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Ferroptosis, a distinct form of programmed cell death driven by iron-dependent lipid peroxidation, has
emerged as a critical player in cancer biology, influencing both tumor progression and therapeutic
responses. This review explores the multifaceted role of ferroptosis within the tumor microenvironment
(TME), focusing on its dual potential to promote anti-tumor immunity and immune evasion. Key
molecular mechanisms regulating ferroptosis, including the roles of GPX4, SLC7A1l, and ACSL4, are
examined alongside their interplay with immune cells such as CD8+ T cells, dendritic cells, and
macrophages. The review addresses the immunosuppressive effects of ferroptosis-induced signals such
as prostaglandin E2 and damage-associated molecular patterns that foster tumor growth. Furthermore,
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1 Background

The human immune system is comprised of leukocytes, along
with organs and tissues of the lymphatic system, including the
thymus, spleen, tonsils, lymph nodes, lymphatic vessels, and
bone marrow.* Its primary function is to identify and eliminate
various threats to maintain homeostasis. To fully comprehend
the role of immunotherapy as a cornerstone of cancer treat-
ment, it is essential to understand the complex interactions
between cancer cells and the immune system.” Unlike chemo-
therapy, which exerts cytotoxic effects directly on cancer cells,
immunotherapies leverage the host immune system to target
and eliminate tumor cells. Edward Jenner's development of the
first successful vaccine against smallpox in 1796 is widely
regarded as the foundation of immunology.® Later, in 1891,
Doctor William Coley, often referred to as the father of immu-
notherapy, sought alternative treatments for sarcoma following
the tragic death of an adolescent patient.* The intricate
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optimize its application in immunotherapy.

networks of the immune system predominantly suppress cancer
cells. However, tumors have evolved various mechanisms to
evade anti-tumor immunity. A tumor is not merely a collection
of malignant cells but represents a heterogeneous ensemble
comprising infiltrating and resident cells, secreted bioactive
factors, and extracellular matrix (ECM).> Tumor cells derive
significant molecular cellular and structural remodeling of the
surrounding host tissue to facilitate tumorigenesis and
progression. The tumor microenvironment (TME) is a dynamic
evolving entity with its composition varying across different
tumor types.® Nonetheless, essential components of the TME
typically include immune cells, stromal cells, vasculature, and
the ECM. During the early stage of tumor development, intricate
and reciprocal interactions emerge between malignant cells and
the TME constituents, supporting cancer cell survival, local
invasion, and metastatic dissemination.” To adapt to hypoxic
and acidic conditions, the TME activates an angiogenic
program, ensuring the restoration of oxygen and nutrient
supply while facilitating the clearance of metabolic byproducts.
Tumors are infiltrated by a diverse repertoire of innate and
adaptive immune cells that exhibit either pro-tumorigenic or
anti-tumorigenic activity.® Specific immune cells, such as
regulatory T-cells and myeloid-derived suppressor cells,
promote tumor growth and progression, whereas others,
including cytotoxic T lymphocytes and natural Kkiller cells,
mediate the recognition and destruction of malignant cells.’
Growing research on the TME has expanded our understanding
of its role in tumor progression and identified novel therapeutic
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targets within the microenvironment, offering promising
avenues for cancer treatment strategies.

Ferroptosis is implicated in various biological processes and
diseases, particularly cancer. Its relationship with cancer is
complex, as it can act as a tumor suppressor through mecha-
nisms such as p53-mediated LPO product accumulation.'
Although this tumor suppressor gene is often mutated in
cancer, factors like ACSL4 and HIFla, which regulate lipid
metabolism and hypoxic responses, can increase cancer cell
sensitivity to ferroptosis and promote metastasis.'* While fer-
roptosis has shown promise in limiting tumor growth and
enhancing cancer therapies, recent studies suggest it may also
have tumor-promoting roles by influencing the tumor immune
microenvironment. Ferroptosis plays a dual role in cancer
biology, acting as a tumor-suppressing mechanism and
a potential promoter of tumor progression through its effects on
the TME."

Many recent studies have emphasized that ferroptosis
function as a context-dependent immunogenic cell death that
can either enhance immune checkpoint inhibitor efficacy by
releasing damage-associated molecular patterns or suppress
antitumor immunity through immune cell ferroptotic vulnera-
bility and inflammatory lipid byproducts.”"* These reviews
focused on divers perspectives including its molecular regula-
tion, involvement in cancer and inflammatory disease, and
broader role in immunity and metabolism. More recent articles
have further explored ferroptosis in context of CD8+ T-cell
functional, lipid metabolism, ACSL regulation and redox-
immune cross talk.'*¢ In contrast to these studies, which
largely focus on either the intrinsic mechanism of ferroptosis or
its general immunological consequences, the present review
carefully center on ferroptosis-induced immunomodulatory
signal within the tumor microenvironment, including post-
glandin E,, lipid peroxidation products, and damage-associated
molecular patterns, and how these signal actively rewire
immune surveillance and therapeutic respossivness. By inte-
grating ferroptosis biology with tumor-associated immune
suppression and immunotherapy outcomes, this review aims to
provide a therapy-oriented and microenvironment-focused
synthesis that complements, rather than duplicates existing
literature.

2 Ferroptosis: mechanisms,
metabolic regulation, and biomedical
implications

2.1 Molecular pathways of ferroptosis

Ferroptosis, first defined in 2012, is a unique form of pro-
grammed cell death driven by iron-dependent lipid perox-
idation (LPO) and is mechanistically distinct from apoptosis,
necrosis, and autophagy.'” It is characterized by specific mito-
chondrial alterations, including reduced volume, condensed
membrane, loss or absence of cristae, and ruptured outer
membranes.” The process is primarily mediated by iron accu-
mulation, which promotes excessive production of ROS through
the Fenton reaction and enhances lipoxygenase activity.
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Additionally, the depletion of intercellular glutathione disrupts
the function of glutathione peroxidase 4 (GPX4), a critical
antioxidant enzyme." This inactivation leads to uncontrolled
free radical activity, resulting in cell membrane rupture and the
execution of ferroptosis. This ferroptotic process is primarily
driven by lipid peroxidation triggered by an accumulation of
reactive oxygen species (ROS) that overwhelms the antioxidative
defense provided by glutathione (GSH) and GPX4.* Iron, lipids,
and ROS are essential for maintaining cellular function and
homeostasis, but their critical roles come with inherent risks.
While these factors are indispensable for sustaining normal
physiological processes, their dysregulation can lead to severe
consequences, including pyroptotic cell death.* This duality
underscores their role as a double-edged sword in cellular
metabolism. Central to this imbalance is the formation of ROS,
which begins with the conversion of molecular oxygen (O,) into
superoxide radicals (O,~) through enzymatic activity involving
NADPH oxidases (NOX), NADPH-cytochrome P450 reductase
(POR), or the mitochondrial electron transport chain.?* Super-
oxide (0,7) is subsequently converted into hydrogen peroxide
by the enzyme superoxide dismutase (SOD). In the presence of
ferrous iron (Fe**), (H,O,) undergoes the Fenton reaction,
generating highly reactive hydroxyl radicals (HO). These radi-
cals then abstract hydrogen atoms from polyunsaturated fatty
acids (PUFAs), initiating the process of lipid peroxidation.*
Lipid peroxidation progresses through a cyclical chain reaction
and its termination. Hydroxyl radicals (HO) or lipid radicals
(RO) catalyze the conversion of lipids (R) into lipid radicals
(RO), which rapidly react with oxygen to form lipid peroxide
radicals (ROO).>* These ROO generate new RO and lipid
hydroperoxides (ROOH) in positive feedback. The antioxidant
enzyme GPX4 mitigates this reaction by reducing ROOH to inert
lipid molecules (R), thereby terminating the peroxidation cycle
(Fig. 1).* Ferroptosis occurs when lipid peroxidation reaches
a critical level, lipid peroxide radicals, ROO, decompose to form
malondialdehyde, MDA, and 4-hydroxy-2-nonenal (4-HNE),
which subsequently create covalent adducts with macromole-
cules, including proteins, DNA, and lipids.*® These adducts can
inactivate or cross-link proteins, destabilizing cellular struc-
tures and promoting cell membrane rupture, ultimately trig-
gering ferroptosis.

