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Gastric cancer, one of the leading causes of cancer-related mortality globally,

faces challenges in treatment due to limitations in surgery, chemotherapy

resistance, and high recurrence rates. Ferroptosis, an iron-dependent form of

cell death, induces cell membrane rupture through dysregulated iron

metabolism, lipid peroxidation, and the accumulation of reactive oxygen

species (ROS), offering a promising therapeutic avenue for gastric cancer

treatment. This article systematically explores the core mechanisms of

ferroptosis, including iron overload catalyzing lipid peroxidation via the Fenton

reaction, dysregulation of antioxidant systems (such as GPX4 and FSP1), and their

associations with gastric cancer cell proliferation, metastasis, and resistance.

Studies indicate that abnormalities in iron metabolism in gastric cancer cells,

such as upregulation of TFR1 and dysregulated ferritin storage, significantly

promote ferroptosis sensitivity, while ferroptosis inducers (such as Erastin and

RSL3) can enhance chemotherapy sensitivity and reverse resistance by inhibiting

GPX4 or system Xc-. Preclinical experiments confirm that targeting ferroptosis-

related pathways (such as the USP7/SCD axis and ABCC2-mediated glutathione

efflux) effectively inhibits tumor growth and metastasis. However, the dual-

edged effect of ferroptosis warrants caution regarding its oxidative damage risk

to normal tissues and potential pro-metastatic mechanisms. This article further

proposes the potential of ferroptosis biomarkers (such as 4-HNE and GPX4) in

early diagnosis and prognosis assessment of gastric cancer and emphasizes the

need for precision medicine to optimize ferroptosis-targeted strategies,

balancing efficacy and safety. Ferroptosis opens a new avenue for gastric

cancer treatment, but its clinical translation still requires in-depth mechanistic

exploration and personalized treatment plan design.
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1 Introduction

Gastric cancer(GC) is one of the leading causes of cancer-

related mortality worldwide, particularly in East Asia, where its

incidence and mortality rates are significantly high, making it a

major cause of cancer-related deaths in the region. According to

data from the International Agency for Research on Cancer (IARC),

GC causes approximately 780,000 deaths globally each year,

ranking among the leading causes of cancer mortality worldwide

(1). The high incidence of GC is strongly associated with multiple

factors, including unhealthy dietary patterns, Helicobacter pylori

(HP) infection, genetic predisposition, and environmental

exposures (2). Current treatment strategies for GC primarily

depend on conventional modalities, including surgery,

chemotherapy, and radiotherapy. Although these approaches can

modestly improve patient survival, they are still associated with

numerous limitations and challenges. Surgical intervention is

typically limited to early-stage GC and is often associated with a

high rate of postoperative recurrence. Although chemotherapy and

radiotherapy can help control tumor progression in certain patients,

these therapies are frequently accompanied by severe adverse

effects, such as bone marrow suppression, immunosuppression,

and gastrointestinal dysfunction (3). In addition, drug resistance

remains a major obstacle in the treatment of GC, particularly in

advanced-stage patients, where it significantly increases the

complexity of therapeutic management (4). Therefore, the

identification of novel therapeutic targets and the development of

innovative treatment strategies have become critical priorities in

contemporary GC research.

In recent years, ferroptosis, an emerging iron-dependent form

of cell death, has attracted growing interest among researchers.

Unlike traditional forms of cell death, such as apoptosis, the

hallmark of ferroptosis is the excessive accumulation of iron,

which triggers lipid peroxidation, ultimately leading to the

rupture of the cell membrane and cell death (5). Ferroptosis plays

a pivotal role not only in neurodegenerative diseases but also in the

initiation and progression of various cancers (6). In GC,

dysregulated iron metabolism and iron overload are particularly

prominent, providing a potential basis for the investigation of

ferroptosis. Excessive iron accumulation may promote lipid

peroxidation, thereby contributing significantly to the

proliferation, metastasis, and therapeutic resistance of GC cells

(7). By modulating iron metabolism or inducing ferroptosis, it is

anticipated that the limitations of traditional therapeutic

approaches can be overcome, particularly in addressing

chemotherapy and radiotherapy resistance. Ferroptosis inducers,

as a potential cancer treatment strategy, have demonstrated efficacy

in the treatment of various tumors (8). This article aims to explore

the therapeutic potential of ferroptosis in GC, with a particular

emphasis on recent advances in its role as an emerging treatment

target. This review will provide a comprehensive overview of the

mechanisms underlying ferroptosis, the dysregulation of iron

metabolism in GC, and the roles of ferroptosis in tumor cell

proliferation, metastasis, and immune evasion. In addition, we

will summarize recent preclinical advances in the use of
Frontiers in Immunology 02
ferroptosis inducers for GC treatment and explore their potential

future applications, aiming to offer new perspectives for therapeutic

strategies against GC.
2 Mechanisms of ferroptosis

2.1 Iron metabolism imbalance

Iron is an essential intracellular element involved in various

critical biochemical processes, including oxygen transport, DNA

synthesis, and cellular respiration. Under physiological conditions,

iron homeostasis is tightly regulated by key molecules such as

transferrin (Tf), transferrin receptor (TfR), and ferritin, thereby

maintaining systemic iron balance. T Transferrin is responsible for

transporting iron through the bloodstream and delivering it to cells,

while transferrin receptors mediate cellular iron uptake via

receptor-mediated endocytosis. Ferritin functions as an

intracellular iron-storage protein, sequestering excess iron to

prevent iron overload and the associated oxidative damage.

However, when iron intake exceeds physiological demand or

storage mechanisms become dysregulated, the resulting iron

accumulation creates a cellular environment conducive to

ferroptosis. One of the key aspects of iron metabolism imbalance

is the excessive accumulation of iron, particularly the buildup of free

iron. Free iron primarily exists in the form of Fe²+ (ferrous ion),

which can catalyze the production of highly reactive hydroxyl

radicals through the Fenton reaction with hydrogen peroxide

(H2O2). These radicals are highly reactive and capable of

attacking cellular lipids, proteins, and DNA, causing severe

structural damage and ultimately leading to cell death (9). Excess

iron not only directly generates reactive oxygen species (ROS)

through the Fenton reaction but also activates multiple oxidative

stress pathways, thereby amplifying ROS production. The excessive

accumulation of ROS induces lipid peroxidation of cellular

membranes and disrupts the structure and function of other

critical biomolecules, ultimately accelerating the process of cell

death (10). Therefore, dysregulation of iron metabolism directly

initiates oxidative stress responses, and the sustained accumulation

of ROS ultimately accelerates the progression of ferroptosis.
2.2 Lipid peroxidation system

Lipid peroxidation is a central mechanism underlying

ferroptosis and plays a critical role in its progression. Hydroxyl

radicals, primarily generated through the Fenton reaction, serve as

key initiators of this process. These reactive species interact with

polyunsaturated fatty acids (PUFAs) in cellular membranes, thereby

initiating and propagating lipid peroxidation. The cell membrane is

primarily composed of a phospholipid bilayer, which contains a

high concentration of polyunsaturated fatty acids, making the

membrane particularly susceptible to oxidative damage (5). Lipid

peroxidation products, including lipid hydroperoxides (LOOH), 4-

hydroxy-2-nonenal (4-HNE), and malondialdehyde (MDA), are
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highly cytotoxic molecules. LOOH, as a key intermediate in the

lipid peroxidation cascade, can further react with cellular

membrane components, thereby exacerbating membrane damage

and contributing to ferroptotic cell death (11). 4-HNE is a major

lipid peroxidation product with strong cytotoxic properties. It can

form covalent adducts with proteins and DNA, generating reactive

intermediates that contribute to cellular dysfunction, senescence,

and death (12). MDA is also a hallmark product of lipid

peroxidation, known for its strong mutagenic properties. It can

react with intracellular nucleic acids, forming crosslinks that

accelerate cell death. The occurrence of lipid peroxidation directly

disrupts the structure and function of the cell membrane. The

phospholipid bilayer of the cell membrane serves as a barrier to

maintain the balance of substances between the intracellular and

extracellular environments. Any damage to the membrane triggers

changes in membrane permeability, leading to ion imbalance, cell

lysis, and loss of function. In ferroptosis, lipid peroxidation products

enhance the risk of membrane rupture by altering the membrane’s

fluidity and stability, ultimately resulting in cell death (13).

Lipid peroxidation not only disrupts the structural integrity of

cellular membranes but also induces covalent crosslinking with

intracellular proteins, RNA, and DNA, ultimately resulting in the

loss of cellular function. Studies have demonstrated that lipid

peroxidation products can aggravate oxidative stress and promote

cell death by activating various intracellular receptors, enzymes, and

signaling pathways (14). Emerging evidence suggests a strong

interplay between lipid peroxidation products and other forms of

regulated cell death. For example, products such as 4-HNE and

MDA not only cause direct membrane damage but also modulate

intracellular signaling pathways, activating programmed cell death

processes such as apoptosis, thereby facilitating the progression of

ferroptosis (15). Overall, lipid peroxidation constitutes a central

event in the execution of ferroptosis. The accumulation of lipid

peroxidation products compromises membrane integrity, activates

multiple cell death signaling pathways, and ultimately results in

irreversible cellular damage.
2.3 Antioxidant pathways and ferroptosis

Ferroptosis is an iron-dependent, non-apoptotic form of cell

death, typically accompanied by a significant increase in

intracellular ROS levels. The accumulation of ROS triggers lipid

peroxidation within the cell, leading to cell death. However,

intracellular antioxidant mechanisms can effectively inhibit the

occurrence of ferroptosis by scavenging these ROS. Glutathione

peroxidase 4 (GPX4) is one of the most critical antioxidant enzymes

in ferroptosis. It prevents the propagation of lipid peroxidation by

catalyzing the reduction of lipid peroxides in conjunction with

glutathione (GSH). The activity of GPX4 is a key factor in inhibiting

ferroptosis; a deficiency in GPX4 or inhibition of its activity leads to

the accumulation of lipid peroxides, further exacerbating

ferroptosis. Enhancing GPX4 activity has become an important

strategy for mitigating the progression of ferroptosis and treating

ferroptosis-related diseases (16). In addition to GPX4, ferroptosis
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suppressor protein 1 (FSP1) is another important antioxidant

factor. Unlike the glutathione system, FSP1 directly reduces lipid

peroxides, preventing their accumulation and thereby inhibiting

ferroptosis (17). The mechanism of action of FSP1 involves the

reduction of lipid peroxides in the cell membrane, preventing their

propagation and subsequent membrane damage. Particularly in

cases where GPX4 is inactivated, FSP1 provides an independent

alternative mechanism to suppress ferroptosis (18). Studies have

shown that FSP1 expression is closely associated with cellular

resistance to iron overload. Upregulation of FSP1 significantly

delays the onset of ferroptosis (19). The identification of FSP1 has

introduced a novel perspective on the regulation of ferroptosis.

Similar to GPX4, FSP1 is a critical component of the cellular

antioxidant defense system. Recent studies have focused on

activating FSP1 function through small-molecule compounds as a

promising therapeutic strategy for ferroptosis, particularly in cells

with compromised GPX4 activity. Ferritin also plays a crucial role

in the antioxidant system. It primarily prevents free iron from

participating in the Fenton reaction by storing excess intracellular

iron. Studies have shown that the overexpression of ferritin

significantly delays the onset of ferroptosis. By regulating ferritin

synthesis, cells can restrict the accumulation of free iron, alleviate

oxidative stress, and inhibit the onset of ferroptosis (20).

In addition to GPX4, FSP1, and ferritin, other antioxidant

enzymes, such as superoxide dismutase (SOD) and NADPH

oxidase (NOX), also contribute to the suppression of ferroptosis.

NOX and SOD mitigate oxidative damage induced by iron overload

by scavenging intracellular ROS, thereby inhibiting the onset of

ferroptosis (21, 22). Especially under conditions of iron overload,

antioxidant enzymes such as NOX and SOD help maintain cellular

stability by regulating the redox balance. With the increasing

understanding of the mechanisms of ferroptosis, enhancing the

function of the cellular antioxidant system, particularly by boosting

GPX4 activity and FSP1 expression, has become a key strategy for

preventing ferroptosis. Many small molecule drugs are currently

under development, aiming to regulate these antioxidant pathways

and, consequently, control the occurrence of ferroptosis. The

following figure illustrates the basic molecular mechanism of

ferroptosis (Figure 1).
3 The pervasive role of ferroptosis in
tumor diseases

3.1 Ferroptosis and cancer cell proliferation

Ferroptosis has been recognized as a pivotal process in the

pathogenesis and therapeutic response of various cancers.

Accumulation of excess iron has been shown to activate lipid

peroxidation pathways, with the generated peroxides

compromising the integrity of the cell membrane, thereby

impeding tumor cell proliferation (31). This mechanism is

intricately linked to the rapid proliferation and elevated metabolic

demands of cancer cells.
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In various types of cancer, ferroptosis induces cell cycle

disruption through redox imbalance, thereby affecting cellular

proliferation. Particularly under conditions of iron overload, the

accumulation of ROS not only damages the cell membrane

structure but also activates key signaling molecules within the cell

cycle, leading to the inhibition of cell proliferation. For instance, in

colon cancer cells, iron overload impairs cell membrane integrity

through oxidative stress, consequently inhibiting the proliferation

and survival of cancer cells (32). This process not only promotes the

accumulation of lipid peroxides but also triggers apoptotic

pathways, leading to tumor cell death. Furthermore, ferroptosis

further regulates cell proliferation by influencing different stages of

the cell cycle. For instance, during the G2/M phase, ferroptosis

induces cell cycle arrest through the generation of ROS, thereby

preventing the proliferation of cancer cells (33). By inhibiting the
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progression of the cell cycle, ferroptosis suppresses the proliferation

of cancer cells, thus emerging as a potential therapeutic strategy.
3.2 Ferroptosis and cancer cell metastasis

Studies have shown that ferroptosis not only affects tumor cell

proliferation but also regulates the metastasis of cancer cells by

modulating various components of the tumor microenvironment

(34). Ferroptosis disrupts the cell membrane, thereby affecting the

migration and invasion of cancer cells. This membrane damage not

only alters cell morphology but also disrupts the structure and

function of the cytoskeleton, thereby inhibiting the motility and

metastatic potential of cancer cells. Studies have shown that in

breast cancer, ferroptosis can also modulate the polarization of
FIGURE 1

This figure illustrates the core molecular mechanisms of ferroptosis, with a particular emphasis on the interactions among iron metabolism,
glutathione metabolism, and lipid peroxidation. Ferroptosis is an iron-dependent form of programmed cell death, primarily characterized by lipid
peroxidation of polyunsaturated fatty acids (PUFAs) within the cell membrane, ultimately leading to cell death. The left panel depicts the antioxidant
defense mechanism: Cells utilize System Xc- (a cystine/glutamate antiporter) to export extracellular glutamate while simultaneously importing
cystine. System Xc- is a heterodimer composed of SLC7A11 and SLC3A2, where SLC7A11 serves as the functional subunit mediating cystine uptake
(23).The imported cystine is subsequently reduced to cysteine, which serves as a precursor for glutathione (GSH) synthesis catalyzed by glutathione
synthetase. GSH, in cooperation with glutathione peroxidase 4 (GPX4), eliminates lipid hydroperoxides (PUFAs-OOH), thereby preventing the
excessive accumulation of lipid reactive oxygen species (ROS) and inhibiting the onset of ferroptosis (24). GPX4 is the core enzyme responsible for
reducing lipid hydroperoxides into non-toxic PUFAs-OH, and its inactivation directly triggers ferroptosis (25).The right panel illustrates the iron
metabolism pathway: Iron uptake is mediated by transferrin receptor (TFR), which facilitates the internalization of Fe³+. Intracellular six-
transmembrane epithelial antigen of prostate 3 (STEAP3) then reduces Fe³+ to Fe²+. Subsequently, divalent metal transporter 1 (DMT1) transports
Fe²+ into the cytoplasm (26). Free ferrous iron (Fe²+) can participate in the Fenton reaction, generating hydroxyl radicals (•OH), which initiate and
propagate lipid peroxidation chain reactions, thereby acting as one of the key triggers of ferroptosis (27). Cells store excess Fe²+ in ferritin, a
cytosolic iron storage protein. Nuclear receptor coactivator 4 (NCOA4) mediates the selective autophagic degradation of ferritin, a process known as
ferritinophagy, which releases Fe²+ and exacerbates intracellular iron overload (28). Iron-responsive element-binding protein 2 (IREB2) regulates the
expression of iron metabolism-related genes, such as TFR, DMT1, and ferroportin (FPN). This regulation contributes to the maintenance of
intracellular iron homeostasis at the systemic level. Meanwhile, FPN exports Fe²+ out of the cell, thereby preventing iron overload (29, 30). In
summary, disruptions in iron uptake, storage, transport, and the antioxidant system can lead to the excessive accumulation of polyunsaturated fatty
acid (PUFA) peroxides and elevated levels of lipid ROS, thereby initiating the process of ferroptosis.
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macrophages within the tumor microenvironment, suppressing the

function of M2 macrophages and consequently reducing cancer cell

migration and invasion (35). In this process, ferroptosis alters the

redox status of the tumor microenvironment through the generation

of ROS, further influencing the interaction between cancer cells and

immune cells. Additionally, ferroptosis affects the metastatic process

through multiple pathways, including the remodeling of the

extracellular matrix, stabilization of the cytoskeleton, and regulation

of angiogenesis (34). Studies have found that ferroptosis inhibits

angiogenesis in breast cancer cells by regulating metastasis-related

factors, thereby reducing tumor metastasis (36). Thus, ferroptosis can

significantly alter the metastatic potential of cancer cells by affecting

processes such as cytoskeletal remodeling and angiogenesis, offering

new perspectives for cancer therapy.
3.3 Tumor microenvironment and immune
evasion

