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Colorectal cancer (CRQC) is the third highest incidence and the second highest
mortality malignant tumor in the world. The etiology and pathogenesis of CRC
are complex. Due to the long course of the disease and no obvious early
symptoms, most patients are diagnosed as middle and late stages. CRC is
prone to metastasis, most commonly liver metastasis, which is one of the
leading causes of death in CRC patients. Ferroptosis is a newly discovered cell
death form with iron dependence, which is driven by excessive lipid peroxides on
the cell membrane. It is different from other form of programmed cell death in
morphology and mechanism, such as apoptosis, pyroptosis and necroptosis.
Numerous studies have shown that ferroptosis may play an important role in the
development of CRC. For advanced or metastatic CRC, ferroptosis promises to
open a hew door in the setting of poor response to chemotherapy and targeted
therapy. This mini review focuses on the pathogenesis of CRC, the mechanism of
ferroptosis and the research status of ferroptosis in CRC treatment. The potential
association between ferroptosis and CRC and some challenges are discussed.
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1 Introduction

CRC is a common gastrointestinal malignancy, CA: A Cancer Journal for Clinicians
usually combines colon, rectum, and anus cancers as CRC for statisticsor. The latest data
showed that in 2020, there were more than 1.9 million new cases of CRC and about 935,000
deaths in the world. The incidence and mortality of CRC ranked the third (10.0%) and
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second (9.4%) worldwide, respectively (1). The National Cancer
Center also released the cancer report in 2022. The data showed that
there were about 560,000 new cases and 290,000 deaths of CRC in
China. Incidence and mortality ranked second (12.2%) and fifth
(9.5%) in China, respectively (2). CRC has posed a major threat to
human health. The 5-year survival rate for advanced CRC is only
14% (3). Due to the unsatisfactory effects of traditional
chemotherapeutic drugs or targeted drugs, it is urgent to explore
new treatment strategies. Ferroptosis is a research hotspot in recent
years. It has a unique mechanism that distinguishes it from other
cell death manners. More importantly, studies have found that
ferroptosis is closely related to multiple cancer including CRC,
which can open a new door for CRC treatment.

2 Colorectal cancer
2.1 Symptoms and etiology

The symptoms of CRC are not obvious in the early stage. As the
tumor grows, it shows symptoms such as changes in bowel habits,
bleeding per rectum, diarrhea, local abdominal pain, anemia and

weight loss (Figure 1) (4). CRC can occur anywhere in the colon or
rectum, but the sigmoid colon and rectum are the most common

Symptoms

changes in
bowel habits
O bleeding per rectum

colorectal
cancer

\

10.3389/fonc.2023.1059520

case (5). At present, the etiology of CRC is not completely clear. It is
generally believed that the following factors are closely related to the
disease (Figure 1).

2.1.1 Dietary habit

It mainly includes the intake of high fat, high protein, low
dietary fiber and nitrite compounds; vitamin deficiency; intestinal
flora imbalance and other factors. Obesity induced by high fat diet
has been a high risk factor for CRC.

High fat diet not only can stimulate the increase of bile
secretion, but also promotes the growth of some anaerobic
bacteria in the intestine. Bile alcohol and bile salt are decomposed
by anaerobic bacteria to form unsaturated cholesterol, such as
deoxycholic acid and lithocholic acid, which is carcinogens or co-
carcinogens (6). Studies have shown that high fat diet can reduce
the expression of the major histocompatibility complex class II
(MHC class II) genes in intestinal epithelial cells (including
intestinal stem cells), thereby disrupting the intestinal flora and
promoting intestinal tumorigenesis (7).

High protein diet can increase harmful metabolites in the gut,
such as N-nitroso compounds (NOCs) and H,S. NOCs can lead to
DNA alkylation, which can induce genetic mutations that
ultimately lead to cancer (8, 9). After ingestion, protein is
decomposed into various absorbable amino acids including
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The symptomes, etiology and treatment of CRC. The symptoms include changes in bowel habits, bleeding per rectum, diarrhea, local abdominal pain,
anemia and weight loss etc. At present, the etiology of CRC is not completely clear. It is generally believed that dietary habit, familial inheritance,
polyps, inflammation, age are closely related to the disease. Surgery is the preferred treatment for patients with early-stage CRC. Commonly used
chemotherapy drugs mainly include 5-fluorouracil (5-FU)/leucovorin (LV), irinotecan, and oxaliplatin etc. Targeted therapeutic drugs mainly include
cetuximab and bevacizumab. Basic chemotherapy regimens included FOLFIRI (irinotecan+5-FU+LV), FOLFOX (oxaliplatin+5-FU+LV), FOLFOXIRI
(oxaliplatin+irinotecan+5-FU+LV) and its modified regimen FOLFIRINOX (reduced doses of irinotecan and 5-FU).

Frontiers in Oncology

02

frontiersin.org


https://doi.org/10.3389/fonc.2023.1059520
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Liang et al.

methionine and cysteine that can be further decomposed by sulfate-
reducing bacteria to produce H,S, which can promote the
occurrence of CRC by inhibiting butyrate oxidation, destroying
the intestinal barrier, and interacting with ROS to induce DNA
damage (10, 11).

Dietary fiber can increase intestinal peristalsis, promote stool
excretion, and reduce the food transit time in the colon, thus
reducing the contact time of potential carcinogens with intestinal
mucosa (12, 13). Moreover, the residues of dietary fiber can be
fermented by intestinal microbiota to produce short chain fatty
acids (SCFA), especially butyrate, which has important
physiological effects. Butyrate is not only the main energy source
of intestinal microbiota and intestinal epithelial cells, but also plays
an important role in colon health by inhibiting cell proliferation,
inducing cell differentiation, promoting cell apoptosis, and reducing
tumor cell invasiveness (14, 15). Therefore, lack of dietary fiber will
increase the risk of intestinal diseases.

2.1.2 Familial inheritance

Approximately 20-30% of CRC cases are associated with genetic
factors, 2-5% of CRC is caused by inherited syndrome, mainly
including Lynch syndrome, familial adenomatous polyposis,
juvenile polyposis syndrome, MUTYH-associated polyposis, and
Peutz-Jeghers syndrome etc (16, 17).

2.1.3 Polyps

The incidence of CRC is closely related to polyps. Colorectal
polyps including adenomatous polyps (adenomas), hamartomatous
polyps and serrated polyps are early lesions of cancer (18). It takes
at least 10 years for the progression of “polyp-adenomas-CRC” (19).
The formation factors of polyps mainly include genetic factors,
obesity, smoking, drinking, age and so on (20). Diet affects the
development of polyps and inflammation. Studies have reported
that high fat and protein (especially red meat) intake can
significantly increase intestinal polyp formation and inflammation
(21-23). However, the intake of dietary fiber can promote stool
excretion, reduce the contact of carcinogens with the intestinal
mucosa, and produce short-chain fatty acids, thereby reducing the
formation of intestinal polyps and inflammatory response (24).

2.1.4 Inflammation

Chronic inflammatory stimulation can lead to the development
of CRC. Inflammatory bowel disease (IBD) mainly includes
ulcerative colitis and Crohn’s disease, which is one of the high
risk factors for the development of CRC (25). Compared with the
general population, patients with IBD have an approximately 2-6
folds increased risk of developing CRC (26).

2.1.5 Age

Population aging has a significant impact on the incidence of
CRC. Surveys show that the incidence of CRC worldwide
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increases with age. In the United States, the incidence of CRC
is three times higher in people over 65 years old than in 50-64
years old, and approximately 30 times higher than in 25-49 years
old (27).

2.2 Pathogenesis

The pathogenesis of CRC is a multi-gene, multi-step and
multi-pathway process, which is caused by the gradual
accumulation of complex genetic and epigenetic events. CRC can
be divided into three classifications by etiology: sporadic CRC
(~80% cases), hereditary CRC (~20% cases), and inflammatory
CRC (<2% cases) (28). The most classic pathological process is
the progression from polyps to adenomas and finally to
adenocarcinoma. Intestinal polyps are benign precursors of most
CRC. Adenomas and serrated polyps are the two main subtype.
Approximately 85-90% of sporadic CRCs develop from adenomas.
The serrated polyps pathway accounts for only 10-15% of sporadic
CRC (29).

It is currently believed that the pathogenesis of CRC is mainly
related to the abnormality of five cell signal pathways: epidermal
growth factor receptor (EGFR) signal pathway (including MAPK
and PI3K signal pathway), Wnt/B-catenin signal pathway, Notch
signal pathway, p53 signal pathway and Transforming growth
factor-beta (TGF-P) signal pathway (30). Further analysis shows
that the molecular mechanism of CRC can be divided into three
type (Figure 2): chromosomal instability (CIN), microsatellite
instability (MSI) and CpG island methylation phenotype (CIMP)
(31). These three pathways are not mutually exclusive.

2.2.1 CIN mechanism

The CIN is the most classical pathway, accounting for 80-85%
of all CRC cases. Aneuploidy or structural chromosomal
abnormalities, frequent loss of heterozygosity at tumor suppressor
loci, and chromosomal rearrangement are the main features (32).
These changes will affect important genes related to the
maintenance of cell function, such as adenomatous polyposis coli
(APC), KRAS and TP53. About 80% of CRC patients have APC
mutations, which can active Wnt signal pathway. There are three
characteristic genes related to human tumors in RAS gene family
including HRAS, NRAS and KRAS. Among them, KRAS is the most
mutated in 40% of sporadic CRC (33). KRAS mutations can active
MAPK and PI3K signaling pathway, which increases cell
proliferation (34). It is well known that p53 is a tumor suppressor
protein, which is encoded by the TP53 gene. TP53 mutations occurs
in 40-50% of sporadic CRC, which is a key step driving the
development of CRC (35).

2.2.2 MSI mechanism

Microsatellite is short nucleotide tandem repeat in the DNA
sequence, which is easy to get a replication error due to repeated
structure. Mismatch repair (MMR) system mainly including MLH]1,
MSH2, MSH6, PMS1 and PMS2 proteins can repair these errors.
MSI is driven by the loss of function of MMR system, and promoter
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The pathological process, classification, signal pathway and molecular mechanism of CRC. The classic pathological process of CRC is "polyps-
adenoma-adenocarcinoma”, which needs over 10 years. Advanced CRC is prone to metastasis. Liver metastasis is the most common CRC more
than 50%. According to the etiology, CRC can be divided into three classifications. Sporadic CRC is the most common clinical case accounting for
approximately 80%. Hereditary CRC is associated with genetic factors accounting for approximately 20%, in which 2-5% cases are caused by
inherited syndrome such as Lynch syndrome and familial adenomatous polyposis. Inflammatory CRC is rare in clinical, which is less than 2%. As
reports, EGFR, Wnt/B-catenin, Notch, TGF-B and p53 are the main signal pathways at present. And CIN, MSI, CIMP are the major molecular
mechanism. CIN is related to high gene mutant of APC, KRAS and TP53. MSI is driven by the impairment of DNA mismatch repair (MMR) system
CIMP is a form of epigenetic modification and relates to the hypermethylation of CpG islands. CIMP-high subtype is BRAF mutations and MLH1

methylation and CIMP-low subtype is KRAS mutations.

hypermethylation is considered to be the main cause of gene
silencing. MSI accounts for about 15% of sporadic CRC.
Moreover, germ-line mutations in these genes causes Lynch
syndrome, which is the most common inherited type of CRC (36).

