/system Xc signaling pathway can induce the same effect[141].

Reversing targeted-therapy resistance

However, chemotherapy as a major means of cancer treatment has the undesirable side-effect of killing
normal cells. In contrast, targeted therapy has gradually become an effective treatment. About half of
patients with metastatic CRC have RAS mutations, which greatly limit the efficacy of cetuximab, an
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anti-epidermal growth factor receptor antibody. A natural product p-elemene, isolated from the Chinese
herb turmeric, in combination with cetuximab, confers high cytotoxicity toward metastatic CRC cells
with Kras mutations, and works by inducing ferroptosis and inhibiting epithelial-mesenchymal
transition[9]. Olaparib, a well-known inhibitor of poly (ADP-ribose) polymerase, promotes ferroptosis
by inhibiting SLC7A11-mediated GSH synthesis. A synergistic effect with FINs can sensitize BRCA-
activated ovarian cancer cells and xenograft cells[142]. Triple-negative breast cancer (TNBC) cells are
resistant to clinical doses of gefitinib. Inhibition of GPX4 and induction of ferroptosis can enhance the
sensitivity of TNBC to gefitinib[143]. Sorafenib is the first approved systemic medicine for advanced
hepatocellular carcinoma, but acquired resistance limits its usefulness in the clinic. Inhibition of metallo-
thionein-1g expression can enhance the anti-cancer activity of sorafenib by inducing ferroptosis in vitro
and in vivo[144]. Artesunate, a drug derived from traditional Chinese medicine, inhibits the growth of
sunitinib-resistant renal cell carcinoma by cell cycle arrest and induction of ferroptosis[145]. Similar to
erastin, GSH depletion accompanied by GPx inactivation is the underlying mechanism of cisplatin, and
cisplatin combined with erastin has enhanced anti-tumor activity compared to cisplatin alone[10]. The
combination of erastin and cisplatin may be a useful strategy to improve the efficacy of cisplatin for the
reason that the mechanisms used by these two compounds are different[10,146].

Reversing immunotherapy resistance

Over the past decade, immunotherapy with immune checkpoint inhibitors has shown promising
efficacy in various malignancies. Even so, there has been some resistance to its use. Based on research
advances, it has been proposed that stimulating the adaptive immune system by promoting
immunogenic cell death may change the immune cold state into a checkpoint blockade response state,
and ferroptosis happens to be immunogenic[147,148]. Therefore, induction of ferroptosis in cancer cells
may induce vaccine-like effects and stimulate anti-tumor immunity, thereby overcoming immuno-
therapy resistance[149-151]. On the other hand, immunosuppressive cells in the TME also contribute to
immunotherapy resistance, such as regulatory T cells (Tregs) and TAMs[152]. These findings suggest
that induction of ferroptosis in Tregs by GPX4 inhibition may reverse immunotherapy resistance[153].
Moreover, Jiang et al[154] found that reprogramming of TAMSs, due to in-tumor cell ferroptosis, resens-
itizes the tumor cells to immunotherapy[154].