Furthermore, recent experimental in vivo and in vitro studies
provided evidence that FSP1/CoQ10 axis functions as a meta-
bolically regulated defense mechanism against ferroptosis that
work independently of GPX4, leading to the removal of lipid
peroxides at the plasma membrane. In an experimental analysis
of sepsis-related acute kidney injury, ferroptosis was strongly
increased due to suppression of FSP1/CoQ10 pathways, causing
lower level FSP1, loss of cellular CoQ10 and buildup of ferrous
iron and lipid peroxidation products.?” Activating this pathways,
such as with dexmedetomidine treatment or increased Nrf2
expression, restore FSP1 and CoQ10 level, raises glutathione,
lowers oxidative stress, and clearly reduces ferroptotic
damage.”” In contrast, blocking Nrf2 removes these protective
effects, proving that the FSP1/CoQ10 system directly suppress
ferroptosis. Further support for the role of FSP1/CoQ10 in fer-
roptosis defense comes from a recent study of vanadium-
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Fig.1 Schematic overview of key metabolic pathways regulating ferroptosis. This diagram illustrates the central biochemical pathways involved
in the regulation of ferroptosis, an iron-dependent form of cell death driven by lipid peroxidation. The figure highlights the critical roles of the
glutathione (GSH) synthesis pathway, mitochondrial metabolism, and the FSP1 system in maintaining the redox balance and preventing fer-

roptotic cell death.

induced liver injury.”® The study demonstrated that disruption
of glucose metabolism weakens the NADH-dependent FSP1/
CoQ10 pathways, which is required for the reduction of
ubiquinone to ubiquinol, thereby enhancing ferroptosis
process. Specifically, a reduced NADH/NAD+ ratio limits FSP1
activity which decreases CoQ10 and ubiquinol levels, causes
failure of peroxide detoxification, promotes excessive Fe**
accumulation and further enhances ferroptosis.”® Such litera-
ture data reinforce the impairment of FSP1/CoQ10 axis with the
promotion of ferroptotic cell death by allowing uncontrolled
lipid peroxidation at cellular membrane and associated
inflammatory responses.

Lipid biosynthesis is essential for cellular survival, whereas
lipid peroxidation is a critical ferroptosis biomarker. The
process of lipids peroxidation and ferroptosis are facilitated by
key enzymes, including Acyl-CoA Synthetase Long-Chain Family
Member 4 (ACSL4), Lys phosphatidylcholine acetyltransferase 3
(LPCAT3) and Arachidonic Acid 15-Lipoxygenase (ALOX15).%
Quantitative lipidomic analyses have identified Arachidonic
Acid and Adrenic Acid (ADA), both integral components of
phosphatidylethanolamines (PEs), as pivotal substrates driving

27,28

ferroptosis.*® Recent findings reveal that enhancing TPD52-
mediated lipid storage or inhibiting lipid degradation path-
ways reliant on ATG5 and RAB7A can mitigate RSL3-induced
lipid peroxidation and ferroptosis, emphasizing the critical
balance between lipid synthesis, storage, and degradation in
ferroptosis regulation.** Several factors, including the Hippo

© 2026 The Author(s). Published by the Royal Society of Chemistry

signaling pathway, radiotherapy, and a lactic acid-enriched
microenvironment, influence the expression of ACSLA4.
LPCATS3 is pivotal in lipid metabolism, primarily localized in the
endoplasmic reticulum and expressed in metabolic tissues such
as the liver, adipose tissue, and pancreas.**> LPCAT3 catalyzes
the incorporation of the acyl group into phosphatidylcholine
(PC) to produce PE-CoA, which is further converted into PE-AA.
A deficiency in LPCAT3 disrupts this process, reducing AA levels
in cellular membranes and accumulating cytoplasmic lipid
droplets. This deficiency is associated with mice’s lethality and
intestinal epithelial damage, underscoring LPCAT3's critical
role in cell viability.** Interestingly, the saturation levels of ether
lipids have merged as determinants of ferroptosis suscepti-
bility. During the differentiation of cardiomyocytes and
neurons, elevated polyunsaturated ether phospholipids (PUFA-
ePLs) correlate with ferroptosis sensitivity.** The selective
downregulation of highly unsaturated PUFA-ePL levels may act
as a cellular defense mechanism against ferroptosis, offering
a promising avenue for therapeutic intervention.
Lipoxygenases (LOXs) are pivotal in oxidizing poly-
unsaturated fatty acids (PUFAs) into their hydroperoxide
derivatives. In mammalian cells, linoleic acid and AA are the
most abundant PUFA substrates for LOXs. PUFAs are particu-
larly susceptible to peroxidation during ferroptosis.*® Pre-
treatment of cells with deuterium-labeled PUFAs, DPUFAs, at
the peroxidation site prevents PUFA oxidation and blocks fer-
roptosis. Additionally, acetyl-coenzyme A carboxylase (ACC)
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Fig. 2 Lipid metabolism and signaling pathways: the diagram illustrates the key components and interactions within the lipid metabolism
signaling pathway leading to ferroptosis. Autophagy-related proteins AGT5 and RAB7A initiate lipophagy, releasing arachidonic acid (AA). AA is
converted to AA-CoA by ACSL4 and incorporated into phosophatidylethanolamine (PE) by LPCAT3, forming PE-AA. LOX15 catalyzes the per-
oxidation of PE-AA, facilitated by Fe*?, ultimately triggering ferroptosis. TDP52 is involved in the feedback regulation of lipophagy. This pathway

highlights the interplay between lipid metabolism and cell death.

a key enzyme in fatty acid synthesis, facilitates the production of
PUFAs from acyl-CoA.*® PE-AA, a polyunsaturated fatty acid,
undergoes catalytic oxidation by LOX15 and Fe®" to produce
oxidized phospholipids (ox-PE), contributing to ferroptosis.*”
Mutations in iPLA2B, a critical protein involved in phospholipid
remodeling, impart the ability to hydrolyze oxidized phospho-
lipids such as ox-PE, leading to the accumulation of oxidized
lipids in dopaminergic neurons.*® This underscores the role of
lipid metabolism in maintaining cellular homeostasis and the
potential consequences of its dysregulation. Evidence suggests
that antioxidant metabolism, iron homeostasis, and lipid
metabolism collectively play vital roles in regulating ferroptosis
and cellular hypertrophy. Imbalances in any of these pathways
can induce ferroptosis.** However, the precise mechanisms
through which lipid peroxidation differentially regulates fer-
roptotic and non-ferroptotic cell death remain incomplete and
warrant further investigation (Fig. 2).

2.2 Iron metabolism in ferroptosis

Iron is classified as one of the “bio elements” that can produce
reactive oxygen species (ROS) in an oxygen-rich environment
through a process known as the Fenton reaction. In the
bloodstream, iron in the form of Fe*" binds to transferrin (TF) to
facilitate its transport to cells.*® This transportation is mediated
by endocytosis through the transferrin receptor (TFRC). Once
the Fe*" enters the cells, it is reduced to Fe*" by the action of
a metal reductase called Six-transmembrane epithelial antigen
of the prostate 3 (STEAP3), which acts on the ferrosomes.** The
release of Fe®" from ferrosomes into the labile iron pool (LIP) is
governed by the divalent metal transporter (DMT1). Recent
research has shown that transferrin plays a crucial role in pro-
tecting the liver by inhibiting liver damage, fibrosis, and
cirrhosis through its regulation of ferroptosis.*> Additionally,
the pathway of iron homeostasis, driven by sterol regulatory
element binding protein-2 (SREBP2), contributes to cancer
progression, drug resistance, and metastasis, highlighting the
vital importance of iron homeostasis for the survival of organs.*

10264 | RSC Adv, 2026, 16, 10261-10283

Most of the iron in the body is stored in ferritin and heme.
Ferritin has two subunits: FTL (light chain) and FTH1 (heavy
chain). The nuclear receptor co-activator 4 (NCOA4) interacts
directly with FTH1 to form a ferritin complex that targets lyso-
somes for a process called “ferritinophagy”.** This process
promotes ferritin degradation and increases intracellular free
iron, especially during periods of iron deficiency. In addition to
ferritin, Fe®> can also be released from heme through the action
of heme oxygenase-1 (HO-1), which leads to its accumulation in
cardiomyocytes and can induce ferroptosis.** NRF2 and BAY
may activate this process. Ferroportin (FPN1) is the sole cellular
efflux channel for iron, and its degradation occurs when it binds
to hepcidin secreted by the liver, resulting in reduced cellular
iron output.** However, many cells do not possess effective
mechanisms for iron export, which can lead to increased LIP
levels when excess iron exceeds the storage capacity. Conse-
quently, regardless of the pathway, an elevated level of intra-
cellular free iron enhances the induction of ferroptosis driven
by LIP levels (Fig. 3).

