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In�ammatory Bowel Disease (IBD), encompassing Crohn's disease and

ulcerative colitis, is characterized by chronic in�ammation of the

gastrointestinal tract, with an increasing incidence worldwide. Recent

advancements in cellular biology have identi�ed ferroptosis, a form of

programmed cell death driven by iron-dependent lipid peroxidation, as a

critical player in the pathology of IBD. This article reviews the current

understanding of ferroptosis and its distinctive mechanisms, including the

role of GPx4, Nrf2-HO-1 pathways, and iron metabolism in the context of IBD.

It also examines the dual nature of iron in intestinal health and disease,

contributing to both physiological functions and pathological processes

through oxidative stress and in�ammation. The implications of ferroptosis in

the intestinal epithelial cell death, barrier function, and immune response are

discussed, highlighting its potential as a novel therapeutic target. Despite the

promising insights, the article underscores the need for further research to

elucidate the complex mechanisms of ferroptosis in IBD and to translate these

�ndings into effective therapeutic strategies. The emerging evidence positions

ferroptosis at the crossroads of metabolic, in�ammatory, and cell death

pathways, offering a unique perspective on the interplay between nutrition,

genetics, and immunity in intestinal health and disease.
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1. Introduction

Ferroptosis, a novel manifestation of iron-dependent,

lipid peroxidation-driven programmed cellular demise

introduced in 2012, manifests hallmark traits inclusive

of lipid peroxidation byproduct accrual and

polyunsaturated fatty acid (PUFA) membrane depletion.

In�ammatory bowel disease (IBD) delineates a

constellation of obscure, nonspeci�c  [1][2][3], chronic

intestinal in�ammatory ailments of idiopathic origin,

encompassing ulcerative colitis (UC), Crohn’s disease

(CD), and indeterminate colitis. UC manifests as

incessant colonic mucosal and submucosal

in�ammation, while CD exhibits sporadic involvement

of the entire gastrointestinal tract, typically af�icting

the terminal ileum, colon, and perianal regions  [4][5][6]

[7][8]. Current conceptualizations attribute IBD

pathogenesis to human environmental triggers,

primarily entailing dysbiotic microbial �ora

precipitating unbridled activation of mucosal immunity

in genetically predisposed hosts, thereby instigating

persistent intestinal in�ammation. Clinical

manifestations primarily comprise diarrhea, abdominal

discomfort, and, occasionally, hematochezia and

mucopurulent stools.
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Empirical investigations have delineated a correlative

link between heightened iron consumption and

augmented UC susceptibility and severity. Moreover,

the degree of UC mucosal oxidative stress correlates

directly with disease activity. Iron-chelating agents,

serving as ferroptosis inhibitors, exhibit potential in

ameliorating oxidative stress-induced reactive oxygen

species (ROS) production and mitigating intestinal

in�ammation. This posits a plausible nexus between

IBD and ferroptosis: excessive luminal iron deposition

instigates ROS generation via the Fenton reaction,

culminating in oxidative stress-induced lipid

peroxidation and subsequent ferroptotic demise of

intestinal epithelial cells (IECs), thereby undermining

intestinal mucosal structural integrity and

predisposing to IBD onset. Notably, elevated ferritin

heavy chain (FTH) expression predominantly localizes

within IECs in UC, suggesting preferential ferroptotic

susceptibility in these cells. Additionally, transmission

electron microscopy unveils mitochondrial atrophy

within IECs, consonant with ferroptosis's

morphological hallmarks [9][10][11].

IEC demise precipitates intestinal integrity disruption,

impairing the physical mucosal barricade and

compromising intestinal chemical, immunological, and

biological defenses, thereby inciting a gamut of

intestinal dysfunctions. Thus, a comprehensive

elucidation of ferroptosis mechanics and its impact on

IECs assumes paramount signi�cance in IBD

pathogenesis elucidation.

2. Ferroptosis and Its Mechanism

2.1. Overview of Ferroptosis

Ferroptosis stands as a distinct mode of cellular demise,

demarcating itself from classical apoptotic and necrotic

pathways. Its morphological hallmarks encompass

mitochondrial condensation, augmented mitochondrial

membrane density, and diminished or absent

mitochondrial cristae. Biochemically, ferroptosis is

characterized by iron accumulation, reactive oxygen

species (ROS) generation, and excessive lipid

peroxidation. Noteworthy involvement of speci�c

genetic elements, including prostaglandin-

endoperoxide synthase 2 (PTGS2), and acyl-CoA

synthetase long-chain family member 4 (ACSL4),

underscores the intricate orchestration of this

phenomenon.