Iron metabolism within the tumor microenvironment (TME) is

one of the key factors influencing tumor growth, metastasis, and

immune evasion. Dysregulation of iron metabolism may promote

oxidative stress and induce ferroptosis, further affecting the behavior

of tumor cells (37). The sources of iron within the TME are diverse,

including iron from the serum, tumor-associated macrophages

(TAMs), and the endogenous iron regulatory mechanisms of

tumor cells. In tumor cells, iron accumulation and iron endocytosis

are regulated by TFR and associated ferritin, processes which can

trigger cell death through the mechanism of ferroptosis or promote

cancer progression (38). The accumulation of iron creates a favorable

environment for tumor cells during immune evasion, playing a

significant role in tumor progression (39). In TME, ferroptosis

activates the NLRP3 inflammasome and cytokine release, thereby

enhancing the inflammatory response and promoting immune

evasion (40). Induction of ferroptosis impairs T cell function,

contributing to immune evasion by tumor cells. In particular,

TAMs promote iron release into the TME by upregulating FPN

expression under the influence of the hypoxia-inducible factor 1-

alpha (HIF-1a) and interleukin-6 (IL-6) signaling axis. HIF-1a
activation in hypoxic regions induces IL-6 secretion, which in turn

stimulates FPN expression in macrophages, enhancing iron export

and availability to tumor cells (41). This HIF-1a/IL-6/FPN pathway

reshapes the iron distribution within the TME, favoring tumor cell

proliferation and impairing anti-tumor immune responses.

Furthermore, ferroptosis may regulate the iron storage proteins in

the tumor microenvironment, altering the iron demand of immune

cells and thereby influencing the tumor’s immune tolerance (38).

Additionally, the impact of ferroptosis on tumor immune evasion is

also mediated through its effect on the presentation of tumor cell

surface antigens and the expression of immune checkpointmolecules.

By modulating ferroptosis, it may be possible to restore the immune

system’s ability to recognize and attack tumor cells (42). Therefore,

the interplay between ferroptosis and tumor immune evasion may

offer valuable insights for the development of innovative

immunotherapeutic strategies.
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3.4 Ferroptosis and antitumor therapy

Chemotherapy is one of the standard approaches for cancer

treatment; however, tumor cells often develop resistance, which

diminishes its therapeutic efficacy. Recent studies have indicated

that ferroptosis, an emerging iron-dependent cell death mechanism,

may play a pivotal role in overcoming chemotherapy resistance. By

inducing oxidative stress and lipid peroxidation, ferroptosis can

trigger cell death in chemotherapy-resistant tumor cells, potentially

improving the outcomes of conventional therapies (43). Ferroptosis,

by promoting lipid peroxidation and the accumulation of iron ions,

can significantly enhance the sensitivity of tumor cells to certain

chemotherapeutic agents. This mechanism suggests that ferroptosis

induction may be a potential strategy to overcome drug resistance

and improve the therapeutic efficacy of chemotherapy in cancer

treatment (44). In some experimental models, the combination of

chemotherapeutic agents and ferroptosis inducers has significantly

enhanced anti-tumor efficacy. For example, studies have shown that

the use of ferroptosis inducers such as Erastin in combination with

chemotherapy drugs notably improves therapeutic outcomes against

various types of tumors, particularly those that exhibit resistance to

traditional chemotherapy (45, 46). Therefore, exploring the use of

ferroptosis as an adjunctive therapy in combination with

chemotherapy holds significant clinical potential for overcoming

drug resistance and enhancing therapeutic efficacy.

Immunotherapy has emerged as a major breakthrough in cancer

treatment in recent years, particularly with the use of immune

checkpoint inhibitors (ICIs). However, the therapeutic efficacy of

immunotherapy is not always significant across all patients, with

tumor immune escape mechanisms being a key contributing factor.

The relationship between ferroptosis and immunotherapy has also

gained increasing attention. Studies suggest that ferroptosis can

influence the activity of immune cells in TME, thereby affecting the

outcomes of immunotherapy (47). On the other hand, the

combination of immune checkpoint inhibitors (ICIs), such as PD-

1/PD-L1 inhibitors, with ferroptosis inducers has been shown to

significantly enhance therapeutic efficacy, particularly in ferroptosis-

sensitive tumor cells (46). The combination of ferroptosis and

immunotherapy may become an important direction in future

cancer treatment, particularly in overcoming resistance to

immunotherapy and enhancing therapeutic efficacy. The table

below presents the currently well-researched ferroptosis inducers

and their target mechanisms (Table 1).
4 Ferroptosis and GC

4.1 Molecular mechanisms of GC

GC is one of the leading causes of cancer-related death

worldwide, and its occurrence and progression involve complex

molecular mechanisms. The early staging of GC is typically assessed

through pathological and imaging examinations. The staging of GC

is generally divided into the following stages: Stage 1a, where the

tumor is confined to the inner layer of the stomach and has not yet
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invaded the muscular layer; Stage 1b, where the tumor has invaded

the supporting tissue layer; Stage 2, where the tumor begins to

invade the muscular layer and may extend to the lymph nodes;

Stage 3, where the tumor invades more lymph nodes and extends to

surrounding tissues; and Stage 4, the advanced stage of GC, where

the tumor has metastasized to other organs such as the liver and

peritoneum (58). The following figure shows the different stages of

GC progression (Figure 2).

4.1.1 Gene mutations
The development of GC is often driven by multiple gene

mutations, which affect key biological processes such as cell

proliferation, differentiation, apoptosis, and DNA repair.

Commonly mutated genes in GC include TP53, KRAS, APC, and

PIK3CA. TP53 is a tumor suppressor gene frequently mutated in

GC patients. Mutations in TP53 lead to dysregulated cell cycle

control, inhibition of DNA damage repair, and evasion of apoptosis,

allowing cells to continue proliferating despite genetic damage,

ultimately contributing to tumor formation (59). KRAS gene

mutations are also an important pathogenic factor in GC. KRAS

mutations activate downstream MAPK and PI3K/Akt signaling

pathways, enhancing cell proliferation, migration, and invasion.

These mutations play a crucial role in the initiation and progression

of GC, and by altering iron metabolism mechanisms, they further

promote iron accumulation, contributing to the progression of GC

(6). In addition, GC is often associated with mutations in genes such

as APC and PIK3CA (60, 61). APC gene mutations are typically
Frontiers in Immunology 06
linked to the adenocarcinoma type of GC, while PIK3CA mutations

involve the activation of the PI3K/Akt pathway, further promoting

the growth and metastasis of cancer cells.

In recent years, with the advancement of research, several novel

candidate genes have been identified, which potentially participate

in the initiation and progression of GC. Mutations in the CDH1

gene have been confirmed to be associated with genetic

susceptibility to GC, particularly hereditary diffuse gastric cancer

(HDGC). Such mutations in CDH1 lead to the loss or dysfunction

of E-cadherin, thereby facilitating cancer cell invasion and

metastasis (62). The ARID1A gene primarily participates in

chromatin remodeling and transcriptional regulation, playing a

crucial role in maintaining genomic stability. Recent studies have

demonstrated that ARID1A mutations occur in approximately 30%

of GC cases. These mutations typically result in genomic instability

and are associated with therapeutic resistance, particularly in

combination therapies involving immune checkpoint inhibitors

(63, 64).

The initiation and progression of GC involve multiple genetic

alterations that collectively disrupt key processes such as

proliferation, apoptosis, metabolism, and genomic stability,

driving malignancy. This complex molecular network highlights

GC’s heterogeneity and underscores the need to integrate

mechanisms like molecular subtyping, metabolic regulation, and

epigenetic modifications to develop novel therapies and

combination strategies, ultimately advancing individualized

precision medicine.
TABLE 1 Common ferroptosis inducers and their mechanisms.

Ferroptosis
inducers

Targets Mechanism Clinical Development
Status

References

Erastin System Xc- Inhibition of System Xc-, depletion of glutathione, and increase
of ROS.

Preclinical;mechanism
extensively studied

(15, 48)

RSL3 GPX4 Inhibition of GPX4, reducing antioxidant activity. Preclinical; demonstrated
efficacy in multiple models

(49)

Lip-1 ACSL4 Inhibition of ACSL4, reducing fatty acid metabolism, and
promoting ferroptosis.

Preclinical; primarily
basic research

(50)

Artemisinin System Xc- Inhibition of System Xc-, depleting glutathione, and increasing ROS. Preclinical; studied across
multiple cancer types

(51)

Shikonin NADPH oxidase Inhibition of NADPH oxidase, enhancing ROS generation. Preclinical; initial
mechanistic support

(52)

Sodium Selenite NADPH oxidase Inhibition of NADPH oxidase activity, thereby increasing
intracellular ROS production.

Preclinical; nutrition-
related research

(53)

FIN56 GPX4、SQS Induces GPX4 degradation and activates the SQS pathway to
promote lipid peroxidation.

Preclinical; confirmed in
animal studies

(54)

DHPO USP7/SCD USP7 inhibition destabilizes SCD, promoting lipid
ROS accumulation.

Preclinical; mainly focused on
target validation

(55)

FINO2 Fe²+-induced
oxidative stress

Promotes ROS production via Fe²+ oxidation, indirectly inactivates
GPX4, and induces lipid peroxidation.

Preclinical; efficacy
demonstrated in animal studies

(56)

ML-162 GPX4 High-affinity GPX4 inhibition rapidly induces lipid
ROS accumulation.

Preclinical; well-defined
target specificity

(57)
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4.1.2 Inflammatory response
The pathogenesis of GC is intricately linked to long-term

chronic inflammation, in which infection by Hp serves as a

critical driving factor within this pathological cascade (65). As a

class I carcinogen for GC, HP invades gastric mucosal epithelial

cells directly through various virulence factors, including cytotoxin-

associated gene A (CagA) protein and vacuolating cytotoxin A

(VacA). These factors simultaneously activate host innate immune

responses. Specifically, the CagA protein, upon translocation into

host cells via a type IV secretion system (T4SS), disrupts cellular

signaling pathways, resulting in the persistent activation of

inflammatory cascades such as nuclear factor-kappa B (NF-kB).
Consequently, this activation promotes the abundant secretion of

pro-inflammatory cytokines, including interleukin-8 (IL-8) and

tumor necrosis factor-alpha (TNF-a), thereby establishing and

perpetuating a chronic inflammatory microenvironment (66).

Meanwhile, the VacA toxin exacerbates epithelial barrier damage

by disrupting mitochondrial function and inducing cellular

vacuolization (67, 68). During this process, the gastric mucosa

undergoes a sequential transformation from chronic non-atrophic

gastritis to atrophic gastritis, intestinal metaplasia, and dysplasia,

ultimately progressing to GC. In addition, HP infection can

indirectly promote the formation of carcinogenic compounds

such as nitrites by suppressing gastric acid secretion and altering
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the gastric microbiota composition, including the proliferation of

nitrate-reducing bacteria (69). Notably, the synergistic interaction

between host genetic susceptibility—such as cytokine gene

polymorphisms—and virulent HP subtypes significantly amplifies

the risk of inflammation-driven malignant transformation (70).All

of these findings underscore the complexity of multifactorial

interactions among the pathogen, host, and environment in

gastric carcinogenesis.

4.1.3 Abnormal activation of key signaling
pathways

The initiation and progression of GC are closely associated with

the aberrant activation of multiple key signaling pathways. Notable

examples include the PI3K/Akt and MAPK/ERK pathways. The

PI3K/Akt pathway plays a crucial role in the proliferation, survival,

and migration of GC cells. This pathway regulates cell growth,

survival, and metabolism through the activation of PI3K

(phosphoinositide 3-kinase) and Akt (protein kinase B) signaling.

Studies have shown that abnormal activation of the PI3K/Akt

pathway not only promotes the proliferation of GC cells but also

enhances their survival ability by activating downstream anti-

apoptotic genes such as Bcl-2 and survivin (71). Additionally, the

PI3K/Akt pathway helps cancer cells adapt to the harsh

microenvironment by regulating cellular stress responses, thereby
FIGURE 2

This figure illustrates the different stages of GC progression. The various stages depicted reflect the extent of cancer spread. In Stage 1a, the tumor is
confined to the inner layer of the stomach; in Stage 1b, the tumor begins to breach the inner layer and invades the supporting tissue; at Stage 2, the
tumor continues to expand, reaching the muscular layer; by Stage 3, the tumor has invaded more lymph nodes and extended to surrounding tissues;
and in Stage 4, GC has reached its advanced stage, with the tumor metastasizing to organs distant from the primary site.
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enhancing their resistance to treatment (72). Therefore, the PI3K/

Akt signaling pathway has become an important target in the

treatment of GC. Inhibiting this pathway may effectively suppress

the growth and metastasis of GC.

The MAPK/ERK pathway is another key signaling pathway in

GC, involved in processes such as cell proliferation, differentiation,

stress response, and migration. This pathway is activated through

members of the MAPK family (such as ERK1/2) and regulates the

progression of the cell cycle, playing an important role in the

invasiveness of GC cells (73). Abnormal activation of the MAPK/

ERK pathway often leads to GC cells exhibiting strong migration

and invasiveness at early stages (6).

The Wnt/b-catenin signaling pathway plays a pivotal role in

GC, particularly in regulating cell proliferation, migration, immune

evasion, and drug resistance. This pathway controls cellular

proliferation, differentiation, and migration by modulating the

stability of b-catenin. In GC cells, aberrant activation of Wnt/b-
catenin signaling often results in uncontrolled cell proliferation and

the development of therapeutic resistance. The Wnt/b-catenin
pathway exerts its effects through key components such as Wnt

ligands, Frizzled receptors, b-catenin, and TCF/LEF transcription

factors, which collectively regulate various cellular functions (74).

