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The pathophysiology of inflammatory bowel disease (IBD), a chronic intestinal
inflammatory disease, is tightly associated with immunological dysregulation,
intestinal flora abnormalities, and intestinal epithelial cell destruction. Ferroptosis
—a non-apoptotic cell death form that differs from the standard apoptotic mode
—plays a significant regulatory role in the development of IBD through iron-
dependent lipid peroxide accumulation. Iron serves as a critical component for
maintaining the normal function of macrophages. Macrophages have been
demonstrated to play multifaceted roles in the pathogenesis and progression
of inflammatory bowel disease. The iron metabolism within macrophages may
potentially influence the development of IBD and colitis-associated cancer. This
paper summarizes the present research on ferroptosis and macrophages and
their related molecular mechanisms. It also discusses the interactive function of
macrophage ferroptosis in the development of IBD and inflammatory-cancer
transformation. The development of new theoretical foundations and
intervention techniques for the prevention and treatment of IBD and colitis-
associated colorectal cancer will be facilitated by the growth of this
research area.

KEYWORDS

ferroptosis, macrophages, inflammatory bowel disease, colitis-associated colorectal
cancer, iron homeostasis

1 Introduction

Inflammatory bowel disease (IBD) is one of the chronic, progressive, and recurrent
intestinal diseases, including ulcerative colitis (UC) and Crohn’s disease (CD). Even though
the pathogenesis’s causes and processes are yet unknown, they are intimately linked to

immunological dysfunction, intestinal mucosal barrier impairment, and inflammatory
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damage (1). The incidence of IBD is still increasing every year, and
some studies have shown that some patients with IBD have the
possibility of further transformation to colon cancer (2). Therefore,
it is essential to study the pathogenesis behind it to prevent and treat
this disease. Intestinal epithelial cells (IECs), which have a very fast
rate of cell renewal and are typically characterized by significant
epithelial erosions, have been shown to play a key role in IBD in
recent studies. This phenomenon is common in a variety of
intestinal disorders, such as IBD. Natural apoptosis of IECs is
essential to maintaining their functionality, which helps to
maintain their ability to renew continuously and the balance of
tissue homeostasis. However, when the IECs undergo excessive
apoptosis, it exacerbates the elevated intestinal permeability and the
dysfunction of the intestinal mucosal barrier, a process that is
considered to be a central factor in the development of IBD (3).
Macrophages, which are abundant in the digestive tract, are
crucial for preserving immunological and inflammatory
homeostasis in IBD (4). Macrophages can affect IBD through
various metabolic pathways such as glucose metabolism, fatty
acid metabolism, amino acid metabolism, etc. (5-8). Macrophages
in IBD also display metabolic traits that set them apart from other
forms of inflammatory diseases. Intestinal macrophages promote
IECs by functioning as metabolic symbionts in addition to immune
protection. This occurs by stimulating cells to promote intestinal
epithelial differentiation and homeostasis, thereby synergizing
immunomodulatory and tissue homeostatic maintenance
functions (9), and their persistent absence leads to intestinal
vascular-neurological abnormalities, impaired barrier function,
and intestinal motility dysfunction (10). Scott and his team
showed that (11) antibiotic-induced microbiota disruption
promotes the activation of glycolysis and the oxidative
phosphorylation (OXPHOS) pathway in colonic macrophages. At
the same time, the gastrointestinal tract differs in various types of
microenvironments, and these differences play a key role in
delineating the metabolic specificity of intestinal macrophages.
Macrophages in the gut are usually polarized into two
phenotypes, M1 and M2, and under certain conditions, the two
phenotypes can also transform into each other. M1 macrophages
promote inflammation by recruiting leukocytes, activating the
vascular endothelium and the immune system, whereas M2
macrophages inhibit inflammation by scavenging dead cells,
producing anti-inflammatory factors, and inhibiting leukocyte
recruitment (12-14). Thus, macrophages control the progression
of IBD by promoting and inhibiting the inflammatory response.
Targeting the intestinal system, IECs death weakens the
structural integrity of the gut, leading to damage of the physical
barrier by oxidative stress. As interactions between cells and their
environment continue, other barriers in the gut are successively
compromised, ultimately triggering a series of abnormalities in gut
function (15). In addition, programmed cell death patterns in the
gut have a significant impact on tissue repair processes, an effect
that predisposes to an increased long-term risk of inflammation
transitioning to intestinal fibrosis and cancer (3). Therefore, it is
particularly important to illustrate the mechanism of ferroptosis
and its role in IECs, and the imbalance of iron homeostasis in
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macrophages can also influence the progression of IBD to a certain
extent. Dysregulation of iron metabolism can affect macrophage
cytokine release and macrophage polarization, thereby influencing
the immune system and inflammation (16). In recent years, the
interaction between ferroptosis and macrophages has attracted
much attention. Ferroptosis and macrophages are jointly involved
in the pathogenesis of IBD. Therefore, starting from the regulation
of macrophages and their polarization and the inhibition of
ferroptosis has an important role in the treatment of IBD (17, 18)
and is a potential way to control inflammation, immune response,
and influence the progression of IBD. In this review, we illustrate
the pathological mechanisms of ferroptosis as well as discuss the
potential role of iron homeostasis in macrophages in the treatment
of IBD.

2 Ferroptosis
2.1 Overview of ferroptosis

Ferroptosis is a form of iron-dependent non-apoptotic cell
death first proposed by Dixon (19) et al. in 2012, which is
distinguished from traditional cell death modalities such as
apoptosis, necrosis, and autophagy and is usually characterized by
differences in biochemical, morphological, and genetic aspects.
Ferroptosis is mostly characterized biochemically by iron
accumulation and lipid peroxidation, and the accumulation of
excess iron generates large amounts of reactive oxygen species
(ROS) via the Fenton reaction, leading to redox damage and thus
promoting cellular ferroptosis (19, 20). Iron metabolism-related
genes such as transferrin (TF) and ferrous transfer protein (FPN)
affect iron uptake in erythroid cells by regulating iron
homeostasis. TF binds to the transferrin receptor (TFR) on the cell
surface to form a complex, which is mediated by receptor-mediated
internalization into the endosomes and then reduces Fe’* to Fe** in
an acidic environment via the six-transmembrane epithelial antigen
of prostate 3 (Steap3). Eventually, it is transported across the
membrane by the divalent metal transporter 1 (DMT1) to the
cytoplasmic iron pool (LIP) for storage (21, 22). Compared with the
traditional death mode, ferroptosis is usually characterized by a
necrotic morphology, which often shows abnormal mitochondrial
morphology under the microscope, such as shrinkage of
mitochondria, accompanied by an increase in membrane density
and a decrease or even disappearance of cristae (19, 23, 24).
Previously, however, it has been shown that compounds such as
erastin can destroy tumor cells through non-apoptotic cell death
mechanisms, and RSL3 has also been found to contribute to such
cell death patterns (25). The function of erastin can be dependent
on voltage-dependent anion channels (VDAC). It is worth noting
that ligands for VDAC can selectively trigger non-apoptotic cell
death processes against some tumor cells carrying activating
mutations in the RAS-RAF-MEK pathway (24). Iron, as a trace
element, is involved in the normal physiological functions of the
human body. Both iron deficiency and iron overload can affect the
health of the organism (26), so maintaining the balance of iron
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homeostasis in the body is of great value in promoting the healing of
diseases. Therefore, it is particularly important to illustrate the role
of ferroptosis mechanisms in IBD. The detailed mechanisms of
ferroptosis are shown in Figure 1.

2.2 Mechanism of ferroptosis

Ferroptosis is a form of cell death regulated by multiple
pathways and mechanisms in a coordinated manner. Its
occurrence depends on complex processes such as iron
metabolism disorders, lipid peroxidation, and the interaction of
autophagy regulatory networks. Therefore, the following section
describes the mechanisms of induction, inhibition, and
bidirectional regulation of ferroptosis. The core of the ferroptosis
induction mechanism lies in the disruption of intracellular iron
homeostasis and the accumulation of lipid peroxidation. Under
normal conditions, intracellular iron metabolism is a complex
physiological process. Intracellular iron homeostasis is maintained
in balance through the regulation of the iron transport system. In
contrast, the ferroptosis process is precisely regulated by a variety of
iron metabolism-related regulatory factors, and iron uptake,
storage, exocytosis, and turnover and utilization affect the
sensitivity of cells to ferroptosis. Therefore, the homeostasis of
iron metabolism and the regulation of ferritin may become
important regulatory mechanisms of ferroptosis (27, 28).
Ferroptosis sensitivity is modulated by iron dysregulation through

10.3389/fimmu.2025.1658280

multiple pathways: Extracellular Fe** bound to TF enters cells via
TFR1-mediated endocytosis. It is then reduced to Fe** by prostate
six-transmembrane epithelial antigen 3 (STEAP3) and transported
to the LIP by DMTT1. In addition to TF-mediated iron uptake, non-
transferrin-bound iron (NTBI) is transported by solute carrier
family 39 member 14 (SLC39A14), which aids in the activation of
ferroptosis (29-31). Significantly, ferritinophagy plays a key role in
regulating intracellular iron levels. Nuclear receptor coactivator 4
(NCOA4) acts as a specific receptor that delivers ferritin to
autophagosomes. Through multiple pathways, autophagy-related
proteins including RAB7A, SQSTM1, and HSP90 further promote
lipid peroxidation during ferroptosis (32-34). In addition,
ferroptosis execution also depends on lipid metabolism and
peroxidation. Lipid peroxidation is brought on by excess iron
through ROS produced by the Fenton reaction. Polyunsaturated
fatty acids (PUFAs), critical components of cell membranes, are
particularly vulnerable to ROS attack due to their structural
characteristics (35). The production of PUFA-containing
phospholipids (PUFA-PLs) and the metabolism of PUFAs have a
major impact on ferroptosis sensitivity. Key enzymes acyl-CoA
synthetase long-chain family member 4 (ACSL4) and
lysophosphatidylcholine acyltransferase 3 (LPCAT3) drive PUFA
incorporation into phospholipids: ACSL4 converts PUFAs to
PUFA-CoAs, whereas LPCAT3 catalyzes PUFA-PL formation,
ultimately inducing ferroptosis (36, 37). Therefore,
downregulating ACSL4 or knocking down LPCAT3 represents a
potential therapeutic strategy. Additionally, mitochondrial
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dysfunction exacerbates ferroptosis by generating excessive ROS
and lipid peroxides. Endoplasmic reticulum (ER) stress and
mitochondrial regulators also participate in this process (38). In
immune regulation, activated CD8" T cells trigger tumor cell
ferroptosis by secreting y-Interferon (IFN-y) to downregulate
SLC3A2/SLC7A11 expression, thereby enhancing antitumor
immunity (39).

The core of the ferroptosis defense mechanism lies in the
multilevel regulation of the antioxidant defense system: The
system xc—/GSH/GPX4 axis is the most prominent pathway to
inhibit the ferroptosis system. System xc— is a heterodimer
composed of SLC7A11 and SLC3A2 that imports cystine. This
cystine is reduced to cysteine for glutathione (GSH) synthesis.
GPX4 utilizes GSH to reduce lipid peroxides; loss of GPX4
activity directly triggers ferroptosis (40). Notably, GTP
cyclohydrolase 1 (GCH1) is a recently identified ferroptosis
suppressor independent of GPX4. GCHI and its metabolite
tetrahydrobiopterin (BH4) form the GCHI1-BH4-DHFR pathway.
This pathway exerts antioxidant effects by generating BH4 and its
derivative BH2. Overexpressing GCHI1 significantly reduces
damage in GPX4-deficient cells (41). Apoptosis-inducing factor
mitochondria-associated 2 (FSP1/AIFM2) protects against GPX4
deficiency-induced ferroptosis. FSP1 catalyzes NAD(P)H-
dependent coenzyme Q10 (CoQ10) regeneration, establishing the
FSP1-CoQ10-NAD(P)H pathway. This system cooperates with
GPX4 and GSH to inhibit phospholipid peroxidation and
ferroptosis (42, 43). Nuclear factor erythroid 2-related factor 2
(Nrf2) is a master transcription factor regulating antioxidant
responses in iron and lipid metabolism. As the specific receptor
for Kelch-like ECH-associated protein 1 (KEAP1), Nrf2 balances
oxidative stress through the KEAP1-Nrf2-GPX4 axis (44). Adipose-
derived stem cell (ADSC) exosomes also suppress inflammation,
oxidative stress, and ferroptosis by upregulating Nrf2 and GPX4
(45). In addition, Chen et al. (46) pointed out that the activation of
multiple pathways in the inflammatory signaling pathway, such as
JAK-STAT, and NF-xB, influences iron metabolism and lipid
peroxidation, closely linking to ferroptosis. It has been shown that
some novel targeted drugs can effectively intervene in ferroptosis
through the above inflammatory pathways.