Ferroptosis inducers epitomize diverse categories:

Firstly, glutathione (GSH) scavengers such as Erastin

impede cystine/glutamate antiporter (system Xc-)

activity, thereby depleting intracellular GSH reserves.

Secondly, inhibitors of glutathione peroxidase 4 (GPX4),

including RSL3, Altretamine, and DPI17, directly inhibit

GPX4 function. Thirdly, FIN56 orchestrates GPX4

degradation whilst activating squalene synthase, thus

depleting coenzyme Q10 (CoQ10) in the mevalonate

pathway, compromising cellular antioxidant defenses

and precipitating ferroptosis. Fourthly, FINO2, a

lipophilic peroxide, selectively oxidizes labile

intracellular iron, engendering extensive PUFA

oxidation and concomitant GPX4 inhibition  [12][13][14]

[15].

Ferroptosis inhibitors encompass diverse modalities:

Iron chelators form complexes with iron ions, curtailing

free intracellular iron pools and attenuating lipid

peroxidation. β-mercaptoethanol counters Erastin-

induced ferroptosis by fostering system Xc- activation

through cysteine disul�de formation. Free radical

scavenging antioxidants, exempli�ed by vitamin E and

aromatic amine-based ferrostatin-1 (Fer-1) and

liproxstatin-1 (Lip-1), intercept free radical propagation

cascades, shielding lipids from auto-oxidation. Finally,

lipoxygenase (LOX) inhibitors antagonize LOX-

catalyzed lipid peroxidation, thereby mitigating

ferroptotic progression.

2.2. Mechanism of Ferroptosis (Fig 1)

2.2.1. Pro-ferroptosis Mechanisms

Ferritin and Ferroptosis

Iron-dependent lipid peroxidation is one of the

hallmark signals of ferroptosis. Fe3+ enters cells

through the transferrin receptor (TFRC) and

endocytosis, and after being reduced to Fe2+, is assisted

into the cytosolic labile iron pool (LIP) by divalent metal

transporter 1 (DMT1). Ferritin serves as an inert storage

form of iron and generally does not promote lipid

peroxidation; however, when iron overload is severe,

ferritin is hydrolyzed to Fe2+, enhancing the Fenton

reaction and ROS production  [16][17][18][19]. The

intracellular Fe2+ is then stored in the LIP, increasing

sensitivity to ferroptosis. Additionally, ferritin can

increase sensitivity to ferroptosis by targeting

autophagy, leading to the degradation of ferritin

lysosomes and releasing iron into the LIP.

ACSL4 and Ferroptosis

ACSL4, a constituent of the ACSL lineage, orchestrates

the enzymatic orchestration of acyl-CoA production in
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vivo, thus initiating the primary stage of lipid

metabolism. Polyunsaturated fatty acid phospholipids

(PUFA-PLs) undergo oxidation via both enzymatic and

non-enzymatic routes. The enzymatic route, reliant

upon lipoxygenase activity, entails the activation of

ACSL4 and lysophosphatidylcholinyltransferase 3

(LPCAT3), pivotal in engendering lipid peroxides from

PUFA-PLs during the process of ferroptosis  [20][21][22]

[23]. Doll et al. elucidated ACSL4's role in facilitating the

incorporation of long-chain PUFAs into membrane

phospholipids, thereby rendering these membranous

long-chain PUFAs predisposed to oxidation.

Consequently, ACSL4 emerges as a critical agent in

catalyzing ferroptosis by engaging in the biosynthesis

of these readily oxidizable membrane phospholipids,

rendering cells susceptible to ferroptosis inducers such

as RSL3. In neoplastic cells, radiotherapy induces

heightened levels of reactive oxygen species (ROS) and

augments ACSL4 expression, collectively fostering lipid

peroxidation and culminating in ferroptotic demise of

tumor cells, whereas ablation of the ACSL4 gene can

confer substantial resistance to radiotherapy.