Activation of this pathway not only promotes cancer cell

proliferation but also enhances GC cell growth and survival by

upregulating downstream target genes such as MYC and Cyclin D1

(75). More importantly, aberrant activation of the Wnt/b-catenin
signaling pathway is closely associated with immune evasion in

cancer cells. Studies have shown that excessive activation of the

Wnt/b-catenin pathway suppresses tumor immune surveillance by

upregulating immune evasion–related factors, such as PD-L1 and

CD47, thereby enabling tumors to escape host immune responses

(76). Additionally, the Wnt/b-catenin signaling pathway is closely

associated with drug resistance in GC, particularly in the context of

chemotherapy and targeted therapy. Studies have revealed that

activation of the Wnt/b-catenin pathway enables GC cells to

resist chemotherapeutic agents by upregulating drug efflux

pumps, such as MDR-1 (77).It is evident that the initiation and

progression of GC are orchestrated by the multidimensional

regulation of multiple key signaling pathways. These pathways

form a dynamic, synergistic network that promotes GC

progression by enhancing proliferation, inhibiting apoptosis,

enabling immune evasion, and maintaining cancer stemness.

Elucidating their crosstalk and key functional nodes may provide

critical insights for targeted therapies and overcoming

treatment resistance.
4.2 The role of ferroptosis in GC

4.2.1 Iron metabolism imbalance in GC cells
Iron overload state provides unique biological characteristics

that support the proliferation, metastasis, and ferroptosis of GC

cells. The iron metabolism imbalance in GC cells is primarily

characterized by iron accumulation and the abnormal expression

of iron metabolism-related proteins (78). Key proteins involved in
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iron metabolism include transferrin receptor (TFR1) and ferritin,

which play crucial roles in maintaining intracellular iron

homeostasis. In GC cells, TFR1 is often upregulated, leading to

increased iron uptake. This enhanced iron intake not only meets the

needs of rapid cell proliferation but also creates favorable conditions

for ferroptosis (79). Ferritin is the intracellular iron storage protein,

responsible for sequestering iron ions to prevent their free form

from inducing oxidative stress (80). However, GC cells attempt to

store excess iron by increasing ferritin synthesis, but this storage

does not effectively alleviate the accumulation of iron within the

cell. On the contrary, the excessive storage of iron in ferritin may

actually increase the risk of ferroptosis, as the iron stored in ferritin

can still promote oxidative reactions and lipid peroxidation under

certain conditions (6).

4.2.2 Ferroptosis and GC cell proliferation
GC cells enhance iron uptake by upregulating the expression of

TFR1 and store iron by increasing ferritin synthesis, thereby

maintaining a high intracellular iron state (81). Under

microenvironmental conditions such as hypoxia, GC cells activate

transcription factors like hypoxia-inducible factor (HIF-1a) to

further enhance iron uptake and utilization, thereby maintaining

an iron overload state in low-oxygen environments. This supports

the proliferation of GC cells (6). However, although iron is essential

for cell proliferation, excessive iron accumulation can trigger

ferroptosis, disrupt the structure and function of the cell

membrane, and ultimately inhibit cell proliferation (59).

Mechanistically, iron overload serves as both a driving factor for

GC cell proliferation and a potential fatal weakness. This seemingly

contradictory phenomenon can be understood by recognizing the

dual role of iron metabolism in tumor cells: in the early stages of GC

cell proliferation, iron overload promotes rapid cell growth.

However, as the degree of iron overload deepens, excessive ROS

production and increased oxidative stress ultimately lead to

ferroptosis, inhibiting further proliferation. Thus, iron overload is

both a necessary condition for GC proliferation and a triggering

factor for ferroptosis. By using ferroptosis inducers, it is possible to

enhance iron accumulation and ROS levels in GC cells, thereby

triggering ferroptosis and suppressing cell proliferation (71).

In recent years, increasing research has focused on the upstream

regulatory axes of ferroptosis in GC, particularly the identification

of the USP7/SCD axis, which provides a molecular basis for

understanding the link between ferroptosis and cell proliferation.

Ubiquitin-specific protease 7 (USP7) is a key deubiquitinating

enzyme and has been shown to stabilize stearoyl-CoA desaturase

1 (SCD1) protein levels through its deubiquitinating activity. SCD1

catalyzes the synthesis of monounsaturated fatty acids (MUFAs),

thereby reducing the proportion of oxidizable polyunsaturated fatty

acids (PUFAs) in membrane lipids and decreasing cellular

sensitivity to ferroptosis (82, 83). In vitro, the USP7 inhibitor

DHPO significantly reduced the proliferative activity of GC cells

and induced lipid peroxidation and iron accumulation, exhibiting

hallmark features of ferroptosis. In vivo, in a xenograft mouse

model, DHPO treatment significantly reduced tumor volume

without observable signs of systemic toxicity, suggesting that
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USP7 functions as a ferroptosis regulator and may represent a

promising therapeutic target (82). Moreover, SCD1 is also highly

expressed in GC stem cells and enhances cholesterol biosynthesis by

relieving p53-mediated transcriptional repression of squalene

epoxidase (SQLE), thereby activating the mTOR signaling

pathway. This mechanism not only maintains the stemness of GC

stem cells, but also enhances their resistance to ferroptosis. Animal

studies have shown that SCD1 knockdown or inhibition of

cholesterol uptake significantly increases the sensitivity of GC

stem cells to ferroptosis inducers, further suppressing their

proliferative capacity (83). These findings highlight the USP7/

SCD1 axis as a critical regulatory mechanism of ferroptosis and

suggest that targeting this axis may enhance the anti-proliferative

effect of ferroptosis on GC cells. This provides a potential molecular

target for therapeutic intervention.

Mechanistically, iron overload acts both as a driver of GC cell

proliferation and as a potential vulnerability. On one hand, to

sustain rapid proliferation, cancer cells actively reprogram iron

metabolism pathways by upregulating iron import proteins such as

TFR1 and DMT1, while downregulating the FPN, thereby

increasing intracellular Fe²+ uptake, which in turn promotes

mitochondrial function, DNA synthesis, and cell cycle

progression (84). At this stage, moderate iron accumulation does

not pose a threat but rather serves as a key driver for maintaining

cellular viability and enhancing metabolic activity in cancer cells.

However, excessive iron induces ferroptosis (85). This process has

been experimentally validated to exert significant antitumor effects

in GC. Studies have shown that the natural compound Polyphyllin I

induces Fe²+ accumulation and lipid ROS production, inhibits the

NRF2-mediated antioxidant pathway, thereby effectively activating

ferroptosis in GC cells, resulting in pronounced tumor-suppressive

effects (86).

Therefore, dysregulated iron metabolism not only drives the

continuous proliferation of GC cells but also provides a potential

therapeutic target. By modulating iron metabolic pathways or

applying ferroptosis inducers to activate this programmed cell

death process, it is possible to achieve precise and effective

treatment of GC. The following figure illustrates how the state of

iron metabolism influences distinct cellular fates (Figure 3).

4.2.3 Ferroptosis and GC cell metastasis
Metastasis is a critical determinant of prognosis and therapeutic

strategy in GC. It involves the dissemination of cancer cells from the

primary tumor to distant tissues and organs, ultimately forming

metastatic lesions. This highly invasive and complex process

commonly occurs via hematogenous and lymphatic routes, with

frequent metastases to the liver and peritoneum, substantially

complicating treatment and reducing patient survival. Emerging

evidence indicates that GC cells often exhibit iron overload, which

can induce ferroptosis, compromise cell membrane integrity, and

consequently inhibit the migratory and invasive capacities of GC

cells. Studies have shown that ferroptosis effectively limits the

metastatic potential of GC cells through this mechanism (59, 91).

At the same time, the excessive production of ROS also affects the

cytoskeletal structure of GC cells. By disrupting the stability of
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microtubules and microfilaments, it alters cell morphology and

motility. These changes cause GC cells to lose their ability to

migrate during the metastasis process, preventing them from

effectively invading distant tissues (92). However, iron overload

during ferroptosis also activates multiple signaling pathways

associated with metastasis, such as the MAPK/ERK and PI3K/Akt

pathways, which enhance the proliferation, migration, and

invasiveness of GC cells (93, 94). Meanwhile, ferroptosis also

regulates cell migration by modulating GSH metabolism. ATP-

binding cassette subfamily C member 2 (ABCC2) can be induced by

oxidative stress in various cancer cells, enhancing its capacity for

GSH efflux, thereby promoting lipid ROS accumulation and

increasing cellular sensitivity to oxidative stress and ferroptosis

(95). Studies have found that ABCC2 is highly expressed in GC cell

lines with low metastatic potential, suggesting that it may play an

inhibitory role in modulating ferroptosis sensitivity and limiting cell

migration (96).

However, despite these insights, the current understanding of

ferroptosis in GC metastasis remains fragmented and, in some

cases, contradictory. While in vitro studies have demonstrated both

inhibitory and promotive effects on migration and invasion,

comprehensive in vivo validations are still lacking. Moreover, the

context-dependent nature of ferroptosis—whereby factors such as

ROS levels, iron homeostasis, and the tumor microenvironment

intricately modulate its dual role—has yet to be fully elucidated.

Therefore, further mechanistic investigations and well-designed

preclinical studies are essential to clarify how ferroptosis can be

precisely manipulated to suppress metastasis without triggering

unintended pro-metastatic signals. Such efforts will be pivotal in

translating ferroptosis-targeting strategies into clinically viable

interventions for metastatic GC. The following figure illustrates

how the ferroptosis mechanism influences the survival and

metastasis of GC cells (Figure 4).
4.3 Common programmed cell death
pathways in GC

Cell death is a fundamental biological process essential for

maintaining tissue homeostasis and suppressing tumor initiation

and progression. In GC, multiple forms of programmed cell death

act cooperatively or competitively to regulate tumor cell fate,

directly influencing therapeutic response and prognosis. Among

them, apoptosis, necroptosis, pyroptosis, and ferroptosis represent

the four most intensively studied cell death pathways to date.

4.3.1 Apoptosis
Apoptosis is a classical form of programmed cell death,

characterized by preserved membrane integrity, cell shrinkage,

chromatin condensation, and DNA fragmentation (101). Caspases

(cysteine-aspartic proteases) are a family of cysteine-dependent

proteases that specifically cleave aspartic acid residues, and are

broadly involved in programmed cell death. Different types of cell

death exhibit varying degrees of dependence on caspases, thereby

making them a key criterion for distinguishing between different
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cell death pathways (102). Apoptosis is primarily mediated through

the caspase-3, caspase-9, and Bcl-2/Bax signaling pathways. Many

chemotherapeutic agents, such as cisplatin, paclitaxel, and 5-

fluorouracil (5-FU), exert antitumor effects by inducing apoptosis

(103, 104). However, GC cells frequently exhibit p53 mutations or

Bcl-2 overexpression, resulting in reduced sensitivity to apoptotic

stimuli, which contributes to the development of therapeutic

resistance (105).
4.3.2 Necroptosis
Necroptosis is a form of regulated necrotic cell death,

characterized by plasma membrane rupture and the release of

proinflammatory cytokines, and is typically mediated by signaling

pathways involving receptor-interacting protein kinase 1 (RIPK1),

RIPK3, and mixed lineage kinase domain-like protein (MLKL). It

can induce effective cell death and stimulate immune responses in

apoptosis-resistant GC cells, particularly by promoting the

activation of dendritic cells (DCs) and cytotoxic cluster of

differentiation 8-positive T cells (CD8+ T cells) through the

release of damage-associated molecular patterns (DAMPs).

However, excessive activation of necroptosis may lead to

immunosuppression or enhanced metastasis through the
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upregulation of inflammatory mediators such as tumor necrosis

factor-a (TNF-a) and interleukin-8 (IL-8) (106, 107).

4.3.3 Pyroptosis
Pyroptosis is a form of programmed cell death that is dependent

on inflammasome activation—such as nucleotide-binding

oligomerization domain-like receptor family pyrin domain-

containing 3 (NLRP3)—and caspase-1. It is characterized by the

cleavage of gasdermin D (GSDMD), which forms pores in the

plasma membrane, leading to cell swelling and the release of

cytoplasmic contents. While pyroptosis is well established in

antibacterial immunity, recent studies have extended its relevance

to GC, suggesting that it may contribute to differential

chemotherapy responses and immune activation. In particular,

the upregulation of interleukin-1b (IL-1b) and interleukin-18 (IL-

18) has been closely associated with patient prognosis (108).

4.3.4 Ferroptosis
Ferroptosis, the primary focus of this review, is a recently

identified form of cell death that is mechanistically distinct from

the aforementioned pathways. It is characterized by iron

accumulation, lipid peroxidation, and dysfunction of the
FIGURE 3

This Figure illustrates how iron metabolism dynamically influences cell fate decisions. It depicts the distinct effects of Fe²+ at varying intracellular
concentrations on cellular functions: Mild Fe²+ accumulation enhances metabolic activity, thereby promoting cell proliferation and survival (87). In
contrast, excessive accumulation of Fe²+ induces lipid peroxidation and mitochondrial damage, ultimately triggering ferroptosis (88). At high
intracellular concentrations, Fe²+ participates in the Fenton reaction, generating hydroxyl radicals (•OH) that initiate lipid peroxidation cascades. This
lipid peroxidation primarily affects PUFAs within membrane phospholipids, leading to the accumulation of lipid hydroperoxides (PUFA-OOH), which
are cytotoxic when not neutralized by antioxidant systems such as GPX4 (89). Importantly, ferroptosis itself can further release Fe²+, forming a
positive feedback loop that exacerbates intracellular iron burden and oxidative stress (90). The entire illustration provides a visual representation of
the delicate balance of iron metabolism between cell survival and death, particularly in tumor cells.
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antioxidant defense system. GC cells often exhibit dysregulated iron

metabolism, making them susceptible to ferroptotic regulation.

Ferroptosis is unique in that it is caspase-independent, capable of

inducing immunogenic cell death, and able to overcome apoptosis

resistance, making it a promising next-generation therapeutic target

(109). Among the aforementioned cell death modalities, ferroptosis

is morphologically most similar to necroptosis, but it can be clearly

distinguished based on characteristic biomarkers such as 4-HNE,

MDA, and changes in GPX4 expression. Studies have also shown

that ferroptosis does not rely on cytochrome c release or DNA

fragmentation, indicating that conventional apoptotic markers are

not applicable to its detection (110). The table below provides a

comparative overview of the four major forms of cell death,

summarizing their key induction mechanisms, morphological

features, and associated signaling pathways. The table below

provides a comparative summary of the key induction

mechanisms, morphological characteristics, and signaling axes of

the four major forms of cell death (Table 2).
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5 Applications of ferroptosis in GC

5.1 Inhibition of cancer cell proliferation
and metastasis

A research group used single-cell RNA and TCR/BCR

sequencing on samples from 20 treatment-naive metastatic GC

patients, revealing notable overexpression of Gpx4, a key ferroptosis

regulator, in cancer cells. High Gpx4 levels hindered ferroptosis,

correlated positively with macrophage abundance, and negatively

with patient prognosis. Notably, Gpx4 was the sole overexpressed

ferroptosis regulator in GC cells. Further experiments showed that

Gpx4 knockout suppressed tumor growth, slowed proliferation,

increased cell death, and prevented distant metastases in vivo.