In the process of investigating the mechanisms related to
ferroptosis, in addition to the unidirectional induction and
inhibition mechanisms, studies have illustrated the dynamic
balancing roles of two key molecules in ferroptosis, P53 and HO-
1. P53 is a tumor suppressor gene that mediates cell cycle inhibition,
apoptosis, and senescence and participates in metabolic activities
(47). On the one hand, P53 can affect GPX4 activity by
downregulating cystine expression, leading to reduced cellular
antioxidant capacity, ROS accumulation, and ferroptosis (48). On
the other hand, P53 exhibits an inhibitory effect on ferroptosis in
some cells by decreasing system xc— activity or regulating GSH
metabolism via the P53-P21 axis. Taken together, the regulation of
ferroptosis by P53 may be bidirectional (40). Significantly, HO-1 is
closely associated with ferroptosis and oxidative stress and can act
as a key mediator to induce ferroptosis by catalyzing iron
accumulation and cellular redox mechanisms (49, 50).
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Furthermore, treatment with the ferroptosis inhibitor ferrostatin-
1 reduces HO-1 levels, thereby alleviating iron overload. This occurs
because decreased HO-1 lowers ferritin and TF levels regulated by
it (51).

In summary, the regulatory network of ferroptosis is
characterized by a high degree of complexity and dynamic
equilibrium. The fine regulation between induction and inhibition
mechanisms determines the fate of cells, and the bidirectional
regulation of molecules such as P53 and HO-1 further increases
the dimension of regulation. In-depth analysis will not only help to
illustrate the biological nature of ferroptosis but also provide a
theoretical basis and potential targets for the development of
therapeutic strategies against inflammation, cancer,
neurodegenerative diseases, and ischemia-reperfusion injury.

2.3 IBD and ferroptosis

There is increasing evidence that programmed cell death plays
an important role in the development of intestinal diseases, causing
damage to tissues such as the intestinal mucosa and thus
exacerbating the inflammatory response, there may even be a
long-term risk of transformation of inflammation to cancer. It
has been shown that ferroptosis is involved in the death of IECs
in IBD and that ferroptosis is involved in the inflammatory
response in IBD through lipid peroxidation, iron deposition, and
excessive ROS, ultimately leading to IECs death. Inflammatory
response, which ultimately leads to IECs death and extensive
epithelial erosion (3, 52, 53). There is a link between ROS
production and IBD and its cancerous progression. In addition,
iron may have a direct effect on IECs function or create a
pathological environment in the gut that can induce stress-related
apoptosis in IECs by altering microbial homeostasis in the gut.
Essential features of ferroptosis, including elevated levels of lipid
peroxidation, GSH depletion, GPX4 inactivation, and disturbances
in iron homeostasis, are observed in intestinal tissues from IBD
patients as well as in animal models of IBD (54-56).

Ferroptosis-related molecules, genes, and proteins are closely
associated with the development of IBD. Recently, Nrf2/HO-1 has
been recognized as one of the potential targets for the treatment of
IBD, which slows down IECs ferroptosis by reducing intestinal
inflammation and injury by maintaining redox homeostasis (57). In
addition, Nrf2, P53, and ATF3 can all affect GSH synthesis by
mediating SLC7A11 expression (48, 58). BACHI modulates
inflammation and oxidative stress via the Nrf2/HO-1 pathway.
Silencing this gene enhances HO-1 expression, thereby
suppressing ROS generation (59). Reduced BACH1 protein levels
are also associated with the upregulation of genes involved in the
GSH synthesis pathway. Furthermore, this protein suppresses the
transcription of ferritin and FPN genes, inducing cellular ferroptosis
(59, 60). Targeted inhibition of ACSL4 treatment restores GPX4
expression, reduces COX2 expression, and decreases lipid
peroxidation can effectively alleviate lipopolysaccharide (LPS)-
induced ferroptosis and inflammation, thereby improving LPS-
induced IECs dysfunction (61). It has been shown that NEDD4L
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deficiency promotes IECs ferroptosis by inhibiting GPX4
expression through decreasing SLC3A2 expression. The
ferroptosis inhibitor reduces colitis susceptibility in NEDDA4L-
deficient mice, and thus it can be a therapeutic target for IBD by
maintaining intestinal homeostasis (62). Furthermore, the
phosphorylation level of STAT3 was downregulated in IEC-6 cells
treated with H202, and Fer-1, a ferroptosis inhibitor, was able to
restore and reactivate the phosphorylation status of STAT3.
Moreover, H,O, showed a cumulative effect on the degree of
ferroptosis when combined with STAT3 phosphorylation
inhibitors (54).

Interestingly, iron metabolism in IBD exhibits a paradoxical
pathology: Approximately 60%-80% of patients develop iron
deficiency due to chronic blood loss, reduced iron intake, and
impaired intestinal absorption. Hepcidin inhibits intestinal iron
absorption by degrading the iron exporter FPN on enterocytes.
Meanwhile, intestinal macrophages accumulate intracellular iron
from increased erythrophagocytosis of red blood cells, generating
ROS through the Fenton reaction, activating inflammasomes and
releasing pro-inflammatory factors, thus forming a vicious cycle of
inflammation and iron overload (63, 64). Conventional iron
supplementation corrects anemia but can also worsen intestinal
inflammation. Oral iron supplements lead to the accumulation of
free iron in the gut, promoting the proliferation of pathogenic
microorganisms and intestinal flora imbalance, and simultaneously
inducing mucosal lipid peroxidation damage. In contrast, iron
chelators reduce local free iron concentrations within
macrophages, and this shift promotes macrophage polarization
from the pro-inflammatory M1 phenotype toward the anti-
inflammatory M2 phenotype, thereby alleviating oxidative stress.
However, it may exacerbate the state of systemic iron deficiency (64,
65). Diets rich in dietary lipids or high in dietary iron contribute to a
decrease in GPX4 activity and thus increase the risk of IBD (66),
whereas iron chelators and iron replacement therapies ameliorate
IBD by decreasing lipid peroxidation and modulating gut flora (67,
68). In addition, the AHR repressor (AHRR) is a transcription
factor that promotes intestinal immune response, and inhibition of
AHRR expression can improve redox imbalance and lipid
peroxidation in intestinal intraepithelial lymphocytes (IELs) to
slow the progression of IBD (69). Exosomes secreted by human
umbilical cord MSCs (hucMSC-Ex) possess the ability to inhibit
ferroptosis by reducing the accumulation of lipid peroxidation
products and enhancing the levels of GPX4 and GSH in vivo, a
process that contributes to the reduction of intestinal inflammation
and facilitates tissue damage repair (70). Most importantly, when
iron homeostasis is imbalanced, excess iron is absorbed through the
digestive tract and accumulates in the colon, leading to intestinal
dysbiosis and probiotic attenuation, triggering ferroptosis
mechanisms and inducing inflammatory responses (68). Animal
studies have demonstrated that dysbiosis is a key pathology in iron
overload-promoted IBD: Colony clearance exacerbates ferroptosis-
associated inflammation, whereas colony remodeling reverses this
pathology (71, 72). Moreover, there is evidence that bile acid
metabolites produced by intestinal flora can also downregulate
ferroptosis proteins, reverse iron homeostatic imbalances, and
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repair the intestinal barrier to alleviate UC via the Nrf2/GPX4
pathway (73, 74). NOX1, which is highly expressed in colon tissues,
can mediate IBD and carcinogenesis through a dual mechanism of
action (75, 76), so by regulating NOX1, this substance promotes
ferroptosis and cancer cell death. In conclusion, the impact of iron
metabolism on the intestinal tract is contradictory. Therefore, it is
crucial to regulate iron homeostasis in clinical practice to maintain
iron metabolism. Maintaining iron homeostasis provides an
important theoretical basis and direction for the development of
new therapies targeting ferroptosis in IBD in future clinical practice.

3 Macrophages and ferroptosis

3.1 Mutual regulation of macrophage and
ferroptosis

During the phase of inflammation resolution, macrophages
phagocytose programmed apoptotic cells, a process called
efferocytosis. Efferocytosis is one of the main roles in alleviating
inflammation and restoring tissue homeostasis, and altered
metabolic functions in macrophages can modulate efferocytosis to
some extent (77). Macrophages are tasked with the removal of
ferroptosis cells. The presence of ferroptosis cells can activate
macrophage-related functions or contribute to inflammatory
response generation and macrophage recruitment by activating
inflammatory pathways (78). In addition, gut flora metabolites
inhibit ferroptosis via receptor modulation of macrophages and
affect the differentiation and function of cells associated with
immune regulation and inflammatory response, respectively (79).
FPNI is one of the many iron-homeostatic proteins that influence
the function of the immune system. FPN1-deficient macrophages
cause a significant elevation of TNF-a and IL-6, and their
inflammatory factor aberrations are closely associated with
imbalances in cellular iron homeostasis (80). IFN-y significantly
enhanced the iron export effect in Salmonella-infected phagocytes
by downregulating TFR1-mediated iron uptake and upregulating
the expression of the iron-exporting protein FPN1. This cytokine
synchronously reduces intracellular iron reserves, which both limits
intracellular iron acquisition by pathogenic bacteria and promotes
NO and TNF-o synthesis through the regulation of iron
homeostasis, forming a multilayered immune response
mechanism (81). Macrophage migration inhibitory factor (MIF)
acts as an inflammatory cytokine. It regulates macrophage
migration and mediates pathological processes in the tumor
microenvironment. Exosomal MIF enhances macrophages’
resistance to ferroptosis by decreasing ROS levels in the cells.
Simultaneously, it balances cell survival and intracellular oxidative
damage (82). Nitric oxide synthase 2 (NOS2) also plays a critical
role in host defense against Salmonella infection, maintaining
macrophage antimicrobial efficacy through the regulation of iron
metabolism, whereas defects in NOS2 affect iron metabolism and
FPN1 expression, thereby reducing host resistance to infection (83).
In addition, overexpression of FPN can inhibit the proliferation of
Mycobacterium tuberculosis in macrophages and simultaneously
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reduce the upregulation of inducible nitric oxide synthase (iNOS)
protein expression and its bactericidal activity, and IFN-y can also
reverse a series of reactions triggered by overexpression of FPN (84).
It has also been demonstrated that a lack of the hemochromatosis
gene (HFE) deficiency leads to low iron in macrophages to inhibit
inflammatory factor production, whereas high iron accumulation
triggered by FPN downregulation acts as a pro-inflammatory signal
to activate cytokine expression (85). Macrophages rely on NOX2-
containing NADPH oxidase to generate large amounts of ROS to
constitute an antimicrobial infection mechanism and achieve a
balance between pathogen clearance and inflammatory damage
regulation, precisely regulating the immune system (86). ROS
produced by macrophages can effectively restore lysosomal
function, improve autophagy, activate M1-type macrophages, and
promote the production of inflammatory factors, which creates an
opportunity and environment for ferroptosis (87).