Endoplasmic Reticulum Stress and Ferroptosis

Protein kinase-like endoplasmic reticulum kinase

(PERK) is a major sensor of endoplasmic reticulum

stress. During the endoplasmic reticulum stress

response, PERK is activated through phosphorylation,

which in turn activates and regulates the eukaryotic

initiation factor 2α subunit (eIF2α) and promotes the

production of activating transcription factor 4 (ATF4)

and C/EBP-homologous protein (CHOP) [24][25][26][27][28]

[29]. The PERK-eIF2α signaling pathway plays a role in

cell ferroptosis by regulating the production of ROS.

Preliminary studies with cells treated with RSL3

observed the occurrence of ferroptosis alongside the

phosphorylation of eIF2α and upregulation of ATF4 and

CHOP. Following this, the addition of the selective PERK

inhibitor GSK 414 to the cells not only suppressed the

expression of peIF2α, ATF4, and CHOP but also reduced

the ferroptosis of cells stimulated by RSL3. These

studies indicate the promoting role of endoplasmic

reticulum stress in cell ferroptosis. Additionally, there is

increasing evidence that the nuclear factor kappa-B

(NF-κB) pathway may be involved in the regulation of

endoplasmic reticulum stress signaling and cell

ferroptosis.

Autophagy and Ferroptosis

The academic community currently de�nes ferroptosis

as a type of autophagy-dependent cell death.

Preliminary research has proven that autophagy

promotes ferroptosis by degrading ferritin in

�broblasts and cancer cells. Knocking out autophagy-

related genes Atg5 and Atg7 reduced lipid peroxidation

and intracellular Fe2+ levels, limiting Erastin-induced

cell ferroptosis. Additionally, Atg5-mediated autophagy

is essential for ferritin degradation, and the nuclear

receptor coactivator 4 (NCOA4) acts as a selective

transport receptor for ferritin autophagy conversion.

The genetic inhibition of NCOA4 weakens the

degradation of ferritin and subsequent ferroptosis.

Lipophagy, a selective form of autophagy, promotes

lipid peroxidation by mediating the autophagic

degradation of intracellular lipid droplets, inducing cell

ferroptosis, providing new evidence for the link

between autophagy and ferroptosis.

Immune Cells and Ferroptosis

In recent years, cancer research has discovered that

CD8+ T lymphocytes can suppress tumors by inducing

ferroptosis and necroptosis. Speci�cally,

immunotherapy activates CD8+ T lymphocytes to

release interferon-γ (IFNγ), which downregulates the

expression of solute carrier family 3 member 2

(SLC3A2) and solute carrier family 7 member 11

(SLC7A11), restricting the uptake of cystine by tumor

cells, thereby promoting lipid peroxidation and

subsequent ferroptosis in tumor cells, aiding in anti-

tumor effects.

2.2.2. Mechanisms Inhibiting Ferroptosis

The GPX4-GSH Pathway and Ferroptosis

Ferroptosis is a form of cell death caused by lipid

peroxidation. The selenium-containing enzyme

Glutathione Peroxidase 4 (GPX4) was the �rst

discovered central inhibitor in ferroptosis, uniquely

capable of catalyzing the reduction of oxidized

biomolecules using glutathione (GSH), a tripeptide

containing a thiol group and an indispensable cofactor

for GPX4. GPX4 uses GSH to eliminate lipid peroxides,

protecting cells from ferroptosis. Being a selenoprotein,

the delivery of selenium to animals or cells can inhibit

ferroptosis, indicating that selenium can affect the

sensitivity to ferroptosis.

The FSP1-CoQ10 Pathway and Ferroptosis

The mevalonate pathway-derived coenzyme Q10

(CoQ10) is not only a key component of the

mitochondrial electron transport chain but also inhibits

lipid peroxidation by suppressing free radical
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intermediates outside the mitochondria, hence the

activation of CoQ10 can suppress ferroptosis. It has

been reported that in the absence of GPX4, ferroptosis

suppressor protein 1 (FSP1) can also block lipid

peroxidation and inhibit ferroptosis by regenerating

reduced CoQ10, providing a new independent FSP1-

CoQ10 pathway against ferroptosis.