Inhibiting Gpx4 or its upstream pathways produced similar

effects and synergized with CAR-T therapy to enhance antitumor

efficacy (112). A study identified a natural small molecule, DHPO,

as an inhibitor of USP7, which can induce ferroptosis in GC cells by
FIGURE 4

This figure illustrates the molecular mechanism by which GC cells regulate their survival and metastatic potential under hypoxic conditions through
modulation of the ferroptosis pathway. In the hypoxic tumor microenvironment, hypoxia-inducible factor 1a (HIF-1a) is upregulated, activating the
hypoxia response element (HRE) region of the promoter of PMAN, a hypoxia-associated long non-coding RNA, thereby promoting its transcription
(97). Upregulated PMAN directly binds to and stabilizes ELAVL1 (HuR), an RNA-binding protein that functions as a post-transcriptional stabilizer,
which recognizes and binds to the 3′-untranslated region (3′-UTR) of SLC7A11 mRNA, enhancing its stability and translational efficiency (98).
SLC7A11 and SLC3A2 together form system Xc-, which facilitates cystine uptake in tumor cells for the synthesis of GSH, thereby eliminating ROS and
suppressing ferroptosis (14, 99). Activation of this pathway confers enhanced antioxidant capacity to tumor cells, enabling their survival in hostile
microenvironments and promoting metastatic potential. In contrast, in certain cells where this antioxidant axis is insufficiently activated, Fe²+ and
ROS accumulate, leading to mitochondrial destruction and elevated lipid peroxidation, ultimately inducing ferroptosis and exerting antitumor effects
(100). This mechanism suggests that ferroptosis plays a dual role in GC—both tumor-suppressive and pro-metastatic: while functioning as a cell
death pathway to limit tumor expansion, its adaptive escape mechanisms may conversely enhance metastatic potential.
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inhibiting USP7-mediated targeted degradation of stearoyl-CoA

desaturase (SCD). In in vitro experiments, DHPO significantly

suppressed GC cell growth and metastasis. In an orthotopic

tumor mouse model, DHPO also demonstrated potent anti-tumor

effects without significant toxicity (82).

In recent years, as understanding of ferroptosis has advanced,

ferroptosis inducers like Erastin and RSL3 have gained attention for

their translational potential in GC. While early research focused on

cell lines and murine models, recent studies are addressing

challenges such as poor pharmacokinetics and limited specificity.

A 2024 study summarized the clinical prospects of ferroptosis

inducers across solid tumors, noting that structurally optimized

compounds showed improved metabolic stability, enhanced

antitumor efficacy in vivo, and better tumor targeting in GC

through nanodelivery systems, marking steady progress toward

clinical application (113). Erastin and RSL3 have demonstrated

potent antitumor activity in multiple human tumor xenograft

models, including various solid tumors such as GC. In a study

using a cisplatin-resistant GC xenograft model, the combination of

Erastin and cisplatin significantly enhanced tumor suppression and

improved immune cell infiltration profiles, suggesting its potential

to modulate the immunological microenvironment in GC (114).

These advances have undoubtedly accelerated the exploration

of ferroptosis in GC therapy, yet they also underscore the

paradoxical challenges inherent to this field. While targeting

Gpx4 and its associated signaling axes offers promising

therapeutic avenues, ferroptosis exhibits high plasticity across

different cellular subpopulations and microenvironmental

contexts, making its controllability a critical bottleneck for clinical

translation. It remains unclear whether ferroptosis induction within

complex immune niches might trigger compensatory escape

mechanisms, or even lead to “ferroptosis tolerance” in certain

tumor clones. Moreover, the delivery and bioactivity of ferroptosis

inducers continue to be constrained by the precision and

biocompatibility of nanocarrier systems. Thus, future efforts must

move beyond the question of how to induce ferroptosis efficiently,

and focus on the deeper challenge of when, where, and in whom to

induce it—an essential step toward transforming ferroptosis from a

laboratory phenomenon into a controllable clinical tool.
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5.2 Overcome GC drug resistance

GC, a leading cause of cancer mortality worldwide, is plagued

by chemotherapy resistance, which significantly limits treatment

success. Despite advances in drug development, resistant tumors

remain a major obstacle. Ferroptosis, an iron-dependent form of

programmed cell death driven by oxidative stress and lipid

peroxidation, has shown promising potential to overcome drug

resistance in GC.

Studies have demonstrated that ferroptosis inducers such as

Erastin and RSL3 significantly enhance the sensitivity of GC cells to

cisplatin, offering a promising approach for overcoming

chemoresistance (115). Meanwhile, studies have shown that the

combination of FIN56 and cisplatin can overcome drug resistance

in GC cells, significantly enhancing their sensitivity to cisplatin and

providing a new strategy for the treatment of drug-resistant gastric

cancer (8, 116). Further studies have confirmed that the

combination of RSL3 and cisplatin significantly inhibits GC cell

growth and overcomes drug resistance. This strategy has also

demonstrated favorable outcomes in other tumor types,

indicating broad therapeutic potential (116–118).

Many drug-resistant cancers, including GC, develop resistance

in part due to the activation of immune escape mechanisms, which

significantly reduce the effectiveness of chemotherapy and

immunotherapy. Cancer cells exploit these immune escape

mechanisms to evade immune system attacks, thereby enhancing

their resistance to chemotherapy drugs (119, 120). In the TME,

immunosuppressive factors such as PD-L1, TGF-b, and IL-10

suppress immune cell activity and promote immune evasion.

Ferroptosis inducers increase ROS production, kill tumor cells,

and reduce these factors’ expression, thereby remodeling the TME

and enhancing anti-tumor immunity (121, 122). Ferroptosis

inducers such as Erastin and FIN56 can enhance the antitumor

immune re sponse aga ins t GC, ind i ca t ing po ten t i a l

immunomodulatory effects (123, 124). Studies have shown that

when Erastin is combined with immune checkpoint inhibitors (such

as anti-PD-1 antibodies), it can significantly enhance the anti-

immune escape effect of tumors, helping the immune system

better recognize and eliminate cancer cells (125).These
TABLE 2 Comparative analysis of mechanistic differences and key signaling pathways among distinct forms of programmed cell death.

Cell
Death
Type

Induction Mechanism Morphological Features Caspase
Dependence

Key Molecules and
Signaling Axis

References

Ferroptosis Fe²+ overload, lipid ROS,
GPX4/FSP1 inactivation

Condensed mitochondria, dense
membranes, no nuclear fragmentation

No GPX4、ACSL4、
SLC7A11、FSP1

(105)

Apoptosis Cytochrome c release; Bcl-
2 axis

Chromatin/DNA condensation;
membrane blebbing

Yes Caspase-3/8/9、Bcl-2、p53 (103)

Necroptosis RIPK1/RIPK3 activation; MLKL
membrane insertion

Cell swelling, membrane rupture, and
release of cytoplasmic contents

No RIPK1、RIPK3、MLKL (111)

Pyroptosis Inflammasome activation and
caspase-1–mediated
GSDMD cleavage

Cell swelling, membrane pore formation by
GSDMD, and release of
inflammatory cytokines

Yes NLRP3、Caspase-1、
GSDMD、IL-1b/IL-18

(108)
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mechanisms provide new directions for addressing the issue of drug

resistance in GC.

These findings suggest that ferroptosis inducers not only exert

direct cytotoxic effects on tumor cells but also reshape the tumor

immune microenvironment, establishing a novel therapeutic

paradigm of combined cytotoxic and immunomodulatory action.

This indicates that the role of ferroptosis in drug-resistant

malignancies like GC is evolving from a single cell death pathway

to an integrated “chemo–immune” strategy. It underscores the need

for future research to focus on the precise modulation of ferroptosis

within complex tumor microenvironments and to explore deeper

synergy with immunotherapy. Such an approach holds promise for

overcoming the limitations of conventional therapies and advancing

toward personalized, multidimensional anticancer strategies.
5.3 As a biomarker for GC

To facilitate the application of ferroptosis mechanisms in

precision therapy, recent studies have focused on the expression

profiles and clinical relevance of associated molecular biomarkers in

patient populations. Ferroptosis biomarkers include products

associated with lipid peroxidation, iron metabolism, and ROS

generation. These biomarkers not only reflect the iron metabolic

status in GC but also provide a strong basis for early cancer

screening. As a key antioxidant enzyme responsible for

maintaining intracellular lipid homeostasis, GPX4 has been

validated by multiple studies for its expression patterns and

prognostic value in GC. Studies have shown that GPX4

expression is significantly elevated in GC tissues compared to

matched normal tissues, and its expression levels are negatively

correlated with lymph node metastasis, tumor aggressiveness, and

overall prognosis, suggesting that GPX4 not only participates in the

regulation of GC biological behavior but may also serve as a

potential prognostic biomarker (126, 127).

In addition to GPX4, lipid peroxidation products such as 4-

HNE and MDA, which are key metabolites in ferroptosis, have also

emerged as focal points of research. In a prospective cohort study,

researchers detected a significant correlation between 4-HNE levels

and TNM staging in plasma and tissue samples from GC patients.

Moreover, elevated levels of 4-HNE were observed in patients with

postoperative recurrence, suggesting its potential as a dynamic

biomarker for monitoring GC progression and recurrence. The

study also confirmed a positive correlation between 4-HNE levels

and the infiltration of M2 macrophages in the tumor immune

microenvironment, further elucidating its involvement in

mechanisms of tumor immune evasion (128).

Research has shown that USP7 (ubiquitin-specific protease 7), as a

driver gene in GC, plays a key role in the regulation of ferroptosis. By

modulating the stability of stearoyl-CoA desaturase (SCD), USP7

inhibits ferroptosis, thereby promoting GC growth and metastasis.

Therefore, USP7 not only serves as a potential prognostic biomarker

for GC but also provides a new avenue for targeted therapy based on

ferroptosis regulation (82). Another research team found that high

expression of ABCC2 is associated with a better prognosis in GC
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patients. ABCC2 affects intracellular amino acid metabolism and redox

status by exporting GSH, thereby increasing GC cell susceptibility to

ferroptosis. Further experimental data showed that GC cells with high

ABCC2 expression exhibited significant biological changes under

conditions of amino acid deprivation and ferroptosis induction. This

suggests that ABCC2 not only serves as a prognostic biomarker for GC

but also as a potential target for targeted ferroptosis therapy (129). This

study highlights the unique value of ABCC2 as a ferroptosis biomarker

in GC, providing important evidence for its potential as a tool for

predicting GC prognosis and treatment response.
5.4 Clinical progress and translational
challenges of ferroptosis-targeted therapy

In recent years, multiple registered clinical trials focusing on

ferroptosis mechanisms have been initiated worldwide. Although

no dedicated studies targeting gastric cancer have been reported to

date, preliminary explorations have been conducted in various solid

tumors, including hepatocellular carcinoma, breast cancer, and lung

cancer. Derivatives of ferroptosis inducers such as Erastin and RSL3

are currently being evaluated in several phase I clinical trials for

their safety and pharmacokinetic profiles, with some studies

investigating their synergistic effects in combination with

chemotherapy or immune checkpoint inhibitors (130).

Additionally, FSP1 inhibitors, as novel non-GPX4-dependent

targeted agents, have demonstrated potential to overcome drug

resistance in prospective studies of breast cancer and non-small cell

lung cancer (131). Moreover, certain nanocarrier delivery systems

have also been introduced into early-phase clinical studies, aiming

to enhance therapeutic efficacy through precise delivery (132).

Currently, preclinical studies on ferroptosis mechanisms are

steadily advancing, with numerous in vitro and animal model

experiments laying the groundwork for clinical translation. In

clear cell renal cell carcinoma studies, the mTOR inhibitor

Everolimus has been shown to significantly enhance ferroptosis

induced by Erastin and RSL3, through a synergistic mechanism that

promotes lipid peroxidation and ROS accumulation, which holds

promise for overcoming resistance to mTOR monotherapy (133).

Moreover, in triple-negative breast cancer (TNBC), studies have

shown that resistance to RSL3-induced ferroptosis can be

significantly reversed by the irreversible HER2 inhibitor

Neratinib, and this effect is dependent on Neratinib-induced

mitochondrial ROS production and DNA replication stress,

thereby increasing cellular sensitivity to ferroptosis (134). This

study provides a rationale for combination therapy strategies in

future clinical trial design. In prostate cancer models, the

combination of ferroptosis inducers with the conventional

chemotherapeutic agent paclitaxel has also shown promising

results. RSL3 and Erastin significantly enhance paclitaxel-induced

apoptosis by downregulating GPX4 expression, suggesting their

potential application in overcoming chemotherapy resistance (135).

This finding provides a theoretical basis for the synergistic

development of ferroptosis mechanisms and standard

chemotherapy. Regarding non-GPX4-dependent pathways, a
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study on lung adenocarcinoma revealed that knockdown of

nicotinamide adenine dinucleotide kinase (NADK) can suppress

FSP1 expression by reducing NADPH levels, thereby enhancing the

cytotoxicity of Erastin and RSL3, highlighting the critical role of the

NADK-FSP1 axis in regulating ferroptosis (136). In ovarian cancer

models, the highly expressed adhesion molecule JAM3 can induce

ferroptosis resistance by activating the NRF2/FSP1 signaling axis,

providing important rationale for the use of FSP1 inhibitors as

reversal agents (136). While ferroptosis-targeted clinical research in

gastric cancer remains absent, systematic investigations of Erastin,

RSL3, and the FSP1 pathway have yielded promising results in

various solid tumors, establishing a preclinical research framework

that integrates mechanisms, pharmacological agents, and

combination strategies. These achievements provide a solid

theoretical foundation and a feasible roadmap for future clinical

translation of ferroptosis-targeted therapies.

Despite these promising advances, the clinical translation of

ferroptosis-targeted therapies still faces significant obstacles. Firstly,

although various candidate agents have shown excellent performance

in cellular and animal models, clear clinical benefit data are still

lacking, and, in particular, no ferroptosis inducers have yet been

approved to advance into phase II/III clinical trials. Secondly, the in

vivo distribution and pharmacokinetics of these agents are complex,

and clinical trials often encounter issues such as uneven drug

retention and dose-limiting toxicities, which remain critical barriers

to practical application (137, 138). Moreover, there is currently a lack

of well-established biomarkers for ferroptosis, making it difficult to

monitor in real time whether therapeutic agents have successfully

activated ferroptosis pathways in clinical settings, which constitutes

one of the major bottlenecks in clinical trial design (139). Although

ferroptosis-targeted therapy has shown cross-cancer potential, the

fundamental bottleneck lies in the incomplete “validation chain”

from mechanistic insight to clinical efficacy. The current lack of real-

time dynamic biomarkers and precise delivery systems prevents the

formation of a true translational loop. Future breakthroughs will

depend not on single-agent advances but on the development of

integrated systems that combine mechanism, monitoring, and

intervention—this will be the decisive path for ferroptosis to

achieve meaningful clinical application.
6 The dual role of ferroptosis in GC
treatment

6.1 Potential side effects of ferroptosis-
targeted therapy in GC

In recent years, ferroptosis has been regarded as highly

promising in the treatment of GC. On one hand, it can induce

programmed death of cancer cells; on the other hand, due to its

extensive overlap with fundamental biological processes,

insufficient selectivity may cause potential damage to normal

tissues and even the immune system, exhibiting a typical “double-

edged sword” effect.
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Ferroptosis inducers can inhibit xCT or GPX4, thereby

reducing cellular antioxidant capacity and triggering a burst of

ROS and iron ions. However, such mechanisms are not exclusive to

cancer cells; highly metabolic tissues such as hepatocytes, renal

tubular epithelial cells, and cardiomyocytes are also sensitive to lipid

peroxidation. Therefore, ferroptosis-inducing therapies carry the

risk of non-specific organ toxicity (140). In a murine model, feeding

with a high-iron diet or genetic predisposition to systemic iron

overload resulted in more than a twofold increase in serum ALT

levels and a significant elevation of hepatic MDA content.

Treatment with Ferrostatin-1 markedly reduced ALT levels and

restored MDA concentrations to near-control levels, indicating that

iron overload-induced liver injury is indeed mediated by ferroptosis

and can be alleviated by ferroptosis inhibitors (141).A 2024 study

using a murine liver model demonstrated that Erastin-induced

ferroptosis not only suppressed tumor progression but also led to

significant hepatotoxic effects, including elevated ALT levels and

accumulation of lipid peroxidation products, Administration of

Ferrostatin-1 effectively alleviated these toxicities, suggesting that

ferroptosis induction may exert dose-dependent systemic side

effects (142). Moreover, cardiomyocytes are highly sensitive to

ferroptosis due to their abundant mitochondria, active

metabolism, and high content of unsaturated fatty acids. Studies

have indicated that prolonged or high-dose administration of

ferroptosis inducers may result in arrhythmias and structural

damage to cardiac tissue, thereby limiting their application in

systemic treatment of solid tumors (143, 144).