Macrophages can be categorized into M1-type macrophages,
which have pro-inflammatory properties and are involved in the
clearance of pathogens but may cause tissue damage. M2-type
macrophages have functions such as anti-inflammation and repair
and are involved in fibrosis, wound healing, and
immunosuppression (88, 89). Macrophage phenotypic
polarization is regulated by specific cytokines. MI1-type
macrophages are driven by pro-inflammatory factors such as
IFN-y and TNF, activate STATI, IRF5, and NF-«xB pathways, and
inhibit ferroptosis-induced lipid peroxidation through expression of
inducible iNOS and production of NO, which in turn inhibits
ferroptosis-induced lipid peroxidation, and their iron retention
mechanism reduces the tissue iron concentration for
bacteriostatic and antitumor activity (90, 91); M2 macrophages
depend on anti-inflammatory factors such as IL-4, IL-13, IL-10, and
other anti-inflammatory factors to activate and mediate STATS6,
IRF4, and PPARY signaling, whereas M2 macrophages release iron
to promote microenvironmental cell growth and tissue repair while
favoring tumor proliferation (92). M1 macrophages present a low
expression of FPN, CD163, and HO-1, accompanied by high ferritin
expression to maintain iron retention; the M2 type, in contrast,
shows a high expression of all three with reduced ferritin,
promoting iron metabolic export (93). Different studies have
shown that differences in macrophage activation status
significantly affect their iron metabolism status and ferroptosis
sensitivity. RECALCATT et al. (94) showed that M2 macrophages
exhibit more active iron metabolism and are more pro-proliferative
compared with M1 macrophages. Agoro et al. (95) demonstrated
that, in addition to promoting M2 polarization and inhibiting M1
pro-inflammatory responses, iron overload also promotes iron
metabolism and inhibits the M1 pro-inflammatory response by
reducing NF-kB nuclear translocation, pro-inflammatory factors,
and iron-modulating hormone expression and restores FPN. M1-
type macrophages are less sensitive to ferroptosis induced by the
GPX4 inhibitor RSL3, whereas M2-type macrophages are more
susceptible to such inducers due to low iNOS expression (91). Jiahui
et al. (96) demonstrated that exosomal CagA induces macrophage
ferroptosis through dysregulation of iron homeostasis and
modulation of ferroptosis-associated genes, consequently
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disrupting GSH metabolism and ROS equilibrium. Furthermore,
it activates the JAK-STAT pathway, driving M1 polarization with
upregulation of iNOS and IL-1f. In iron-loaded M2 macrophages,
LXRa induces the expression of hepcidin and FPN through an iron-
loading mechanism. It also plays a key role in modulating
macrophage inflammatory activity and iron-mediated
proinflammatory responses (97, 98). Interestingly, ferroptosis
tumor cells can contribute to the polarization of M2-type
macrophages to M1-type macrophages and modulate the
antitumor effects of TAMs with tumor cells during radiotherapy
and immunotherapy (99). Ferroptosis inhibitors were shown to
alleviate macrophage senescence and inflammatory factor levels by
inhibiting the expression of substances such as related proteins and
genes and promoting GPX4 expression, revealing a potential
mechanism of ferroptosis signaling antagonism (100).

3.2 The mechanism of ferroptosis in
macrophages

Iron can influence the development, function, and polarization
of macrophages, which are critical for systemic iron homeostasis.
There are two usual sources of iron in macrophages. First,
macrophages produce iron by phagocytosis of damaged and
decaying red blood cells (RBCs) and subsequent metabolic
breakdown of intracellular heme by HO-1 (101). Secondly,
extracellular iron binds to TF and enters macrophages via TFRI.
Macrophages regulate iron distribution through the expression of
FPN and ferritin, which are able to excrete excess iron out of the cell
in a timely manner or store it in the Fe’* form. Hepcidin regulates
the flow of iron into the bloodstream by accelerating the
degradation process of the iron export factor, FPN, in target cells.
At the overall level, the maintenance of iron homeostasis relies on
the regulatory axis formed by hepcidin and FPN (102). Specifically,
hepcidin expression rises during iron overload, whereas iron export
processes mediated by FPN are inhibited, so FPN expression is
critical for regulating iron release from macrophages (103, 104). In
addition, hepcidin autocrine secretion creates a vicious cycle of iron
retention through the TLR4/NF-«B pathway, which is reinforced by
ox-LDL and time-dose-dependent upregulation of hepcidin
expression, ultimately leading to intracellular lipid deposition in
macrophages (105). In addition to the hepcidin-protein regulatory
axis, several molecular substances can influence iron content and
iron homeostasis. NEDDA4L exerts ferroptosis resistance by blocking
iron-dependent oxidative damage by mediating the degradation of
proteins with pro-iron deposition effects (106). HO-1 and BACH1
increase the amount of free iron in two different ways (33, 60).
Under normal physiological conditions, iron levels in macrophages
are regulated by a variety of regulatory factors to maintain a
homeostatic state. However, under pathological conditions, if the
iron load of macrophages exceeds their processing capacity, free
radicals generated in the Fenton reaction may trigger iron
deposition and lipid peroxidation phenomena, which may
ultimately lead to cell death triggered by iron overload. Guo et al.
(107) demonstrated that hepcidin was able to inhibit the iron export
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process of macrophages mediated by FPN, which then contributed
to the intracellular iron level rise and drove osteoclast precursors to
undergo proliferation and differentiation. In addition, iron overload
regulates macrophage 5-lipoxygenase (5-LOX) bioactivity by
enhancing macrophage adhesion to the nuclear membrane and
generates inflammation by overexpression of inflammatory factors
such as IL-6 in macrophages (108). Dmitry et al. (109)
demonstrated that Nrf2, BACHI, and FPN are key regulators
enhancing macrophage resistance to ferroptosis. Inhibition of
BACHI1 reduces unstable LIP levels and lipid peroxidation.
Conversely, suppression of FPN or Nrf2 increases LIP and lipid
peroxidation, sensitizing cells to ferroptosis upon RSL3 treatment.
Iron also affects macrophage function and regulates macrophage
polarization. Macrophages show a dramatic increase in ferrous iron
and lipid peroxidation in the early stages of infection, which returns
to normal in the late stages, and the addition of ferroptosis inducers
is effective in inhibiting bacteria (110). The antioxidant function of
GPX4 is essential for suppressing ferroptosis in macrophages.
Paradoxically, macrophages confer tolerance to lipid
peroxidation-driven ferroptosis in the absence of GPX4 (111). Xia
et al. (112) demonstrated that iron is conducted through cellular
signaling pathways such as MAPK, NF-xB, and ATF4, affects
cellular metabolic processes such as glucose and lipids, and
influences macrophage polarization through epigenetic regulatory
methods such as miRNA regulation, DNA, and histone
modification. GCH1 suppresses LPS-induced macrophage
ferroptosis by activating the AMPK pathway, while concurrently
reducing polarization and pro-inflammatory cytokine levels (113).
Propionate, a therapeutic short-chain fatty acid for IBD, modulates
iron homeostasis and inhibits ferroptosis through regulating TFR1/
FTH1 expression. This promotes M2 macrophage polarization,
thereby decreasing pro-inflammatory factor secretion and
enhancing epithelial regeneration (114). RECALCATTI indicated
that (94) ferritin (FT) was highly expressed in MI1-type
macrophages, whereas the expression levels of FPN, HO-1, and
TFR1 were relatively low. In contrast, FT expression was low in M2-
type macrophages, whereas FPN, HO-1, and TFR1 showed a high
expression. Studies indicate that exosomes from adipose tissue
macrophages (ATMs) induce ferroptosis by targeting SLC7A11 to
inhibit GSH synthesis (115). The ER and mitochondria serve as
primary sites for ROS generation and metabolism. Silica triggers
ferroptosis in murine macrophages and amplifies inflammatory
responses, whereas Wnt/Ca>* signaling activation exacerbates ER
stress and mitochondrial redox imbalance by downregulating GPX4
and SLC7A11 expression (116). Notably, LPS or inflammatory
cytokines upregulate SLC7A11 expression by activating the TLR4/
NF-kB pathway. This promotes GSH synthesis and enhances GPX4
activity, enabling the clearance of lipid peroxides and supporting
the survival of M1 macrophages. In contrast, M2 macrophages lack
sustained NF-kB activation, resulting in lower SLC7A11 expression.
Consequently, M2 cells primarily rely on GPX4 to directly reduce
lipid peroxides. When GPX4 activity is inhibited, M2 macrophages
become significantly more susceptible to ferroptosis than M1l
macrophages (117, 118). Pannexin 1, a channel protein mediating
transmembrane transport, is a key therapeutic target involved in
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apoptosis and the regulation of IBD. Pannexin 1 deficiency
promotes M2-like polarization while inhibiting M1-like
polarization. It also increases GPX4 expression in M2-like
macrophages, establishing an anti-inflammatory and antioxidant
positive feedback loop (119). Inhibiting P53 reduces ROS and lipid
peroxidation. It also restores the levels of SLC7A11, GPX4, and
GSH. Brucella infection triggers ferroptosis in macrophages. This
process is regulated through the P53-SLC7A11-GPX4/GSH
pathway and suppresses intracellular bacterial survival (120). In
conclusion, ferroptosis and polarization in macrophages are caused
by multiple mechanisms such as iron metabolism, GSH depletion,
and GPX4 inactivation. Moreover, in different stages of macrophage
polarization, the expression pattern of iron-related genes will be
adjusted accordingly. The detailed mechanisms of ferroptosis in
macrophages are shown in Figure 2.

4 Effect of macrophage ferroptosis in
IBD and inflammation-cancer
transformation

4.1 Macrophage ferroptosis promotes IBD
progression

Macrophages participate in intrinsic immune defense through
phagocytosis and secretion of inflammatory mediators, and iron
homeostasis is of dual significance in maintaining macrophage
physiological function and IBD progression. Iron overload in the
gastrointestinal tract triggers the Fenton reaction and Haber-Weiss
reaction, leading to excessive accumulation of ROS, which destroys
membrane structure by oxidizing unsaturated fatty acids in the cell
membrane and triggers mitochondria-endoplasmic reticulum
dysfunction, which induces the expression of apoptotic proteins,
such as caspases, and necrotic proteins, resulting in death and
inflammatory deterioration of IECs damage. At the same time, an
imbalance of iron metabolism enhances the ability of pathogenic
microorganisms to adhere and invade, destroys the balance of
intestinal flora, and triggers clinical symptoms such as abdominal
pain and diarrhea (121). Exogenous iron can regulate 5-LOX
activity and induce IL-6 expression by enhancing macrophage
nuclear membrane binding capacity, thus confirming the
functional regulation of iron overload on macrophages. Thus, it
has been shown that iron specifically accumulates within
inflammation-activated colonic macrophages in a UC mouse
model (122). In addition, the mechanism of upregulation of
colonic FPN expression in UC may involve hepcidin-mediated
regulation of iron metabolism. As a major regulatory hormone
produced by the liver in response to high iron load and
inflammatory stimulation, hepcidin induces FPN1 to inhibit
intestinal iron uptake and reduces iron release from macrophages
during iron overload states (123, 124). In humoral immunity, IECs
secrete ferritin by extracellular vesicles (EV). Excessive ferritin
uptake increases cellular metabolic load, leading to iron
accumulation in macrophages. The resulting iron overload
condition promotes oxidative stress and inflammatory responses
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FIGURE 2
Mechanisms of ferroptosis in macrophages.