2.3 Comparison of ferroptosis with other cell death
modalities (apoptosis, necroptosis, pyroptosis)

Programmed cell death (PCD) plays a crucial role in various
physiological processes, including embryogenesis, tissue
homeostasis, immune responses, and the prevention of hyper-
proliferative diseases such as cancer.” Several forms of PCD
have been identified, including apoptosis, pyroptosis, partha-
natos, necroptosis, and ferroptosis, each with unique mecha-
nisms and characteristics. Apoptosis is a highly regulated form
of cell death during development, tissue homeostasis, and
response to infection or pathogenesis. It is an evolutionarily
conserved process, and its regulation is primarily governed by
the activation of caspases, a family of proteases that orchestrate
cellular disassembly.*® Pyroptosis is a form of programmed cell
death (PCD) closely associated with inflammation. It is driven
by the activation of inflammatory caspases, such as caspase-1 or
caspase-11, which cleave gastrin proteins to form membrane

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Iron metabolism pathway and its role in ferroptosis: the diagram depicts the regulation of iron metabolism and its contribution to fer-

roptosis. Extracellular Fe™ is transported into cells via transferrin (Tf) and transferrin receptor (TFRC) where STEAP3 reduces Fe3* to Fe?*, Fe2*
enters the labile iron pool through DMT1. OH™ catabolizes Heme to release iron, contributing to the labile iron pool. FPN mediates iron efflux.
Excess intracellular iron leads to ferritin degradation through ferritinophagy, mediated by NCOA4, further increasing the labile iron pool.
Accumulated Fe?* promotes lipid peroxidation, driving ferroptosis. Iron intake, storage, and release balance is tightly regulated to prevent

oxidative damage.

pores.* This pore formation leads to cell swelling, membrane
rupture, and the release of intracellular contents, including pro-
inflammatory cytokines such as IL-1 and IL-18.%° Necroptosis is
a form of programmed necrosis regulated by receptor-
interacting protein kinases (RIPKs), specifically RIP1 and
RIP3.** It involves a complex signaling cascade that leads to
mitochondrial dysfunction, ATP depletion, calcium overload,
and the opening of mitochondrial permeability transition
pores. These events culminate in increased cell volume,
organelle swelling, and plasma membrane rupture, resulting in
cellular contents' leakage and subsequent inflammation.>*
Ferroptosis is a unique form of programmed cell death (PCD)
characterized by the accumulation of lipid peroxides, particu-
larly those derived from polyunsaturated fatty acids (PUFAs)
and cellular membranes.* It is iron-dependent and is driven by
an imbalance between the production of reactive oxygen species
(ROS) and the cell's antioxidant defense systems.

Unlike apoptosis and necroptosis, ferroptosis does not
involve caspase activation or receptor-interacting protein kinase
signaling.> Instead, ferroptosis is induced by excessive ROS
accumulation caused by iron overload, which leads to lipid
peroxidation and loss of membrane integrity.>® This unique
form of cell death is distinguished from apoptosis, necroptosis,
and pyroptosis by its specific biochemical markers, including
increased lipid peroxidation and altered mitochondrial
morphology. Unlike apoptosis, which does not trigger inflam-
mation, ferroptosis can also cause inflammatory responses due

© 2026 The Author(s). Published by the Royal Society of Chemistry

to releasing oxidized lipids and other cellular debris.>® Ferrop-
tosis is distinct from apoptosis, necroptosis, and pyroptosis
regarding morphological features. Cells undergoing ferroptosis
do not display the classical characteristics of apoptosis, such as
chromatin condensation and membrane blebbing, or nec-
roptosis, such as swelling and rupture of organelles and plasma
membrane.”” Instead, cells undergoing ferroptosis show
damaged mitochondria and disrupted membrane integrity
without the characteristic features of other forms of cell death.
Ferroptosis is primarily regulated by iron-dependent lipid per-
oxidation, a process that involves the generation of reactive
oxygen species (ROS) and breaking redox homeostasis.”® In
contrast, apoptosis involves caspase activation, pyroptosis is
driven by inflammatory activation and gastrin cleavage, and
necroptosis is regulated by RIP1, RIP3, and MLKL signaling.*®
Ferroptosis has emerged as a key player in cancer biology due to
its potential to target cancer cells with specific metabolic
vulnerabilities. Ferroptosis is triggered by compounds such as
elastin and RSL3, which induce ROS production and inhibit
GPX4 activity, leading to lipid peroxidation and cell death.”
Cancer cells often exhibit altered redox states and iron metab-
olism, making them susceptible to ferroptosis. Like other
regulated cell death modalities, ferrotopsis has been increas-
ingly classified as a stress-induced immunogenic cell death,
characterized by lipid peroxidation-driven membrane damage
that promotes antigen release and immune activation.'®*®>*
However, recent comparative analysis of non-apoptotic cell

RSC Adv, 2026, 16, 10261-10283 | 10265
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Fig. 4 Pathways of regulated cell death. The figure illustrates key molecular mechanisms of necroptosis, apoptosis, ferroptosis, and pyroptosis,
highlighting the distinct signaling pathways and cellular events leading to each form of regulated cell death.

death pathways now distinguish ferroptosis from apoptosis and
pyroptosis by its reliance on lipid-derived immunomodulators
rather than proteinaceous DAMPs, resulting in qualitatively
different immune activation patterns that are highly dependent
on local lipid metabolism®* (Fig. 4).

2.4 Natural ferroptosis inducer (fin): key regulatory genes

A recent study published in Cancer Cell identified a novel
natural ferroptosis inducer (FIN) in the form of CD8+ T cell-
derived interferon-y (IFNy) in combination with poly-
unsaturated fatty acids (PUFAs).®® This combination triggers
tumor ferroptosis and enhances anti-tumor immunity in an
ACSL4-dependent manner. The study suggests that ACSL4,
which catalyzes the ligation of PUFAs to coenzyme A to form
PUFA-CoAs, is essential for ferroptosis.** Ferroptosis can be
inhibited by disrupting enzymes like ACSL4 involved in PUFA-
PL biosynthesis.”” One defense mechanism is the GPX4-
dependent antioxidant system, where GPX4 uses glutathione
to detoxify lipid peroxides and suppress ferroptosis. Addition-
ally, the system Xc, which consists of SLC7A11 and SLC3A2

10266 | RSC Adv, 2026, 16, 10261-10283

subunits, imports cystine for glutathione synthesis and fer-
roptosis defense.®® Interestingly, natural ferroptosis inducers
such as IFNy secreted by CD8+ T cells can sensitize tumor cells
to ferroptosis, mainly by suppressing the expression of
SLC7A11. However, IFNY alone does not trigger potent ferrop-
tosis. The authors of this study found that combining IFNy with
arachidonic acid (AA), a 20-carbon PUFA, leads to potent fer-
roptosis in various cancer cell lines in an ACSL4-dependent
manner.®”” This synergy occurs because IFNYy activates the JAK-
STAT1-IRF1 signaling axis, upregulating ACSL4 expression.
Lipidomic analysis revealed that AA, in combination with IFNYy,
increases ACSL4 levels and promotes the incorporation of AA
into phospholipids (PLs).*® This increase in PUFA-PL synthesis
and decreased SLC7A11 expression due to IFNy treatment
significantly induce ferroptosis in tumor cells. In addition to
AA, the study found that monounsaturated fatty acids (MUFAs)
such as oleic acid (C18:1) also synergize with IFNy to induce
ferroptosis in an ACSL4-dependent manner.® This effect was
unique, as MUFAs generally suppressed ferroptosis induced by
synthetic fins like RSL3. However, the role of oleic acid in