In addition to organ toxicity, ferroptosis induction may

indirectly promote tumor metastasis and immune suppression

through inflammatory cascade reactions. A study demonstrated

that, in a hepatocellular carcinoma model, ferroptotic cells released

oxidized phospholipids and DAMPs (such as HMGB1 and 4-HNE),

which activated the NLRP3 inflammasome in macrophages. This

process promoted IL-1b secretion, triggered neutrophil recruitment

and vascular remodeling, and ultimately accelerated the formation

of pulmonary metastases (145). This suggests that while ferroptosis

exerts cytotoxic effects within the tumor core, insufficient or

heterogeneous induction at the tumor margins may paradoxically

promote immune evasion and the development of micrometastases

through inflammation-mediated mechanisms. Although ferroptosis

is considered immunogenic and capable of inducing the release of

DAMPs to activate antitumor immune responses, recent studies

have shown that ferroptosis inducers may suppress the function of

CD8+ T cells and NK cells under certain conditions, thereby

reducing the efficacy of immunotherapy. This effect is particularly

pronounced within the tumor microenvironment, where improper

dosing may create an “immunosuppressive window” that

antagonizes the efficacy of immune checkpoint inhibitors (146).

In summary, ferroptosis has demonstrated substantial potential

in overcoming GC drug resistance and enhancing antitumor

immunity. However, its associated side effects are not solely

attributable to drug toxicity but also reflect intrinsic limitations of

the ferroptosis mechanism itself—it can effectively kill cancer cells but

may likewise damage normal high-metabolic tissues and immune
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cells. This underscores that selectivity remains the central challenge

currently facing ferroptosis-based therapies. Only by successfully

achieving a balance between cytotoxic efficacy and safety can

ferroptosis be translated from experimental research into a safe and

effective clinical application. The following figure illustrates the dual

potential of ferroptosis in GC treatment (Figure 5).
6.2 Mitigation strategies

6.2.1 Nanodelivery platforms
Nanomaterials possess favorable biodegradability, high drug-

loading capacity, and versatile surface modifiability, making them

ideal carriers for the delivery of ferroptosis inducers. By modifying

the surface of nanoparticles, researchers can enable them to respond

to specific physiological features of the GC microenvironment, such

as acidic pH, elevated ROS levels, and high esterase activity, thereby

achieving an “activation-and-release” profile in tumor tissues while

remaining “dormant” in normal tissues. A research team developed

Fe3O
4@PDA@Erastin magnetic-responsive nanoparticles that

release Erastin by triggering the degradation of the PDA shell in

response to elevated H2O2 levels within the tumor region, thereby

inducing ferroptosis in tumor cells. In a murine GC model, this

system exhibited potent antitumor efficacy with no significant

hepatotoxicity or nephrotoxicity (113). The rise of nanodelivery

systems fundamentally reflects the high precision required across

the entire chain of ferroptosis therapy—encompassing delivery,

activation, and regulation. Unlike conventional drugs, ferroptosis

induction not only necessitates transporting agents to the tumor site

but, more critically, demands precise activation of cytotoxic effects

under specific microenvironmental conditions; otherwise, off-target

damage is likely to occur. This highlights a key insight: the future of

ferroptosis therapy must shift from mere physical delivery to

biologically driven, dynamic sensing systems.
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6.2.2 Intermittent induction and dose
optimization

Although ferroptosis holds the potential to induce

immunogenic cell death (ICD), its intense lipid peroxidation and

uncontrolled release of intracellular components, if not temporally

regulated, may lead to excessive inflammation, immune cell

exhaustion, or organ damage (147). Therefore, precise

spatiotemporal regulation of ferroptosis induction is crucial to

achieving clinical controllability and therapeutic efficacy. The

“low-dose–high-frequency” model enables mild modulation of

ferroptotic activity. Compared with high-dose, instantaneous

induction, this strategy enables sustained release of DAMPs and

oxidized lipid signals, which promotes dendritic cell (DC)

activation and antigen presentation, thereby enhancing CD8+ T

cell activation and tumor recognition (148). Studies have shown

that intermittent administration of Erastin in combination with

anti-PD-1 therapy can enhance immune responses without

significantly inducing hepatotoxicity or nephrotoxicity. It

effectively increases T cell activity, IFN-g secretion, and tumor

suppression, demonstrating superior synergistic immune

activation compared to monotherapy or continuous high-dose

regimens (149). Moreover, intermittent induction may also

contribute to the establishment of immunological memory. A

2024 study demonstrated that oral administration of low-dose

ferroptosis inducers combined with anti-PD-1 therapy not only

completely suppressed the primary colorectal tumor, but also

conferred 100% immune protection in rechallenge models,

highlighting its strong potential in inducing long-term memory

responses (150). This suggests that maximizing immune efficacy

does not rely on high-intensity induction alone but rather on

rhythm-based modulation of immune remodeling mechanisms,

thereby achieving a dynamic balance between therapeutic potency

and safety. This insight provides a new theoretical basis for

optimizing immune strategies in ferroptosis-based therapies.
FIGURE 5

This figure illustrates the dual role of ferroptosis in GC,underscoring the complexity of its regulatory mechanisms. On theone hand, ferroptosis, as an
emerging form of cell death, exhibitsnotable therapeutic potential in GC. For example, ferroptosis canserve as a diagnostic biomarker for early
cancer detection; it may alsoovercome drug resistance and provide new therapeutic strategies bytargeting tumor ferroptosis mechanisms. These
positive effects opennew avenues for GC treatment. On the other hand, the figure alsopoints out the potential risks of ferroptosis, such as
triggeringunnecessary inflammatory responses, causing off-target cytotoxicdamage, and possibly promoting cancer cell metastasis.
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6.2.3 Tissue-specific targeting
To enhance the selectivity of ferroptosis inducers in GC treatment

and reduce systemic toxicity, tissue-specific promoter-driven systems

and antibody-drug conjugates (ADCs) have attracted increasing

attention as precision delivery strategies. HER2 is a common

therapeutic target in GC, and HER2-positive tumors are responsive

to antibody-based therapies such as Trastuzumab. Studies have

explored conjugating ferroptosis inducers, such as RSL3 prodrugs or

GPX4-targeting siRNA, to HER2 antibodies or their fragments (e.g.,

scFv), to construct siRNA–antibody fusion nanosystems capable of

recognizing and binding to the surface of HER2-positive cells, thereby

triggering endocytosis and targeted intracellular drug release. A study

synthesized a gold nanoparticle-based dual-targeting platform co-

loaded with HER2-siRNA and doxorubicin, which exhibited potent

antiproliferative and ferroptosis-inducing effects in a HER2-positive

breast cancer model, and achieved tumor-specific activation via a pH-

responsive release system (151). Although this platform is currently

applied in breast cancer, its structural versatility and the widespread

expression of the HER2 target in GC suggest that it holds strong

potential for translational application in GC therapy.

These innovative strategies collectively reflect the ongoing effort

to enhance precision and safety in ferroptosis-based GC therapy.
Frontiers in Immunology 16
However, they also highlight a deeper, systemic challenge:

ferroptosis is not a static or isolated event but a dynamic

biological process intricately coupled with metabolism, redox

homeostasis, and immune surveillance. Therefore, solely

optimizing delivery or targeting may be insufficient to fully

resolve off-target toxicity and variability in therapeutic outcomes.

Tumor heterogeneity, spatiotemporal dynamics of the

microenvironment, and adaptive resistance mechanisms further

complicate precise ferroptosis induction. A deeper understanding

of the interactions between ferroptosis, immune components, and

stromal elements will be essential to provide a theoretical basis for

preventing potential side effects. Ultimately, the successful

transition of ferroptosis from a conceptual promise to a clinically

viable therapy will require not only technological innovation but

also a systems-level shift in precision oncology paradigms.
7 Discussion

Ferroptosis, an emerging form of regulated cell death, has

garnered increasing attention in the field of cancer therapy,

particularly in the context of GC, where it has demonstrated
FIGURE 6

This figure illustrates the key translational pathway of ferroptosis from basic research to clinical application in the treatment of GC. The upper right
quadrant represents the stage of target identification and drug screening, focusing on mechanistic exploration and clinical relevance validation. The
lower right quadrant corresponds to the clinical exploration stage, encompassing resistance overcoming strategies, mechanism-driven approaches,
and evaluation of survival benefits. The lower left quadrant presents the key tasks of the late-stage translational phase, such as drug approval, safety
evaluation, and regulatory compliance. The upper left quadrant illustrates the clinical implementation stage, highlighting the potential application of
ferroptosis inducers in combination with immunotherapy and nanotechnology in patients. At the center of the figure, a circular translational loop is
constructed around GC cell biomarkers, forming a closed-loop path from "early diagnosis—clinical validation—combination therapy—precision
therapy," which illustrates the multidimensional integrative mechanism of ferroptosis therapy from laboratory research to clinical practice.
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considerable therapeutic potential. Ferroptosis acts through

multiple mechanisms—including iron metabolism imbalance,

lipid peroxidation, and oxidative stress—to directly disrupt the

survival microenvironment of tumor cells, and exerts a significant

impact on the initiation, progression, and drug resistance

mechanisms of GC. Recent studies have shown that ferroptosis

not only inhibits the proliferation of GC cells but also promotes

tumor cell death, and holds promising potential in limiting

metastasis and enhancing the efficacy of chemotherapy and

targeted therapies.

Although several studies have highlighted the potential value of

ferroptosis in the treatment of GC, significant challenges remain.

The induction mechanisms of ferroptosis are complex, and different

GC subtypes may exhibit heterogeneous responses to ferroptosis,

necessitating greater emphasis on personalized therapeutic

strategies in clinical translation. In addition, the selectivity and

safety of ferroptosis inducers require further optimization to

minimize their toxicity to normal cells. Future research should

further investigate the role of ferroptosis across different stages and

subtypes of GC, with a particular focus on elucidating its

mechanisms, especially its interactions with the tumor

microenvironment, immune evasion, and drug resistance. The

following figure illustrates the key translational pathway of

ferroptosis from basic research to clinical application in GC

therapy, encompassing multiple stages, including target

identification, biomarker validation, development of combination

therapy strategies, and regulatory compliance, highlighting the

multidimensional integration from mechanistic investigation to

clinical implementation in this field (Figure 6).

Incorporating the concepts of precision medicine and

personalized therapy, ferroptosis-based treatment holds promise

for tailoring interventions to patients’ molecular profiles, thereby

enhancing therapeutic efficacy and minimizing adverse effects.

Overall, ferroptosis remains in the early stages of investigation in

GC therapy. Despite existing challenges, ongoing advancements in

molecular biology, drug development, and clinical translation

continue to fuel its potential as a novel therapeutic strategy,

offering improved prognosis and quality of life for patients.
Author contributions

HZ: Writing – original draft, Writing – review & editing. LA:

Writing – review & editing. SR: Methodology, Writing – review &
Frontiers in Immunology 17
editing. YW: Methodology, Writing – review & editing. HY:

Conceptualization, Writing – original draft. NZ: Writing –

original draft. XL: Project administration, Validation, Writing –

original draft. FL: Investigation, Writing – review & editing. GZ:

Conceptualization, Investigation, Software, Writing – original draft,

Writing – review & editing.
Funding

The author(s) declare financial support was received for the

research and/or publication of this article. This work was supported

by (Inner Mongolia Autonomous Region Natural Science

Foundation)Grant numbers (2022QN08007); (Science and

Technology Program for the Health Sector, Hohhot Municipal

Government) Grant numbers (2023007).
Acknowledgments

We thank Figdraw (www.figdraw.com) for expert assistance in

the figure drawing.
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 AI statement

The author(s) declare that no Generative AI was used in the

creation of this manuscript.
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.
References

1. Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram I, Jemal A, et al. Global

cancer statistics 2020: globocan estimates of incidence and mortality worldwide for 36
cancers in 185 countries. CA Cancer J Clin. (2021) 71:209–49. doi: 10.3322/caac.21660

2. Sexton HR, Al Hallak MN, Diab M, Azmi AS. Gastric cancer: A comprehensive
review of current and future treatment strategies. Cancer Metastasis Rev. (2020)
39:1179–203. doi: 10.1007/s10555-020-09925-3

3. Fang X, Xu J, Jin K, Qian J. Combining of immunotherapeutic approaches with
chemotherapy for treatment of gastric cancer: achievements and limitations. Int
Immunopharmacol. (2023) 118:110062. doi: 10.1016/j.intimp.2023.110062
4. Joshi SS, Badgwell BD. Current treatment and recent progress in gastric cancer.
CA Cancer J Clin. (2021) 71:264–79. doi: 10.3322/caac.21657

5. 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

6. Wang L-M, Zhang W-W, Qiu Y-Y, Wang F. Ferroptosis regulating lipid
peroxidation metabolism in the occurrence and development of gastric
cancer. World J Gastrointest Oncol. (2024) 16:2781–92. doi: 10.4251/wjgo.
v16.i6.2781
frontiersin.org

http://www.figdraw.com
https://doi.org/10.3322/caac.21660
https://doi.org/10.1007/s10555-020-09925-3
https://doi.org/10.1016/j.intimp.2023.110062
https://doi.org/10.3322/caac.21657
https://doi.org/10.1016/j.cell.2012.03.042
https://doi.org/10.4251/wjgo.v16.i6.2781
https://doi.org/10.4251/wjgo.v16.i6.2781
https://doi.org/10.3389/fimmu.2025.1581928
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Zhao et al. 10.3389/fimmu.2025.1581928
7. Liu J, Yuan Q, Guo H, Guan H, Hong Z, Shang D. Deciphering drug resistance in
gastric cancer: potential mechanisms and future perspectives. Biomedicine
Pharmacotherapy. (2024) 173:116310. doi: 10.1016/j.biopha.2024.116310

8. Le J, Pan G, Zhang C, Chen Y, Tiwari AK, Qin JJ. Targeting ferroptosis in gastric
cancer: strategies and opportunities. Immunol Rev. (2024) 321:228–45. doi: 10.1111/
imr.v321.1

9. Cao JY, Dixon SJ. Mechanisms of ferroptosis. Cell Mol Life Sci. (2016) 73:2195–209.
doi: 10.1007/s00018-016-2194-1

10. Fujii J, Imai H. Oxidative metabolism as A cause of lipid peroxidation in the
execution of ferroptosis. Int J Mol Sci. (2024) 25:7544. doi: 10.3390/ijms25147544

11. Yang W-S, SriRamaratnam R, Welsch ME, Shimada K, Skouta R, Viswanathan
VS, et al. Regulation of ferroptotic cancer cell death by gpx4. Cell. (2014) 156:317–31.
doi: 10.1016/j.cell.2013.12.010

12. Tang D, Chen X, Kang R, Kroemer G. Ferroptosis: molecular mechanisms and
health implications. Cell Res. (2021) 31:107–25. doi: 10.1038/s41422-020-00441-1

13. Zeng F, Nijiati S, Tang L, Ye J, Zhou Z, Chen X. Ferroptosis detection: from
approaches to applications. Angew Chem Int Ed Engl. (2023) 62:E202300379.

14. Rochette L, Dogon G, Rigal E, Zeller M, Cottin Y, Vergely C. Lipid peroxidation
and iron metabolism: two corner stones in the homeostasis control of ferroptosis. Int J
Mol Sci. (2023) 24:449. doi: 10.3390/ijms24010449

15. Xie Y, Hou W, Song X, Yu Y, Huang J, Sun X, et al. Ferroptosis: process and
function. Cell Death Differentiation. (2016) 23:369–79. doi: 10.1038/cdd.2015.158

16. Endale HT, Tesfaye W, Mengstie TA. Ros induced lipid peroxidation and their
role in ferroptosis. Front Cell Dev Biol. (2023) 11:1226044. doi: 10.3389/
fcell.2023.1226044

17. Li W, Liang L, Liu S, Yi H, Zhou Y. Fsp1: A key regulator of ferroptosis. Trends In
Mol Med. (2023) 29:753–64. doi: 10.1016/j.molmed.2023.05.013

18. Lange M, Wölk M, Doubravsky CE, Hendricks JM, Kato S, Otoki Y, et al. Fsp1-
mediated lipid droplet quality control prevents neutral lipid peroxidation and
ferroptosis. Biorxiv. (2025). doi: 10.1101/2025.01.06.631537

19. Yang Y, Shen W, Zhang Z, Dai Y, Zhang Z, Liu T, et al. Fsp1 acts in parallel with
gpx4 to inhibit ferroptosis in copd. Am J Of Respir Cell And Mol Biol. (2024) 72:551–62.