in these cells, thereby exacerbating intestinal inflammation (125). In
addition to iron overload, iron can lead to ROS accumulation via
the Fenton reaction, which causes lipid peroxidation and redox
imbalance to induce macrophage ferroptosis, leading to intestinal
epithelial injury. KAPRALOV et al. (91) revealed a novel redox
mechanism for the regulation of ferroptosis under pathological
conditions, whereby M1-type macrophages are highly susceptible
to ferroptosis and thus produce inflammatory mediators, leading to
the development of IBD. It was also found that given that
inflammation-activated macrophages all showed a specific
elevation of ferrous iron and that changes in intracellular ferrous
iron levels may affect multiple metabolic processes, which in turn
alter macrophage polarization status. Iron overload induces ROS
generation, and ROS further mediates a significant upregulation of
p53 protein expression and an enhancement of its acetylation
modification level. This molecular regulation directly triggers the
polarization of M1-type macrophages toward pro-inflammatory
directions and accelerates the progression of IBD (126). It was
shown that the STATI signaling pathway also regulates M1
macrophage polarization, whereas iron is mediated by blocking
IFNYy-induced STATI1 phosphorylation, which in turn reduces
iNOS expression and Ml-associated cytokine levels (127).
Another study demonstrated that a new substance, mineralized
liposome CLF, could reduce iron accumulation in intestinal cells
and effectively inhibit the ferroptosis process by re-establishing the
GSH/GPX antioxidant system and decreasing macrophage ROS
production and lipid peroxidation levels. At the same time, it
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reduces the susceptibility of M2-type macrophages to ferroptosis
and protects polarized macrophages from ferroptosis depletion
(17). y-Glutamylcysteine (YGC) plays a central role in antioxidant
and anti-inflammatory processes by regulating intracellular GSH
levels. During IBD progression, YGC deficiency induces GSH
depletion, consequently triggering macrophage ferroptosis and
MI-type polarization, which collectively exacerbate intestinal
inflammation. The engineered YGC-loaded microparticle (yGC-
MP) delivery system suppresses ferroptosis through dual
modulation: downregulating TNF-o and upregulating
cytoprotective proteins. This coordinated action modulates the
PI3K/AKT signaling pathway, ultimately promoting intestinal
barrier restoration and ameliorating inflammation (128).
Magnolin has a significant efficacy in alleviating DSS-induced
IBD. It regulates macrophage polarization by inhibiting ALOXS5,
thereby reducing inflammatory cytokines and suppressing
ferroptosis in IECs (129). To sum up, these results suggest a
potential regulatory mechanism for macrophage ferroptosis in IBD.

4.2 Macrophage ferroptosis promotes the
progression of inflammation-cancer
transformation

Epidemiological and related studies have shown that colorectal

cancer risk is significantly elevated in IBD patients with long-term
colonic involvement due to the recurrent nature of IBD and the
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repeated damage and repair of the intestinal mucosa. Patients with
IBD-associated colorectal cancers are diagnosed at an advanced
stage and have a poor prognosis (2, 130). Animal experiments have
confirmed that inflammatory cell infiltration exacerbates the
malignant progression of colitis-associated colorectal cancer.
Therefore, balancing the bidirectional role of ferroptosis between
tumor cells and immune cells is crucial, and there is an urgent need
to develop more effective early risk assessment and therapeutic
targets to improve the status quo. Chronic recurrent inflammation,
through a pathological process triggered by sustained induction of
IEC DNA damage, induces cellular alterations and immune
responses and promotes tissue repair and cell proliferation,
leading to colitis-associated colon cancer (CAC). The
development of CAC is associated with a variety of in vivo
microenvironments, including cellular metabolism, immune cells,
and microbes (131). Macrophage infiltration and its polarization
create a microenvironment in the transition from inflammation to
tumor by exacerbating inflammation-associated mucosal injury and
can regulate tumorigenesis through aberrant activation of multiple
inflammatory pathways and dysregulated secretion of
proinflammatory factors (132-134). M1-type macrophage
polarization exacerbates inflammatory responses and induces
gene mutations, whereas M2-type macrophage polarization
partially antagonizes the pro-inflammatory effects of M1-type, but
the overall polarization imbalance still promotes malignant
transformation of epithelial cells. This pleiotropic mechanism of
action makes macrophages an important regulatory node linking
chronic inflammation to tumorigenesis (134-136). Tumor-
associated macrophages (TAMs), as a type of highly plastic
immune cell, have the dual functions of promoting and

10.3389/fimmu.2025.1658280

suppressing cancer. Studies have shown that its recruitment
process is closely related to the antitumor immune response in
the context of chronic inflammation, and TAM plays an important
role in promoting tumor cell invasion of parenchymal tissues,
enhancing tumor cell endocytosis, and other key aspects of tumor
progression by modulating the immune response cascade (137,
138). The structurally intact intestinal epithelium is a key
foundation for resistance to tissue damage and inflammation.
Iron-dependent lipid peroxidation-driven cell death can disrupt
intestinal barrier function, and the ROS it generates accelerates
intestinal mucosal injury and promotes IBD development.
Activation of intestinal cell proliferation pathways and
downregulation of ferroptosis-related gene expression effectively
inhibit the ferroptosis cascade, thereby significantly alleviating the
transition from colitis to CAC (139-142). As nanotechnology for
tumor therapy advances, researchers have developed a novel
combination strategy. By depleting GSH and accumulating ROS,
this method causes ferroptosis. At the same time, it promotes
macrophage polarization toward an antitumor phenotype,
effectively remodeling the immunosuppressive tumor
microenvironment (143). Studies have shown that
dihydroartemisinin (DHA) promotes iron accumulation and
suppresses GPX4, leading to ROS accumulation and NF-xB
activation. This induces ferroptosis in macrophages. Additionally,
DHA-treated TAMs exert antitumor effects by polarizing into a
pro-inflammatory phenotype through NF-kB activation (144). In
addition, many pieces of evidence suggest that ferroptosis-related
biomarkers have potential applications in the clinical management
of colon cancer (145). Gut flora-mediated cancer therapies may act
through ferroptosis inhibition of effector immune cells or
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enhancement of ferroptosis processes in immunosuppressed cells.
Inhibition of ferroptosis in regulatory macrophages may also impair
their immunosuppressive function and thus inhibit tumor
progression (142). Therefore, inhibition of macrophage
ferroptosis is important not only for alleviating IBD but also for
preventing the development of CAC. The mechanisms of
macrophages’ ferroptosis are shown in IBD and inflammation-
cancer transformation Figure 3.

5 Summary and outlook

In this paper, firstly, the concept of ferroptosis and its regulatory
mechanism were elaborated in detail, and then the relationship
between ferroptosis and macrophages with their polarization was
discussed through the perspective of iron metabolism and finally led
to the relationship between macrophage ferroptosis and IBD.
Ferroptosis is a novel type of programmed cell death caused by
lipid peroxidation, the pathogenesis of which is generally due to
iron overload, GSH depletion, GPX4 inactivation, and lipid
peroxidation, and it is regulated by a variety of cellular metabolic
activities and signaling pathways. Macrophages, as a key
component of innate immunity, have multiple important
biological functions. Iron affects macrophage development,
function, and polarization, and macrophages are critical for the
regulation of systemic iron homeostasis. Macrophage ferroptosis
has now been shown to be involved in pathogenesis during the
progression of various diseases such as atherosclerosis, tumors, and
sepsis in arteries. The intestinal flora modulates ferroptosis in
immune cells by many mechanisms, but the specific pathways of
action by which they inhibit or promote ferroptosis have not been
clarified. There is a growing body of research suggesting that
ferroptosis and macrophages play important roles in IBD, such as
maintaining immune and inflammatory homeostasis. Therefore,
macrophage ferroptosis is expected to be a new target for the
treatment of IBD.

Currently, studies on ferroptosis in IBD are mainly focused on
IECs, and the role of ferroptosis in other relevant immune cells in
IBD deserves to be further explored, and the relationship between
iron homeostasis, immune homeostasis, and the various symptoms
of IBD needs to be deeply explored. Although many advances have
been made in the study of macrophage ferroptosis, few studies have
focused on the impact of macrophage ferroptosis and IBD. The
exact mechanism of how macrophage ferroptosis affects IBD
through IECs, gut flora, and other directions remains imperfect,
and how macrophage and ferroptosis crosstalk with each other has
not yet been articulated. In addition, macrophage ferroptosis has
been studied more at the gene and molecular levels, but less at the
cellular and animal levels, and how to treat IBD in the clinic
through its specific mechanism, and translate it into practical
results. Therefore, in future studies, we can further confirm the
specific regulatory mechanism of macrophage ferroptosis in IBD
and explore the signaling pathways and cellular metabolic activities
in more detail, which will be important for revealing the evolution
of the disease and developing the target macrophage ferroptosis.
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This is of great clinical significance for revealing the mechanism of
disease evolution and developing novel drugs and therapeutics
targeting macrophage ferroptosis.

Author contributions

SC: Writing - original draft, Supervision, Writing - review &
editing, Investigation. JM: Investigation, Writing — review & editing,
Writing - original draft, Supervision. JT: Writing — review &
editing, Writing - original draft, Supervision. YY: Writing -
original draft, Writing - review & editing, Supervision. SZ:
Writing - review & editing, Investigation, Writing - original
draft. PF: Funding acquisition, Writing - review & editing,
Supervision, Writing — original draft.

Funding

The author(s) declare financial support was received for the
research and/or publication of this article. This research was funded
by the National Natural Science Foundation of China(82474481),
the Special Project of Scientific and Technological Research of
Sichuan Provincial Administration of Traditional Chinese
Medicine (2024zd004), and the Key Research and Development
Project of Sichuan Provincial Department of Science and
Technology (2024YFFKO0171).

Conflict of interest

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

Generative Al statement

The author(s) declare that no Generative AI was used in the
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial
intelligence and reasonable efforts have been made to ensure
accuracy, including review by the authors wherever possible. If
you identify any issues, please contact us.

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.

frontiersin.org


https://doi.org/10.3389/fimmu.2025.1658280
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Chen et al.

References

1. Baumgart DC, Carding SR. Inflammatory bowel disease: cause and
immunobiology. Lancet. (2007) 369:1627-40. doi: 10.1016/s0140-6736(07)60750-8

2. Bernstein CN, Blanchard JF, Kliewer E, Wajda A. Cancer risk in patients with
inflammatory bowel disease: a population-based study. Cancer. (2001) 91:854-62.
doi: 10.1002/1097-0142(20010215)91:4<854::aid-cncr1073>3.0.c0;2-z

3. Patankar JV, Becker C. Cell death in the gut epithelium and implications for
chronic inflammation. Nat Rev Gastroenterol Hepatol. (2020) 17:543-56. doi: 10.1038/
541575-020-0326-4

4. Muller PA, Matheis F, Mucida D. Gut macrophages: key players in intestinal
immunity and tissue physiology. Curr Opin Immunol. (2020) 62:54-61. doi: 10.1016/
j.c0i.2019.11.011

5. Wang T, Liu H, Lian G, Zhang SY, Wang X, Jiang C. HIFlo--induced glycolysis
metabolism is essential to the activation of inflammatory macrophages. Mediators
Inflamm. (2017) 2017:9029327. doi: 10.1155/2017/9029327

6. Chen G, Ran X, Li B, Li Y, He D, Huang B, et al. Sodium butyrate inhibits
inflammation and maintains epithelium barrier integrity in a TNBS-induced
inflammatory bowel disease mice model. EBioMedicine. (2018) 30:317-25. doi: 10.1016/
j.ebiom.2018.03.030

7. Haq S, Grondin JA, Khan WI. Tryptophan-derived serotonin-kynurenine balance
in immune activation and intestinal inflammation. FASEB J. (2021) 35:e21888.
doi: 10.1096/1j.202100702R

8. Andou A, Hisamatsu T, Okamoto S, Chinen H, Kamada N, Kobayashi T, et al.
Dietary histidine ameliorates murine colitis by inhibition of proinflammatory cytokine
production from macrophages. Gastroenterology. (2009) 136:564-74.¢2. doi: 10.1053/
j.gastro.2008.09.062

9. Fritsch SD, Sukhbaatar N, Gonzales K, Sahu A, Tran L, Vogel A, et al. Metabolic
support by macrophages sustains colonic epithelial homeostasis. Cell Metab. (2023)
35:1931-43.e8. doi: 10.1016/j.cmet.2023.09.010

10. De Schepper S, Verheijden S, Aguilera-Lizarraga J, Viola MF, Boesmans W,
Stakenborg N, et al. Self-maintaining gut macrophages are essential for intestinal
homeostasis. Cell. (2018) 175:400-15.e13. doi: 10.1016/j.cell.2018.07.048