2.2.3 CIMP mechanism

Site specific DNA hypermethylation of CG dinucleotides (CpG
islands) associated with promoters of tumor suppressor genes and
DNA repair genes leads to transcriptional silencing that promotes
cancer initiation and progression. CIMP is first identified in CRC,
which is related to the hypermethylation of CpG islands in the
promoter region of tumor suppressor genes such as MINTI,
MINT2, MINT3 and MLH1 (37, 38). It is a form of epigenetic
modification and can be divided into two type. CIMP-high subtype
is BRAF mutations and MLHI methylation. CIMP-low subtype is
KRAS mutations. Studies have shown that BRAF and KRAS direct
the assembly of distinct corepressor complexes on a common
promoter through different pathways leading to promoter
hypermethylation and transcriptional silencing of CIMP (39).
BRAF increases phosphorylation of MAFG (a small MAF
protein) via the MEK/ERK signaling pathway, thereby protecting
MAFG from polyubiquitination and subsequent proteasome-
mediated degradation. Subsequently, MAFG recruits corepressor
complexes including BACH1, CHD8 and DNMT3B, resulting in
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promoter hypermethylation and transcriptional silencing of CIMP
(40). KRAS increases the level of zinc finger protein 304 (ZNF304)
by transcriptionally upregulating the serine/threonine kinase
protein kinase D1 (PRKD1) and ubiquitin-specific peptidase 28
(USP28). Subsequently, ZNF304 recruits corepressor complexes
including KAP1, SETDB1 and DNMT]1, resulting in promoter
hypermethylation and transcriptional silencing of CIMP (41).
CIMP is highly associated with the CRC developing from serrated
polyps pathway, but the underlying mechanism remains to be
further explored.

2.3 Metastasis and treatment of CRC

CRC treatment mainly involves surgery, chemotherapy and
radiotherapy. According to clinical guidelines, surgery is the
preferred treatment for patients with early-stage CRC, and
chemotherapy or targeted therapy should be used for patients with
advanced or metastatic CRC (42). Commonly used chemotherapy
drugs mainly include 5-fluorouracil (5-FU)/leucovorin (LV),
irinotecan, oxaliplatin, capecitabine, trifluridine, tippiridine and
raltitrexed. Targeted therapeutic drugs mainly include cetuximab,
bevacizumab, regorafenib, panitumumab and so on. Clinically, it is
mainly a comprehensive treatment based on chemotherapy. Basic
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chemotherapy regimens includes FOLFIRI (irinotecan+5-FU+LV),
FOLFOX (oxaliplatin+5-FU+LV), FOLFOXIRI (oxaliplatin
+irinotecan+5-FU+LV) and its modified regimen FOLFIRINOX
(reduced doses of irinotecan and 5-FU) (Figure 1) (43). The latest
NCCN guidelines (version 1. 2022) recommended FOLFIRINOX
instead of FOLFOXIRI because the FOLFOXIRI regimen at high
doses of 5-FU showed greater toxicity in American patients.

Surgery is the most effective way to cure CRC (44). However,
the surgical cure rate and 5-year overall survival rate of CRC have
been hovering around 50% (45), and the main reasons for treatment
failure are the high recurrence and metastasis rates.

CRC is prone to metastasis. It usually occurs in the liver, lung
and abdominal cavity. In addition, bone and brain metastasis may
occur. Among them, liver metastasis is the most common CRC, and
the rate of liver metastasis can over 50%. It is worth noting that 15-
25% of CRC patients appeared liver metastasis at initial diagnosis
(46). Without any treatment, most people with liver metastasis
survive only a few months. Liver metastasis is considered as the
leading direct cause of CRC-related death. It is fewer than 20% of
5-year survival rate for metastatic CRC patients (47). Due to the
clinical benefit rate remaining at a low level, it is urgent to
explore new treatment strategies for CRC. Ferroptosis is a novel
manner of programmed cell death, which plays an important role in
multiple diseases, such as neurological diseases, liver diseases,
gastrointestinal diseases and cancer (48, 49).

3 Ferroptosis
3.1 Characteristics of ferroptosis

Programmed cell death is an active and orderly way of cell death
determined by genes, which is closely related to the maintenance of
life homeostasis and the occurrence of diseases, mainly including
apoptosis, pyroptosis, necrosis and autophagy (50, 51). Cellular
ferroptosis is a term coined in 2012 by Dixon et al. It is referred to
induce cell membrane breakage through excess lipid peroxides on
cell membranes, a process in which iron is involved in regulation
(52). Ferroptosis is different from other type of cell death in
morphology and mechanism, and its main characteristics are
as follows.

3.1.1 Morphological characteristics

The main features are decreased mitochondrial volume,
decreased or disappearance crista, increased mitochondrial
membrane density, disruption of mitochondrial membrane and
without chromatin condensation. However, the nucleus structure is
intact and morphological changes are not obvious (53).

3.1.2 Biological characteristics

It is mainly manifested in the increase of reactive oxygen species
(ROS), the aggregation of iron ions, the increase of oxidation level
of reduced coenzyme II (NADPH), the inhibition of glutathione
peroxidase 4 (GPX4) and cystine/glutamic acid antiporter
transporter (system Xc') (54).
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3.1.3 Immunological characteristics

Ferroptosis not only affects innate immunity by affecting the
number and function of immune cells (e.g. macrophages and
neutrophils) but also affects adaptive immunity through triggering
inflammatory or specific responses after ferroptotic cells recognized
by immune cells (e.g. T and B lymphocytes). The death of immune
cells caused by ferroptosis may impair the immune response. In
contrast, non-immune cell death caused by ferroptosis can activate
damage-associated molecular patterns (DAMP), thereby activating
immune responses (55).

3.1.4 Genetic characteristics

The genes/proteins that regulate ferroptosis can be mainly
divided into three categories, among which SLC7A11, SLC3A2,
ATEF3, p53, etc. mainly regulate cystine uptake; GPX4, ACSL4,
LPCATS3, FSP1, NRF2, etc. mainly regulate lipid metabolism; TFR1,
HSPBI1, IREB2, NFS1 and others mainly regulate iron
metabolism (56).

3.2 Mechanism of ferroptosis

The occurrence and execution of ferroptosis involve multiple
metabolic pathways and processes, including lipid metabolism,
amino acid metabolism, iron metabolism, and other metabolic
pathways (Figure 3). Each aspect does not exist independently,
but influences and penetrates each other.

3.2.1 Lipid metabolism

Lipid peroxidation is key to the occurrence of ferroptosis.
Compared with monounsaturated fatty acids, polyunsaturated
fatty acids (PUFA) have diallyl moiety. Therefore, phospholipids
containing polyunsaturated fatty acids (PUFA-PL) are very
susceptible to peroxidation (57). The peroxidation of PUFA-PL is
mainly catalyzed by non-enzymatic autooxidation, which is
actuated by Fenton reaction and catalyzed by iron. Lipid
peroxides can be formed by capturing an unstable hydrogen atom
in diallyl group on PUFA-PL (58).

Acyl-coa synthetase long-chain family member 4 (ACSL4) can
catalyze the conversion of long-chain fatty acids to fatty acyl-
coenzymes in an ATP-dependent manner, which plays a crucial
role in the process of iron-dependent oxidative stress (59). ACSL4
tends to bind long-chain polyunsaturated fatty acids such as
arachidonic acid (AA) and adrenic acid (ADA), and then
specifically esterifies PUFA to PUFA-CoA such as AA-CoA and
ADA-CoA under the action of acetyl coenzyme A (CoA). Then,
under the catalysis of lysophosphatidylcholine acyltransferase 3
(LPCATS3), PUFA-CoA combines with phospholipids on the cell
membrane to form PUFA-PL, which is peroxidized to PUFA-PL-
OOH under the regulation of dioxygenase (ALOX) (60-62). On the
one hand, the accumulation of phospholipid peroxides makes the
cytomembrane thin and increases its curvature, and the accelerated
influx of oxidants intensifies the oxidation, which eventually leads
to membrane perforation, rupture and the release of cellular
contents (63). On the other hand, lipid peroxides are further
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The main metabolic pathways and processes of ferroptosis. Ferroptosis is a iron-dependent cell death type, which causes cell membrane rupture by
lipid peroxidesn. Lipid metabolism explains the formation process of lipid peroxides from PUFA to PUFA-PL-OOH. Amino acid metabolism explains
the process of cell inhibiting lipid peroxidation by GSH. Iron metabolism explains the important role of iron ions for inducing ferroptosis. Fe®* reacts

with endogenous H,O; in Fenton reaction to produce abundant ROS, which
mainly explain the influence of FSP1, NADPH, CoQ10, p53, NRF2 and mitoch

broken down into active substances that can deplete nucleic acids
and proteins, or accelerate the destruction of membrane structural
integrity, leading to cell ferroptosis (64, 65).

3.2.2 Amino acid metabolism

System Xc is a sodium independent transmembrane cystine/
glutamate antiporter located on the plasma membrane. It belongs to
heteromeric amino acid transporters (HATs), which are composed of
the light chain subunit SLC7A11 (xCT) and the heavy chain subunit
SLC3A2 (4F2hc) linked by covalent disulfide bonds. SLC7A11 is a
member of the SLC7 family, which mainly includes two subfamilies
of cationic amino acid transporters (CATs, SLC7A1-4 and SLC7A14)
and L-type amino acid transporters (LATs, SLC7A5-13 and
SLC7A15) (66). LATs can bind specifically to two members of
SLC3 (SLC3A1 and SLC3A2) to form HATSs (67).

The activity of system Xc™ is mainly determined by SLC7Al1l,
which is highly specific to cystine and glutamate. It can pump
glutamate out of the cell in a 1:1 ratio while transferring
extracellular cystine into the cell (68). Excessive release of
glutamate will increase the concentration of extracellular
glutamate, which in turn regulates the function of the system Xc’,
reducing the intake of cystine and the excretion of glutamate. At the
same time, released glutamate is an excitatory neurotransmitter
with dual effects of neurotoxicity and excitabilit (69).
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can promote lipid peroxidation and ferroptosis. Other metabolism ways
ondria on ferroptosis.

The cystine that enters the cell is decomposed into cysteine in a
highly reduced environment. Then cysteine is converted to GSH
under the catalysis of glutamate cysteine ligase (GCL) and
glutathione synthetase (GSS) (70). GPX4 is a kind of intracellular
antioxidant enzymes, which can catalyze the conversion of GSH
into its oxidized form GSSG, and convert harmful lipid peroxide (L-
OOH) into non-toxic lipid alcohol (L-OH), so as to inhibit lipid
peroxidation and prevent the occurrence of ferroptosis. With the
help of glutathione reductase (GSR), excess GSSG is reduced to
GSH by NADPH and enters the next cycle. On the contrary, when
system Xc~ or GPX4 is inhibited or inactivated, the redox balance in
the cell is dysregulated, which will promote the ferroptosis (71).