GCH1-BH4-Phospholipid Pathway and

Ferroptosis

This pathway consists of guanosine triphosphate

cyclohydrolase 1 (GCH1) and its metabolic derivative

tetrahydrobiopterin (BH4). Recent literature reports that

cells expressing GCH1 inhibit ferroptosis by

synthesizing BH4, which causes lipid remodeling and

selectively prevents the consumption of two PUFAs tails

in phospholipids. Lipidomics analysis found that cells

expressing GCH1 can also regenerate reduced CoQ10

after induction; similarly, in their experiments, GCH1

was overexpressed in GPX4-knockout cells and

primarily protected cells from ferroptosis through the

antioxidative actions of BH4, proving that this is a

pathway completely independent of GPX4-mediated

ferroptosis inhibition.

Keap1-Nrf2 Pathway and Ferroptosis

Nuclear transcription factor E2-related factor 2 (Nrf2) is

a key transcription factor in cellular antioxidant

response, with its targets playing signi�cant roles in

iron metabolism and lipid metabolism. Kelch-like ECH-

associated protein 1 (Keap1) is the speci�c receptor for

Nrf2, which, upon oxidative stress, changes

conformation, does not interact with Nrf2, thus

preventing its degradation  [30][31][32][33]. The

accumulated Nrf2 then moves to the nucleus and

promotes transcription of related genes, such as

glutamate-cysteine ligase modi�ed subunit (GCLM)

and GPXs, thereby enhancing system Xc-. Nrf2

upregulates ferritin transcription genes, increases iron

storage, and reduces labile iron to regulate iron

homeostasis, and also alters the expression of

ferroportin-1 (FPN1) to change labile iron entry and exit

from cells. Therefore, Nrf2 activation can balance

cellular iron overload situations and prevent oxidative

stress. Activated Nrf2 can also upregulate GPXs to

improve cellular lipid peroxidation; baicalein has been

shown to alleviate ferroptosis by preventing Nrf2

degradation and raising GPX4 levels. Furthermore, Nrf2

exerts protective effects against ferroptosis through the

induced expression of iron-related target genes such as

heme oxygenase-1 (HO-1), metallothionein (MT-1G), and

FTH1. However, contradictorily, studies have shown

that overactivation of the NRF2-HO-1 pathway can

interfere with iron ion metabolism leading to

ferroptosis.

NF-κB Pathway and Ferroptosis

The NF-κB pathway plays a key role in regulating cell

survival and proliferation. In human breast cancer cells,

the phosphorylation of the nuclear factor kappa B p65

subunit (NF-κB p65) inhibited PERK-mediated

ferroptosis, while inhibition of the NF-κB signaling

pathway led to cellular ferroptosis, as seen in IECs. In

liver cancer cells, the activation of NF-κB led to the

upregulation of the iron chelator LCN2, which by

depleting iron, inhibited ferroptosis. Additionally, the

ferroptosis inducer Erastin can control the development

of sepsis by inhibiting the NF-κB pathway [34][35][36][37].

However, in glioblastoma cells, NF-κB activation

promotes ferroptosis by downregulating ATF4

expression, which seems contradictory to previous

studies, hence the speci�c mechanism of the NF-κB

pathway needs further clari�cation.

System Xc- and Ferroptosis

System Xc- is composed of SLC7A11 and SLC3A2. The

conversion of cystine (Cys-Cys) to cysteine (Cys) in cells

is crucial for the synthesis of GSH, which reduces ROS

and reactive nitrogen species to decrease cellular

oxidative damage and avoid ferroptosis. However, high

levels of glutamate can inhibit system Xc-, leading to

insuf�cient Cys-Cys absorption, further causing a

shortage of Cys in cells, depleting the antioxidative

GSH, and leading to the inactivation of GSH-dependent

peroxidase GPX4, resulting in the accumulation of lipid

peroxides and inducing ferroptosis. Moreover, Erastin

can promote ferroptosis by inhibiting the activity of

system Xc- through binding with Solute carrier family 7

member 5 (SLC7A5).