11. Scott NA, Lawson MAE, Hodgetts RJ, Le Gall G, Hall L], Mann ER. Macrophage
metabolism in the intestine is compartment specific and regulated by the microbiota.
Immunology. (2022) 166:138-52. doi: 10.1111/imm.13461

12. Isidro RA, Appleyard CB. Colonic macrophage polarization in homeostasis,
inflammation, and cancer. Am J Physiol Gastrointest Liver Physiol. (2016) 311:G59-73.
doi: 10.1152/ajpgi.00123.2016

13. Li C, Xu MM, Wang K, Adler AJ, Vella AT, Zhou B. Macrophage polarization
and meta-inflammation. Transl Res. (2018) 191:29-44. doi: 10.1016/
j.trs1.2017.10.004

14. Rodriguez-Morales P, Franklin RA. Macrophage phenotypes and functions:
resolving inflammation and restoring homeostasis. Trends Immunol. (2023) 44:986-98.
doi: 10.1016/}.it.2023.10.004

15. ChenY, Cui W, Li X, Yang H. Interaction between commensal bacteria, immune
response and the intestinal barrier in inflammatory bowel disease. Front Immunol.
(2021) 12:761981. doi: 10.3389/fimmu.2021.761981

16. Ni S, Yuan Y, Kuang Y, Li X. Iron metabolism and immune regulation. Front
Immunol. (2022) 13:816282. doi: 10.3389/fimmu.2022.816282

17. ZhaoY, Yin W, Yang Z, Sun ], Chang J, Huang L, et al. Nanotechnology-enabled
M2 macrophage polarization and ferroptosis inhibition for targeted inflammatory
bowel disease treatment. | Control Release. (2024) 367:339-53. doi: 10.1016/
j.jconrel.2024.01.051

18. Ye Y, Liu L, Feng Z, Liu Y, Miao J, Wei X, et al. The ERK-cPLA2-ACSL4 axis
mediating M2 macrophages ferroptosis impedes mucosal healing in ulcerative colitis.
Free Radic Biol Med. (2024) 214:219-35. doi: 10.1016/j.freeradbiomed.2024.02.016

19. Dixon SJ, Lemberg KM, Lamprecht MR, Skouta R, Zaitsev EM, Gleason CE, et al.
Ferroptosis: an iron-dependent form of nonapoptotic cell death. Cell. (2012) 149:1060-
72. doi: 10.1016/j.cell.2012.03.042

20. Tang D, Kang R, Berghe TV, Vandenabeele P, Kroemer G. The molecular machinery
of regulated cell death. Cell Res. (2019) 29:347-64. doi: 10.1038/s41422-019-0164-5

21. He Y], Liu XY, Xing L, Wan X, Chang X, Jiang HL. Fenton reaction-independent
ferroptosis therapy via glutathione and iron redox couple sequentially triggered lipid peroxide
generator. Biomaterials. (2020) 241:119911. doi: 10.1016/j.biomaterials.2020.119911

22. Sendamarai AK, Ohgami RS, Fleming MD, Lawrence CM. Structure of the
membrane proximal oxidoreductase domain of human Steap3, the dominant
ferrireductase of the erythroid transferrin cycle. Proc Natl Acad Sci U.S.A. (2008)
105:7410-5. doi: 10.1073/pnas.0801318105

23. Conrad M, Angeli JP, Vandenabeele P, Stockwell BR. Regulated necrosis: disease
relevance and therapeutic opportunities. Nat Rev Drug Discov. (2016) 15:348-66.
doi: 10.1038/nrd.2015.6

24. Yagoda N, von Rechenberg M, Zaganjor E, Bauer AJ, Yang WS, Fridman DJ,
et al. RAS-RAF-MEK-dependent oxidative cell death involving voltage-dependent
anion channels. Nature. (2007) 447:864-8. doi: 10.1038/nature05859

Frontiers in Immunology

11

10.3389/fimmu.2025.1658280

25. Yang WS, Stockwell BR. Synthetic lethal screening identifies compounds
activating iron-dependent, nonapoptotic cell death in oncogenic-RAS-harboring
cancer cells. Chem Biol. (2008) 15:234-45. doi: 10.1016/j.chembiol.2008.02.010

26. RuQ, Li Y, Chen L, Wu Y, Min J, Wang F. Iron homeostasis and ferroptosis in
human diseases: mechanisms and therapeutic prospects. Signal Transduct Target Ther.
(2024) 9:271. doi: 10.1038/s41392-024-01969-z

27. Chen X, Yu C, Kang R, Tang D. Iron metabolism in ferroptosis. Front Cell Dev
Biol. (2020) 8:590226. doi: 10.3389/fcell.2020.590226

28. Gao M, Monian P, Quadri N, Ramasamy R, Jiang X. Glutaminolysis and
transferrin regulate ferroptosis. Mol Cell. (2015) 59:298-308. doi: 10.1016/
j.molcel.2015.06.011

29. Yan HF, Zou T, Tuo QZ, Xu S, Li H, Belaidi AA, et al. Ferroptosis: mechanisms
and links with diseases. Signal Transduct Target Ther. (2021) 6:49. doi: 10.1038/s41392-
020-00428-9

30. Feng H, Schorpp K, Jin J, Yozwiak CE, Hoffstrom BG, Decker AM, et al.
Transferrin receptor is a specific ferroptosis marker. Cell Rep. (2020) 30:3411-23.€7.
doi: 10.1016/j.celrep.2020.02.049

31. YuY, Jiang L, Wang H, Shen Z, Cheng Q, Zhang P, et al. Hepatic transferrin
plays a role in systemic iron homeostasis and liver ferroptosis. Blood. (2020) 136:726—
39. doi: 10.1182/blood.2019002907

32. Hou W, Xie Y, Song X, Sun X, Lotze MT, Zeh HJ 3rd, et al. Autophagy promotes
ferroptosis by degradation of ferritin. Autophagy. (2016) 12:1425-8. doi: 10.1080/
15548627.2016.1187366

33. Stockwell BR, Friedmann Angeli JP, Bayir H, Bush AI, Conrad M, Dixon SJ, et al.
Ferroptosis: A regulated cell death nexus linking metabolism, redox biology, and
disease. Cell. (2017) 171:273-85. doi: 10.1016/j.cell.2017.09.021

34. LiuJ, Kuang F, Kroemer G, Klionsky DJ, Kang R, Tang D. Autophagy-dependent
ferroptosis: machinery and regulation. Cell Chem Biol. (2020) 27:420-35. doi: 10.1016/
j.chembiol.2020.02.005

35. Minotti G, Aust SD. The role of iron in oxygen radical mediated lipid
peroxidation. Chem Biol Interact. (1989) 71:1-19. doi: 10.1016/0009-2797(89)90087-2

36. 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) 13:91-8. doi: 10.1038/nchembio.2239

37. Cui J, Wang Y, Tian X, Miao Y, Ma L, Zhang C, et al. LPCAT3 is
transcriptionally regulated by YAP/ZEB/EP300 and collaborates with ACSL4 and
YAP to determine ferroptosis sensitivity. Antioxid Redox Signal. (2023) 39:491-511.
doi: 10.1089/ars.2023.0237

38. LiJ, Jia YC, Ding YX, Bai ], Cao F, Li F. The crosstalk between ferroptosis and
mitochondrial dynamic regulatory networks. Int ] Biol Sci. (2023) 19:2756-71.
doi: 10.7150/ijbs.83348

39. Kong R, Wang N, Han W, Bao W, Lu J. IFNy-mediated repression of system xc
(-) drives vulnerability to induced ferroptosis in hepatocellular carcinoma cells. J
Leukoc Biol. (2021) 110:301-14. doi: 10.1002/jlb.3ma1220-815rrr

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

41. Kraft VAN, Bezjian CT, Pfeiffer S, Ringelstetter L, Miiller C, Zandkarimi F, et al.
GTP cyclohydrolase 1/tetrahydrobiopterin counteract ferroptosis through lipid
remodeling. ACS Cent Sci. (2020) 6:41-53. doi: 10.1021/acscentsci.9b01063

42. Doll S, Freitas FP, Shah R, Aldrovandi M, da Silva MC, Ingold I, et al. FSP1 is a
glutathione-independent ferroptosis suppressor. Nature. (2019) 575:693-8.
doi: 10.1038/s41586-019-1707-0

43. 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)
575:688-92. doi: 10.1038/s41586-019-1705-2

44. Yamamoto M, Kensler TW, Motohashi H. The KEAP1-NRF2 system: a thiol-
based sensor-effector apparatus for maintaining redox homeostasis. Physiol Rev. (2018)
98:1169-203. doi: 10.1152/physrev.00023.2017

45. Shen K, Wang X, Wang Y, Jia Y, Zhang Y, Wang K, et al. miR-125b-5p in
adipose derived stem cells exosome alleviates pulmonary microvascular endothelial
cells ferroptosis via Keapl/Nrf2/GPX4 in sepsis lung injury. Redox Biol. (2023)
62:102655. doi: 10.1016/j.redox.2023.102655

46. Chen Y, Fang ZM, Yi X, Wei X, Jiang DS. The interaction between ferroptosis
and inflammatory signaling pathways. Cell Death Dis. (2023) 14:205. doi: 10.1038/
$41419-023-05716-0

47. Kastenhuber ER, Lowe SW. Putting p53 in context. Cell. (2017) 170:1062-78.
doi: 10.1016/j.cell.2017.08.028

48. 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) 520:57-62. doi: 10.1038/
naturel4344

49. Luo P, Liu D, Zhang Q, Yang F, Wong YK, Xia F, et al. Celastrol induces

ferroptosis in activated HSCs to ameliorate hepatic fibrosis via targeting peroxiredoxins
and HO-1. Acta Pharm Sin B. (2022) 12:2300-14. doi: 10.1016/j.apsb.2021.12.007

frontiersin.org


https://doi.org/10.1016/s0140-6736(07)60750-8
https://doi.org/10.1002/1097-0142(20010215)91:4%3C854::aid-cncr1073%3E3.0.co;2-z
https://doi.org/10.1038/s41575-020-0326-4
https://doi.org/10.1038/s41575-020-0326-4
https://doi.org/10.1016/j.coi.2019.11.011
https://doi.org/10.1016/j.coi.2019.11.011
https://doi.org/10.1155/2017/9029327
https://doi.org/10.1016/j.ebiom.2018.03.030
https://doi.org/10.1016/j.ebiom.2018.03.030
https://doi.org/10.1096/fj.202100702R
https://doi.org/10.1053/j.gastro.2008.09.062
https://doi.org/10.1053/j.gastro.2008.09.062
https://doi.org/10.1016/j.cmet.2023.09.010
https://doi.org/10.1016/j.cell.2018.07.048
https://doi.org/10.1111/imm.13461
https://doi.org/10.1152/ajpgi.00123.2016
https://doi.org/10.1016/j.trsl.2017.10.004
https://doi.org/10.1016/j.trsl.2017.10.004
https://doi.org/10.1016/j.it.2023.10.004
https://doi.org/10.3389/fimmu.2021.761981
https://doi.org/10.3389/fimmu.2022.816282
https://doi.org/10.1016/j.jconrel.2024.01.051
https://doi.org/10.1016/j.jconrel.2024.01.051
https://doi.org/10.1016/j.freeradbiomed.2024.02.016
https://doi.org/10.1016/j.cell.2012.03.042
https://doi.org/10.1038/s41422-019-0164-5
https://doi.org/10.1016/j.biomaterials.2020.119911
https://doi.org/10.1073/pnas.0801318105
https://doi.org/10.1038/nrd.2015.6
https://doi.org/10.1038/nature05859
https://doi.org/10.1016/j.chembiol.2008.02.010
https://doi.org/10.1038/s41392-024-01969-z
https://doi.org/10.3389/fcell.2020.590226
https://doi.org/10.1016/j.molcel.2015.06.011
https://doi.org/10.1016/j.molcel.2015.06.011
https://doi.org/10.1038/s41392-020-00428-9
https://doi.org/10.1038/s41392-020-00428-9
https://doi.org/10.1016/j.celrep.2020.02.049
https://doi.org/10.1182/blood.2019002907
https://doi.org/10.1080/15548627.2016.1187366
https://doi.org/10.1080/15548627.2016.1187366
https://doi.org/10.1016/j.cell.2017.09.021
https://doi.org/10.1016/j.chembiol.2020.02.005
https://doi.org/10.1016/j.chembiol.2020.02.005
https://doi.org/10.1016/0009-2797(89)90087-2
https://doi.org/10.1038/nchembio.2239
https://doi.org/10.1089/ars.2023.0237
https://doi.org/10.7150/ijbs.83348
https://doi.org/10.1002/jlb.3ma1220-815rrr
https://doi.org/10.1038/s41419-020-2298-2
https://doi.org/10.1021/acscentsci.9b01063
https://doi.org/10.1038/s41586-019-1707-0
https://doi.org/10.1038/s41586-019-1705-2
https://doi.org/10.1152/physrev.00023.2017
https://doi.org/10.1016/j.redox.2023.102655
https://doi.org/10.1038/s41419-023-05716-0
https://doi.org/10.1038/s41419-023-05716-0
https://doi.org/10.1016/j.cell.2017.08.028
https://doi.org/10.1038/nature14344
https://doi.org/10.1038/nature14344
https://doi.org/10.1016/j.apsb.2021.12.007
https://doi.org/10.3389/fimmu.2025.1658280
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Chen et al.