3.2.3 Iron metabolism

Fe** and Fe®* are two oxidation states of iron. Iron bines with
transferrin in blood circulation and exists in the form of Fe®*. After
entering cells via the transferrin receptor 1 (TfR1) on the cell
membrane, Fe* is deoxidized and converted to Fe*" under the action
of iron oxide reductase six transmembrane epithelial antigen of the
prostate 3 (STEAP3) (72). After that, Fe?* is transported to the labile
iron pool (LIP) in the cytoplasm by divalent metal transporter 1
(DMT1) (73). Intracellular iron is mainly stored in ferritin, and the
autophagic degradation of ferritin, which is mediated by nuclear
receptor coactivator 4 (NCOA4) (74), can release iron into LIP. Thus,
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blocking NCOA4 can reduce the level of LIP and inhibit ferroptosis
(75). In contrast, enhanced ferritin phagocytosis can increase the LIP
and promote ferroptosis. Dynamic iron pools can maintain iron balance
under normal physiological conditions while Fe** accumulates in cells
under pathological conditions. Excessive Fe** can not only react with
endogenous H,O, in Fenton reaction to produce a large amount of
ROS, but also enhance the activities of multiple metabolic enzymes
(such as LOXs, PDH1, ALOX and POR) with iron as a co-factor to
promote the generation of ROS (76). ROS can promote the peroxidation
of PUFA-PL on the cell membrane to generate lipid peroxides and cause
ferroptosis. Therefore, factors related to iron metabolism are potential
target sites for inducing ferroptosis.

3.2.4 Other metabolic pathways

Several metabolic processes in mitochondria are also significant in
triggering ferroptosis. Mitochondria are the main sites for the
production of intracellular ROS, which is critical for lipid
peroxidation and ferroptosis. Complexes I, II and III in mitochondria
are mainly located in the respiratory chain and generate superoxide,
which is then converted to H,O, by superoxide dismutase (77). H,O,
reacts with labile iron to generate hydroxyl radicals (-OH) and drives
PUFA-PL peroxidation through Fenton reaction. In addition, electron
transport and proton pumps in mitochondria are vital to produce ATP,
which also contributes to ferroptosis (78). When ATP is depleted,
PUFA-PL and ferroptosis are inhibited by activation of AMP-activated
protein kinase (AMPK) and inactivation of acetyl-CoA-carboxylaze
(ACC). In contrast, in the condition of sufficient energy, PUFA-PL
synthesis and ferroptosis are promoted (79).

Other factors affecting ferroptosis include coenzyme Q10
(CoQ10), NADPH, p53, nuclear factor E2 related factor 2
(NRF2), etc. Ferroptosis suppressor protein 1 (FSP1) is localized
to the plasma membrane and acts as an NADPH dependent
oxidoreductase that reduces ubiquinone CoQ10 to ubiquinol
(CoQH2) to prevent lipid oxidation and inhibits ferroptosis
(80, 81). p53 can inhibit cystine uptake and ferroptosis by down-
regulating the expression of SLC7A11 (82). NRF2 plays a significant
role in maintaining intracellular redox equilibrium. It up-regulates
the level of many genes (NQO1, HO1 and FTHI, etc.) involving in
the metabolism of iron and ROS through the p62-Keapl-NRF2
pathway, then inhibits ferroptosis (83).

4 Research status of ferroptosis
in CRC

4.1 Potential association between
ferroptosis and CRC

4.1.1 The role of ferroptosis in liver disease

Liver metastasis is the most common cause of CRC, and the
liver is a favorable site for ferroptosis. Liver disease is currently the
most studied type of ferroptosis. On the one hand, programmed cell
death triggered by lipid accumulation in hepatocytes is considered
as a possible cause of liver tissue damage and inflammation (84). On
the other hand, the liver is the main organ of iron deposition, and
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the dysregulation of iron metabolism leads to the production of a
large amount of free iron, which can significantly increase the
sensitivity of hepatic cells to ferroptosis (85). We know that
nonalcoholic steatohepatitis (NASH) is a severe chronic liver
disease characterized by lipid droplet accumulation, hepatocyte
death, and inflammatory cell infiltration. It is an important risk
factor for liver cirrhosis and carcinogenesis. Studies have shown
that ferroptosis is the preferential form of cell death in NASH. Liver
tissue inflammation is significantly inhibited by specific inhibition
of ferroptosis (86), thereby reducing the possibility of CRC.

4.1.2 The gastrointestinal tract provides favorable
conditions for ferroptosis

In fact, dietary fat is decomposed into fatty acids and
monoacylglycerols by pancreatic lipase in the intestinal cavity.
Fatty acids penetrate the mucus layer on the surface of microvilli
and are absorbed by villous intestinal epithelial cells (CD36, FABP,
etc.) then transport to the endoplasmic reticulum (87). With the
action of multiple enzymes such as fatty acid synthase, long-chain
fatty acids and triglycerides are resynthesized, which participates in
the formation of cell membranes or reserve energy for the body
(88). Based on studies of ferroptosis in liver disease, we can make
reasonable assumptions. Since the gastrointestinal tract is the
primary site for the metabolism and absorption of nutrients,
including fat and iron, it provides favorable conditions for
ferroptosis of gastrointestinal cells (89).

4.1.3 CRC tumor suppressor p53
regulates ferroptosis

In addition, in sporadic CRC, p53 is mutated in the late stage of
carcinogenesis, which promotes the further progression of adenoma
to adenocarcinoma (90). In colitis associated CRC, p53 is more
important and the mutating early can initiate tumorigenesis (91).
As the most important tumor suppressor gene, p53 can not
only cause apoptosis, cell cycle arrest and senescence, but also
play a tumor suppressor function by inducing ferroptosis as
described above.

4.1.4 Ferroptosis and CRC prognosis

There may be a correlation between ferroptosis and prognosis
of CRC. Biomarkers of ferroptosis, including GPX4, NOX1 and
ACSL4, are important prognostic markers in CRC. Moreover, IFN-
Y may be involved in tumor death, suggesting that patients with
CRC have a good prognosis (92). Obesity is closely related to poor
prognosis in patients with advanced CRC, because fat-derived
exosomes reduce the susceptibility to ferroptosis in CRC and
promote chemotherapy resistance to oxaliplatin (93).

4.2 Medications associated with
CRC ferroptosis
4.2.1 Ferroptosis inducers

Are ROS-promoting compounds effective in inducing
ferroptosis? We knew that endogenous ROS were mainly formed
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in the mitochondrial respiratory chain, and low levels of ROS
played an important role in regulating the biological functions of
cells. However, excessive ROS could oxidize proteins, lipids and
DNA, break redox homeostasis, and lead to cell death. ROS-
induced lipid peroxidation could induce programmed cell death
in the form of apoptosis, autophagy and ferroptosis.

Firstly, the formation of lipid peroxides can be achieved through
different pathways, mainly including non-enzymatic and enzymatic
pathways. The non-enzymatic pathway was an iron-dependent
process and an important link in the formation of ferroptosis. As
the name implied, the formation of lipid peroxides by lipoxygenase
catalysis was the enzymatic pathway. Secondly, lipid peroxides
could initiate different forms of programmed cell death through
different signaling pathways. They could not only initiate apoptosis
through pathways such as NF-kB, MAPK and PKC, but also initiate
autophagy through AMPK/mTORC and JNK-Bcl-2/Beclin 1 (94).
For example, knockdown of protocadherin 7 (PCDH7) affects
autophagy and induces ferroptosis, which enhances the sensitivity
of colon cancer cells to chemotherapy by inhibiting the MEK1/2/
ERK/c-FOS axis (95). In addition, they could achieve ferroptosis by
interacting directly with the cell membrane and disrupting
membrane integrity. Therefore, ferroptosis was different from
other forms of cell death in cell morphology and mechanism.

The changes of ferrous ion concentration, lipid peroxides and
ferroptosis-related proteins were the key indicators to identify the
occurrence of ferroptosis (64). For example, Liu et al. demonstrated
that oxaliplatin could promote ferroptosis by inhibiting the NRF2
signaling pathway. The results showed that after HT29 cells were
treated with oxaliplatin, the Fe*" concentration in the cells was
significantly increased and the ferroptosis-related protein GPX was
significantly decreased, thus contributing to the production of a
large amount of ROS and lipid peroxides (95). Dichloroacetic acid
(DCA) can cause iron death in colorectal cancer stem cell (CSC),
manifested as increased iron concentrations, lipid peroxides, and
glutathione levels (96).

Although many chemotherapeutic drugs could induce ROS
production, there was no significant change in the ferroptosis-related
characteristics during cell death. Therefore, it did not belong to
ferroptosis. They may cause the destruction of proteins or DNA by
ROS or the production of lipid peroxides by enzymatic pathways,
thereby causing cell death through apoptosis and autophagy. For
example, Liu et al. found that the small molecule compound VBI
(extracted from Vitex negundo) showed anti-tumor activity, which led
to DNA damage and apoptosis by promoting the accumulation of ROS
in cells (97).

Ferroptosis inducers (FIN) are compounds that can induce
ferroptosis in cells. In tumor therapy, they can be mainly divided
into two kinds according to their mechanism of action. 1) FIN
associated with System Xc. These inducers act primarily by
inhibiting SLC7A11-mediated cystine uptake in system Xc. It
mainly includes erastin and its derivatives (such as imidazole
ketone erastin, perazine erastin), sulfasalazine, sorafenib, etc. 2)
FIN associated with GPX4. These inducers can be further
subdivided into three kinds: a) directly blocking GPX4 enzyme
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activity, including RSL3, ML162, ML210, DPI7, etc.; b) depleting
GPX4 protein, binding squalene synthase (SQS) and depleting
antioxidant CoQ10, such as FIN56; c) directly oxidizing Fe** and
indirect inactivating GPX4, such as FINO2 (90, 98).

According to reports, there are mainly 14 compounds (such as
erastin, RSL3, talaroconvolutin-A, etc.) that can be used in CRC
treatment (Table 1). RSL3 is a classical inhibitor by directly
inhibiting the catalytic activity of GPX4. It utilizes the electron-
philic chloroacetamide fraction to covalently bind to the
selenocysteine residue of GPX4, which promotes the
accumulation of intracellular ROS and lipid peroxidation, thereby
triggering ferroptosis (99). Cetuximab inhibits the Nrf2/HO-1 axis
by activating p38 MAPK and enhances RSL3-induced ferroptosis
(111). Erastin was the first FIN to be discovered. By binding with
SLC7AL11, erastin can inhibit its activity and affect cystine transport,
thereby reducing GSH synthesis, which results in the failure of
removing lipid peroxides in time, then causing cell membrane
damage and triggering ferroptosis (112). Talaroconvolutin-A
(TalaA) is a novel ferroptosis inducer, which is more effective
than erastin according to report. TalaA can promote ferroptosis
through not only promoting ROS production but also down-
regulating SLC7A11 and up-regulating arachidonate lipoxygenase
3 (ALOXE3) (103). Lysionotin (Lys) is a flavonoid compound that
promotes the accumulation of ROS in CRC cells and increases the
degradation rate of Nrf2 protein, resulting in ferroptosis (113).
Petunidin 3-O-[rhamnopyranosyl-(trans-p-coumaroyl)]-5-O-(-
D-glucopyranoside) (Pt3R5G) further inhibits the proliferation of
human colonic adenocarcinoma cells (RKO) primarily by down-
regulating SLC7A11 to inhibit ferroptosis (114). Auriculasin
promotes CRC apoptosis, ferroptosis, and oxidative apoptosis by
inducing ROS production, thereby inhibiting cell infiltration (114).
Double-targeted PI3K and HDAC inhibitor BEBT-908 developed
by Fan et al. can induce cancer cell ferroptosis and effectively inhibit
tumor cell growth by up-regulating MHC class I molecule of tumor
cell and activating endogenous IFN- y signal through STATI
signaling pathway (115). Tagitinin C induces ferroptosis through
endoplasmic reticulum stress-mediated activation of the PERK-
Nrf2-HO-1 signaling pathway (110).