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra08026f

Open Access Article. Published on 20 February 2026. Downloaded on 6/14/2026 12:36:46 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

promoting ferroptosis, particularly in the context of IFNy
treatment, remains unclear and warrants further investiga-
tion.” Regarding immunological findings, the study showed
that ACSL4 deletion did not impact tumor growth in immuno-
deficient mice but significantly promoted tumor growth in
immunocompetent mice.®* Moreover, a combination of low-
dose AA and anti-PD-L1 treatment more effectively reduced
tumor growth than either treatment alone, suggesting that AA
treatment and immune checkpoint inhibition may be a prom-
ising therapeutic strategy for cancer.”” The study's findings
indicate that IFNy derived from CD8+ T cells in combination
with AA represents a novel natural fin that could be harnessed
in cancer therapy. The authors also note that future clinical
trials should focus on identifying patient populations suitable
for this combination therapy, potentially guided by ACSL4
expression.”” ALOX5, ALOX12, ALOX15, ALOX15B, ALOXE3, and
POR (cytochrome P450 oxidoreductase) are isoforms of arach-
idonate lipoxygenase (ALOX) that mediate lipid peroxidation,
a critical process leading to ferroptosis (Fig. 4).” Current
immune-focused studies further emphasize that while IFN-vy-
driven ferrotopsis operated within a narrow therapeutics windo,
as identical IFN-y-lipid-peroxidation signaling axes simulta-
neously sensitize tumor cells and destabilize CD8+ T-cell
membrane integrity, imposing a previously underappreciated
constraint on ferroptosis-based immunotherapy.*®”*””

2.5 Diagnostic and biomarker implications of ferroptosis

Ferroptosis is implicated in various pathological conditions
characterized by iron overload, including cancer, where it plays
a dual role in tumor progression. On one hand, ferroptosis
induced by small-molecule compounds demonstrates tumor-
suppressive effects in preclinical models.” For example, in
a genetically engineered mouse model of pancreatic cancer,
treatment with cyst(e) kinase induces ferroptotic morphological
changes, including mitochondrial abnormalities and the
formation of lipid droplets which may serve as reservoirs for
polyunsaturated fatty acids (PUFAs) required for lipid perox-
idation.” Immunohistochemical staining for 4-hydroxynonenal
($-HNE) further confirms elevated lipid peroxidation levels in
pancreatic tumors following cyst(e) kinase therapy. On the other
hand, ferroptosis can contribute to tumor progression by
promoting an immunosuppressive microenvironment by
releasing damage-associated molecular patterns (DAMPs) by
ferroptosis cells.*® For example, conditional depletion of Gpx4
in the pancreas or administration of a high-iron diet triggers the
release of mutant KRASG12D protein and nuclear DNA, stimu-
lating macrophage-driven tumor-promoting response. More-
over, the expression of KRASG12D in macrophags negatively
correlates with pancreatic cancer patients’ survival outcomes.**
These findings highlight the complex role of ferroptosis in
cancer and suggest that monitoring intracellular and extracel-
lular markers of ferroptosis may aid in diagnosing and treating
ferroptosis-associated pathologies.

PTGS2 (prostaglandin-endoperoxide synthase 2/COX-2) is
a key enzyme involved in metabolizing arachidonic acid (AA)
into prostaglandins.®” It is the most upregulated gene among
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oxidative stress-associated genes in ferroptosis, particularly in
response to elastin or RSL3. PTGS2 mRNA is a pharmacody-
namic marker in ferroptotic tissues in both in vitro and in vivo
models, including mouse studies.** However, PTGS2 does not
directly contribute to ferroptotic cell death, as inhibitors like
indomethacin fail to impact the ferroptotic process. Despite its
widespread use as a biomarker, its role is limited to monitoring
lipid peroxidation during ferroptosis. CHAC1 (ChaC
glutathione-specific gamma-glutamylcyclotransferase 1)
promotes ferroptosis by degrading intracellular glutathione
(GSH) into 5-oxoproline and cysteinyl-glycine dipeptide.** This
degradation reduces cellular GSH levels, a critical antioxidant
that protects against ferroptosis. CHAC1 is upregulated by
activating the endoplasmic reticulum (ER) stress pathway,
specifically via the EIF2A-ATF4 axis. It plays a significant role in
ferroptosis induced by system Xc~ non-inhibitors, such as
elastin and artesunate and serves as a reliable pharmacody-
namic marker for ferroptosis.*

Ferroptosis is closely linked to dysregulated iron metabo-
lism, and several markers reflect this association. FTH1 (ferritin
heavy chain 1) a protein involved in iron storage, is upregulated
during ferroptosis to manage cellular iron levels.”” SLC40A1
(solute carrier family 40 member 1) regulates iron export and is
similarly elevated in ferroptotic conditions. HMOX1 (Heme
oxygenase 1) which degrades heme and releases iron and
carbon monoxide, also plays a regulatory role in ferroptosis.*
MT1G (Metallothionein 1G) has also been identified as an
NFE2L2 target gene associated with ferroptosis resistance,
particularly in sorafenib-induced ferroptosis in hepatocellular
carcinoma cells.*” Several markers reflect oxidative stress and
antioxidant responses during ferroptosis. NQO1(NAD(P)H
quinone dehydrogenase 1) is a detoxifying enzyme that is
regulated during oxidative stress, providing protection during
ferroptosis.®® TXNRD1 (thioredoxin reductase 1) also contrib-
utes to antioxidant defense mechanisms and is consistently
elevated during ferroptotic conditions.*® Furthermore,
members of the aldo-keto reductase (AKR) family, including
AKR1C1, AKR1C2, and AKR1C3, are involved in detoxification
and oxidative stress responses, highlighting their role in fer-
roptosis.®® The detection of intracellular or mitochondrial ferric
iron (Fe®") is critical in ferroptosis studies. Biochemical assay
kits are commonly used to quantify iron levels, while Prussian
blue staining detects iron deposits in tissues.”* Advanced probes
such as FerroFarRed and Phen Green SK offer high sensitivity
for monitoring iron levels during ferroptosis, providing valu-
able tools for studying the role of iron in this regulated cell
death process.””

Markers of glutathione metabolism and transport are pivotal
in ferroptosis regulation. SLC7A11, (Solute carrier family 7
member 11) is a key component of the system Xc-transporter,
which imports cystine for GSH synthesis.”® Its activity is
crucial in maintaining cellular redox balance. CBS (cystathio-
nine B-synthase) also plays a role in GSH metabolism, contrib-
uting to ferroptosis regulation.®* Additionally, ABCC1/MRP1
(ATP-binding cassette subfamily C member 1) is involved in
GSH transport and has been implicated in ferroptosis-related
processes.”® NFE2L2 (Nuclear Factor Erythroid 2-like 2/NRF2)
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NRF2, and Hippo signaling pathways in ferroptosis regulation. These pathways modulate lipid metabolism, including antioxidant defenses. NOX4,
and ACSL4 serve as critical mediators of lipid peroxidation, leading to ferroptosis.

is a master regulator of oxidative stress responses, activating
genes involved in detoxification, antioxidant defense, and iron
metabolism. Key NFE2L2 target genes include FTH1, SLC7A11,
HMOX1, and MT1G, which are essential in ferroptosis regula-
tion.*® While NFE2L2 activation protects cells during oxidative
stress, excessive upregulation of its target genes may indicate
increased oxidative damage during ferroptosis. However, di-
stinguishing its role in ferroptosis from other forms of regu-
lated cell death requires further investigation (Fig. 5).

3 Ferroptosis in cancer
3.1 Ferroptosis-induced tumor promotion

Ferroptosis, a regulated form of cell death driven by iron-
dependent lipid peroxidation, plays a crucial role in cancer
biology. The regulation of ferroptosis has been implicated in
various pathological conditions, including cancer, neurode-
generative disorders, tissue damage, inflammation, and infec-
tions.”” The metabolic adaptability of cancer cells provides

valuable insights into the mechanisms through which

10268 | RSC Adv, 2026, 16, 10261-10283

metabolic reprogramming contributes to cancer persistence. In
certain instances, this metabolic plasticity is associated with an
acquired susceptibility to ferroptosis. Consequently, targeting
ferroptosis has emerged as a promising strategy to augment the
effectiveness of immunotherapy, underscoring its physiological
relevance in tumor suppression and immune surveillance.”
However, the therapeutic potential of ferroptosis in oncology
remains underexplored and warrants further investigation. A
deeper understanding of the molecular mechanisms underlying
ferroptosis and its role in cancer biology is essential to unlock
its therapeutic potential.”® In the tumor immune microenvi-
ronment, the induction of tumor cell death to reduce tumor
burden is central to current ferroptosis-based cancer therapies.
However, emerging evidence suggests that ferroptosis in tumor
cells can paradoxically promote a tumor-supportive immune
microenvironment, contributing to tumor genesis and
progression.*®