50. Chang LC, Chiang SK, Chen SE, Yu YL, Chou RH, Chang WC. Heme
oxygenase-1 mediates BAY 11-7085 induced ferroptosis. Cancer Lett. (2018)
416:124-37. doi: 10.1016/j.canlet.2017.12.025

51. Feng X, Wang S, Sun Z, Dong H, Yu H, Huang M, et al. Ferroptosis Enhanced
Diabetic Renal Tubular Injury via HIF-10/HO-1 Pathway in db/db Mice. Front
Endocrinol (Lausanne). (2021) 12:626390. doi: 10.3389/fendo.2021.626390

52. Zhou P, Zhang S, Wang M, Zhou J. The induction mechanism of ferroptosis,
necroptosis, and pyroptosis in inflammatory bowel disease, colorectal cancer, and
intestinal injury. Biomolecules. (2023) 13:820. doi: 10.3390/biom13050820

53. XuM, TaoJ, Yang Y, Tan S, Liu H, Jiang J, et al. Ferroptosis involves in intestinal
epithelial cell death in ulcerative colitis. Cell Death Dis. (2020) 11:86. doi: 10.1038/
§41419-020-2299-1

54. Huang F, Zhang S, Li X, Huang Y, He S, Luo L. STAT3-mediated ferroptosis is
involved in ulcerative colitis. Free Radic Biol Med. (2022) 188:375-85. doi: 10.1016/
j.freeradbiomed.2022.06.242

55. Chen Y, Zhang P, Chen W, Chen G. Ferroptosis mediated DSS-induced
ulcerative colitis associated with Nrf2/HO-1 signaling pathway. Immunol Lett. (2020)
225:9-15. doi: 10.1016/j.imlet.2020.06.005

56. Dong S, Lu Y, Peng G, Li J, Li W, Li M, et al. Furin inhibits epithelial cell injury
and alleviates experimental colitis by activating the Nrf2-Gpx4 signaling pathway. Dig
Liver Dis. (2021) 53:1276-85. doi: 10.1016/j.d1d.2021.02.011

57. Yuan L, Wang Y, Li N, Yang X, Sun X, Tian H, et al. Mechanism of action and
therapeutic implications of Nrf2/HO-1 in inflammatory bowel disease. Antioxidants
(Basel). (2024) 13:1012. doi: 10.3390/antiox13081012

58. Wang L, Liu Y, Du T, Yang H, Lei L, Guo M, et al. ATF3 promotes erastin-
induced ferroptosis by suppressing system Xc(). Cell Death Differ. (2020) 27:662-75.
doi: 10.1038/541418-019-0380-z

59. Wang RX, Gu X, Zhang SX, Zhao YJ, Zhang H]J, Li FY. Deletion of BACH1
alleviates ferroptosis and protects against LPS-triggered acute lung injury by activating
Nrf2/HO-1 signaling pathway. Biochem Biophys Res Commun. (2023) 644:8-14.
doi: 10.1016/j.bbrc.2023.01.002

60. Nishizawa H, Matsumoto M, Shindo T, Saigusa D, Kato H, Suzuki K, et al.
Ferroptosis is controlled by the coordinated transcriptional regulation of glutathione
and labile iron metabolism by the transcription factor BACHI. J Biol Chem. (2020)
295:69-82. doi: 10.1074/jbc.RA119.009548

61. Lam IH, Chan CI, Han M, Li L, Yu HH. ACSL4 mediates inflammatory bowel
disease and contributes to LPS-induced intestinal epithelial cell dysfunction by
activating ferroptosis and inflammation. Open Med (Wars). (2024) 19:20240993.
doi: 10.1515/med-2024-0993

62. Liang J, Wang N, Yao Y, Wang Y, An X, Wang H, et al. NEDD4L mediates
intestinal epithelial cell ferroptosis to restrict inflammatory bowel diseases and
colorectal tumorigenesis. J Clin Invest. (2024) 135:¢173994. doi: 10.1172/jci173994

63. Loveikyte R, Boer M, van der Meulen CN, Ter Steege RWF, Tack G, Kuyvenhoven
J, et al. Anemia and iron deficiency in outpatients with inflammatory bowel disease:
ubiquitous yet suboptimally managed. J Clin Med. (2022) 11:6843. doi: 10.3390/
jem11226843

64. Chieppa M, Galleggiante V, Serino G, Massaro M, Santino A. Iron chelators
dictate immune cells inflammatory ability: potential adjuvant therapy for IBD. Curr
Pharm Des. (2017) 23:2289-98. doi: 10.2174/1381612823666170215143541

65. Carrier J, Aghdassi E, Platt I, Cullen J, Allard JP. Effect of oral iron supplementation
on oxidative stress and colonic inflammation in rats with induced colitis. Aliment
Pharmacol Ther. (2001) 15:1989-99. doi: 10.1046/j.1365-2036.2001.01113.x

66. Mayr L, Grabherr F, Schwirzler J, Reitmeier I, Sommer F, Gehmacher T, et al.
Dietary lipids fuel GPX4-restricted enteritis resembling Crohn’s disease. Nat Commun.
(2020) 11:1775. doi: 10.1038/s41467-020-15646-6

67. Millar AD, Rampton DS, Blake DR. Effects of iron and iron chelation in vitro on
mucosal oxidant activity in ulcerative colitis. Aliment Pharmacol Ther. (2000) 14:1163-
8. doi: 10.1046/j.1365-2036.2000.00828.x

68. Werner T, Wagner SJ, Martinez I, Walter J, Chang JS, Clavel T, et al. Depletion
of luminal iron alters the gut microbiota and prevents Crohn’s disease-like ileitis. Gut.
(2011) 60:325-33. doi: 10.1136/gut.2010.216929

69. Panda SK, Peng V, Sudan R, Ulezko Antonova A, Di Luccia B, Ohara TE, et al.
Repression of the aryl-hydrocarbon receptor prevents oxidative stress and ferroptosis of
intestinal intraepithelial lymphocytes. Immunity. (2023) 56:797-812.e4. doi: 10.1016/
j-immuni.2023.01.023

70. Wei Z, Hang S, Wiredu Ocansey DK, Zhang Z, Wang B, Zhang X, et al. Human
umbilical cord mesenchymal stem cells derived exosome shuttling mir-129-5p
attenuates inflammatory bowel disease by inhibiting ferroptosis. J Nanobiotechnol.
(2023) 21:188. doi: 10.1186/s12951-023-01951-x

71. GuK, Wu A, Yu B, Zhang T, Lai X, Chen J, et al. Iron overload induces colitis by
modulating ferroptosis and interfering gut microbiota in mice. Sci Total Environ.
(2023) 905:167043. doi: 10.1016/j.scitotenv.2023.167043

72. Das NK, Schwartz AJ, Barthel G, Inohara N, Liu Q, Sankar A, et al. Microbial
metabolite signaling is required for systemic iron homeostasis. Cell Metab. (2020)
31:115-30.e6. doi: 10.1016/j.cmet.2019.10.005

73. Chen H, Qian Y, Jiang C, Tang L, Yu J, Zhang L, et al. Butyrate ameliorated
ferroptosis in ulcerative colitis through modulating Nrf2/GPX4 signal pathway and

Frontiers in Immunology

12

10.3389/fimmu.2025.1658280

improving intestinal barrier. Biochim Biophys Acta Mol Basis Dis. (2024) 1870:166984.
doi: 10.1016/j.bbadis.2023.166984

74. SuX, Gao Y, Yang R. Gut microbiota derived bile acid metabolites maintain the
homeostasis of gut and systemic immunity. Front Immunol. (2023) 14:1127743.
doi: 10.3389/fimmu.2023.1127743

75. Kikuchi H, Hikage M, Miyashita H, Fukumoto M. NADPH oxidase subunit,
gp91(phox) homologue, preferentially expressed in human colon epithelial cells. Gene.
(2000) 254:237-43. doi: 10.1016/s0378-1119(00)00258-4

76. Fukuyama M, Rokutan K, Sano T, Miyake H, Shimada M, Tashiro S.
Overexpression of a novel superoxide-producing enzyme, NADPH oxidase 1, in
adenoma and well differentiated adenocarcinoma of the human colon. Cancer Lett.
(2005) 221:97-104. doi: 10.1016/j.canlet.2004.08.031

77. Kourtzelis I, Hajishengallis G, Chavakis T. Phagocytosis of apoptotic cells in resolution
of inflammation. Front Immunol. (2020) 11:553. doi: 10.3389/fimmu.2020.00553

78. Fernandez-Garcia V, Gonzalez-Ramos S, Avendafo-Ortiz ], Martin-Sanz P,
Delgado C, Castrillo A, et al. NOD1 splenic activation confers ferroptosis protection
and reduces macrophage recruitment under pro-atherogenic conditions. BioMed
Pharmacother. (2022) 148:112769. doi: 10.1016/j.biopha.2022.112769

79. Liu R, Wang J, Liu Y, Gao Y, Yang R. Regulation of gut microbiota on immune
cell ferroptosis: A novel insight for immunotherapy against tumor. Cancer Lett. (2024)
598:217115. doi: 10.1016/j.canlet.2024.217115

80. Zhang Z, Zhang F, An P, Guo X, Shen Y, Tao Y, et al. Ferroportinl deficiency in
mouse macrophages impairs iron homeostasis and inflammatory responses. Blood.
(2011) 118:1912-22. doi: 10.1182/blood-2011-01-330324

81. Nairz M, Fritsche G, Brunner P, Talasz H, Hantke K, Weiss G. Interferon-
gamma limits the availability of iron for intramacrophage Salmonella typhimurium.
Eur ] Immunol. (2008) 38:1923-36. doi: 10.1002/¢ji.200738056

82. Chen W, Zuo F, Zhang K, Xia T, Lei W, Zhang Z, et al. Exosomal MIF derived
from nasopharyngeal carcinoma promotes metastasis by repressing ferroptosis of
macrophages. Front Cell Dev Biol. (2021) 9:791187. doi: 10.3389/fcell.2021.791187

83. Nairz M, Schleicher U, Schroll A, Sonnweber T, Theurl I, Ludwiczek S, et al.
Nitric oxide-mediated regulation of ferroportin-1 controls macrophage iron
homeostasis and immune function in Salmonella infection. J Exp Med. (2013)
210:855-73. doi: 10.1084/jem.20121946

84. Johnson EE, Sandgren A, Cherayil B], Murray M, Wessling-Resnick M. Role of
ferroportin in macrophage-mediated immunity. Infect Immun. (2010) 78:5099-106.
doi: 10.1128/iai.00498-10