Since the concept of ferroptosis was proposed in 2012, the
initial design ideas of some drugs like those listed in Table 1 were
not based on the mechanism of ferroptosis. For example,
oxaliplatin exerted anti-tumor effect mainly by inhibiting DNA
replication and transcription. It produced biologically active
hydrated derivatives in body fluids that form intra- and inter-
strand crosslinks with DNA (116). However, its ferroptosis-
inducing effect has been found in recent studies. At present,
there is no clear evidence that oxaliplatin has a more obvious
effect on inhibiting DNA synthesis or inducing ferroptosis.
However, according to the existing research results, ferroptosis
is an effective adjuvant treatment method at least, which can
enhance the overall treatment effect (117).

In addition to the drugs mentioned above, some other proteins
and enzymes have extensive effects, including miR-19a, OTUDI,
miR-15a-3p, HSPA5 and N-acetyltransferase 10 (NAT10), etc.,
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TABLE 1 Ferroptosis inducers for CRC treatment.

10.3389/fonc.2023.1059520

Drug/compound Mechanisms References
RSL3 Inhibited GPX4 (99)
Resibufogenin Inhibited GPX4 (100)
Erastin Inhibited SLC7A11 (101)
Benzopyran derivative 2-imino-6-methoxy-2H- Down-regulated SLC7A11 (101)
chromene-3-carbothioamide (IMCA)

Paclitaxel Down-regulated SLC7A1 and up-regulated p53 (102)
Oxaliplatin Inhibited NRF2 (95)
Talaroconvolutin A Promoted ROS production, down-regulated SLC7A11, up-regulated ALOXE3 (103)
B-elemene Combined with cetuximab to promoted ROS production, up-regulated HO-1 and transferrin, (104)

down-regulated of GPX4, SLC7A11 in KRAS mutant CRC cells

Vitamin C Promoted ROS production and combined with cetuximab for anti-EGFR therapies in CRC (105)
Bromelain Promoted ROS production by up-regulating ACSL4 in KRAS-mutant CRC cells (106)
Sulfasalazine Enhanced sensitivity of cisplatin to CRC by inhibiting system Xc (107)
Sorafenib Induced lipid peroxidation and adjusted iron metabolism (108)
Artemisinin and its derivatives (Artesunate, Adjusted iron metabolism by targeting ferritinophagy (109)

dihydroartemisinin)

Tagitinin C

which can also be involved in the regulation of iron death and thus
affect the occurrence and development of colorectal cancer. For
example, oncogenic miR-19a negatively regulates ferroptosis
inducer iron responsive element binding protein 2 (IREB2),
inhibiting the growth of CRC cells and reducing the risk of
ferroptosis (118). OTUDI is a deubiquitinating enzyme of IREB2
that stabilizes IREB2-mediated iron transport, leading to increased
ROS production and ferroptosis (119). Overexpression of miR-15a-
3p can inhibit GPX4, resulting in increased levels of ROS,
intracellular Fe** and malondialdehyde (120). HSPA5 protects
cells against ferroptosis, which promotes the occurrence and
development of CRC by maintaining the stability of GPX4 and
inhibiting ferroptosis (121). N-acetyltransferase 10 (NAT10) can
affect the mRNA stability and expression of ferroptosis suppressor
protein 1 (FSP1). The overexpressed of NAT10 can enhance the
cells proliferation, migration, invasion, tumorigenesis and
metastasis, and reduce the patient survival time (122).

4.2.2 Nanomedicine based on ferroptosis
Nanotechnology has been extensively studied to develop
advanced nanoparticle drug delivery systems for anticancer drug
delivery, which has significant advantages in improving drug
availability and targeted delivery properties. The disadvantages of
low solubility and poor membrane permeability can be well
overcome by preparing anticancer drugs into nanoparticles (123).
More importantly, nanomedicine has unique advantages in cancer
treatment due to the enhanced permeability and retention (EPR)
effect and easy surface modification of nanoparticles (124).
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Up-regulated HO-1 and promoted lipid peroxidation

(110)

Recently, there has been increasing interest in ferroptosis driven
nanomedicine due to the potent antitumor activity offered by the
combination of ferroptosis and nanotechnology (125). Pan et al.
reported that zinc oxide nanoparticles could inhibit GSH synthesis
by scavenging H,S from CRC to induce ferroptosis (126). Li et al.
designed a nanoplatform (GCMNPs) based on glycyrrhetinic acid
(GA)/poly (lactic-co-glycolic acid), which could induce ferroptosis
by increasing intracellular H,O,, Fe** and lipid peroxidation levels
and suppressing GPX4 expression. Moreover, they confirmed that
combination of GCMNPs and ferrotherapy could enhanced Fenton
reaction and immune response in CRC mouse models (127). Chen
et al. constructed nanoelicitors, which included two immune-
elicitable polyphenols (Chlorogenic acid and Mitoxantrone)
and Fe’" ions. The results showed that nanoelicitors could
activate tumoricidal immunityto enhance ferroptosis in CRC
treatment (128). Han et al. reported core-shell structure
nanoparticles of ZnP@DHA/Pyro-Fe, which was used to co-
deliver dihydroartemisinin (DHA) and pyropheophorbide-iron
(Pyro-Fe). This strategy could remarkably enhance ferroptosis
and therapeutic effect of DHA in CRC mouse models (128).
Carbon dots (CDs) are zero-dimensional nanomaterials. Tian
et al. prepared pentacyclic triterpenes (PTs), a natural anticancer
product, into PTs-CDs, which can induce and selectively kill cancer
cells by targeting apoptosis, autophagy and ferroptosis of tumor
mitochondria (129).

As mentioned above (Table 2), there are few reports on the
nanoparticles by promoting ferroptosis for CRC treatment.
Moreover, due to poor effect of monotherapy in tumor treatment,
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TABLE 2 Nanoparticles based on ferroptosis for CRC treatment.

10.3389/fonc.2023.1059520

Nanoparticles Components Mechanisms References
Zinc oxide ZnO; Inhibited GSH synthesis by scavenging H,S (126)
nanospheres Virus-like mesoporous silica
nanoparticles;
Glycyrrhetinic acid Glycyrrhetinic acid; Inhibited GPX4 (127)
nanoparticles Poly (lactic-co-glycolic acid); Increasd intracellular H,0,, Fe** and lipid peroxidation levels
Leukocyte membrane; Enhanced Fenton reaction by introducing exogenous Fe iron
Ferumoxytol
Self-assembly Chlorogenic acid (CA); CA and MIT induced tumoricidal immunity and promoted the cytotoxic T lymphocyte to (128)
nanoelicitors Mitoxantrone (MIT); release IFN-7y, which could inhibit system Xc to GPX4 pathway.
Fe** ions; Enhanced Fenton reaction by introducing exogenous Fe iron.
PEG-AZB-0O;
HSPC;
Cholesterol
ZnP@DHA/Pyro- Zin phosphates; Enhanced Fenton reaction by introducing exogenous Fe iron (128)
Fe nanoparticles DOPA;
DOPCG;
DSPE-PEG2k;
Cholesterol;
Cholesterol derivative of
dihydroartemisinin (Chol-DHA);
pyropheophorbide-iron (Pyro-Fe);

the combination of ferroptosis with tumor targeted imaging,
phototherapy, chemotherapy, autophagy or immune regulation is
going to be a new trend. Therefore, the nanomedicine based on
ferroptosis for CRC treatment has great space for development.

5 Summary and prospect

This mini review summarizes the epidemiology, symptoms,
etiology and pathogenesis of CRC, focusing on three molecular
mechanisms (CIN, MSI and CIMP) of CRC. The basic
characteristics, mechanisms of ferroptosis and its potential
association with CRC are also summarized. The mechanisms
including lipid metabolism, amino acid metabolism, iron
metabolism and other metabolic methods that affect the
occurrence and execution of ferroptosis are highlighted. In
addition, the research status of FIN and nanomedicine in CRC
treatment are emphatically introduced.

In recent years, although significant progress has been made in
the research of ferroptosis in cancer treatment, it is still in the initial
stage, mainly focusing on basic research. However, the mechanism
between ferroptosis and CRC remains unclear. Whether there are
specific regulatory factors or signaling pathways. Ferroptosis and
other forms of programmed cell death, which have a greater impact
on CRC, require further research and confirmation.

The ultimate goal of research is to achieve clinical transformation
and benefit patients. But there is still a long way to go before clinical
application, and there are still many problems to be solved. Which
patients are more likely to benefit from ferroptosis-related treatment.
Which gene or protein can be used as biomarkers for patients’ response
to ferroptosis treatment. What are the adverse effects of ferroptosis

Frontiers in Oncology

10

treatment and how to control adverse reactions. There is still no clear
answer to the above question, which needs further exploration.

Although ferroptosis faces many difficulties and challenges on the
road to clinical application, as an emerging cell death type, ferroptosis-
based therapeutic strategies still have great potential. Although there
are few studies on nanoparticles involving ferroptosis for CRC
treatment, the combination of ferroptosis with nanotechnology and
various theranostic modalities is inevitable development trend.
Overall, ferroptosis promises to open a new door for cancer
treatment including CRC.

Author contributions

HL, XH and YT wrote the manuscript. NB, YP and KH
prepared tables and figures. YW designed and reviewed the
manuscript. All authors contributed to the article and approved
the submitted version.

Funding

This study was supported by Natural Science Foundation of
China (81802504 and 72174038), National key R&D Program of
China (2020YFC2005500). It is also supported by Research
Programs of Science and Technology Department of Sichuan
Province (2022YFS0272, 2022YFH0005, 2023YFHO0010),
Personalized Drug Therapy Key Laboratory of Sichuan Province
(2021ZD02, 2022YB02), Sichuan Medical Association (S16068 and
Q19037), Postdoctoral Science Foundation of Sichuan Province
(TB2022047), and Postdoctoral Science Foundation of Sichuan

frontiersin.org


https://doi.org/10.3389/fonc.2023.1059520
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Liang et al.

Academy of Medical Sciences & Sichuan Provincial People’s
Hospital (2022BH04, 2020LY06).