20. Wang B, Wang Y, Zhang J, Hu C, Jiang J, Li Y, et al. Ros-induced lipid
peroxidation modulates cell death outcome: mechanisms behind apoptosis, autophagy,
and ferroptosis. Arch Toxicol. (2023) 97:1439–51. doi: 10.1007/s00204-023-03476-6

21. Shi S, Chen Y, Luo Z, Nie G, Dai Y. Role of oxidative stress and inflammation-
related signaling pathways in doxorubicin-induced cardiomyopathy. Cell
Communication And Signaling. (2023) 21:61. doi: 10.1186/s12964-023-01077-5

22. Wu H, Li H, Huo H, Li X, Zhu H, Zhao L, et al. Effects of terbuthylazine on
myocardial oxidative stress and ferroptosis via nrf2/ho-1 signaling pathway in broilers.
Pesticide Biochem And Physiol. (2023) 197:105698. doi: 10.1016/j.pestbp.2023.105698

23. Dixon SJ, Patel DN, Welsch M, Skouta R, Lee ED, Hayano M, et al.
Pharmacological inhibition of cystine–glutamate exchange induces endoplasmic
reticulum stress and ferroptosis. Elife. (2014) 3:e02523. doi: 10.7554/eLife.02523

24. Zhang Y, Huang P. Abstract 3568: ferroptosis induced by xct abrogation is
dependent on gpx4 protein expression regulated by L-cystine/cysteine metabolism. .
Mol And Cell Biology/Genetics. (2020) 80(Supplement 16):3568. doi: 10.1158/1538-
7445.AM2020-3568

25. Friedmann-Angeli JP, Schneider M, Proneth B, Tyurina YY, Tyurin VA,
Hammond VJ, et al. Inactivation of the ferroptosis regulator gpx4 triggers acute
renal failure in mice. Nat Cell Biol. (2014) 16:1180–91. doi: 10.1038/ncb3064

26. Kim H, Villareal LB, Liu Z, Haneef M, Falcon DM, Martin DR, et al. Transferrin
receptor-mediated iron uptake promotes colon tumorigenesis. Adv Sci (Weinh). (2023)
10:E2207693. doi: 10.1002/advs.202207693

27. Nguyen NT, Kim J, Le XT, LeeWT, Lee ES, Oh KT, et al. Amplified fenton-based
oxidative stress utilizing ultraviolet upconversion luminescence-fueled nanoreactors for
apoptosis-strengthened ferroptosis anticancer therapy. ACS Nano. (2023) 17:382–401.
doi: 10.1021/acsnano.2c08706

28. Zhu Q, Zhai J, Chen Z, Guo Z, Wang N, Zhang C, et al. Ferritinophagy:
molecular mechanisms and role in disease. Pathol - Res And Pract. (2024) 262:155553.
doi: 10.1016/j.prp.2024.155553

29. Yaseen S, Akram RH, Ali B, Zaheer K, Rafique M, Eman P, et al. Regulation of
intestinal iron absorption: balancing supply and demand. Futuristic Biotechnol. (2024)
4:02–9. doi: 10.54393/fbt.v4i03.149

30. Gao G, Li J, Zhang Y, Chang YZ. Cellular iron metabolism and regulation. Adv
In Exp Med And Biol. (2019) 1173:21–32.

31. Liu X, Sun Y, Lv X, Song M, Sun J, Sun Y. Targeting lipid peroxidation-
associated ferroptosis suppresses lung carcinoma progression by regulating cell cycle
arrest. Int Immunopharmacol. (2024) 138:112518. doi: 10.1016/j.intimp.2024.112518

32. Miao YD, Quan W, Dong X, Gan J, Ji CF, Wang JT, et al. A bibliometric analysis
of ferroptosis, necroptosis, pyroptosis, and cuproptosis in cancer from 2012 to 2022.
Cell Death Discov. (2023) 9:129. doi: 10.1038/s41420-023-01421-1

33. Zhang R, Chen J, Wang S, Zhang W, Zheng Q, Cai R, et al. Ferroptosis in cancer
progression. Front Oncol. (2023) 12:1820. doi: 10.3390/cells12141820

34. Zhao Q, Yu H, Shi M, Wang X, Fan Z, Wang Z. Tumor microenvironment
characteristics of lipid metabolism reprogramming related to ferroptosis and endmt
Frontiers in Immunology 18
influencing prognosis in gastric cancer. Int Immunopharmacol. (2024) 137:112433.
doi: 10.1016/j.intimp.2024.112433

35. Yi C, Wu S, Duan Q, Liu L, Li L, Luo Y, et al. Ferroptosis-dependent breast
cancer cell-derived exosomes inhibit migration and invasion of breast cancer cells by
suppressing M2 macrophage polarization. Peerj. (2023) 11:E15060. doi: 10.7717/
peerj.15060

36. Jiang Z, Zhou J, Deng J, Li L, Wang R, Han Y, et al. Emerging roles of ferroptosis-
related mirnas in tumor metastasis. Cell Death Discov. (2023) 9:193. doi: 10.1038/
s41420-023-01486-y

37. Bu X, Wang L. Iron metabolism and the tumor microenvironment: A new
perspective on cancer intervention and therapy (Review). Int J Mol Med. (2025) 55.

38. Huang Y, Wang S, Ke A, Guo K. Ferroptosis and its interaction with tumor
immune microenvironment in liver cancer. Biochim Et Biophys Acta (Bba) - Rev On
Cancer. (2023) 1878:188848. doi: 10.1016/j.bbcan.2022.188848

39. Lei G, Zhuang L, Gan B. The roles of ferroptosis in cancer: tumor suppression,
tumor microenvironment, and therapeutic interventions. Cancer Cell. (2024) 42:513–34.
doi: 10.1016/j.ccell.2024.03.011

40. Yang P, Yang W, Wei Z, Li Y, Yang Y, Wang J, et al. Novel targets for gastric
cancer: the tumor microenvironment (Tme), N6-methyladenosine (M6a), pyroptosis,
autophagy, ferroptosis and cuproptosis. Biomedicine Pharmacotherapy. (2023)
163:114883. doi: 10.1016/j.biopha.2023.114883

41. He Z, Zhang S. Tumor-associated macrophages and their functional
transformation in the hypoxic tumor microenvironment. Front Immunol. (2021)
12:741305. doi: 10.3389/fimmu.2021.741305

42. Zhong FM, Yao FY, Liu J, Zhang R, Zhang R, Li L, et al. Ferroptosis-related
molecular patterns reveal immune escape, inflammatory development and lipid
metabolism characteristics of the tumor microenvironment in acute myeloid
leukemia. Front Oncol. (2022) 12:888570. doi: 10.3389/fonc.2022.888570

43. Zhang C, Liu X, Jin S, Chen Y, Guo R, Zhang H, et al. Ferroptosis in cancer
therapy: A novel approach to reversing drug resistance. Mol Cancer. (2022) 21:47.
doi: 10.1186/s12943-022-01530-y

44. Wang Y, Wu X, Ren Z, Li Y, Zou W, Chen J, et al. Overcoming cancer
chemotherapy resistance by the induction of ferroptosis. Drug Resistance Updates.
(2023) 66:100916. doi: 10.1016/j.drup.2022.100916

45. Wu Y, Yu C, LuoM, Cen C, Qiu J, Zhang S, et al. Ferroptosis in cancer treatment:
another way to rome. Front Oncol (2020) 10:571127. doi: 10.3389/fonc.2020.571127

46. Tang R, Hua J, Xu J, Liang C, Meng Q, Liu J, et al. The role of ferroptosis
regulators in the prognosis, immune activity and gemcitabine resistance of pancreatic
cancer. Ann Transl Med. (2020) 8:1347. doi: 10.21037/atm-20-2554a

47. Cheng X, Zhao F, Ke B, Chen D, Liu F. Harnessing ferroptosis to overcome drug
resistance in colorectal cancer: promising therapeutic approaches. Cancers. (2023)
15:5209. doi: 10.3390/cancers15215209

48. Nie Q, Hu Y, Yu X, Li X, Fang X. Induction and application of ferroptosis in
cancer therapy. Cancer Cell Int. (2022) 22:12. doi: 10.1186/s12935-021-02366-0

49. Liu S, Yan S, Zhu J, Lu R, Kang C, Tang K, et al. Combination rsl3 treatment
sensitizes ferroptosis- and egfr-inhibition-resistant hnsccs to cetuximab. Int J Mol Sci.
(2022) 23:9014. doi: 10.3390/ijms23169014

50. Zhang B, Chen X, Ru F, Gan Y, Li B, Xia W, et al. Liproxstatin-1 attenuates
unilateral ureteral obstruction-induced renal fibrosis by inhibiting renal tubular
epithelial cells ferroptosis. Cell Death Dis. (2021) 12:843. doi: 10.1038/s41419-021-
04137-1

51. Hu Y-Y, Guo N, Yang T, Yan J-H, Wang W-J, Li X, et al. The potential
mechanisms by which artemisinin and its derivatives induce ferroptosis in the
treatment of cancer. Oxid Med Cell Longev. (2022) 2022:1458143. doi: 10.1155/2022/
1458143

52. Lai Y, Zeng F, Chen Z, Feng M, Huang Y, Qiu P, et al. Shikonin could be used to
treat tubal pregnancy via enhancing ferroptosis sensitivity. Drug Design Dev And Ther.
(2023) 16:2083–99. doi: 10.2147/DDDT.S364441

53. Qi K, Li J, Hu Y, Qiao Y, Mu Y. Research progress in mechanism of anticancer
action of shikonin targeting reactive oxygen species. Front Pharmacol. (2024)
15:1416781. doi: 10.3389/fphar.2024.1416781

54. Zhang X, Guo Y, Li H, Han L. Novel Ferroptosis InducerTriggers lysosomal
membrane permeabilization in A tfeb-dependent manner in glioblastoma. J Of Cancer.
(2021) 12:6610–9. doi: 10.7150/jca.58500

55. Costa I, Barbosa DJ, Benfeito S, Silva V, Chavarria D, Borges F, et al. Molecular
mechanisms of ferroptosis and their involvement in brain diseases. Pharmacol Ther.
(2023) 244:108373. doi: 10.1016/j.pharmthera.2023.108373

56. Leveille E, Bramson E, RobinsonME, Bertomeu T, Chatr-Aryamontri A, Kothari
S, et al. Metabolic determinants of ferroptosis in B-Cell lymphoma. Blood 144
(Supplement). (2024):976–6. doi: 10.1182/blood-2024-209077

57. Tahaney WM, Qian J, Powell RT, Moyer CL, Ma Y, Nguyen N, et al. Abstract
gs1-09: inhibition of gpx4 induces preferential death of P53-mutant triple-negative
breast cancer cells. Cancer Res. (2022). doi: 10.21203/rs.3.rs-1547583/v1

58. Lin M, Chen Q-Y, Zheng C-H, Li P, Xie J-W, Wang J-B, et al. Effect of
preoperative tumor under-staging on the long-term survival of patients undergoing
radical gastrectomy for gastric cancer. Cancer Res Treat. (2021) 53:1123–33.
doi: 10.4143/crt.2020.651
frontiersin.org

https://doi.org/10.1016/j.biopha.2024.116310
https://doi.org/10.1111/imr.v321.1
https://doi.org/10.1111/imr.v321.1
https://doi.org/10.1007/s00018-016-2194-1
https://doi.org/10.3390/ijms25147544
https://doi.org/10.1016/j.cell.2013.12.010
https://doi.org/10.1038/s41422-020-00441-1
https://doi.org/10.3390/ijms24010449
https://doi.org/10.1038/cdd.2015.158
https://doi.org/10.3389/fcell.2023.1226044
https://doi.org/10.3389/fcell.2023.1226044
https://doi.org/10.1016/j.molmed.2023.05.013
https://doi.org/10.1101/2025.01.06.631537
https://doi.org/10.1007/s00204-023-03476-6
https://doi.org/10.1186/s12964-023-01077-5
https://doi.org/10.1016/j.pestbp.2023.105698
https://doi.org/10.7554/eLife.02523
https://doi.org/10.1158/1538-7445.AM2020-3568
https://doi.org/10.1158/1538-7445.AM2020-3568
https://doi.org/10.1038/ncb3064
https://doi.org/10.1002/advs.202207693
https://doi.org/10.1021/acsnano.2c08706
https://doi.org/10.1016/j.prp.2024.155553
https://doi.org/10.54393/fbt.v4i03.149
https://doi.org/10.1016/j.intimp.2024.112518
https://doi.org/10.1038/s41420-023-01421-1
https://doi.org/10.3390/cells12141820
https://doi.org/10.1016/j.intimp.2024.112433
https://doi.org/10.7717/peerj.15060
https://doi.org/10.7717/peerj.15060
https://doi.org/10.1038/s41420-023-01486-y
https://doi.org/10.1038/s41420-023-01486-y
https://doi.org/10.1016/j.bbcan.2022.188848
https://doi.org/10.1016/j.ccell.2024.03.011
https://doi.org/10.1016/j.biopha.2023.114883
https://doi.org/10.3389/fimmu.2021.741305
https://doi.org/10.3389/fonc.2022.888570
https://doi.org/10.1186/s12943-022-01530-y
https://doi.org/10.1016/j.drup.2022.100916
https://doi.org/10.3389/fonc.2020.571127
https://doi.org/10.21037/atm-20-2554a
https://doi.org/10.3390/cancers15215209
https://doi.org/10.1186/s12935-021-02366-0
https://doi.org/10.3390/ijms23169014
https://doi.org/10.1038/s41419-021-04137-1
https://doi.org/10.1038/s41419-021-04137-1
https://doi.org/10.1155/2022/1458143
https://doi.org/10.1155/2022/1458143
https://doi.org/10.2147/DDDT.S364441
https://doi.org/10.3389/fphar.2024.1416781
https://doi.org/10.7150/jca.58500
https://doi.org/10.1016/j.pharmthera.2023.108373
https://doi.org/10.1182/blood-2024-209077
https://doi.org/10.21203/rs.3.rs-1547583/v1
https://doi.org/10.4143/crt.2020.651
https://doi.org/10.3389/fimmu.2025.1581928
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Zhao et al. 10.3389/fimmu.2025.1581928
59. Shao Y, Jia H, Li S, Huang L, Aikemu B, Yang G, et al. Comprehensive analysis of
ferroptosis-related markers for the clinical and biological value in gastric cancer. Oxid
Med Cell Longev. (2021) 2021:7007933. doi: 10.1155/2021/7007933

60. Matsuoka T, Yashiro M. The role of pi3k/akt/mtor signaling in gastric
carcinoma. Cancers (Basel). (2014) 6:1441–63. doi: 10.3390/cancers6031441

61. Megid TBC, Farooq AR, Wang X, Elimova E. Gastric cancer: molecular
mechanisms, novel targets, and immunotherapies: from bench to clinical
therapeutics. Cancers (Basel). (2023) 15:5075. doi: 10.3390/cancers15205075

62. Lerner BA, Gupta S, Burke CA, Kupfer S, Katona BW, Grady WM, et al.
Advancing the evaluation and management of cdh1-associated gastric cancer. J Natl
Compr Canc Netw. (2025) 23. doi: 10.6004/jnccn.2025.7006