85. Wang L, Harrington L, Trebicka E, Shi HN, Kagan JC, Hong CC, et al. Selective
modulation of TLR4-activated inflammatory responses by altered iron homeostasis in
mice. J Clin Invest. (2009) 119:3322-8. doi: 10.1172/jci39939

86. To EE, Broughton BR, Hendricks KS, Vlahos R, Selemidis S. Influenza A virus
and TLR7 activation potentiate NOX2 oxidase-dependent ROS production in
macrophages. Free Radic Res. (2014) 48:940-7. doi: 10.3109/10715762.2014.927579

87. Yuan Y, Chen Y, Peng T, Li L, Zhu W, Liu F, et al. Mitochondrial ROS-induced
lysosomal dysfunction impairs autophagic flux and contributes to M1 macrophage
polarization in a diabetic condition. Clin Sci (Lond). (2019) 133:1759-77. doi: 10.1042/
¢s20190672

88. Amit I, Winter DR, Jung S. The role of the local environment and epigenetics in
shaping macrophage identity and their effect on tissue homeostasis. Nat Immunol.
(2016) 17:18-25. doi: 10.1038/ni.3325

89. Chen X, Kang R, Kroemer G, Tang D. Ferroptosis in infection, inflammation,
and immunity. ] Exp Med. (2021) 218:e20210518. doi: 10.1084/jem.20210518

90. Sica A, Mantovani A. Macrophage plasticity and polarization: in vivo veritas. ]
Clin Invest. (2012) 122:787-95. doi: 10.1172/jci59643

91. Kapralov AA, Yang Q, Dar HH, Tyurina YY, Anthonymuthu TS, Kim R, et al.
Redox lipid reprogramming commands susceptibility of macrophages and microglia to
ferroptotic death. Nat Chem Biol. (2020) 16:278-90. doi: 10.1038/s41589-019-0462-8

92. Murray PJ. Macrophage polarization. Annu Rev Physiol. (2017) 79:541-66.
doi: 10.1146/annurev-physiol-022516-034339

93. DeRosa A, Leftin A. The iron curtain: macrophages at the interface of systemic
and microenvironmental iron metabolism and immune response in cancer. Front
Immunol. (2021) 12:614294. doi: 10.3389/fimmu.2021.614294

94. Recalcati S, Locati M, Marini A, Santambrogio P, Zaninotto F, De Pizzol M, et al.
Differential regulation of iron homeostasis during human macrophage polarized
activation. Eur J Immunol. (2010) 40:824-35. doi: 10.1002/¢ji.200939889

95. Agoro R, Taleb M, Quesniaux VFJ, Mura C. Cell iron status influences macrophage
polarization. PLoS One. (2018) 13:¢0196921. doi: 10.1371/journal.pone.0196921

96. Lin J, Lu W, Cheng S, Zhang Z, Hu Y, Chen §, et al. Exosomal CagA induces
Macrophage Polarization and Ferroptosis by JAK1-2/STAT1 Signaling Pathway in
Helicobacter pylori-Associated Gastritis. Free Radic Biol Med. (2025) 239:91-103.
doi: 10.1016/j.freeradbiomed.2025.07.031

97. Bories G, Colin S, Vanhoutte J, Derudas B, Copin C, Fanchon M, et al. Liver X
receptor activation stimulates iron export in human alternative macrophages. Circ Res.
(2013) 113:1196-205. doi: 10.1161/circresaha.113.301656

98. Korf H, Vander Beken S, Romano M, Steffensen KR, Stijlemans B, Gustafsson JA,
et al. Liver X receptors contribute to the protective immune response against Mycobacterium
tuberculosis in mice. ] Clin Invest. (2009) 119:1626-37. doi: 10.1172/jci35288

frontiersin.org


https://doi.org/10.1016/j.canlet.2017.12.025
https://doi.org/10.3389/fendo.2021.626390
https://doi.org/10.3390/biom13050820
https://doi.org/10.1038/s41419-020-2299-1
https://doi.org/10.1038/s41419-020-2299-1
https://doi.org/10.1016/j.freeradbiomed.2022.06.242
https://doi.org/10.1016/j.freeradbiomed.2022.06.242
https://doi.org/10.1016/j.imlet.2020.06.005
https://doi.org/10.1016/j.dld.2021.02.011
https://doi.org/10.3390/antiox13081012
https://doi.org/10.1038/s41418-019-0380-z
https://doi.org/10.1016/j.bbrc.2023.01.002
https://doi.org/10.1074/jbc.RA119.009548
https://doi.org/10.1515/med-2024-0993
https://doi.org/10.1172/jci173994
https://doi.org/10.3390/jcm11226843
https://doi.org/10.3390/jcm11226843
https://doi.org/10.2174/1381612823666170215143541
https://doi.org/10.1046/j.1365-2036.2001.01113.x
https://doi.org/10.1038/s41467-020-15646-6
https://doi.org/10.1046/j.1365-2036.2000.00828.x
https://doi.org/10.1136/gut.2010.216929
https://doi.org/10.1016/j.immuni.2023.01.023
https://doi.org/10.1016/j.immuni.2023.01.023
https://doi.org/10.1186/s12951-023-01951-x
https://doi.org/10.1016/j.scitotenv.2023.167043
https://doi.org/10.1016/j.cmet.2019.10.005
https://doi.org/10.1016/j.bbadis.2023.166984
https://doi.org/10.3389/fimmu.2023.1127743
https://doi.org/10.1016/s0378-1119(00)00258-4
https://doi.org/10.1016/j.canlet.2004.08.031
https://doi.org/10.3389/fimmu.2020.00553
https://doi.org/10.1016/j.biopha.2022.112769
https://doi.org/10.1016/j.canlet.2024.217115
https://doi.org/10.1182/blood-2011-01-330324
https://doi.org/10.1002/eji.200738056
https://doi.org/10.3389/fcell.2021.791187
https://doi.org/10.1084/jem.20121946
https://doi.org/10.1128/iai.00498-10
https://doi.org/10.1172/jci39939
https://doi.org/10.3109/10715762.2014.927579
https://doi.org/10.1042/cs20190672
https://doi.org/10.1042/cs20190672
https://doi.org/10.1038/ni.3325
https://doi.org/10.1084/jem.20210518
https://doi.org/10.1172/jci59643
https://doi.org/10.1038/s41589-019-0462-8
https://doi.org/10.1146/annurev-physiol-022516-034339
https://doi.org/10.3389/fimmu.2021.614294
https://doi.org/10.1002/eji.200939889
https://doi.org/10.1371/journal.pone.0196921
https://doi.org/10.1016/j.freeradbiomed.2025.07.031
https://doi.org/10.1161/circresaha.113.301656
https://doi.org/10.1172/jci35288
https://doi.org/10.3389/fimmu.2025.1658280
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Chen et al.

99. Wan C, Sun Y, Tian Y, Lu L, Dai X, Meng J, et al. Irradiated tumor cell-derived
microparticles mediate tumor eradication via cell killing and immune reprogramming.
Sci Adv. (2020) 6:eaay9789. doi: 10.1126/sciadv.aay9789

100. Wu L, Lin H, Li S, Huang Y, Sun Y, Shu S, et al. Macrophage iron
dyshomeostasis promotes aging-related renal fibrosis. Aging Cell. (2024) 23:e14275.
doi: 10.1111/acel. 14275

101. Youssef LA, Rebbaa A, Pampou S, Weisberg SP, Stockwell BR, Hod EA, et al.
Increased erythrophagocytosis induces ferroptosis in red pulp macrophages in a mouse
model of transfusion. Blood. (2018) 131:2581-93. doi: 10.1182/blood-2017-12-822619

102. Sebastiani G, Wilkinson N, Pantopoulos K. Pharmacological targeting of the
hepcidin/ferroportin axis. Front Pharmacol. (2016) 7:160. doi: 10.3389/
fphar.2016.00160

103. Vogt AS, Arsiwala T, Mohsen M, Vogel M, Manolova V, Bachmann MF. On
iron metabolism and its regulation. Int J Mol Sci. (2021) 22:4591. doi: 10.3390/
ijms22094591

104. Sukhbaatar N, Weichhart T. Iron regulation: macrophages in control. Pharm
(Basel). (2018) 11:137. doi: 10.3390/ph11040137

105. Xiao L, Luo G, Guo X, Jiang C, Zeng H, Zhou F, et al. Macrophage iron
retention aggravates atherosclerosis: Evidence for the role of autocrine formation of
hepcidin in plaque macrophages. Biochim Biophys Acta Mol Cell Biol Lipids. (2020)
1865:158531. doi: 10.1016/j.bbalip.2019.158531

106. Wang Y, Liu Y, Liu J, Kang R, Tang D. NEDD4L-mediated LTF protein
degradation limits ferroptosis. Biochem Biophys Res Commun. (2020) 531:581-7.
doi: 10.1016/j.bbrc.2020.07.032

107. Guo HH, Xiong L, Pan JX, Lee D, Liu K, Ren X, et al. Hepcidin contributes to
Swedish mutant APP-induced osteoclastogenesis and trabecular bone loss. Bone Res.
(2021) 9:31. doi: 10.1038/s41413-021-00146-0

108. Dufrusine B, Di Francesco A, Oddi S, Scipioni L, Angelucci CB, D’Addario C,
et al. Iron-dependent trafficking of 5-lipoxygenase and impact on human macrophage
activation. Front Immunol. (2019) 10:1347. doi: 10.3389/fimmu.2019.01347

109. Namgaladze D, Fuhrmann DC, Briine B. Interplay of Nrf2 and BACH1 in
inducing ferroportin expression and enhancing resistance of human macrophages
towards ferroptosis. Cell Death discov. (2022) 8:327. doi: 10.1038/s41420-022-01117-y

110. Ma R, Fang L, Chen L, Wang X, Jiang J, Gao L. Ferroptotic stress promotes
macrophages against intracellular bacteria. Theranostics. (2022) 12:2266-89.
doi: 10.7150/thno.66663

111. Piattini F, Matsushita M, Muri ], Bretscher P, Feng X, Freigang S, et al.
Differential sensitivity of inflammatory macrophages and alternatively activated
macrophages to ferroptosis. Eur J Immunol. (2021) 51:2417-29. doi: 10.1002/
€ji.202049114

112. Xia Y, Li Y, Wu X, Zhang Q, Chen S, Ma X, et al. Ironing out the details: how
iron orchestrates macrophage polarization. Front Immunol. (2021) 12:669566.
doi: 10.3389/fimmu.2021.669566

113. Xiao Y, Yuan Y, Yang Y, Liu B, Ding Z, Luo J, et al. GCH1 reduces LPS-induced
alveolar macrophage polarization and inflammation by inhibition of ferroptosis.
Inflammation Res. (2023) 72:1941-55. doi: 10.1007/s00011-023-01785-1

114. Yao T, Dong X, Lv ], Fu L, Li L. Propionate alleviated colitis by modulating iron
homeostasis to inhibit ferroptosis and macrophage polarization. Int
Immunopharmacol. (2025) 162:115151. doi: 10.1016/j.intimp.2025.115151

115. Zhao X, Si L, Bian J, Pan C, Guo W, Qin P, et al. Adipose tissue macrophage-
derived exosomes induce ferroptosis via glutathione synthesis inhibition by targeting
SLC7A11 in obesity-induced cardiac injury. Free Radic Biol Med. (2022) 182:232-45.
doi: 10.1016/j.freeradbiomed.2022.02.033

116. Ma J, Wang ], Ma C, Cai Q, Wu S, Hu W, et al. Wnt5a/Ca(2+) signaling
regulates silica-induced ferroptosis in mouse macrophages by altering ER stress-
mediated redox balance. Toxicology. (2023) 490:153514. doi: 10.1016/j.tox.2023.153514

117. Gao J, Zhang X, Liu Y, Gu X. Ferroptosis in immune cells: Implications for
tumor immunity and cancer therapy. Cytokine Growth Factor Rev. (2025) 84:59-73.
doi: 10.1016/j.cytogfr.2025.06.007