Conflict of interest

The authors declared that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

References

1. Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram I, Jemal A, et al. Global
cancer statistics 2020: GLOBOCAN estimates of incidence and mortality worldwide for 36
cancers in 185 countries. CA Cancer J Clin (2021) 71(3):209-49. doi: 10.3322/caac.21660

2. Zheng R, Zhang S, Zeng H, Wang S, Sun K, Chen R, et al. Cancer incidence and
mortality in China, 2016. J Natl Cancer Center (2022) 2(1):1-9. doi: 10.1016/
j.jnce.2022.02.002

3. Abdel Ghafar MT, Gharib F, Abdel-Salam S, Elkhouly RA, Elshora A, Shalaby
KH, et al. Role of serum metadherin mRNA expression in the diagnosis and prediction
of survival in patients with colorectal cancer. Mol Biol Rep (2020) 47(4):2509-19.
doi: 10.1007/s11033-020-05334-5

4. Sawicki T, Ruszkowska M, Danielewicz A, Niedzwiedzka E, T. Artukowicz and
KE. Przybylowicz: A review of colorectal cancer in terms of epidemiology, risk factors,
development, symptoms and diagnosis. Cancers (Basel) (2021) 13(9):2025.
doi: 10.3390/cancers13092025

5. Qin X, Liu CY, Xiong YL, Bai T, Zhang L, Hou XH, et al. The clinical features of
chronic intestinal schistosomiasis-related intestinal lesions. BMC Gastroenterol (2021)
21(1):12. doi: 10.1186/s12876-020-01591-7

6. Ocvirk S, O'Keefe SJ. Influence of bile acids on colorectal cancer risk: Potential
mechanisms mediated by diet - gut microbiota interactions. Curr Nutr Rep (2017) 6
(4):315-22. doi: 10.1007/s13668-017-0219-5

7. Beyaz S, Chung C, Mou H, Bauer-Rowe KE, Xifaras ME, Ergin I, et al. Dietary
suppression of MHC class II expression in intestinal epithelial cells enhances intestinal
tumorigenesis. Cell Stem Cell (2021) 28(11):1922-1935.e5. doi: 10.1016/
j.stem.2021.08.007

8. Thegersen R, Gray N, Kuhnle G, Van Hecke T, De Smet S, Young JF, et al. Inulin-
fortification of a processed meat product attenuates formation of nitroso compounds in
the gut of healthy rats. Food Chem (2020) 302:125339. doi: 10.1016/
j.foodchem.2019.125339

9. Wang P, Leng J, Wang Y. DNA Replication studies of n-nitroso compound-
induced O(6)-alkyl-2'-deoxyguanosine lesions in escherichia coli. J Biol Chem (2019)
294(11):3899-908. doi: 10.1074/jbc.RA118.007358

10. Alhinai EA, Walton GE, Commane DM. The role of the gut microbiota in
colorectal cancer causation. Int J Mol Sci (2019) 20(21):5295. doi: 10.3390/
ijms20215295

11. Cheng Y, Ling Z, Li L. The intestinal microbiota and colorectal cancer. Front
Immunol (2020) 11:615056. doi: 10.3389/fimmu.2020.615056

12. Huang P, Liu Y. A reasonable diet promotes balance of intestinal microbiota:
Prevention of precolorectal cancer. BioMed Res Int (2019) 2019:3405278. doi: 10.1155/
2019/3405278

13. Gill SK, Rossi M, Bajka B, Whelan K. Dietary fibre in gastrointestinal health and
disease. Nat Rev Gastroenterol Hepatol (2021) 18(2):101-16. doi: 10.1038/s41575-020-
00375-4

14. Wu X, Wu Y, He L, Wu L, Wang X, Liu Z. Effects of the intestinal microbial
metabolite butyrate on the development of colorectal cancer. J Cancer (2018) 9
(14):2510-7. doi: 10.7150/jca.25324

15. Gianfredi V, Salvatori T, Villarini M, Moretti M, Nucci D, Realdon S. Is dietary
fibre truly protective against colon cancer? A Syst Rev Meta-analysis Int ] Food Sci Nutr
(2018) 69(8):904-15. doi: 10.1080/09637486.2018.1446917

16. Connell LC, Mota JM, Braghiroli MI, Hoft PM. The rising incidence of younger
patients with colorectal cancer: Questions about screening, biology, and treatment.
Curr Treat Options Oncol (2017) 18(4):23. doi: 10.1007/s11864-017-0463-3

17. Dal Buono A, Gaiani F, Poliani L, Laghi L. Juvenile polyposis syndrome: An
overview. Best Pract Res Clin Gastroenterol (2022) 58-59:101799. doi: 10.1016/
j.bpg.2022.101799

18. Byrne RM, Tsikitis VL. Colorectal polyposis and inherited colorectal cancer
syndromes. Ann Gastroenterol (2018) 31(1):24-34. doi: 10.20524/a0g.2017.0218

Frontiers in Oncology

10.3389/fonc.2023.1059520

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

19. Maida M, Macaluso FS, Ianiro G, Mangiola F, Sinagra E, Hold G, et al. Screening
of colorectal cancer: Present and future. Expert Rev Anticancer Ther (2017) 17
(12):1131-46. doi: 10.1080/14737140.2017.1392243

20. Bailie L, Loughrey MB, Coleman HG. Lifestyle risk factors for serrated colorectal
polyps: A systematic review and meta-analysis. Gastroenterology (2017) 152(1):92-104.
doi: 10.1053/j.gastro.2016.09.003

21. Pop OL, Vodnar DC, Diaconeasa Z, Istrati M, Bintintan A, Bintintan V'V, et al.
An overview of gut microbiota and colon diseases with a focus on adenomatous colon
polyps. Int ] Mol Sci (2020) 21(19):7359. doi: 10.3390/ijms21197359

22. Seiwert N, Heylmann D, Hasselwander S, Fahrer J. Mechanism of colorectal
carcinogenesis triggered by heme iron from red meat. Biochim Biophys Acta Rev Cancer
(2020) 1873(1):188334. doi: 10.1016/j.bbcan.2019.188334

23. Wang D, Fu L, Wei ], Xiong Y, DuBois RN. PPARS mediates the effect of dietary
fat in promoting colorectal cancer metastasis. Cancer Res (2019) 79(17):4480-90.
doi: 10.1158/0008-5472.Can-19-0384

24. Bishehsari F, Engen PA, Preite NZ, Tuncil YE, Nagib A, Shaikh M, et al. Dietary
fiber treatment corrects the composition of gut microbiota, promotes SCFA
production, and suppresses colon carcinogenesis. Genes (Basel) (2018) 9(2):102.
doi: 10.3390/genes9020102

25. Nadeem MS, Kumar V, Al-Abbasi FA, Kamal MA, Anwar F. Risk of colorectal
cancer in inflammatory bowel diseases. Semin Cancer Biol (2020) 64:51-60.
doi: 10.1016/j.semcancer.2019.05.001

26. Keller DS, Windsor A, Cohen R, Chand M. Colorectal cancer in inflammatory
bowel disease: review of the evidence. Tech Coloproctol (2019) 23(1):3-13. doi: 10.1007/
s10151-019-1926-2

27. Rawla P, Sunkara T, Barsouk A. Epidemiology of colorectal cancer: incidence,
mortality, survival, and risk factors. Prz Gastroenterol (2019) 14(2):89-103.
doi: 10.5114/pg.2018.81072

28. Fischer ], Walker LC, Robinson BA, Frizelle FA, Church JM, Eglinton TW.
Clinical implications of the genetics of sporadic colorectal cancer. ANZ J Surg (2019) 89
(10):1224-9. doi: 10.1111/ans.15074

29. Keum N, Giovannucci E. Global burden of colorectal cancer: emerging trends,
risk factors and prevention strategies. Nat Rev Gastroenterol Hepatol (2019) 16
(12):713-32. doi: 10.1038/s41575-019-0189-8

30. Koveitypour Z, Panahi F, Vakilian M, Peymani M, Seyed Forootan F, Nasr
Esfahani MH, et al. Signaling pathways involved in colorectal cancer progression. Cell
Biosci (2019) 9:97. doi: 10.1186/s13578-019-0361-4

31. Schmitt M, Greten FR. The inflammatory pathogenesis of colorectal cancer. Nat
Rev Immunol (2021) 21(10):653-67. doi: 10.1038/s41577-021-00534-x

32. Eslami M, Yousefi B, Kokhaei P, Hemati M, Nejad ZR, Arabkari V, et al.
Importance of probiotics in the prevention and treatment of colorectal cancer. ] Cell
Physiol (2019) 234(10):17127-43. doi: 10.1002/jcp.28473

33. Javarsiani MH, Javanmard SH, Colonna F. Metastatic components in colorectal
cancer. ] Res Med Sci (2019) 24:75. doi: 10.4103/jrms.JRMS_957_18

34. Laszlo L, Kurilla A, Takacs T, Kudlik G, Koprivanacz K, Buday L, et al. Recent
updates on the significance of KRAS mutations in colorectal cancer biology. Cells
(2021) 10(3):667. doi: 10.3390/cells10030667

35. Li H, Zhang J, Tong JHM, Chan AWH, Yu J, Kang W, et al. Targeting the
oncogenic p53 mutants in colorectal cancer and other solid tumors. Int ] Mol Sci (2019)
20(23):5999. doi: 10.3390/ijms20235999

36. De' Angelis GL, Bottarelli L, Azzoni C, De' Angelis N, Leandro G, Di Mario F,
et al. Microsatellite instability in colorectal cancer. Acta BioMed (2018) 89(9-5):97-101.
doi: 10.23750/abm.v89i9-S.7960

37. Jung G, Hernandez-Illan E, Moreira L, Balaguer F, Goel A. Epigenetics of
colorectal cancer: Biomarker and therapeutic potential. Nat Rev Gastroenterol Hepatol
(2020) 17(2):111-30. doi: 10.1038/541575-019-0230-y

frontiersin.org


https://doi.org/10.3322/caac.21660
https://doi.org/10.1016/j.jncc.2022.02.002
https://doi.org/10.1016/j.jncc.2022.02.002
https://doi.org/10.1007/s11033-020-05334-5
https://doi.org/10.3390/cancers13092025
https://doi.org/10.1186/s12876-020-01591-7
https://doi.org/10.1007/s13668-017-0219-5
https://doi.org/10.1016/j.stem.2021.08.007
https://doi.org/10.1016/j.stem.2021.08.007
https://doi.org/10.1016/j.foodchem.2019.125339
https://doi.org/10.1016/j.foodchem.2019.125339
https://doi.org/10.1074/jbc.RA118.007358
https://doi.org/10.3390/ijms20215295
https://doi.org/10.3390/ijms20215295
https://doi.org/10.3389/fimmu.2020.615056
https://doi.org/10.1155/2019/3405278
https://doi.org/10.1155/2019/3405278
https://doi.org/10.1038/s41575-020-00375-4
https://doi.org/10.1038/s41575-020-00375-4
https://doi.org/10.7150/jca.25324
https://doi.org/10.1080/09637486.2018.1446917
https://doi.org/10.1007/s11864-017-0463-3
https://doi.org/10.1016/j.bpg.2022.101799
https://doi.org/10.1016/j.bpg.2022.101799
https://doi.org/10.20524/aog.2017.0218
https://doi.org/10.1080/14737140.2017.1392243
https://doi.org/10.1053/j.gastro.2016.09.003
https://doi.org/10.3390/ijms21197359
https://doi.org/10.1016/j.bbcan.2019.188334
https://doi.org/10.1158/0008-5472.Can-19-0384
https://doi.org/10.3390/genes9020102
https://doi.org/10.1016/j.semcancer.2019.05.001
https://doi.org/10.1007/s10151-019-1926-2
https://doi.org/10.1007/s10151-019-1926-2
https://doi.org/10.5114/pg.2018.81072
https://doi.org/10.1111/ans.15074
https://doi.org/10.1038/s41575-019-0189-8
https://doi.org/10.1186/s13578-019-0361-4
https://doi.org/10.1038/s41577-021-00534-x
https://doi.org/10.1002/jcp.28473
https://doi.org/10.4103/jrms.JRMS_957_18
https://doi.org/10.3390/cells10030667
https://doi.org/10.3390/ijms20235999
https://doi.org/10.23750/abm.v89i9-S.7960
https://doi.org/10.1038/s41575-019-0230-y
https://doi.org/10.3389/fonc.2023.1059520
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Liang et al.