Research has demonstrated that ferroptosis induced by
a high iron diet or glutathione peroxidase 4 (GPX4) depletion in
mice led to the release of 8-hydroxyguanosine (8-OHG),
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activating the TME173-STING-dependent DNA sensor
pathway.*”® This activation resulted in macrophage infiltration
and promoted pancreatitis and Kras-driven pancreatic carci-
nogenesis. Furthermore, during the ferroptosis of KRAS
pancreatic cancer cells, the KRAS G12D protein was found in
exosomes taken up by macrophages via the advanced glycosyl-
ation and product-specific receptor (AGER).' This process
facilitated M2 macrophage polarization and tumor growth
through the STAT3-dependent fatty acid oxidation pathway.
AGER also mediated inflammation and macrophages triggered
by high mobility group box 1 (HMGB1),** a damage-associated
molecular pattern molecule released by ferroptotic tumor
cells. HMGB1 enhanced pro-tumor inflammation via NF-kB and
inflammation pathways.'** Although its role in tumor immunity
appears dualistic, treatment with deferiprone, vitamin E, and
anti-HMGB1 antibodies reduced tumor-associated macro-
phages and conferred protection against pancreatic cancer in
mouse models.*

3.2 Immunosuppressive effects of ferroptosis in tumor
microenvironments

Ferroptosis in tumor cells elevates prostaglandin-endoperoxide
synthase 2 (PTGS2) expression, resulting in increased prosta-
glandin E2 (PGE2) levels.”? Bi et al. found that PGE2 promoted
M2 macrophage phenotypes while suppressing M1 macrophage
polarization in lipopolysaccharide-treated bone marrow
mononuclear cells (BMMCs), thus enhancing the immunosup-
pressive environment in melanoma models.*® While direct
evidence linking ferroptosis tumor cells to the infiltration and
polarization of regulatory T cells (Tregs) and myeloid-derived
suppressor cells (MDSCs) is limited, studies indicate that
these cells resist ferroptosis. Tregs and tumors exhibit minimal
lipid peroxidation (LPO) due to up-regulated GPX4 expression,
which shields them from ferroptosis.’® Similarly, tumor-
infiltrating MDSCs are protected from ferroptosis by express-
ing high levels of enoyl-acyl carrier protein reductase (ENR).

3.3 Ferroptosis-mediated immune cells dysregulation in the
tumor microenvironment

Recent studies on immune-centric underscore that ferrotopsis
susceptibility varies substantially across immune cell subsets,
governed by difference in lipid composition, metabolic
demand, and antioxidant capacity.'®®'°® This heterogeneity
critically shapes whether ferrotopsis promotes antitumor
immunity or reinforce immune suppression within the tumor
microenvironment.'”*** CD8+ T cells play a pivotal role in
tumor immune responses, including ferroptosis induction in
tumor cells through interferon-gamma (IFN-y).*® However, the
lipid-rich tumor microenvironment (TME) drives CD8+ T cells
to increase fatty acid and cholesterol uptake via CD36. Over-
expression of CD36 induces LPO and ferroptosis in CD8+ T
cells, reducing their anti-tumor activity by decreasing IFN-y and
tumor necrosis factor-alpha (TNF-a) levels, which accelerates
tumor progression.'* Similarly, natural killer (NK) cells exposed
to the TME display morphological and molecular features
consistent with ferroptosis, further compromising innate
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immune responses. Dendritic cells (DCs), which are vital for
antigen presentation and activation of cytotoxic T lymphocytes
(CTLs), also impaired by ferroptosis.'*> Tumor-associated DCs
exhibit elevated lipid levels, which hinder their antigen-
presenting ability. The lipid peroxidation byproduct 4-hydrox-
ynonenal (4-HNE) induces endoplasmic reticulum stress,
leading to DC dysfunction.'® Additionally, peroxisome
proliferator-activated receptor gamma (PPAR-y) mediates fer-
roptosis in DCs by regulating lipid metabolism, reducing their
ability to secrete TNF and IL-6, express MHC class I, and activate
CD8+ T cells."™ Beyond direct effects on immune cells, ferrop-
tosis tumor cells further contribute to immune suppression by
promoting the polarization of M2 macrophages, Tregs, and
MDSCs, which inhibit the cytotoxic functions of CD8+ T cells
and NK cells.'® Damage-associated molecular patterns
(DAMPs) like HMGB1 released by ferroptotic cells can induce
apoptosis in DCs or convert them to an immunosuppressive
phenotype, reducing T-cell activation. Additionally, increased
PGE2 levels can inhibit the recruitment and activation of
CD103+ DCs, further impairing CTL and NK cell functions
(Fig. 6 and 4).*®

3.4 ROS in ferroptosis

Mitochondria metabolism is the primary source of cellular
reactive oxygen species (ROS), playing a significant role in fer-
roptosis.'”” The breakdown of glutamine, a precursor for
glutathione (GSH), regulates ferroptosis by supplying o-keto-
glutarate (o-KG) through the tricarboxylic acid (TCA) cycle in
mitochondria.**® Disruption of the mitochondria TCA cycle,
knockout of voltage-dependent anion channel 2 (VDAC2), or
inhibition of the electron transport chain (ETC) reduces the
accumulation of lipid peroxides. It suppresses ferroptosis,
highlighting the involvement of mitochondria ROS dysregula-
tion in this process. Although blocking mitochondria activities
strongly inhibits ferroptosis, it can still occur independently of
mitochondria under certain conditions.”® For instance, phar-
macological inhibition of glutathione peroxidase 4 (GPX4)
triggers ferroptosis even without mitochondria function.
However, in nutrient-deprived environments, mitochondria
metabolism accelerates the depletion of GSH, leading to
enhanced lipid ROS production in ferroptosis.** This suggests
that mitochondria have roles upstream and downstream in the
ferroptosis pathway. Despite these insights, the precise mech-
anisms by which mitochondria contribute to ferroptosis remain
to be fully elucidated (Fig. 6).

4 Immunogenicity and immune
suppression in ferroptosis cancer cells

4.1 Immunogenicity of ferroptotic cancer cells

Ferroptotic cancer cells play a dual role in modulating the
tumor immune microenvironment, exerting both immunosti-
mulatory and immunosuppressive effects that influence anti-
tumor immunity and the efficacy of immunotherapies. Ferrop-
totic cancer cells release DAMPs such as HMGBI, calreticulin,
DNA, and ATP."° These signals act as “find me” and “eat me”
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cues, facilitating immune cell recruitment to the site of dying
tumor cells. Recently, a membrane-oxidized phospholipid, 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), was
identified as a critical “eat me” signal that promotes
macrophage-mediated phagocytosis of ferroptotic cells.*** The
immunogenic properties of ferroptotic cancer cells enhance
tumor-specific immune responses. They improve the efficacy of
immune checkpoint inhibitors (ICIs) and anti-programmed cell
death protein 1 (PD-1)/PD-L1 therapies. Early ferroptotic cancer
cells can also stimulate dendritic cell (DC) maturation, trig-
gering vaccination-like effects that further support anti-tumor
immunity.” Current syntheses of ferrotopsis-associated
immunogenic stress responses highlight that oxidized phos-
pholipids and ferrotopsis-associated DAMPs can behave as in
situ adjuvants that convert immunologically “cold” tumors to
“hot” tumors, although this effect is highly dependent on the

immune composition of the tumor micro-
environment,31565123-125
4.2 Immunosuppressive signals from ferroptotic cancer cells

While ferroptotic cancer cells can stimulate immune responses,
they also release factors that suppress anti-tumor immunity.***
One, oxidized DNA damage and TAM polarization: ferroptotic
tumor cells release 8-hydroxy-2’-deoxyguanosine (8-OHdG), an
oxidized DNA damage product, which activates the STING-
dependent DNA sensor pathway and tumor-associated