3. The Mechanism of Ferroptosis in

IBD on IECs

3.1. The Mechanism of GPx4-Regulated

Ferroptosis in IECs in IBD

Previous studies have observed the suppression of the

key antioxidative enzyme GPX4 in mRNA and protein

levels when UC is induced in mice with DSS, while

shenmaoside ameliorated this suppression and

intestinal in�ammation  [38][39][40]. Furin, also known

as a proprotein convertase, is reported in a high-quality
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experimental study that its loss in CD4+ T lymphocytes

can cause severe spontaneous colitis, revealing that

GPX4 protects against PUFA-stimulated lipid

peroxidation in intestinal epithelial cells. However, the

death of IECs is not a prerequisite for intestinal

in�ammation in mice lacking a Gpx4 allele; they believe

that perhaps one Gpx4 allele is enough to prevent the

ferroptosis of ICE but insuf�cient to prevent the

production of in�ammatory factors induced by PUFAs.

Similarly, a signi�cant decrease in Gpx4 levels was also

observed in the colon tissues of CD patients.

3.2. The Mechanism of Nrf2-HO-1 Pathway

Regulated Ferroptosis in IECs in IBD

As mentioned above, Nrf2 is a key factor in inhibiting

ferroptosis, but its excessive activation may lead to

ferroptosis. Previous studies have found that the

expression of Nrf2 and HO-1 increases in UC mice

induced by DSS while the ferroptosis inhibitor Fer-1

reverses the expression of Nrf2 and HO-1 and

signi�cantly upregulates the expression of GPX4 and

FTH1 in colonic IECs, inhibiting the expression of

cyclooxygenase-2 (COX-2) and ACSL4. This fully

demonstrates that ferroptosis may act on UC epithelial

cells through the Nrf2-HO-1 pathway. Astragalus

polysaccharides have been proven to signi�cantly

improve UC, and similarly, they can reduce the

expression of Nrf2 and HO-1 in the colonic tissues of

mice after DSS stimulation, reduce the expression of

ferroptosis-related factors PTGS2, FTH, and FTL, and

restore the levels of ferroptosis markers MDA, GSH, and

iron overload to steady state in a dose-dependent

manner, and inhibit ferroptosis in human Caco-2 cells.

Deferoxamine is a chelator that can be used to treat

acute iron poisoning; previous studies have found that

treating UC mice induced by DSS with deferoxamine

not only regulates the release of in�ammatory factors

but also promotes the expression of the antioxidative

proteins Keap-1 and HO-1 in the Nrf-2 pathway in

colonic tissue to improve in�ammation.

3.3. Endoplasmic Reticulum Stress Regulated

Ferroptosis in IECs in IBD

Endoplasmic reticulum stress has been proven to

exacerbate intestinal in�ammation, and endoplasmic

reticulum stress in either lymphocytes or IECs can

cause intestinal dysfunction, leading to or exacerbating

in�ammatory diarrhea. Selective inhibition of the key

stress sensor of endoplasmic reticulum stress signals—

PERK, can signi�cantly reduce IEC ferroptosis and

improve experimental colitis, while the speci�c absence

of NF-κB p65 in IECs exacerbates DSS-induced UC in

mice through endoplasmic reticulum stress-mediated

IEC ferroptosis.

4. The Role of Iron in IBD

Iron is typically absorbed in the small intestine through

an active transport process. After food enters the

intestine, the transferrin inside the intestinal mucosal

cells binds with the iron in the food, and then it binds to

the transferrin receptor (TFRC) on the microvilli of the

intestinal mucosa to enter the intestinal epithelial cells.

Excessive oral iron intake in the intestines can produce

reactive oxygen species (ROS) through the Fenton

reaction and Haber-Weiss reaction, thereby triggering

oxidative stress and leading to a series of intestinal

diseases. Firstly, the excessive iron participates in the

Fenton reaction causing lipid peroxidation of intestinal

cells; secondly, it can cause mitochondrial damage

within cells; thirdly, excess iron can induce endoplasmic

reticulum stress and exacerbate intestinal

in�ammation; �nally, it can also disrupt the balance of

intestinal �ora by reducing the growth of probiotics

through the decrease of short-chain fatty acids.

Early studies believed that IBD could cause iron

de�ciency anemia due to malabsorption, and clinically,

oral iron has been used to treat iron de�ciency anemia

in IBD. However, excessive iron intake can lead to

intestinal iron overload, causing ROS imbalance and

disturbing the intestinal �ora, thereby worsening IBD.