38. Oh HH, Joo YE. Novel biomarkers for the diagnosis and prognosis of colorectal
cancer. Intest Res (2020) 18(2):168-83. doi: 10.5217/ir.2019.00080

39. Miller BF, Sanchez-Vega F, Elnitski L. The emergence of pan-cancer CIMP and
its elusive interpretation. Biomolecules (2016) 6(4):45. doi: 10.3390/biom6040045

40. Fang M, Ou J, Hutchinson L, Green MR. The BRAF oncoprotein functions
through the transcriptional repressor MAFG to mediate the CpG island methylator
phenotype. Mol Cell (2014) 55(6):904-15. doi: 10.1016/j.molcel.2014.08.010

41. Serra RW, Fang M, Park SM, Hutchinson L, Green MR. A KRAS-directed
transcriptional silencing pathway that mediates the CpG island methylator phenotype.
Elife (2014) 3:02313. doi: 10.7554/eLife.02313

42. Ahmed M. Colon cancer: A clinician's perspective in 2019. Gastroenterol Res
(2020) 13(1):1-10. doi: 10.14740/gr1239

43. Folprecht G, Martinelli E, Mazard T, Modest DP, Tsuji A, Esser R, et al. Triplet
chemotherapy in combination with anti-EGFR agents for the treatment of metastatic
colorectal cancer: Current evidence, advances, and future perspectives. Cancer Treat
Rev (2022) 102:102301. doi: 10.1016/j.ctrv.2021.102301

44. Johdi NA, Sukor NF. Colorectal cancer immunotherapy: Options and strategies.
Front Immunol (2020) 11:1624. doi: 10.3389/fimmu.2020.01624

45. Joachim C, Macni J, Drame M, Pomier A, Escarmant P, Veronique-Baudin J,
et al. Overall survival of colorectal cancer by stage at diagnosis: Data from the
Martinique cancer registry. Med (Baltimore) (2019) 98(35):e16941. doi: 10.1097/
MD.0000000000016941

46. Gorgen A, Muaddi H, Zhang W, McGilvray I, Gallinger S, Sapisochin G. The new era
of transplant oncology: Liver transplantation for nonresectable colorectal cancer liver
metastases. Can ] Gastroenterol Hepatol (2018) 2018:9531925. doi: 10.1155/2018/9531925

47. Biller LH, Schrag D. Diagnosis and treatment of metastatic colorectal cancer: A
review. JAMA (2021) 325(7):669-85. doi: 10.1001/jama.2021.0106

48. Xu S, He Y, Lin L, Chen P, Chen M, Zhang S. The emerging role of ferroptosis in
intestinal disease. Cell Death Dis (2021) 12(4):289. doi: 10.1038/s41419-021-03559-1

49. Chen X, Kang R, Kroemer G, Tang D. Broadening horizons: the role of
ferroptosis in cancer. Nat Rev Clin Oncol (2021) 18(5):280-96. doi: 10.1038/s41571-
020-00462-0

50. D'Arcy MS. Cell death: a review of the major forms of apoptosis, necrosis and
autophagy. Cell Biol Int (2019) 43(6):582-92. doi: 10.1002/cbin.11137

51. Gao M, Monian P, Pan Q, Zhang W, Xiang J, Jiang X. Ferroptosis is an
autophagic cell death process. Cell Res (2016) 26(9):1021-32. doi: 10.1038/cr.2016.95

52. Hirschhorn T, Stockwell BR. The development of the concept of ferroptosis. Free
Radic Biol Med (2019) 133:130-43. doi: 10.1016/j.freeradbiomed.2018.09.043

53. Kinowaki Y, Taguchi T, Onishi I, Kirimura S, Kitagawa M, Yamamoto K.
Overview of ferroptosis and synthetic lethality strategies. Int ] Mol Sci (2021) 22
(17):9271. doi: 10.3390/ijms22179271

54. Han C, Liu Y, Dai R, Ismail N, Su W, Li B. Ferroptosis and its potential role in
human diseases. Front Pharmacol (2020) 11:239. doi: 10.3389/fphar.2020.00239

55. Chen X, Kang R, Kroemer G, Tang D. Ferroptosis in infection, inflammation,
and immunity. ] Exp Med (2021) 218(6):€20210518. doi: 10.1084/jem.20210518

56. Lin X, Ping J, Wen Y, Wu Y. The mechanism of ferroptosis and applications in
tumor treatment. Front Pharmacol (2020) 11:1061. doi: 10.3389/fphar.2020.01061

57. Magtanong L, Ko PJ, To M, Cao JY, Forcina GC, Tarangelo A, et al. Exogenous
monounsaturated fatty acids promote a ferroptosis-resistant cell state. Cell Chem Biol
(2019) 26(3):420-432.€9. doi: 10.1016/j.chembiol.2018.11.016

58. Jiang X, Stockwell BR, Conrad M. Ferroptosis: mechanisms, biology and role in
disease. Nat Rev Mol Cell Biol (2021) 22(4):266-82. doi: 10.1038/s41580-020-00324-8

59. Yuan H, Li X, Zhang X, Kang R, Tang D. Identification of ACSL4 as a biomarker
and contributor of ferroptosis. Biochem Biophys Res Commun (2016) 478(3):1338-43.
doi: 10.1016/j.bbrc.2016.08.124

60. Kuang F, Liu J, Tang D, Kang R. Oxidative damage and antioxidant defense in
ferroptosis. Front Cell Dev Biol (2020) 8:586578. doi: 10.3389/fcell.2020.586578

61. Doll S, Proneth B, Tyurina YY, Panzilius E, Kobayashi S, Ingold I, et al. ACSL4
dictates ferroptosis sensitivity by shaping cellular lipid composition. Nat Chem Biol
(2017) 13(1):91-8. doi: 10.1038/nchembio.2239

62. Kagan VE, Mao G, Qu F, Angeli JP, Doll S, Croix CS, et al. Oxidized arachidonic
and adrenic PEs navigate cells to ferroptosis. Nat Chem Biol (2017) 13(1):81-90.
doi: 10.1038/nchembio.2238

63. Agmon E, Solon J, Bassereau P, Stockwell BR. Modeling the effects of lipid
peroxidation during ferroptosis on membrane properties. Sci Rep (2018) 8(1):5155.
doi: 10.1038/s41598-018-23408-0

64. Lei G, Zhuang L, Gan B. Targeting ferroptosis as a vulnerability in cancer. Nat
Rev Cancer (2022) 22(7):381-96. doi: 10.1038/s41568-022-00459-0

65. Zhong H, Yin H. Role of lipid peroxidation derived 4-hydroxynonenal (4-HNE)
in cancer: focusing on mitochondria. Redox Biol (2015) 4:193-9. doi: 10.1016/
j.redox.2014.12.011

66. Parker JL, Deme JC, Kolokouris D, Kuteyi G, Biggin PC, Lea SM, et al. Molecular
basis for redox control by the human cystine/glutamate antiporter system xc(). Nat
Commun (2021) 12(1):7147. doi: 10.1038/s41467-021-27414-1

Frontiers in Oncology

12

10.3389/fonc.2023.1059520

67. Lee Y, Wiriyasermkul P, Jin C, Quan L, Ohgaki R, Okuda S, et al. Cryo-EM
structure of the human I-type amino acid transporter 1 in complex with glycoprotein
CD98hc. Nat Struct Mol Biol (2019) 26(6):510-7. doi: 10.1038/s41594-019-0237-7

68. Koppula P, Zhang Y, Zhuang L, Gan B. Amino acid transporter SLC7A11/xCT
at the crossroads of regulating redox homeostasis and nutrient dependency of cancer.
Cancer Commun (Lond) (2018) 38(1):12. doi: 10.1186/s40880-018-0288-x

69. Pal B. Involvement of extrasynaptic glutamate in physiological and
pathophysiological changes of neuronal excitability. Cell Mol Life Sci (2018) 75
(16):2917-49. doi: 10.1007/s00018-018-2837-5

70. Kahya U, K6seer AS, Dubrovska A. Amino acid transporters on the guard of cell
genome and epigenome. Cancers (Basel) (2021) 13(1):125. doi: 10.3390/
cancers13010125

71. LiJ], Cao F, Yin HL, Huang ZJ, Lin ZT, Mao N, et al. Ferroptosis: past, present
and future. Cell Death Dis (2020) 11(2):88. doi: 10.1038/s41419-020-2298-2

72. An Y, Zhu J, Liu F, Deng J, Meng X, Liu G, et al. Boosting the ferroptotic
antitumor efficacy via site-specific amplification of tailored lipid peroxidation. ACS
Appl Mater Interfaces (2019) 11(33):29655-66. doi: 10.1021/acsami.9b10954

73. Yang A, Wang L, Jiang K, Lei L, Li H. Nuclear receptor coactivator 4-mediated
ferritinophagy drives proliferation of dental pulp stem cells in hypoxia. Biochem
Biophys Res Commun (2021) 554:123-30. doi: 10.1016/j.bbrc.2021.03.075

74. Santana-Codina N, Gikandi A, Mancias JD. The role of NCOA4-mediated
ferritinophagy in ferroptosis. Adv Exp Med Biol (2021) 1301:41-57. doi: 10.1007/978-3-
030-62026-4_4

75. Fang Y, Chen X, Tan Q, Zhou H, Xu J, Gu Q. Inhibiting ferroptosis through
disrupting the NCOA4-FTHI interaction: A new mechanism of action. ACS Cent Sci
(2021) 7(6):980-9. doi: 10.1021/acscentsci.0c01592

76. Koppula P, Zhuang L, Gan B. Cytochrome P450 reductase (POR) as a
ferroptosis fuel. Protein Cell (2021) 12(9):675-9. doi: 10.1007/s13238-021-00823-0

77. Kausar S, Wang F, Cui H. The role of mitochondria in reactive oxygen species
generation and its implications for neurodegenerative diseases. Cells (2018) 7(12):274.
doi: 10.3390/cells7120274