10270 | RSC Adv, 2026, 16, 10261-10283

macrophages (TAMs).*>” This activation promotes TAM infil-
tration and M2 polarization, fostering an immunosuppressive
environment and enhancing pancreatic tumor genesis. Two,
gastrin protein and exosomes: ferroptosis tumor cells release
exosomes containing the oncogenic gastrin protein, which
TAMs uptake, leading to M2 polarization and promoting tumor
growth.'”® Three, prostaglandin E2 (PGE2): ferroptotic cancer
cells release PGE2, an immunosuppressive molecule that
inhibits the cytotoxic activities of natural killer (NK) cells, DCs,
and cytotoxic T cells. Four lipid-derived products: ferroptosis
cells release various oxidized lipid species, including 15-
hydroperoxy eicosatetraenoic acid phosphatidylethanolamine
(15-HPETE), 15-HpETE, oxidized, truncated lipids (5-HPETE),
and 4-hydroxynonenal (4-HNE)."* These lipid derivatives may
impair DC maturation, antigen cross-presentation, and anti-
tumor immune responses. High levels of 15-HPETE can also
trigger ferroptosis in surrounding epithelial and immune cells,
further promoting immune suppression.”> The complex cross-
talk between tumor and immune cells creates a delicate balance
between immune elimination and evasion.’ This balance
directly influences the outcomes of immune checkpoint inhib-
itors (ICIs) and other immunotherapies. When ferroptosis
shifts toward immune suppression, it may diminish the efficacy
of ICIs and lead to acquired immune tolerance.***
Ferroptosis-based crosstalk in the tumor microenvironment
highlights the importance of understanding the dual roles of
ferroptosis and immunotherapy.*** While ferroptosis inducers
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can enhance tumor cell death, they may also exacerbate
immune suppression.”® Similarly, ferroptosis inhibitors may
improve T cell survival but could inadvertently protect tumor
cells. Further research is needed to explore the context-
dependent effects of ferroptosis modulation on anti-tumor
immunity and to optimize strategies for integrating
ferroptosis-targeted therapies with immunotherapy.** Under-
standing the complex interactions between ferroptosis,
immune cells, and tumor cells will be crucial for developing
effective combination therapies to overcome immune evasion
and promote durable anti-tumor responses.

5 Ferroptosis and T cell-mediated
antitumor immunity
5.1 GPX4 and T cell ferroptosis

Glutathione peroxidase 4 (GPX4) is a key regulator of ferroptosis
in T cells. Previous studies demonstrated that T cells lacking
GPX4 rapidly accumulated LPO after activation, leading to fer-
roptosis.'* This resulted in impaired expansion and an inability
to prevent infection in an in vivo infection model. However, this
study did not examine the impact of GPX4 deletion on tumor-
infiltrating T cells. Recent findings revealed significant LPO in
CD8+ T cells derived from tumors, identifying ferroptosis as
a metabolic vulnerability of tumor-specific CD8+ T cells.”*® In
co-culture experiments, activated CD8+ T cells were more
sensitive to GPX4 inhibitors than cancer cells. GPX4 inhibition
reduced the specific killing rates and numbers of CD8+ T cells
without affecting the survival of cancer cells. Similarly,
conventional CD4+ T cells exhibited comparable sensitivity to
GPX4 inhibitors upon activation.™”

5.2 Mechanisms of ferroptosis in T cells

Several factors influence the susceptibility of activated CD8+ T
cells to ferroptosis. Acyl-coenzyme A synthetase long-chain
family member 4 (ACSL4) has been identified as a critical
determinant of ferroptosis sensitivity. ACSL4 deficiency in CD8+
T cells reduced ferroptosis induced by GPX4 inhibitors."*® Fatty
acid translocase CD36, which mediates fatty acid uptake, was
also shown to play a role. CD36-expressing CD8+ T cells
underwent ferroptosis in the lipid-rich TME, exhibiting reduced
interferon-gamma (IFN-y) production and impaired cytotoxic
functions.® CD36 expression was essential for fatty acid or
oxidized lipid-induced ferroptosis, which impaired the anti-
tumor activity in these T cells (Fig. 4). Overexpression of GPX4
in CD8+ T cells protected them from ferroptosis and restored
cytotoxic cytokine production in vivo. GPX4-overexpressing
CD8+ T cells infiltrated tumors in more significant numbers,
resulting in enhanced tumor control.™**

5.3 Ferroptosis modulation in T cell-mediated anti-tumor
immunity

The effects of ferroptosis inducers and inhibitors on T cell-
mediated anti-tumor immunity have been explored. GPX4
inhibitors selectively killed CD8+ T cells in vitro, promoting
cancer cell survival.**® Conversely, the ferroptosis inhibitor
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ferrostatin-1 rescued T cell-mediated cytotoxicity against cancer
cells. Tumor-bearing mice receiving ferrostatin-1-treated CD8+
T cells exhibited reduced tumor burden and improved
survival.*** In contrast, GPX4 inhibitor-treated CD8+ T cells had
diminished anti-tumor effects. These findings suggest that
ferroptosis inhibitors may enhance anti-tumor immunity,
although the data primarily stems from in vitro studies and in
vivo models with localized administration.

5.4 Conflicting evidence and methodological differences

Contradictory evidence has emerged regarding the relative
sensitivity of tumor cells and CD8+ T cells to ferroptosis. One
study suggested that tumor cells are more sensitive to ferrop-
tosis than activated CD8+ T cells and that ferroptosis inducers
do not impair the anti-tumor activities of CD8+ T cells.*** This
study utilized systemically administered inhibitors and cysteine
to induce ferroptosis, which may have allowed CD8+ T cells to
survive by relying on alternative systems and sources.'** Addi-
tionally, systemic administration of the ferroptosis inhibitor
prostatin-1 reversed the effects of immunotherapy by prevent-
ing IFN-y-induced ferroptosis in tumor cells, with no direct
impact on tumor growth.'® The divergent outcomes highlight
the need for further research into the role of ferroptosis
inhibitors in various tumor models and their effects on
immunotherapy. The sensitivity differences between tumor
cells and T cells must be carefully examined to optimize ther-
apeutic strategies that balance tumor suppression and immune
cell-protection (Fig. 7).***

6 Enhancing cancer treatment
through immunotherapy, ferroptosis
and radiotherapy

Immunotherapy is a promising cancer treatment strategy that
works by stimulating or enhancing the immune response
against tumors. CD8+ T cells activated through immunotherapy
primarily induce tumor cell death via two key mechanisms:***
the perforin and granzyme pathways, and Fas/FasL interactions.
Key molecular pathways, such as Janus kinase (JAK), signal
transducer and activator of transcription 1 (STAT1), mediate
interferon-gamma (IFN-y) signaling and play a crucial role in
regulating immune responses.’® Recent findings indicate that
IFN-y produced by CD8+ T cells enhances STAT1 binding to the
transcription start site of SLC7A11, inhibiting its transcrip-
tion.** This downregulation of SLC7A11 by STAT1 is critical
because a lack of STAT1 in tumor cells negates the IFN-y-
mediated suppression of SLC7A11, reversing lipid peroxidation
and ferroptosis induced by RSL3. Notably, ferroptosis inducers
like Erastin and RSL3 selectively promote ferroptosis in cancer
cells, sparing human and mouse CD8+ T cells.**” This differ-
ential susceptibility suggests distinct ferroptosis pathways in
tumor cells and T cells. Combining immune checkpoint
inhibitors with ferroptosis inducers has been shown to elicit
robust immune responses and promote tumor ferroptosis.
Several recent reviews on immunogenic cell stress highlights
that ferrotopsis induction alone in not sufficient for durable
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immune activation and must be integrated with modalities that
preserve immune effector cell viability, optimize antigen
presentation, and avoid inflammatory
tOXiCity.13,103,115,148

Radiotherapy, historically regarded as a cornerstone of
tumor treatment, remains limited by radiation resistance,
which often results in tumor recurrence and metastasis.'*’ To
overcome these challenges, combining radiotherapy with
specific chemical agents, including ferroptosis inducers, has
shown promise in enhancing treatment sensitivity. Research
has revealed a cross-talk between ferroptosis and radio-
therapy.'* For instance, mutations in the KEAP1 gene induced
by radiotherapy upregulate SLC7A11 expression, conferring
resistance to both ferroptosis and radiotherapy.*** Conversely,
combining radiotherapy with immunotherapy enhances tumor
cell susceptibility to ferroptosis, where cytoplasmic radiation
rather than nuclear radiation synergizes effectively with fer-
roptosis inducers by promoting sugar uptake and lipid perox-
idation instead of DNA damage.>

Effector T cells also interact with radiotherapy to enhance
tumor clearance by ferroptosis. CD8+ T cells activated by
immunotherapy increase lipid peroxidation and ferroptosis
through IFN-y, directly sensitizing tumor cells to radiation.'*
Moreover, radiotherapy upregulates the ATM gene, which
inhibits SLC7A11 reducing uptake,

excessive

expression, cystine
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depleting glutathione, increasing lipid peroxidation, and
driving ferroptosis in tumor cells."®® Radiotherapy generates
reactive oxygen species (ROS) and decreases ferroptosis markers
like 4-HNE. While combining radiotherapy with ferroptosis
inducers, such as those targeting SLC7A11 or GPX4, signifi-
cantly improves efficacy and reverses radiation resistance.'>* It
is essential to consider that ferroptosis is also associated with
adverse radiation-induced effects, such as pulmonary fibrosis
and the death of granulocyte-macrophage hematopoietic
progenitor cells. This highlights the potential of combining
radiotherapy, ferroptosis inducers, and immune checkpoint
inhibitors as a novel strategy to overcome radiotherapy resis-
tance.'”® However, further research is needed to fully under-
stand the complex interactions between ferroptosis,
radiotherapy, and immunotherapy, and to develop effective
combination therapies that can overcome radiation resistance
and promote durable anti-tumor responses.