CLINICAL PROGNOSTIC MODEL FOR FERROPTOSIS IN CRC

In recent years, numerous studies have focused on genetic screening for colon cancer and the
establishment of polygenic prognostic models associated with ferroptosis. Owing to the lack of reliable
and accurate biomarkers, the diagnosis, treatment and prognosis of colon cancer are faced with great
challenges. Therefore, the establishment of a sound prognostic model and the mining of key biomarkers
are effective ways to accurately predict the prognosis of CRC patients. In addition to their anti-cancer
potential, ferroptosis-related genes also play an important role in the construction of prognostic models.
Recent studies have shown that a new ferroptosis-related 10-gene prognostic model effectively predicts
the prognosis and overall survival of patients with CRC, providing a reference value for targeted
therapy and immunotherapy[11]. Xiang ef al[12] established a prediction model based on regression
analysis of CRC differentiation-related genes (CDRGs), and found that down-regulation of CDRGs was
closely related to ferroptosis and immune metabolism, thus showing that molecular subtypes based on
cell differentiation can successfully predict the prognosis of CRC patients undergoing chemotherapy
and immunotherapy[12]. Moreover, a prognostic model based on EMT and ferroptosis-related genes
predicted the ability of colorectal adenocarcinoma to invade and metastasize, where four genes involved
in ferroptosis were potential prognostic biomarkers, thus providing important guidance for the
individualized treatment and clinical decision-making of CRC[13]. Additionally, ferroptosis-related
IncRNA signatures have proved to be promising biomarkers. Wu et al[155] constructed a robust
prognostic model with only 4 ferroptosis-related IncRNA signatures, and the signature-based risk score
showed a stronger ability to predict survival than traditional clinicopathological features, contributing
to the prediction of clinical outcomes and treatment responses in patients with colon cancer[155]
(Table 1). In future studies, the construction of CRC prognostic models and the discovery of potential
biomarkers are expected to enhance and improve the survival and prognosis of CRC patients.

CONCLUSION

In summary, ferroptosis mainly involves the accumulation of intracellular lipid ROS resulting from a
disorder of iron metabolism[2]. Its unique form of death provides potential targets for the treatment of
tumors. Since ferroptosis exerts different effects through different mechanisms in different tumor types,
this article focuses on CRC to elaborate the molecular mechanisms and pathways of ferroptosis.
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Table 1 Prognostic model of ferroptosis-related genes in colorectal cancer patients

Model Related genes Ref.
10-Gene prognostic model TFAP2C, SLC39A8, NOS2, HAMP, GDF15, FDFT1, CDKN2A, ALOX12, AKR1C1, ATP6VIG2 [11]
Prediction model based on CDRG' regression analysis ACAA2, SRI, UGT2A3, KPNA2, MRPL37 [12]
Prognostic model based on EMT' and FRGs' MMP7, YAP1, PCOLCE, HOXC11 [13]
Prognostic model of 4-FRL' signatures AP003555.1, AC104819.3, LINC02381, AC005841.1 [155]

1CDRG: Colorectal cancer differentiation-related gene.

EMT: Epithelial-mesenchymal transition; FRG: Ferroptosis-related gene; FRL: Ferroptosis-related IncRNA.

Jaishideng®

Many studies have proposed possible pathways of ferroptosis in CRC, but the specific mechanisms
involved in the occurrence, development and metastasis of CRC remains unclear. In the classical
pathway, GPX4 can be used as a target for tumor therapy, but the inhibition of GPX4 may cause side
effects due to its protective role against p-amyloid toxicity in neurons[156,157]. Additionally, p53 has
contradictory effects on ferroptosis, but the mechanism in CRC is unique. Future studies can explore
how to achieve the switch between "brake" and "accelerator" in the regulation of ferroptosis[71].
Generally, the role of ferroptosis in disease may be to promote[158,159] or inhibit, but the induction of
ferroptosis, undoubtedly, has an inhibitory effect on the occurrence, development and metastasis of
CRC. In addition to the classical mechanism, other potential regulatory pathways need to be discovered.
As mentioned above, these regulated types of cell death may share common pathways and key
regulators, which could provide new directions for combined therapeutic interventions. Furthermore,
the occurrence of ferroptosis is cell-type dependent, so cancer treatment based on ferroptosis will not
necessarily be suitable for all cancer types, or even for different clinical stages of the same type.
Although these treatments can be expected to be affected by the development of tumor cell drug
resistance, with the gradual development of research, reducing drug resistance by inducing ferroptosis
is gradually becoming a reality[10], and the construction of prognostic disease models by screening
ferroptosis-related genes has become a focus of clinical research[13]. However, translating the multiple
basic research discoveries in ferroptosis to clinical treatment will be another difficult problem we will
soon face.
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