78. Vasan K, Werner M, Chandel NS. Mitochondrial metabolism as a target for
cancer therapy. Cell Metab (2020) 32(3):341-52. doi: 10.1016/j.cmet.2020.06.019

79. Lee H, Zandkarimi F, Zhang Y, Meena JK, Kim J, Zhuang L, et al. Energy-stress-
mediated AMPK activation inhibits ferroptosis. Nat Cell Biol (2020) 22(2):225-34.
doi: 10.1038/s41556-020-0461-8

80. Li F, Wang H, Chen H, Guo J, Dang X, Ru Y, et al. Mechanism of ferroptosis and
its role in spinal cord injury. Front Neurol (2022) 13:926780. doi: 10.3389/
fneur.2022.926780

81. Bersuker K, Hendricks JM, Li Z, Magtanong L, Ford B, Tang PH, et al. The CoQ
oxidoreductase FSP1 acts parallel to GPX4 to inhibit ferroptosis. Nature (2019) 575
(7784):688-92. doi: 10.1038/s41586-019-1705-2

82. Jiang L, Kon N, Li T, Wang SJ, Su T, Hibshoosh H, et al. Ferroptosis as a p53-
mediated activity during tumour suppression. Nature (2015) 520(7545):57-62.
doi: 10.1038/nature14344

83. Song X, Long D. Nrf2 and ferroptosis: A new research direction for
neurodegenerative diseases. Front Neurosci (2020) 14:267. doi: 10.3389/
fnins.2020.00267

84. Ipsen DH, Lykkesfeldt J, Tveden-Nyborg P. Molecular mechanisms of hepatic
lipid accumulation in non-alcoholic fatty liver disease. Cell Mol Life Sci (2018) 75
(18):3313-27. doi: 10.1007/s00018-018-2860-6

85. Li S, Huang Y. Ferroptosis: an iron-dependent cell death form linking
metabolism, diseases, immune cell and targeted therapy. Clin Transl Oncol (2022) 24
(1):1-12. doi: 10.1007/s12094-021-02669-8

86. Tsurusaki S, Tsuchiya Y, Koumura T, Nakasone M, Sakamoto T, Matsuoka M,
et al. Hepatic ferroptosis plays an important role as the trigger for initiating
inflammation in nonalcoholic steatohepatitis. Cell Death Dis (2019) 10(6):449.
doi: 10.1038/541419-019-1678-y

87. Ko CW, Qu J, Black DD, Tso P. Regulation of intestinal lipid metabolism:
current concepts and relevance to disease. Nat Rev Gastroenterol Hepatol (2020) 17
(3):169-83. doi: 10.1038/s41575-019-0250-7

88. de Carvalho C, Caramujo M]J. The various roles of fatty acids. Molecules (2018)
23(10):2583. doi: 10.3390/molecules23102583

89. Ye Z, LiR, Cao C, Xu YJ, Cao P, Li Q, et al. Fatty acid profiles of typical dietary
lipids after gastrointestinal digestion and absorbtion: A combination study between in-
vitro and in-vivo. Food Chem (2019) 280:34-44. doi: 10.1016/j.foodchem.2018.12.032

90. Huang D, Sun W, Zhou Y, Li P, Chen F, Chen H, et al. Mutations of key driver
genes in colorectal cancer progression and metastasis. Cancer Metastasis Rev (2018) 37
(1):173-87. doi: 10.1007/s10555-017-9726-5

91. Saraggi D, Fassan M, Mescoli C, Scarpa M, Valeri N, Michielan A, et al. The
molecular landscape of colitis-associated carcinogenesis. Dig Liver Dis (2017) 49
(4):326-30. doi: 10.1016/j.d1d.2016.12.011

92. LvY, Feng QY, Zhang ZY, Zheng P, Zhu DX, Lin Q, et al. Low ferroptosis score
predicts chemotherapy responsiveness and immune-activation in colorectal cancer.
Cancer Med (2023) 12(2):2033-45. doi: 10.1002/cam4.4956

frontiersin.org


https://doi.org/10.5217/ir.2019.00080
https://doi.org/10.3390/biom6040045
https://doi.org/10.1016/j.molcel.2014.08.010
https://doi.org/10.7554/eLife.02313
https://doi.org/10.14740/gr1239
https://doi.org/10.1016/j.ctrv.2021.102301
https://doi.org/10.3389/fimmu.2020.01624
https://doi.org/10.1097/MD.0000000000016941
https://doi.org/10.1097/MD.0000000000016941
https://doi.org/10.1155/2018/9531925
https://doi.org/10.1001/jama.2021.0106
https://doi.org/10.1038/s41419-021-03559-1
https://doi.org/10.1038/s41571-020-00462-0
https://doi.org/10.1038/s41571-020-00462-0
https://doi.org/10.1002/cbin.11137
https://doi.org/10.1038/cr.2016.95
https://doi.org/10.1016/j.freeradbiomed.2018.09.043
https://doi.org/10.3390/ijms22179271
https://doi.org/10.3389/fphar.2020.00239
https://doi.org/10.1084/jem.20210518
https://doi.org/10.3389/fphar.2020.01061
https://doi.org/10.1016/j.chembiol.2018.11.016
https://doi.org/10.1038/s41580-020-00324-8
https://doi.org/10.1016/j.bbrc.2016.08.124
https://doi.org/10.3389/fcell.2020.586578
https://doi.org/10.1038/nchembio.2239
https://doi.org/10.1038/nchembio.2238
https://doi.org/10.1038/s41598-018-23408-0
https://doi.org/10.1038/s41568-022-00459-0
https://doi.org/10.1016/j.redox.2014.12.011
https://doi.org/10.1016/j.redox.2014.12.011
https://doi.org/10.1038/s41467-021-27414-1
https://doi.org/10.1038/s41594-019-0237-7
https://doi.org/10.1186/s40880-018-0288-x
https://doi.org/10.1007/s00018-018-2837-5
https://doi.org/10.3390/cancers13010125
https://doi.org/10.3390/cancers13010125
https://doi.org/10.1038/s41419-020-2298-2
https://doi.org/10.1021/acsami.9b10954
https://doi.org/10.1016/j.bbrc.2021.03.075
https://doi.org/10.1007/978-3-030-62026-4_4
https://doi.org/10.1007/978-3-030-62026-4_4
https://doi.org/10.1021/acscentsci.0c01592
https://doi.org/10.1007/s13238-021-00823-0
https://doi.org/10.3390/cells7120274
https://doi.org/10.1016/j.cmet.2020.06.019
https://doi.org/10.1038/s41556-020-0461-8
https://doi.org/10.3389/fneur.2022.926780
https://doi.org/10.3389/fneur.2022.926780
https://doi.org/10.1038/s41586-019-1705-2
https://doi.org/10.1038/nature14344
https://doi.org/10.3389/fnins.2020.00267
https://doi.org/10.3389/fnins.2020.00267
https://doi.org/10.1007/s00018-018-2860-6
https://doi.org/10.1007/s12094-021-02669-8
https://doi.org/10.1038/s41419-019-1678-y
https://doi.org/10.1038/s41575-019-0250-7
https://doi.org/10.3390/molecules23102583
https://doi.org/10.1016/j.foodchem.2018.12.032
https://doi.org/10.1007/s10555-017-9726-5
https://doi.org/10.1016/j.dld.2016.12.011
https://doi.org/10.1002/cam4.4956
https://doi.org/10.3389/fonc.2023.1059520
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Liang et al.

93. Zhang Q, Deng T, Zhang H, Zuo D, Zhu Q, Bai M, et al. Adipocyte-derived
exosomal MTTP suppresses ferroptosis and promotes chemoresistance in colorectal
cancer. Adv Sci (Weinh) (2022) 9(28):¢2203357. doi: 10.1002/advs.202203357

94. Su L], Zhang JH, Gomez H, Murugan R, Hong X, Xu D, et al. Reactive oxygen
species-induced lipid peroxidation in apoptosis, autophagy, and ferroptosis. Oxid Med
Cell Longev (2019) 2019:5080843. doi: 10.1155/2019/5080843

95. Liu Z, Xu Y, Liu X, Wang B. PCDH7 knockdown potentiates colon cancer cells
to chemotherapy via inducing ferroptosis and changes in autophagy through
restraining MEK1/2/ERK/c-fos axis. Biochem Cell Biol (2022) 100(6):445-57.
doi: 10.1139/bcb-2021-0513

96. Sun J, Cheng X, Pan S, Wang L, Dou W, Liu J, et al. Dichloroacetate attenuates
the stemness of colorectal cancer cells via trigerring ferroptosis through sequestering
iron in lysosomes. Environ Toxicol (2021) 36(4):520-9. doi: 10.1002/tox.23057

97. Liu N, Wang KS, Qi M, Zhou YJ, Zeng GY, Tao J, et al. Vitexin compound 1, a
novel extraction from a Chinese herb, suppresses melanoma cell growth through DNA
damage by increasing ROS levels. J Exp Clin Cancer Res (2018) 37(1):269. doi: 10.1186/
513046-018-0897-x

98. Wang H, Cheng Y, Mao C, Liu S, Xiao D, Huang J, et al. Emerging mechanisms
and targeted therapy of ferroptosis in cancer. Mol Ther (2021) 29(7):2185-208.
doi: 10.1016/j.ymthe.2021.03.022

99. Sui X, Zhang R, Liu S, Duan T, Zhai L, Zhang M, et al. RSL3 drives ferroptosis
through GPX4 inactivation and ROS production in colorectal cancer. Front Pharmacol
(2018) 9:1371. doi: 10.3389/fphar.2018.01371

100. Shen LD, Qi WH, Bai JJ, Zuo CY, Bai DL, Gao WD, et al. Resibufogenin
inhibited colorectal cancer cell growth and tumorigenesis through triggering ferroptosis
and ROS production mediated by GPX4 inactivation. Anat Rec (Hoboken) (2021) 304
(2):313-22. doi: 10.1002/ar.24378

101. Xu X, Zhang X, Wei C, Zheng D, Lu X, Yang Y, et al. Targeting SLC7A11
specifically suppresses the progression of colorectal cancer stem cells via inducing
ferroptosis. Eur ] Pharm Sci (2020) 152:105450. doi: 10.1016/j.ejps.2020.105450

102. Lv C,QuH, Zhu W, Xu K, Xu A, Jia B, et al. Low-dose paclitaxel inhibits tumor
cell growth by regulating glutaminolysis in colorectal carcinoma cells. Front Pharmacol
(2017) 8:244. doi: 10.3389/fphar.2017.00244

103. Xia Y, Liu S, Li C, Ai Z, Shen W, Ren W, et al. Discovery of a novel ferroptosis
inducer-talaroconvolutin a-killing colorectal cancer cells in vitro and in vivo. Cell Death
Dis (2020) 11(11):988. doi: 10.1038/s41419-020-03194-2

104. Chen P, Li X, Zhang R, Liu S, Xiang Y, Zhang M, et al. Combinative treatment
of B-elemene and cetuximab is sensitive to KRAS mutant colorectal cancer cells by
inducing ferroptosis and inhibiting epithelial-mesenchymal transformation.
Theranostics (2020) 10(11):5107-19. doi: 10.7150/thno.44705