7 Impact of ferroptosis on different
immune cells
7.1 Macrophages: polarization and ferroptosis interplay

Associated macrophages, tumor-associated macrophages
(TAMSs) in the tumor microenvironment (TME), play critical
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roles in cancer progression and immunity."*® Resting macro-
phages can polarize into two distinct activation states: the M1
phenotype, which exhibits pro-inflammatory and anti-tumor
properties, and the M2 phenotype, which is immunosuppres-
sive and promotes tumor growth.® TAMs in the TME
predominantly adopt the M2-like phenotype, suppressing anti-
tumor immunity. Although M1 and M2 macrophages have
similar levels of lipid peroxidation (LPO) and expression of
ferroptosis-related proteins, such as ACSL4, lysophospha-
tidylcholine acyltransferase 3 (LPCAT3), and GPX4, M1 macro-
phages are more resistant to ferroptosis when GPX4 is
deleted. This resistance is attributed to high levels of induc-
ible nitric oxide synthase (iNOS) and nitric oxide (NO) produc-
tion in M1 macrophages, which can react with lipid radicals and
lipid peroxidation intermediates, substituting for GPX4 as an
anti-ferroptotic defense. In contrast, M2 and resting macro-
phages have lower iNOS expression and NO production, making
them more susceptible to ferroptosis.*® In vivo studies have
confirmed the role of iNOS/NO in macrophage survival in the
TME. Deleting iNOS in bone marrow-derived macrophages
significantly reduced the population of M1 TAMs. Still, it did
not affect M2 TAMs, suggesting that M1 TAMs lacking iNOS
cannot adapt to the pro-ferroptosis conditions of the TME,
especially when phagocytosis of ferroptotic cells was accumu-
lated LPO.* Targeting TAMs to eliminate the M2 phenotype or
repolarize them into M1 macrophages has emerged as a prom-
ising approach in cancer immunotherapy.'® For example, fer-
roptosis inducers can selectively inhibit the survival of M2
TAMs without affecting M1 TAMs, and pro-ferroptotic nano-
particles have been shown to efficiently repolarize M2 TAMs
into the anti-tumor M1 phenotype.'* However, challenges
remain in leveraging ferroptosis inducers therapeutically. GPX4
is crucial for macrophages to initiate innate immune responses,
and the impact of ferroptosis inducers on the viability and
functions of macrophages in the TME must be thoroughly
investigated.'®® Future studies should focus on understanding
the effects of ferroptosis-inducing strategies on macrophage
populations and their potential to reverse the immunosup-
pressive TME while enhancing anti-tumor immunity.

7.2 MDSCs exhibit resistance to ferroptosis

Myeloid-derived suppressor cells (MDSCs), which are present in
most tumors, play a significant role in suppressing the immune
response within the tumor microenvironment (TME).® Research
indicates that tumor-infiltrating MDSCs are protected from fer-
roptosis due to their high expression of system Xc- and the
enzyme neutral ceramidase and acid ceramidase, also known as
AC or ASAH2. ASAH2 destabilizes the p53 protein, which is often
a key regulator of cell death, thereby enhancing the resistance of
MDSCs to ferroptosis.'® In addition, liquid chromatography-
mass spectrometry (LC-MS) analysis has revealed that a specific
subset of MDSCs in the TME'"* selectively accumulates arach-
idonate (AA)-esterified triglycerides, AA-TAGs, oxidized AA-TAGs,
and prostaglandin E2 (PGE2), which is a primary oxidative
metabolite of free AA.'* Interestingly, these MDSCs do not
accumulate AA-phospholipids (AA-PLs) or their associated lipid
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peroxidation products. This finding suggests that the metabolic
pathway converting AA into AA-PLs and initiating lipid perox-
idation may be suppressed in tumor-infiltrating MDSCs, further
contributing to their ability to resist ferroptosis.'®® These insights
underline how metabolic adaptations within MDSCs enable
them to evade ferroptosis and maintain their immunosuppres-
sive function in the TME, highlighting potential therapeutic
targets to disrupt this resistance and restore anti-tumor immune
activity.'” The discovery of these metabolic adaptations in
MDSCs provides a new perspective on the mechanisms under-
lying their immunosuppressive functions. It suggests that tar-
geting these pathways may be a promising strategy for enhancing
anti-tumor immunity.

7.3 Neutrophils: role of inflammation and ferroptosis

Natural killer (NK) cells play a pivotal role in anti-tumor
immunity, and impairments in their function are associated
with increased tumorogenesis and tumor growth.'®® Recent
research has revealed that tumor-associated NK cells exhibit
elevated expression of proteins related to ferroptosis, lipid
peroxidation, and oxidative damage alongside morphological
features characteristic of ferroptotic cells.* This lipid
peroxidation-induced oxidative stress suppresses glucose
metabolism in NK cells, leading to their dysfunction within the
tumor microenvironment (TME). Activation of nuclear factor
E2-related factor 2 (NRF2), a key regulator of ferroptosis resis-
tance, restores glucose metabolism and enhances the anti-
tumor activity of NK cells in vivo."”® However, the impact of
ferroptosis inducers or inhibitors on the survival and function
of tumor-associated NK cells remains unexplored.

7.4 Dendritic cells (DCs)

Dendritic cells (DCs), as professional antigen-presenting cells,
are crucial for activating naive T cells and maintaining T cell-
dependent immunity."””* Although direct evidence is limited,
studies suggest that ferroptosis may influence DC function.
Tumor-associated DCs often display impaired antigen-
processing capabilities due to lipid accumulation, which makes
them more vulnerable to ferroptosis."”> Increased levels of 4-
hydroxynonenal (4-HNE) protein adducts, a lipid peroxidation
byproduct, have been observed in tumor-associated DCs. This
accumulation may activate X-box binding protein 1 (XBP1),
contributing to DC dysfunction.’”® During their maturation, bone
marrow-derived naive DCs exhibit high levels of lipoxygenase
(ELOX12/15), which generates oxidized phospholipids that can
hinder their maturation process.'”* Consequently, targeting fer-
roptosis regulators like GPX4 or system Xc-could impair the
maturation and normal functioning of DCs in the TME.
Tumor-infiltrating B cells primarily originate from memory B
cells and exhibit diverse subpopulations with contrasting roles
in tumor immunity."”> Although no studies have directly
investigated the relationship between ferroptosis and tumor-
infiltrating B cells, existing research highlights the impor-
tance of GPX4 and B cell survival."”® Specifically, GPX4 is critical
for the survival of B1 and marginal zone (MZ) B cells, which
express higher levels of CD33 and uptake more lipids than
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nanoparticles. (B) Myeloid-Derived Suppressor Cells (MDSCs): resistant due to high expression of system Xc™ and ASAH2, which metabolize
arachidonic acid into prostaglandin E, and prevent lipid peroxidation. (C) Natural Killer (NK) cells: ferroptosis is triggered by lipid ROS accu-
mulation and suppressed via NRF2 activation. (D) Dendritic Cells (DCs): display ferroptosis sensitivity through lipid peroxidation driven by ELOX12
and reduced GPX4 activity, impairing antigen presentation and immune activation.

follicular B2 cells. Deleting GPX4 induces lipid peroxidation
and ferroptosis in B1 and MZ B cells but not in follicular B2
cells.””” This suggests that pro-ferroptotic stimulation might
impact the survival of specific B cell subsets and their roles in
tumor immunity, offering a potential area for future research.