63. Angerilli V, Vanoli A, Celin G, Ceccon C, Rigato M, Lombardi C, et al. Gastric
carcinoma in autoimmune gastritis: A histopathologic and molecular study. Mod
Pathol. (2024) 37:100491. doi: 10.1016/j.modpat.2024.100491

64. Bure IV, Vetchinkina EA, Kalinkin AI, Kuznetsova EB, Molchanov AD, Kiseleva
AE, et al. Potential regulation of arid1a by mir-129-5p and mir-3613-3p and their
prognostic value in gastric cancer. Int J Mol Sci. (2025) 26. doi: 10.3390/ijms26010305

65. Reyes VE. Helicobacter pylori and its role in gastric cancer. Microorganisms.
(2023) 11. doi: 10.3390/microorganisms11051312

66. Backert S, Blaser MJ. The role of caga in the gastric biology of helicobacter pylori.
Cancer Res. (2016) 76:4028–31. doi: 10.1158/0008-5472.CAN-16-1680

67. Son YS, Kwon YH, Lee MS, Kwon O, Jeong YJ, Mun SJ, et al. Helicobacter pylori
vaca-induced mitochondrial damage in the gastric pit cells of the antrum and
therapeut ic rescue . Biomater ia l s . (2025) 314 :122842 . doi : 10 .1016/
j.biomaterials.2024.122842

68. Seeger AY, Zaidi F, Alhayek S, Jones RM, Zohair H, Holland RL, et al. Host cell
sensing and restoration of mitochondrial function and metabolism within helicobacter
pylori vaca intoxicated cells. Mbio. (2023) 14:E0211723. doi: 10.1128/mbio.02117-23

69. Ozbey G, Sproston E, Hanafiah A. Helicobacter pylori infection and gastric
microbiota. Euroasian J Of Hepato-Gastroenterology. (2020) 10:36–41. doi: 10.5005/jp-
journals-10018-1310

70. Mukherjee S, Ghatak S, Chhuani L, Lalrinpuia B, Jahau L, Pautu JL, et al.
Helicobacter pylori virulent genes and host interleukin 1 are associated with
demographic factors for an increased risk of gastritis. Hum Gene. (2022) 34:201132.
doi: 10.1016/j.humgen.2022.201132

71. Jiang Y, Cui J, Cui M, Jing R, Zhang Z, Gao L, et al. Slc7a11 promotes the
progression of gastric cancer and regulates ferroptosis through pi3k/akt pathway.
Pathol - Res And Pract. (2023) 248:154646. doi: 10.1016/j.prp.2023.154646

72. He Y, Sun MM, Zhang GG, Yang J, Chen KS, Xu WW, et al. Targeting pi3k/akt
signal transduction for cancer therapy. Signal Transduction And Targeted Ther. (2021)
6:425. doi: 10.1038/s41392-021-00828-5

73. Yuan W, Shi Y, Dai S, Deng M, Zhu K, Xu Y, et al. The role of mapk pathway in
gastric cancer: unveiling molecular crosstalk and therapeutic prospects. J Of Trans Med.
(2024) 22:1142. doi: 10.1186/s12967-024-05998-8

74. Nie X, Wang H,Wei X, Li L, Xue T, Fan L, et al. Lrp5 promotes gastric cancer via
activating canonical wnt/b-catenin and glycolysis pathways. Am J Of Pathol. (2021)
192:503–17.

75. Goyal A, Murkute SL, Bhowmik S, Prasad CP, Mohapatra P. Belling the “Cat”:
wnt/b-catenin signaling and its significance in future cancer therapies. Biochim Et
Biophys Acta (Bba) - Rev On Cancer. (2024) 1879:189195. doi: 10.1016/
j.bbcan.2024.189195

76. Martin-Orozco E, Sánchez-Fernández A, Ortiz-Parra I, Ayala-San Nicolás M.
Wnt signaling in tumors: the way to evade drugs and immunity. Front Immunol. (2019)
10:2854. doi: 10.3389/fimmu.2019.02854

77. Yang W, Wu B, Ma N, Wang Y, Xu J, Guo J, et al. Batf2 reverses multidrug
resistance of human gastric cancer cells by suppressing wnt/b-catenin signaling. In
Vitro Cell Dev Biol - Anim. (2019) 55:445–52. doi: 10.1007/s11626-019-00360-5

78. Chen Y, Fan Z, Yang Y, Gu C. Iron metabolism and its contribution to cancer
(Review). Int J Oncol. (2019) 54:1143–54. doi: 10.3892/ijo.2019.4720

79. Yang F, Sun SY, Wang S, Guo JT, Liu X, Ge N, et al. Molecular regulatory
mechanism of ferroptosis and its role in gastrointestinal oncology: progress and
updates. World J Gastrointest Oncol. (2022) 14:1–18. doi: 10.4251/wjgo.v14.i1.1

80. Theil EC. Ferritin: at the crossroads of iron and oxygen metabolism. J Nutr.
(2003) 133:1549s–53s. doi: 10.1093/jn/133.5.1549S

81. Xiaojing C, Kelong F, Lin W, Xiangji Y, Andrew JS, Ting G, et al. Tfr1 binding
with H-ferritin nanocarrier achieves prognostic diagnosis and enhances the therapeutic
efficacy in clinical gastric cancer. Cell Death Dis. (2020) 11:92. doi: 10.1038/s41419-020-
2272-z

82. Guan X, Wang Y, Yu W, Wei Y, Lu Y, Dai E, et al. Blocking ubiquitin-specific
protease 7 induces ferroptosis in gastric cancer via targeting stearoyl-coa desaturase.
Adv Sci (Weinh). (2024) 11:E2307899. doi: 10.1002/advs.202307899

83. Mao X, Wang L, Chen Z, Huang H, Huang C, Su J, et al. Scd1 promotes the
stemness of gastric cancer stem cells by inhibiting ferroptosis through the sqle/
cholesterol/mtor signalling pathway. Int J Of Biol Macromolecules. (2024) 133698.
doi: 10.1016/j.ijbiomac.2024.133698
Frontiers in Immunology 19
84. Xu L, Liu Y, Chen X, Zhong H, Wang Y. Ferroptosis in life: to be or not to be.
Biomedicine Pharmacotherapy = Biomedecine Pharmacotherapie. (2023) 159:114241.
doi: 10.1016/j.biopha.2023.114241

85. Chen GH, Song CC, Pantopoulos K, Wei XL, Zheng H, Luo Z, et al.
Mitochondrial oxidative stress mediated fe-induced ferroptosis via the nrf2-are
pathway. Free Radica l Bio l Med . (2022) 180 :95–107. doi : 10 .1016/
j.freeradbiomed.2022.01.012

86. Zheng F, Wang Y, Zhang Q, Chen Q, Liang CL, Liu H, et al. Polyphyllin I
suppresses the gastric cancer growth by promoting cancer cell ferroptosis. Front
Pharmacol (2023) 14:1145407. doi: 10.3389/fphar.2023.1145407

87. Ribeiro KS, Karmakar E, Park C, Garg R, Kung GP, Kadakia I, et al. Iron
regulates cellular proliferation by enhancing the expression of glucose transporter glut3
in the liver. Cells. (2024) 13:1147. doi: 10.3390/cells13131147

88. Wang X, Wei T, Luo J, Lang K, Song Y, Ning X, et al. Iron overload-dependent
ferroptosis aggravates lps-induced acute lung injury by impairing mitochondrial
function. Inflammation. (2024) 47:2013–26. doi: 10.1007/s10753-024-02022-5

89. 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

90. Xiong H, Wang C, Wang Z, Lu H, Yao J. Self-assembled nano-activator
constructed ferroptosis-immunotherapy through hijacking endogenous iron to
intracellular positive feedback loop. J Of Controlled Release: Off J Of Controlled
Release Soc. (2021) 332:539–52. doi: 10.1016/j.jconrel.2021.03.007

91. Li D, Wang Y, Dong C, Chen T, Dong A, Ren J, et al. Cst1 inhibits ferroptosis
and promotes gastric cancer metastasis by regulating gpx4 protein stability via otub1.
Oncogene. (2023) 42:83–98. doi: 10.1038/s41388-022-02537-x

92. Wang Y, Min P, Qi C, Zhao S, Yu M, Zhang Y, et al. Mical2 facilitates gastric
cancer cell migration via mrtf-A-mediated cdc42 activation. Frontiers in Molecular
Biosciences (2021) 8:568868. doi: 10.3389/fmolb.2021.568868

93. Luan M, Feng Z, Zhu W, Xing Y, Ma X, Zhu J, et al. Mechanism of metal ion-
induced cell death in gastrointestinal cancer. Biomedicine Pharmacotherapy. (2024)
174:116574. doi: 10.1016/j.biopha.2024.116574

94. Su H, Peng C, Liu Y. Regulation of ferroptosis by pi3k/akt signaling pathway: A
promising therapeutic axis in cancer. Front Cell Dev Biol. (2024) 12:1372330.
doi: 10.3389/fcell.2024.1372330

95. Yuan T, Hu J, Zhu X, Yin H, Yin J. Oxidative stress-mediated up-regulation of
abc transporters in lung cancer cells. J Biochem Mol Toxicol. (2022) 36:E23095.
doi: 10.1002/jbt.23095

96. Gu R, Xia Y, Li P, Zou D, Lu K, Ren L, et al. Ferroptosis and Its Role in Gastric
Cancer. Front Cell Dev Biol. (2022) 10:860344. doi: 10.3389/fcell.2022.860344

97. Liu R, Guo Y, Wang L, Yin G, Tuo H, Zhu Y, et al. A novel hypoxia-induced
lncrna, szt2-as1, boosts hcc progression by mediating hif heterodimerization and
histone trimethylation under A hypoxic microenvironment. Cell Death And
Differentiation. (2024) 32:714–29. doi: 10.1038/s41418-024-01419-x

98. Lin Z, Song J, Gao Y, Huang S, Dou R, Zhong P, et al. Hypoxia-induced hif-1a/
lncrna-pman inhibits ferroptosis by promoting the cytoplasmic translocation of elavl1
in peritoneal dissemination from gastric cancer. Redox Biol. (2022) 52:102312.
doi: 10.1016/j.redox.2022.102312

99. Lee J, Roh J. Slc7a11 as A gateway of metabolic perturbation and ferroptosis
vulnerability in cancer. Antioxidants. (2022) 11:2444. doi: 10.3390/antiox11122444

100. Wang W, Shi F, Cui J, Pang S, Zheng G, Zhang Y, et al. Mir-378a-3p/slc7a11
regulate ferroptosis in nerve injury induced by lead exposure. Ecotoxicology And
Environ Saf. (2022) 239:113639. doi: 10.1016/j.ecoenv.2022.113639

101. Chehade H, Fox A, Mor GG, Alvero AB. Determination of caspase activation by
western blot. Methods In Mol Biol. (2020) 2255:1–12.

102. Kumar S, Dorstyn L, Lim Y. The role of caspases as executioners of apoptosis.
Biochem Soc Trans. (2021) 50:33–45. doi: 10.1042/BST20210751

103. Cheng X, Yang F, Wang Y, Nie W, Upadhyay AM, Zhang M, et al. Albumin
paclitaxel compared with 5-penfluorouracil, lobaplatin, and albumin paclitaxel
combined with 5-penfluorouracil in the treatment of human gastric cancer cell ags
line autophagy and apoptosis. Can J Of Gastroenterol Hepatol. (2022) 2022:5077946.
doi: 10.1155/2022/6015877

104. Yang H-J, Velmurugan BK, Chen MK, Lin C-C, Lo Y-S, Chuang Y-C, et al. 7-
epitaxol induces apoptosis in cisplatin-resistant head and neck squamous cell carcinoma
via suppression of akt and mapk signalling. J Cell Mol Med. (2022) 26:5807–19.

105. Wang Y, Wang Y, Pan J, et al. Ferroptosis Necroptosis, and pyroptosis in
cancer: crucial cell death types in radiotherapy and post-radiotherapy immune
activation. Radiotherapy And Oncology: J Of Eur Soc For Ther Radiol And Oncol.
(2023) 109689:109689. doi: 10.1016/j.radonc.2023.109689

106. Guo D, Zhang W, Yang H, Bi J, Xie Y, Cheng B, et al. Celastrol induces
necroptosis and ameliorates inflammation via targeting biglycan in human gastric
carcinoma. Int J Of Mol Sci. (2019) 20:5716. doi: 10.3390/ijms20225716

107. Xin D, Man Y, Yang Y, Wang F. Novel prognostic and therapeutic target
biomarker based on necroptosis-related gene signature and immune
microenvironment infiltration in gastric cancer. Front Genet. (2022) 13:953997.
doi: 10.3389/fgene.2022.953997
frontiersin.org

https://doi.org/10.1155/2021/7007933
https://doi.org/10.3390/cancers6031441
https://doi.org/10.3390/cancers15205075
https://doi.org/10.6004/jnccn.2025.7006
https://doi.org/10.1016/j.modpat.2024.100491
https://doi.org/10.3390/ijms26010305
https://doi.org/10.3390/microorganisms11051312
https://doi.org/10.1158/0008-5472.CAN-16-1680
https://doi.org/10.1016/j.biomaterials.2024.122842
https://doi.org/10.1016/j.biomaterials.2024.122842
https://doi.org/10.1128/mbio.02117-23
https://doi.org/10.5005/jp-journals-10018-1310
https://doi.org/10.5005/jp-journals-10018-1310
https://doi.org/10.1016/j.humgen.2022.201132
https://doi.org/10.1016/j.prp.2023.154646
https://doi.org/10.1038/s41392-021-00828-5
https://doi.org/10.1186/s12967-024-05998-8
https://doi.org/10.1016/j.bbcan.2024.189195
https://doi.org/10.1016/j.bbcan.2024.189195
https://doi.org/10.3389/fimmu.2019.02854
https://doi.org/10.1007/s11626-019-00360-5
https://doi.org/10.3892/ijo.2019.4720
https://doi.org/10.4251/wjgo.v14.i1.1
https://doi.org/10.1093/jn/133.5.1549S
https://doi.org/10.1038/s41419-020-2272-z
https://doi.org/10.1038/s41419-020-2272-z
https://doi.org/10.1002/advs.202307899
https://doi.org/10.1016/j.ijbiomac.2024.133698
https://doi.org/10.1016/j.biopha.2023.114241
https://doi.org/10.1016/j.freeradbiomed.2022.01.012
https://doi.org/10.1016/j.freeradbiomed.2022.01.012
https://doi.org/10.3389/fphar.2023.1145407
https://doi.org/10.3390/cells13131147
https://doi.org/10.1007/s10753-024-02022-5
https://doi.org/10.1016/j.cell.2017.09.021
https://doi.org/10.1016/j.jconrel.2021.03.007
https://doi.org/10.1038/s41388-022-02537-x
https://doi.org/10.3389/fmolb.2021.568868
https://doi.org/10.1016/j.biopha.2024.116574
https://doi.org/10.3389/fcell.2024.1372330
https://doi.org/10.1002/jbt.23095
https://doi.org/10.3389/fcell.2022.860344
https://doi.org/10.1038/s41418-024-01419-x
https://doi.org/10.1016/j.redox.2022.102312
https://doi.org/10.3390/antiox11122444
https://doi.org/10.1016/j.ecoenv.2022.113639
https://doi.org/10.1042/BST20210751
https://doi.org/10.1155/2022/6015877
https://doi.org/10.1016/j.radonc.2023.109689
https://doi.org/10.3390/ijms20225716
https://doi.org/10.3389/fgene.2022.953997
https://doi.org/10.3389/fimmu.2025.1581928
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Zhao et al. 10.3389/fimmu.2025.1581928
108. Huang J, Fan P, Liu M, Weng C, Fan G, Zhang T, et al. Famotidine promotes
inflammation by triggering cell pyroptosis in gastric cancer cells. BMC Pharmacol
Toxicol. (2021) 22:62. doi: 10.1186/s40360-021-00533-7

109. Demuynck R, Efimova I, Naessens F, Krysko DV. Immunogenic ferroptosis and
where to find it? J For Immunotherapy Of Cancer. (2021) 9:e003430.