105. Lorenzato A, Magri A, Matafora V, Audrito V, Arcella P, Lazzari L, et al.
Vitamin c restricts the emergence of acquired resistance to EGFR-targeted therapies in
colorectal cancer. Cancers (Basel) (2020) 12(3):685. doi: 10.3390/cancers12030685

106. Park S, Oh J, Kim M, Jin EJ. Bromelain effectively suppresses kras-mutant
colorectal cancer by stimulating ferroptosis. Anim Cells Syst (Seoul) (2018) 22(5):334-
40. doi: 10.1080/19768354.2018.1512521

107. Ma MZ, Chen G, Wang P, Lu WH, Zhu CF, Song M, et al. Xc- inhibitor
sulfasalazine sensitizes colorectal cancer to cisplatin by a GSH-dependent mechanism.
Cancer Lett (2015) 368(1):88-96. doi: 10.1016/j.canlet.2015.07.031

108. Wang R, Xing R, Su Q, Yin H, Wu D, Lv C, et al. Knockdown of SFRS9 inhibits
progression of colorectal cancer through triggering ferroptosis mediated by GPX4
reduction. Front Oncol (2021) 11:683589. doi: 10.3389/fonc.2021.683589

109. Chen GQ, Benthani FA, Wu J, Liang D, Bian ZX, Jiang X. Artemisinin
compounds sensitize cancer cells to ferroptosis by regulating iron homeostasis. Cell
Death Differ (2020) 27(1):242-54. doi: 10.1038/s41418-019-0352-3

110. Wei R, Zhao Y, Wang J, Yang X, Li S, Wang Y, et al. Tagitinin ¢ induces
ferroptosis through PERK-Nrf2-HO-1 signaling pathway in colorectal cancer cells. Int |
Biol Sci (2021) 17(11):2703-17. doi: 10.7150/ijbs.59404

Frontiers in Oncology

13

10.3389/fonc.2023.1059520

111. Yang J, Mo J, Dai ], Ye C, Cen W, Zheng X, et al. Cetuximab promotes
RSL3-induced ferroptosis by suppressing the Nrf2/HO-1 signalling pathway in
KRAS mutant colorectal cancer. Cell Death Dis (2021) 12(11):1079. doi: 10.1038/
$41419-021-04367-3

112. LeeJY, Kim WK, Bae KH, Lee SC, Lee EW. Lipid metabolism and ferroptosis.
Biol (Basel) (2021) 10(3):184. doi: 10.3390/biology10030184

113. Gao Z, Jiang J, Hou L, Ji F. Lysionotin induces ferroptosis to suppress
development of colorectal cancer via promoting Nrf2 degradation. Oxid Med Cell
Longev (2022) 2022:1366957. doi: 10.1155/2022/1366957

114. Han L, Yan Y, Fan M, Gao S, Zhang L, Xiong X, et al. Pt3R5G inhibits colon
cancer cell proliferation through inducing ferroptosis by down-regulating SLC7A11.
Life Sci (2022) 306:120859. doi: 10.1016/j.1f5.2022.120859

115. Fan F, Liu P, Bao R, Chen ], Zhou M, Mo Z, et al. A dual PI3K/HDAC inhibitor
induces immunogenic ferroptosis to potentiate cancer immune checkpoint therapy.
Cancer Res (2021) 81(24):6233-45. doi: 10.1158/0008-5472.Can-21-1547

116. Slyskova J, Sabatella M, Ribeiro-Silva C, Stok C, Theil AF, Vermeulen W, et al.
Base and nucleotide excision repair facilitate resolution of platinum drugs-induced
transcription blockage. Nucleic Acids Res (2018) 46(18):9537-49. doi: 10.1093/nar/
gky764

117. Walters R, Mousa SA. Modulations of ferroptosis in lung cancer therapy.
Expert Opin Ther Targets (2022) 26(2):133-43. doi: 10.1080/14728222.2022.2032651

118. Fan H, Ai R, Mu S, Niu X, Guo Z, Liu L. MiR-19a suppresses ferroptosis of
colorectal cancer cells by targeting IREB2. Bioengineered (2022) 13(5):12021-9.
doi: 10.1080/21655979.2022.2054194

119. SongJ, Liu T, Yin Y, Zhao W, Lin Z, Yin Y, et al. The deubiquitinase OTUD1
enhances iron transport and potentiates host antitumor immunity. EMBO Rep (2021)
22(2):¢51162. doi: 10.15252/embr.202051162

120. Liu L, Yao H, Zhou X, Chen J, Chen G, Shi X, et al. MiR-15a-3p regulates
ferroptosis via targeting glutathione peroxidase GPX4 in colorectal cancer. Mol
Carcinog (2022) 61(3):301-10. doi: 10.1002/mc.23367

121. Wang R, Hua L, Ma P, Song Y, Min J, Guo Y, et al. HSPA5 repressed ferroptosis
to promote colorectal cancer development by maintaining GPX4 stability. Neoplasma
(2022) 69(5):1054-69. doi: 10.4149/neo_2022_220331N363

122. Zheng X, Wang Q, Zhou Y, Zhang D, Geng Y, Hu W, et al. N-acetyltransferase
10 promotes colon cancer progression by inhibiting ferroptosis through N4-acetylation
and stabilization of ferroptosis suppressor protein 1 (FSP1) mRNA. Cancer Commun
(Lond) (2022) 42(12):1347-66. doi: 10.1002/cac2.12363

123. Bayon-Cordero L, Alkorta I, Arana L. Application of solid lipid nanoparticles
to improve the efficiency of anticancer drugs. Nanomater (Basel) (2019) 9(3):474.
doi: 10.3390/nan09030474

124. Shi J, Kantoft PW, Wooster R, Farokhzad OC. Cancer nanomedicine: progress,
challenges and opportunities. Nat Rev Cancer (2017) 17(1):20-37. doi: 10.1038/nrc.2016.108

125. Zafar H, Raza F, Ma S, Wei Y, Zhang J, Shen Q. Recent progress on
nanomedicine-induced ferroptosis for cancer therapy. Biomater Sci (2021) 9
(15):5092-115. doi: 10.1039/d1bm00721a

126. Pan X, Qi Y, Du Z, He J, Yao S, Lu W, et al. Zinc oxide nanosphere for
hydrogen sulfide scavenging and ferroptosis of colorectal cancer. ] Nanobiotechnol
(2021) 19(1):392. doi: 10.1186/s12951-021-01069-y

127. Li Q, Su R, Bao X, Cao K, Du Y, Wang N, et al. Glycyrrhetinic acid
nanoparticles combined with ferrotherapy for improved cancer immunotherapy.
Acta Biomater (2022) 144:109-20. doi: 10.1016/j.actbio.2022.03.030

128. Chen C, Du W, Jing W, Sun P, Shi C, Zhang S, et al. Leveraging tumor cell
ferroptosis for colorectal cancer treatment via nanoelicitor-activated tumoricidal
immunity. Chem Eng J (2022) 430:132983. doi: 10.1016/j.cej.2021.132983

129. Tian L, Ji H, Wang W, Han X, Zhang X, Li X, et al. Mitochondria-targeted
pentacyclic triterpenoid carbon dots for selective cancer cell destruction via inducing
autophagy, apoptosis, as well as ferroptosis. Bioorg Chem (2023) 130:106259.
doi: 10.1016/j.bioorg.2022.106259

frontiersin.org


https://doi.org/10.1002/advs.202203357
https://doi.org/10.1155/2019/5080843
https://doi.org/10.1139/bcb-2021-0513
https://doi.org/10.1002/tox.23057
https://doi.org/10.1186/s13046-018-0897-x
https://doi.org/10.1186/s13046-018-0897-x
https://doi.org/10.1016/j.ymthe.2021.03.022
https://doi.org/10.3389/fphar.2018.01371
https://doi.org/10.1002/ar.24378
https://doi.org/10.1016/j.ejps.2020.105450
https://doi.org/10.3389/fphar.2017.00244
https://doi.org/10.1038/s41419-020-03194-2
https://doi.org/10.7150/thno.44705
https://doi.org/10.3390/cancers12030685
https://doi.org/10.1080/19768354.2018.1512521
https://doi.org/10.1016/j.canlet.2015.07.031
https://doi.org/10.3389/fonc.2021.683589
https://doi.org/10.1038/s41418-019-0352-3
https://doi.org/10.7150/ijbs.59404
https://doi.org/10.1038/s41419-021-04367-3
https://doi.org/10.1038/s41419-021-04367-3
https://doi.org/10.3390/biology10030184
https://doi.org/10.1155/2022/1366957
https://doi.org/10.1016/j.lfs.2022.120859
https://doi.org/10.1158/0008-5472.Can-21-1547
https://doi.org/10.1093/nar/gky764
https://doi.org/10.1093/nar/gky764
https://doi.org/10.1080/14728222.2022.2032651
https://doi.org/10.1080/21655979.2022.2054194
https://doi.org/10.15252/embr.202051162
https://doi.org/10.1002/mc.23367
https://doi.org/10.4149/neo_2022_220331N363
https://doi.org/10.1002/cac2.12363
https://doi.org/10.3390/nano9030474
https://doi.org/10.1038/nrc.2016.108
https://doi.org/10.1039/d1bm00721a
https://doi.org/10.1186/s12951-021-01069-y
https://doi.org/10.1016/j.actbio.2022.03.030
https://doi.org/10.1016/j.cej.2021.132983
https://doi.org/10.1016/j.bioorg.2022.106259
https://doi.org/10.3389/fonc.2023.1059520
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

	Ferroptosis open a new door for colorectal cancer treatment
	1 Introduction
	2 Colorectal cancer
	2.1 Symptoms and etiology
	2.1.1 Dietary habit

	2.1.2 Familial inheritance
	2.1.3 Polyps
	2.1.4 Inflammation
	2.1.5 Age

	2.2 Pathogenesis
	2.2.1 CIN mechanism
	2.2.2 MSI mechanism
	2.2.3 CIMP mechanism

	2.3 Metastasis and treatment of CRC

	3 Ferroptosis
	3.1 Characteristics of ferroptosis
	3.1.1 Morphological characteristics
	3.1.2 Biological characteristics
	3.1.3 Immunological characteristics
	3.1.4 Genetic characteristics

	3.2 Mechanism of ferroptosis
	3.2.1 Lipid metabolism
	3.2.2 Amino acid metabolism
	3.2.3 Iron metabolism
	3.2.4 Other metabolic pathways


	4 Research status of ferroptosis in CRC
	4.1 Potential association between ferroptosis and CRC
	4.1.1 The role of ferroptosis in liver disease
	4.1.2 The gastrointestinal tract provides favorable conditions for ferroptosis
	4.1.3 CRC tumor suppressor p53 regulates ferroptosis
	4.1.4 Ferroptosis and CRC prognosis

	4.2 Medications associated with CRC ferroptosis
	4.2.1 Ferroptosis inducers
	4.2.2 Nanomedicine based on ferroptosis


	5 Summary and prospect
	Author contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