118. Yang M, Chen X, Hu X, Li H, Huang H, Fang Y, et al. The NF-xB-SLC7A11
axis regulates ferroptosis sensitivity in inflammatory macrophages. Cell Insight. (2025)
4:100257. doi: 10.1016/j.cellin.2025.100257

119. Zheng Q, Qiu Y. Pannexin-1 aggravates inflammatory bowel disease via
unbalancing macrophage polarisation and triggering ferroptosis in mice.
Immunology. (2025) 176(1):116-31. doi: 10.1111/imm.13948

120. Hu H, Zhang G, Tian M, Yin Y, Bao Y, Guan X, et al. Brucella rough RB51
infection activates P53-Slc7a11-Gpx4/GSH pathway to induce ferroptosis to attenuate
the intracellular survival on macrophages. Vet Microbiol. (2024) 298:110224.
doi: 10.1016/j.vetmic.2024.110224

121. Qi X, Zhang Y, Guo H, Hai Y, Luo Y, Yue T. Mechanism and intervention
measures of iron side effects on the intestine. Crit Rev Food Sci Nutr. (2020) 60:2113-25.
doi: 10.1080/10408398.2019.1630599

122. Ma H, Shu Q, Li D, Wang T, Li L, Song X, et al. Accumulation of intracellular
ferrous iron in inflammatory-activated macrophages. Biol Trace Elem Res. (2023)
201:2303-10. doi: 10.1007/s12011-022-03362-9

Frontiers in Immunology

13

10.3389/fimmu.2025.1658280

123. Minor EA, Kupec JT, Nickerson AJ, Narayanan K, Rajendran VM. Increased
DMT1 and FPN1 expression with enhanced iron absorption in ulcerative colitis human
colon. Am J Physiol Cell Physiol. (2020) 318:C263-c71. doi: 10.1152/ajpcell.00128.2019

124. Wang L, Trebicka E, Fu Y, Ellenbogen S, Hong CC, Babitt JL, et al. The bone
morphogenetic protein-hepcidin axis as a therapeutic target in inflammatory bowel
disease. Inflammation Bowel Dis. (2012) 18:112-9. doi: 10.1002/ibd.21675

125. Zhang W, Dong W, Cheng C, Zhao H, Liu Y, Zaydel K, et al. Macrophages
internalize epithelial-derived extracellular vesicles that contain ferritin via the
macrophage scavenger receptor 1 to promote inflammatory bowel disease. ]
extracellular vesicles. (2025) 14:€70105. doi: 10.1002/jev2.70105

126. Zhou Y, Que KT, Zhang Z, Yi ZJ, Zhao PX, You Y, et al. Iron overloaded
polarizes macrophage to proinflammation phenotype through ROS/acetyl-p53
pathway. Cancer Med. (2018) 7:4012-22. doi: 10.1002/cam4.1670

127. Gan ZS, Wang QQ, Li JH, Wang XL, Wang YZ, Du HH. Iron reduces M1
macrophage polarization in RAW264.7 macrophages associated with inhibition of
STAT1. Mediators Inflammation. (2017) 2017:8570818. doi: 10.1155/2017/8570818

128. Wang R, Zhu J, Zhou J, Li ], Wang M, Wu Y, et al. Bioinspired claw-engaged
adhesive microparticles armed with yGC alleviate ulcerative colitis via targeted
suppression of macrophage ferroptosis. Advanced Sci (Weinheim Baden-
Wurttemberg Germany). (2025) 12:€2503903. doi: 10.1002/advs.202503903

129. Yao T, Yao YY, Wang JZ, Jiang SM, Li L]. Magnolin alleviated DSS-induced
colitis by inhibiting ALOX5-mediated ferroptosis. Kaohsiung ] Med Sci. (2024) 40:360—
73. doi: 10.1002/kjm2.12806

130. Annese V, Beaugerie L, Egan L, Biancone L, Bolling C, Brandts C, et al.
European evidence-based consensus: inflammatory bowel disease and Malignancies. ]
Crohns Colitis. (2015) 9:945-65. doi: 10.1093/ecco-jcc/jjv141

131. Wang D, Zhu L, Liu H, Feng X, Zhang C, Liu B, et al. Altered gut metabolites
and metabolic reprogramming involved in the pathogenesis of colitis-associated
colorectal cancer and the transition of colon “inflammation to cancer. | Pharm
BioMed Anal. (2025) 253:116553. doi: 10.1016/j.jpba.2024.116553

132. Li H, Zhang C, Zhang H, Li H. Xanthine oxidoreductase promotes the
progression of colitis-associated colorectal cancer by causing DNA damage and
mediating macrophage M1 polarization. Eur ] Pharmacol. (2021) 906:174270.
doi: 10.1016/j.ejphar.2021.174270

133. Zhu Y, Zhou J, Feng Y, Chen L, Zhang L, Yang F, et al. Control of intestinal
inflammation, colitis-associated tumorigenesis, and macrophage polarization by
fibrinogen-like protein 2. Front Immunol. (2018) 9:87. doi: 10.3389/fimmu.2018.00087

134. Zhang M, Li X, Zhang Q, Yang J, Liu G. Roles of macrophages on ulcerative
colitis and colitis-associated colorectal cancer. Front Immunol. (2023) 14:1103617.
doi: 10.3389/fimmu.2023.1103617

135. Cheruku S, Rao V, Pandey R, Rao Chamallamudi M, Velayutham R, Kumar N.
Tumor-associated macrophages employ immunoediting mechanisms in colorectal
tumor progression: Current research in Macrophage repolarization immunotherapy.
Int Immunopharmacol. (2023) 116:109569. doi: 10.1016/j.intimp.2022.109569

136. Noy R, Pollard JW. Tumor-associated macrophages: from mechanisms to
therapy. Immunity. (2014) 41:49-61. doi: 10.1016/j.immuni.2014.06.010

137. Giig E, Pollard JW. Redefining macrophage and neutrophil biology in the
metastatic cascade. Immunity. (2021) 54:885-902. doi: 10.1016/j.immuni.2021.03.022

138. de Visser KE, Joyce JA. The evolving tumor microenvironment: From cancer
initiation to metastatic outgrowth. Cancer Cell. (2023) 41:374-403. doi: 10.1016/
j.ccell.2023.02.016

139. Tang B, Zhu J, Fang S, Wang Y, Vinothkumar R, Li M, et al. Pharmacological
inhibition of MELK restricts ferroptosis and the inflammatory response in colitis and
colitis-propelled carcinogenesis. Free Radic Biol Med. (2021) 172:312-29. doi: 10.1016/
j.freeradbiomed.2021.06.012

140. Zhang L, Liu W, Liu F, Wang Q, Song M, Yu Q, et al. IMCA induces ferroptosis
mediated by SLC7A11 through the AMPK/mTOR pathway in colorectal cancer. Oxid
Med Cell Longev. (2020) 2020:1675613. doi: 10.1155/2020/1675613

141. 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) 11:988. doi: 10.1038/s41419-020-03194-2

142. Shi L, Liu Y, Li M, Luo Z. Emerging roles of ferroptosis in the tumor immune
landscape: from danger signals to anti-tumor immunity. FEBS J. (2022) 289:3655-65.
doi: 10.1111/febs.16034

143. Wei Y, Wang Z, Yang ], Xu R, Deng H, Ma S, et al. Reactive oxygen species/
photothermal therapy dual-triggered biomimetic gold nanocages nanoplatform for
combination cancer therapy via ferroptosis and tumor-associated macrophage
repolarization mechanism. J Colloid Interface Sci. (2022) 606:1950-65. doi: 10.1016/
jjcis.2021.09.160

144. Li LG, Peng XC, Yu TT, Xu HZ, Han N, Yang XX, et al. Dihydroartemisinin
remodels macrophage into an M1 phenotype via ferroptosis-mediated DNA damage.
Front Pharmacol. (2022) 13:949835. doi: 10.3389/fphar.2022.949835

145. Wang Y, Zhang Z, Sun W, Zhang J, Xu Q, Zhou X, et al. Ferroptosis in
colorectal cancer: Potential mechanisms and effective therapeutic targets. BioMed
Pharmacother. (2022) 153:113524. doi: 10.1016/j.biopha.2022.113524

frontiersin.org


https://doi.org/10.1126/sciadv.aay9789
https://doi.org/10.1111/acel.14275
https://doi.org/10.1182/blood-2017-12-822619
https://doi.org/10.3389/fphar.2016.00160
https://doi.org/10.3389/fphar.2016.00160
https://doi.org/10.3390/ijms22094591
https://doi.org/10.3390/ijms22094591
https://doi.org/10.3390/ph11040137
https://doi.org/10.1016/j.bbalip.2019.158531
https://doi.org/10.1016/j.bbrc.2020.07.032
https://doi.org/10.1038/s41413-021-00146-0
https://doi.org/10.3389/fimmu.2019.01347
https://doi.org/10.1038/s41420-022-01117-y
https://doi.org/10.7150/thno.66663
https://doi.org/10.1002/eji.202049114
https://doi.org/10.1002/eji.202049114
https://doi.org/10.3389/fimmu.2021.669566
https://doi.org/10.1007/s00011-023-01785-1
https://doi.org/10.1016/j.intimp.2025.115151
https://doi.org/10.1016/j.freeradbiomed.2022.02.033
https://doi.org/10.1016/j.tox.2023.153514
https://doi.org/10.1016/j.cytogfr.2025.06.007
https://doi.org/10.1016/j.cellin.2025.100257
https://doi.org/10.1111/imm.13948
https://doi.org/10.1016/j.vetmic.2024.110224
https://doi.org/10.1080/10408398.2019.1630599
https://doi.org/10.1007/s12011-022-03362-9
https://doi.org/10.1152/ajpcell.00128.2019
https://doi.org/10.1002/ibd.21675
https://doi.org/10.1002/jev2.70105
https://doi.org/10.1002/cam4.1670
https://doi.org/10.1155/2017/8570818
https://doi.org/10.1002/advs.202503903
https://doi.org/10.1002/kjm2.12806
https://doi.org/10.1093/ecco-jcc/jjv141
https://doi.org/10.1016/j.jpba.2024.116553
https://doi.org/10.1016/j.ejphar.2021.174270
https://doi.org/10.3389/fimmu.2018.00087
https://doi.org/10.3389/fimmu.2023.1103617
https://doi.org/10.1016/j.intimp.2022.109569
https://doi.org/10.1016/j.immuni.2014.06.010
https://doi.org/10.1016/j.immuni.2021.03.022
https://doi.org/10.1016/j.ccell.2023.02.016
https://doi.org/10.1016/j.ccell.2023.02.016
https://doi.org/10.1016/j.freeradbiomed.2021.06.012
https://doi.org/10.1016/j.freeradbiomed.2021.06.012
https://doi.org/10.1155/2020/1675613
https://doi.org/10.1038/s41419-020-03194-2
https://doi.org/10.1111/febs.16034
https://doi.org/10.1016/j.jcis.2021.09.160
https://doi.org/10.1016/j.jcis.2021.09.160
https://doi.org/10.3389/fphar.2022.949835
https://doi.org/10.1016/j.biopha.2022.113524
https://doi.org/10.3389/fimmu.2025.1658280
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Research progress of macrophage ferroptosis in inflammatory bowel disease and inflammation-cancer transformation
	1 Introduction
	2 Ferroptosis
	2.1 Overview of ferroptosis
	2.2 Mechanism of ferroptosis
	2.3 IBD and ferroptosis

	3 Macrophages and ferroptosis
	3.1 Mutual regulation of macrophage and ferroptosis
	3.2 The mechanism of ferroptosis in macrophages

	4 Effect of macrophage ferroptosis in IBD and inflammation-cancer transformation
	4.1 Macrophage ferroptosis promotes IBD progression
	4.2 Macrophage ferroptosis promotes the progression of inflammation-cancer transformation

	5 Summary and outlook
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References