110. Ran Q, Mozolewska P. Gpx4 and ferroptosis. Ferroptosis In Health And Dis.
(2019) 99–109.

111. Gong Y, Fan Z, Luo G, Yang C, Huang Q, Fan K, et al. The role of necroptosis
in cancer biology and therapy. Mol Cancer. (2019) 18:100. doi: 10.1186/s12943-019-
1029-8

112. Cheng X, Dai E, Wu J, Flores NM, Chu Y, Wang R. Atlas of metastatic gastric
cancer links ferroptosis to disease progression and immunotherapy response.
Gastroenterology. (2024) 167:1345–57. doi: 10.1053/j.gastro.2024.07.038

113. Ma W, Hu N, Xu W, Zhao L, Tian C, Kamei KI, et al. Ferroptosis inducers:
A new frontier in cancer therapy. Bioorganic Chem. (2024) 146:107331. doi: 10.1016/
j.bioorg.2024.107331

114. Jin S, Wang H, Zhang Z, Yan M. Targeting ferroptosis: small-molecule inducers
as novel anticancer agents. Anti-Cancer Agents In Medicinal Chem. (2024) 24:559–70.

115. Lee J, Roh JL. Lipid metabolism in ferroptosis: unraveling key mechanisms and
therapeutic potential in cancer. Biochim Biophys Acta Rev Cancer. (2025) 1880:189258.
doi: 10.1016/j.bbcan.2024.189258

116. Guan XY, Guan XL, Zhu JR. Mechanisms and applications of ferroptosis-
associated regulators in cancer therapy and drug resistance. J Chemother. (2023)
35:671–88. doi: 10.1080/1120009X.2023.2177808

117. Yang Y, Yu S, Liu W, Zhuo Y, Qu C, Zeng Y. Ferroptosis-related signaling
pathways in cancer drug resistance. Cancer Drug Resist. (2025) 8:1. doi: 10.20517/
cdr.2024.151

118. Huang W, Wen F, Yang P, Li Y, Li Q, Shu P. Yi-qi-hua-yu-jie-du decoction
induces ferroptosis in cisplatin-resistant gastric cancer via the akt/gsk3b/nrf2/gpx4
axis. Phytomedicine. (2024) 123:155220. doi: 10.1016/j.phymed.2023.155220

119. Wang J, Zhang H, Li J, et al. Exosome-derived proteins in gastric cancer
progression, drug resistance, and immune response. Cell Mol Biol Lett. (2024) 29:157.
doi: 10.1186/s11658-024-00676-5

120. Qi H, Ma X, Ma Y, Jia L, Liu K, Wang H, et al. Mechanisms of hif1a-mediated
immune evasion in gastric cancer and the impact on therapy resistance. Cell Biol And
Toxicol. (2024) 40:87. doi: 10.1007/s10565-024-09917-x

121. Fan Z, Wu S, Deng H, Li G, Huang L, Liu H, et al. Immunomodulatory pd-
feporp nanozyme for inhibition of tumor invasion and metastasis by reinforced
ferroptosis and specific epithelial-mesenchymal reversal. Chem Eng J. (2025)
504:158682. doi: 10.1016/j.cej.2024.158682

122. Fan Z, Wu S, Deng H, Li G, Huang L, Liu H. Light-triggered nanozymes
remodel the tumor hypoxic and immunosuppressive microenvironment for
ferroptosis-enhanced antitumor immunity. ACS Nano. (2024) 18:12261–75.
doi: 10.1021/acsnano.4c00844

123. Sun Y, Berleth N, Wu W, Schlütermann D, Deitersen J, Stuhldreier F, et al.
Fin56-induced ferroptosis is supported by autophagy-mediated gpx4 degradation and
functions synergistically with mtor inhibition to kill bladder cancer cells. Cell Death
Dis. (2021) 12:1028. doi: 10.1038/s41419-021-04306-2

124. Yang WS, Stockwell BR. Ferroptosis: death by lipid peroxidation. Trends Cell
Biol. (2016) 26:165–76. doi: 10.1016/j.tcb.2015.10.014

125. Hou J, Wang B, Li J, Liu W. Ferroptosis and its role in gastric and colorectal
cancers. Kjpp. (2024) 28:183–96. doi: 10.4196/kjpp.2024.28.3.183

126. Renner N, Schöb F, Pape R, Suciu I, Spreng AS, Ückert AK, et al.
Modeling ferroptosis in human dopaminergic neurons: pitfalls and opportunities for
neurodegeneration research. Redox Biol. (2024) 73:103165. doi: 10.1016/j.redox.2024.103165

127. Sugezawa K, Morimoto M, Yamamoto M, Matsumi Y, Nakayama Y, Hara K,
et al. Gpx4 regulates tumor cell proliferation via suppressing ferroptosis and exhibits
prognostic significance in gastric cancer. Anticancer Res. (2022) 42:5719–29.
doi: 10.21873/anticanres.16079

128. Sun Z, Zhang T, Ahmad MU, Zhou Z, Qiu L, Zhou K, et al. Comprehensive
assessment of immune context and immunotherapy response via noninvasive imaging
in gastric cancer. J Of Clin Invest. (2024) 134:e175834. doi: 10.1172/JCI175834

129. Wang Y, Gan X, Cheng X, Jia Y, Wang G, Tang X, et al. Abcc2 induces
metabolic vulnerability and cellular ferroptosis via enhanced glutathione efflux in
gastric cancer. Clin Transl Med. (2024) 14:E1754. doi: 10.1002/ctm2.v14.8
Frontiers in Immunology 20
130. Ye L, Jin F, Kumar SK, Dai Y. The mechanisms and therapeutic targets of
ferroptosis in cancer. Expert Opin On Ther Targets. (2021) 25:965–86. doi: 10.1080/
14728222.2021.2011206

131. Gao G, Zhang X. Broadening horizons: research on ferroptosis in lung cancer
and its potential therapeutic targets. Front In Immunol. (2025) 16. doi: 10.3389/
fimmu.2025.1542844

132. Li S, Qian Y. Ferroptosis-inducing nanocomposite hydrogels: A multimodal
platform for enhanced cancer therapeutics. Chem Eng J. (2024) 500:157451 .
doi: 10.1016/j.cej.2024.157451

133. Wang Y, Shi G, Shi S, Yao J, Yu R, Ren Y. Everolimus accelerates erastin and
rsl3-induced ferroptosis in renal cell carcinoma. Gene. (2021) 145992.

134. Park SY, Jeong KJ, Poire A, Zhang D, Tsang YH, Blucher AS, et al. Irreversible
her2 inhibitors overcome resistance to the rsl3 ferroptosis inducer in non-her2
amplified luminal breast cancer. Cell Death Dis. (2023) 14:532. doi: 10.1038/s41419-
023-06042-1

135. Chen X, Yu Y, Liang S, Guan Z, Shi H, Zhu Q, et al. Ferroptosis induction
improves the sensitivity of docetaxel in prostate cancer. Oxidative medicine and cellular
longevity. Oxid Med Cell Longev (2022) 2022:4930643. doi: 10.1155/2022/4930643

136. Meng X, Peng F, Yu S, Chi X, Wang W, Shao S. Knockdown of nadk promotes
luad ferroptosis via nadph/fsp1 axis. J Of Cancer Res And Clin Oncol. (2024) 150:228.
doi: 10.1007/s00432-024-05752-z

137. Zhou Q, Meng Y, Le J, Sun Y, Dian Y, Yao L, et al. Ferroptosis: mechanisms and
therapeutic targets. Medcomm. (2024) 5:e70010. doi: 10.1002/mco2.70010

138. Shang T-H, Zheng C. A new frontier in ferroptosis-driven cancer treatment.
Trans On Materials Biotechnol And Life Sci. (2024). doi: 10.62051/t738nn19

139. Luo L, Wang H, Tian W, Li X, Zhu Z, Huang R, et al. Targeting ferroptosis-
based cancer therapy using nanomaterials: strategies and applications. Theranostics.
(2021) 11:9937–52. doi: 10.7150/thno.65480

140. Kulkarni N, Gadde R, Betharia S. Dithiolethiones D3t and acdt protect against
ferroptosis induced by erastin and rsl3. FASEB J. (2022) 36. doi: 10.1096/
fasebj.2022.36.S1.R3073

141. Wang H, An P, Xie E, Wu Q, Fang X, Gao H, et al. Characterization of
ferroptosis in murine models of hemochromatosis. Hepatology. (2017) 66:449–65.
doi: 10.1002/hep.29117

142. Li Y, Li L, Zhang Y, Yun Q, Du R, Ye H, et al. Lipocalin-2 silencing alleviates
sepsis-induced liver injury through inhibition of ferroptosis. Ann Of Hepatol. (2024)
101756.

143. Do Y, Yagi M, Hirai H, Miki K, Fukahori Y, Setoyama D, et al. Cardiomyocyte-
specific deletion of the mitochondrial transporter abcb10 causes cardiac dysfunction via
lysosomal-mediated ferroptosis. Biosci Rep. (2024) 44:BSR20231992. doi: 10.1042/
BSR20231992

144. Fatima S, Zhou H, Chen Y, Liu Q. Role of ferroptosis in the pathogenesis of
heart disease. Front Physiol. (2024) 15:15–2024. doi: 10.3389/fphys.2024.1450656

145. Mu M, Huang C-X, Qu C, Li P-L, Wu X-N, Yao W, et al. Targeting ferroptosis-
elicited inflammation suppresses hepatocellular carcinoma metastasis and enhances
sorafenib efficacy. Cancer Res. (2024) 84:841–54. doi: 10.1158/0008-5472.CAN-23-1796

146. Tang D. Abstract ia10: immune side effects in ferroptosis-targeted therapy.
Clin Cancer Res. (2025) 31:IA10. doi: 10.1158/1557-3265.TARGETEDTHERAP-IA10

147. Saviuk MO, Turubanova VD, Efimova YV, Mishchenko TA, Vedunova MV,
Krysko DV, et al. Immunogenic ferroptosis protects against the development of tumour
growth. Genes Cells. (2023) 18:550–3. doi: 10.17816/gc623271

148. Chi M, Tien D, Chi K. Inhomogeneously distributed ferroptosis with A high
peak-to-valley ratio may improve the antitumor immune response. Front In Oncol.
(2023) 13. doi: 10.3389/fonc.2023.1178681

149. Liu W, Chen H, Zhu Z, Liu Z, Ma C, Lee YJ, et al. Ferroptosis inducer improves
the efficacy of oncolytic virus-mediated cancer immunotherapy. Biomedicines. (2022)
10:1425. doi: 10.3390/biomedicines10061425

150. Maharjan R, Choi JU, Kweon S, Pangeni R, Lee NK, Park SJ, et al. A novel oral
metronomic chemotherapy provokes tumor specific immunity resulting in colon
cancer eradication in combination with anti-pd-1 therapy. Biomaterials. (2021)
281:121334. doi: 10.1016/j.biomaterials.2021.121334

151. Archana MG, Anusree KS, Unnikrishnan BS, Reshma PL, Syama HP,
Sreekutty J, et al. Her2 sirna facilitated gene silencing coupled with doxorubicin
delivery: A dual responsive nanoplatform abrogates breast cancer. ACS Appl
Materials Interfaces. (2024) 16:25710–26. doi: 10.1021/acsami.4c02532
frontiersin.org

https://doi.org/10.1186/s40360-021-00533-7
https://doi.org/10.1186/s12943-019-1029-8
https://doi.org/10.1186/s12943-019-1029-8
https://doi.org/10.1053/j.gastro.2024.07.038
https://doi.org/10.1016/j.bioorg.2024.107331
https://doi.org/10.1016/j.bioorg.2024.107331
https://doi.org/10.1016/j.bbcan.2024.189258
https://doi.org/10.1080/1120009X.2023.2177808
https://doi.org/10.20517/cdr.2024.151
https://doi.org/10.20517/cdr.2024.151
https://doi.org/10.1016/j.phymed.2023.155220
https://doi.org/10.1186/s11658-024-00676-5
https://doi.org/10.1007/s10565-024-09917-x
https://doi.org/10.1016/j.cej.2024.158682
https://doi.org/10.1021/acsnano.4c00844
https://doi.org/10.1038/s41419-021-04306-2
https://doi.org/10.1016/j.tcb.2015.10.014
https://doi.org/10.4196/kjpp.2024.28.3.183
https://doi.org/10.1016/j.redox.2024.103165
https://doi.org/10.21873/anticanres.16079
https://doi.org/10.1172/JCI175834
https://doi.org/10.1002/ctm2.v14.8
https://doi.org/10.1080/14728222.2021.2011206
https://doi.org/10.1080/14728222.2021.2011206
https://doi.org/10.3389/fimmu.2025.1542844
https://doi.org/10.3389/fimmu.2025.1542844
https://doi.org/10.1016/j.cej.2024.157451
https://doi.org/10.1038/s41419-023-06042-1
https://doi.org/10.1038/s41419-023-06042-1
https://doi.org/10.1155/2022/4930643
https://doi.org/10.1007/s00432-024-05752-z
https://doi.org/10.1002/mco2.70010
https://doi.org/10.62051/t738nn19
https://doi.org/10.7150/thno.65480
https://doi.org/10.1096/fasebj.2022.36.S1.R3073
https://doi.org/10.1096/fasebj.2022.36.S1.R3073
https://doi.org/10.1002/hep.29117
https://doi.org/10.1042/BSR20231992
https://doi.org/10.1042/BSR20231992
https://doi.org/10.3389/fphys.2024.1450656
https://doi.org/10.1158/0008-5472.CAN-23-1796
https://doi.org/10.1158/1557-3265.TARGETEDTHERAP-IA10
https://doi.org/10.17816/gc623271
https://doi.org/10.3389/fonc.2023.1178681
https://doi.org/10.3390/biomedicines10061425
https://doi.org/10.1016/j.biomaterials.2021.121334
https://doi.org/10.1021/acsami.4c02532
https://doi.org/10.3389/fimmu.2025.1581928
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Ferroptosis and gastric cancer: from molecular mechanisms to clinical implications
	1 Introduction
	2 Mechanisms of ferroptosis
	2.1 Iron metabolism imbalance
	2.2 Lipid peroxidation system
	2.3 Antioxidant pathways and ferroptosis

	3 The pervasive role of ferroptosis in tumor diseases
	3.1 Ferroptosis and cancer cell proliferation
	3.2 Ferroptosis and cancer cell metastasis
	3.3 Tumor microenvironment and immune evasion
	3.4 Ferroptosis and antitumor therapy

	4 Ferroptosis and GC
	4.1 Molecular mechanisms of GC
	4.1.1 Gene mutations
	4.1.2 Inflammatory response
	4.1.3 Abnormal activation of key signaling pathways

	4.2 The role of ferroptosis in GC
	4.2.1 Iron metabolism imbalance in GC cells
	4.2.2 Ferroptosis and GC cell proliferation
	4.2.3 Ferroptosis and GC cell metastasis

	4.3 Common programmed cell death pathways in GC
	4.3.1 Apoptosis
	4.3.2 Necroptosis
	4.3.3 Pyroptosis
	4.3.4 Ferroptosis


	5 Applications of ferroptosis in GC
	5.1 Inhibition of cancer cell proliferation and metastasis
	5.2 Overcome GC drug resistance
	5.3 As a biomarker for GC
	5.4 Clinical progress and translational challenges of ferroptosis-targeted therapy

	6 The dual role of ferroptosis in GC treatment
	6.1 Potential side effects of ferroptosis-targeted therapy in GC
	6.2 Mitigation strategies
	6.2.1 Nanodelivery platforms
	6.2.2 Intermittent induction and dose optimization
	6.2.3 Tissue-specific targeting


	7 Discussion
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References