Hfe gene latent mutations lead to increased proximal

intestinal iron absorption; colonic malondialdehyde

(MDA) levels rise in Hfe knockout mice, making them

more susceptible to experimental colitis. In addition,

increased expression of ferritin heavy chain (FTH) and

ferritin light chain (FTL) has also been observed in the

colonic tissues of mice with dextran sulfate sodium

(DSS)-induced experimental colitis. These emphasize

the pathological role of iron overload in colitis.

However, there is a contradiction, as previous studies

have reported that oral iron chelators can improve

experimental colitis in rats, but oral iron given to young

mice prevented the dysbiosis of the intestinal �ora and

the occurrence of colitis.

5. Discussion

The incidence of IBD is increasing worldwide, and

although its exact etiology remains unclear, widespread

and uncontrolled death of intestinal epithelial cells

(IECs) can be observed in both human patients and

animal models of the intestinal mucosa. This type of

cell death can exacerbate in�ammation by disrupting
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the tight junctions of the intestinal barrier, leading to

overactivation of the intestinal immune system,

excessive secretion of pro-in�ammatory cytokines and

chemokines, thereby causing secondary damage to the

intestinal mucosa. This creates a vicious cycle.

Ferroptosis is a newly discovered form of programmed

cell death that has been extensively studied in the

context of cancer and neurological diseases, as well as

ischemia/reperfusion, but not much in intestinal

research. For example, in colorectal cancer, Erastin can

induce apoptosis in rectal cancer cells, but its speci�c

mechanism is unclear. In intestinal in�ammation, the

expression of ACSL4 and PTGS2 is upregulated in the

colonic tissues of colitis mice; P53 has a higher

mutation rate in patients with chronic UC, and mice

with P53 gene knockout exhibit histopathological

changes indicative of in�ammation in the intestine; UC

patients often lack folate due to absorption issues, and

taking folate or its metabolic precursors can alleviate

colitis-related tissue damage. However, whether these

effects improve or exacerbate intestinal in�ammation

through the regulation of ferroptosis and the speci�c

mechanisms involved require further research. More

directly, certain potent ferroptosis inhibitors such as

iron chelators, Fer-1, and Lip-1 can alleviate colitis-

related intestinal damage, whereas pro-ferroptosis

factors like iron and dietary PUFAs can exacerbate

intestinal in�ammation.

Importantly, the use of adalimumab and in�iximab,

which are widely used to treat moderate to severe IBD,

does not improve the in�ammation in colitis mice

worsened by oral iron; the partial effect of 5-

aminosalicylic acid treatment for IBD is exerted

through upregulating HO-1; furthermore, anti-

in�ammatory drugs used for treating UC, such as

sulfasalazine, may induce ferroptosis by inhibiting the

function of system Xc-. These suggest the irreplaceable

value of regulating ferroptosis-related pathways in

treating IBD. This underlines the crucial role of

ferroptosis in IBD to some extent, but current research

is far from elucidating its speci�c mechanisms. In

addition, studies on ferroptosis in intestinal diseases

have focused on IECs, but the impact of the same

factors on ferroptosis and their mechanisms may differ

in different environments and different cells. Whether

immune cells, key to the development and progression

of IBD, undergo ferroptosis in intestinal injury remains

unclear. Therefore, more extensive and profound

research is needed to further elucidate the signi�cance

of ferroptosis in the pathogenesis of IBD and other

intestinal diseases.

6. Conclusion

The exploration of ferroptosis in the context of IBD

presents a novel and signi�cant avenue for

understanding and treating this complex condition.

The intricate interplay between iron metabolism,

intestinal epithelial cell integrity, and immune

responses highlights ferroptosis not just as a cellular

event but as a potential therapeutic target. The dual role

of iron as both a vital nutrient and a facilitator of

oxidative stress underscores the delicate balance

required in managing IBD. The emerging evidence

suggests that modulating ferroptosis pathways could

offer new strategies for mitigating intestinal

in�ammation and restoring mucosal health. However,

the precise mechanisms by which ferroptosis

in�uences IBD pathology remain to be fully elucidated,

demanding further investigation. As research

progresses, it is imperative to develop a deeper

understanding of the molecular underpinnings of

ferroptosis in IBD, which will pave the way for

innovative treatments that address the root causes of

the disease rather than merely alleviating symptoms.
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