In summary, ferroptosis exerts a dual influence on tumor
immunity. On the one hand, inducing ferroptosis can
compromise the survival and functionality of anti-tumor
immune cells, including CD8+ T cells, NK cells, and DCs,
potentially weakening immune responses against tumors."”® On
the other hand, immunosuppressive cells, such as M2 macro-
phages, TAMs, and regulatory T cells (Tregs), rely on GPX4 and
other factors to evade ferroptosis and sustain their suppressive
functions. Inducing ferroptosis in these cells may selectively
disrupt their activity, reversing their immunosuppressive effects
and promoting anti-tumor immunity.”*® Further research is
needed to refine strategies that harness ferroptosis modulation
to target tumor-promoting cells while preserving anti-tumor
immune function selectively (Fig. 8).

8 Ferroptosis and antitumor
treatment

Ferroptosis, a regulated form of cell death driven by the accu-
mulation of reactive oxygen species (ROS), has emerged as

10274 | RSC Adv, 2026, 16, 10261-10283

a promising therapeutic target for addressing cancer, particu-
larly in overcoming resistance to conventional chemotherapy.**®
Studies have demonstrated the critical role of ferroptosis in
treating various cancers, including non-small cell lung cancer,
breast cancer, pancreatic cancer, hepatocellular carcinoma
(HCC), glioblastoma, colorectal cancer (CRC), ovarian cancer,
and more."”” Ferroptosis-inducing strategies primarily target
three mechanisms: inhibiting the Xc-glutathione-GPX4 axis to
increase ROS accumulation, regulating the p62-Keapl-NRF2
pathway to enhance antioxidant responses, and activating
iron metabolism pathways to trigger ferroptosis through lyso-
somal and transferrin activity.'®

In lung cancer, drugs like elastin and sulfasalazine inhibit
the Xc-system to reduce cystine uptake and increase ROS levels,
while cisplatin and dihydroartemisinin regulate iron homeo-
stasis to enhance ferroptosis.*®** Combination therapies, such as
elastin with cisplatin or EGFR-TKIs, show potential for
improved patient outcomes. Glioblastoma, a highly aggressive
brain tumor, responds to sulfasalazine, which induces ferrop-
tosis by inhibiting cystine uptake, and temozolomide, which
activates the NRF2-ATF4 pathway to regulate antioxidant
defenses.® Aspirin and sorafenib, when combined, further
enhance ferroptosis by depleting GSH and increasing ROS
levels, even in drug-resistant glioblastoma cells. Furthermore,
the HCC, a common and rapidly increasing primary liver
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cancer, is exceptionally responsive to ferroptosis-inducing
drugs, like sorafenib, which modulates iron metabolism but
faces resistance due to intracellular iron depletion by defer-
oxamine.'® Targeting metallothionein 1G or retinoblastoma
protein loss enhances ferroptosis-inducing effects. In colorectal
cancer (CRC), sulfasalazine and RSL3 promote ROS accumula-
tion, sensitizing cancer cells to cisplatin.'®® Pancreatic cancer,
characterized by high mortality and chemoresistance, responds
to sulfasalazine, artesunate, and combination therapies, like
sulfasalazine with piperyl, which significantly increase ROS and
ferroptosis.'® Similarly, ovarian cancer cells show ferroptosis
sensitivity due to altered transferrin receptor and iron efflux
pump expression, making drugs like artesunate effective.'®*
Similarly, breast cancer therapies targeting CDO1 over-
expression and ROS accumulation, including small molecule
drugs and combinations, demonstrate promise for treatment-
resistant cases.'”® Many traditional drugs, such as sulfasala-
zine, initially used for colitis and arthritis, have been repur-
posed to target ferroptosis pathways, highlighting the
expanding potential of these therapies. Additionally, nano-
medicines are emerging as precision tools for inducing fer-
roptosis, though their clinical applications remain limited."*®

Overall, ferroptosis-targeting therapies offer
approach to treating aggressive and resistant cancers. Drug
efficacy depends on tumor-specific characteristics, such as iron
and ROS dependency, and the expression of ferroptosis regu-
latory genes.'® By leveraging drug repurposing, combination
therapies, and advancements in nanomedicine, researchers
aim to develop highly effective and tailored treatments for
various malignancies." This growing body of research under-
scores the transformative potential of ferroptosis in oncology,
paving the way for innovative clinical applications.

a novel

8.1 Targeting tumor metabolism and ferroptosis

Tumor cells rely heavily on altered metabolic processes to
sustain their rapid growth and survival. One hallmark of cancer
cell metabolism is the Warburg effect, where tumor cells exhibit
increased glucose uptake and metabolic activity, making them
highly dependent on antioxidant mechanisms."® This depen-
dency renders them particularly vulnerable to oxidative stress.
Tumor cells also display glucose and glutamine addiction,
consuming these nutrients at much higher rates than normal
cells."® Targeting these metabolic dependencies offers a prom-
ising strategy for selective cancer treatment by disrupting their
energy supply and redox balance.” Cancer cells with high
SLC7A11 expression support cystine uptake and redox homeo-
stasis and are particularly sensitive to metabolic stress. These
cells depend on the glucose pentose phosphate pathway
(glucose PPP).*** Limiting glucose availability through glucose
transporter inhibitors depletes NADPH, disrupts the redox
system, and leads to intracellular cystine accumulation, ulti-
mately triggering ferroptosis. Similarly, glutamine-starved
cancer cells with high SLC7A11 expression become more
susceptible to oxidative stress and ferroptosis.*** Similarly,
another metabolic vulnerability lies in aspartate metabolism.
Aspartic acid undergoes transamination with GOT1 (aspartate
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aminotransferase) to produce oxaloacetate, which participates
in reactions that generate NADPH, essential for maintaining
redox balance during cancer cell proliferation."> Knockdown of
GOT1 disrupts mitochondrial oxidative phosphorylation,
prevents mitochondrial metabolism, and increases the labile
iron pool in cancer cells, making them more sensitive to fer-
roptosis. This disruption induces ferroptosis by impairing
mitochondrial function and redox stability.**

Hypoxia within the tumor microenvironment exacerbates
metabolic stress, increasing ROS levels and contributing to T-
cell dysfunction and exhaustion.® Reducing ROS in T cells
and alleviating tumor hypoxia can restore T cell function and
synergize with immunotherapy to combat cancer effectively. For
instance, the combination of tryptophan depletion and
immune checkpoint blockade has enhanced T cell-mediated
anti-tumor immunity while simultaneously inducing ferropto-
sis in tumor cells.® In summary, targeting the unique meta-
bolic features of cancer cells provides multiple therapeutic
avenues, including: (1) Blocking SLC7A11 activity to inhibit
cysteine absorption, induce lipid peroxidation, and trigger fer-
roptosis.’* (2) Inhibiting glucose uptake in SLC7A11-expressing
cancer cells, leading to nutrient depletion, NADPH loss, and
ferroptosis. (3) Targeting glutamine addiction in cancer cells by
using glutaminase inhibitors to block their growth and
survival.”® By disrupting critical metabolic pathways, these
strategies offer promising approaches for selective cancer
therapy, especially when combined with immunotherapy and
other ferroptosis-inducing agents.

8.2 Addressing drug resistance in cancer therapy through
ferroptosis and differentiation plasticity

Drug resistance and cancer through ferroptosis and differenti-
ation plasticity. Drug resistance and cancer vary significantly
across different cell lines and are influenced by their growth
and differentiation states.'® For example, melanoma, which
can be divided into four subtypes, shows varying sensitivities to
ferroptosis induction. Targeting the differentiation plasticity of
these subtypes offers a promising approach to improving
treatment efficacy, particularly in combination with immuno-
therapy.*®® Studies have shown that tumor necrosis factor-alpha
(TNF-o) and interferon-gamma (IFN-y) induce dedifferentiation
in melanoma cells, rendering them more sensitive to ferropto-
sis inducers such as elastin or RSL3. In contrast, the
melanocyte-like subtypes exhibit the highest resistance to these
treatments, highlighting the variability in drug responses based
on cell differentiation status.” A hyper-mesenchymal state
observed in many cancer cell lines is closely associated with
resistance to various treatment modalities. This treatment-
resistant state relies on a lipid peroxidation pathway charac-
terized by increased lipid peroxidation activity and the synthesis
of polyunsaturated lipids.** Selective targeting of epithelial
cancer cells in high mesenchymal states can be achieved using
two types of compounds. The first includes ferroptosis inducers
such as RSL3, ML210, and ML162. The second involves statins,
which inhibit 3-hydroxy-3-methylglutaryl-coenzyme A reductase
(HMGCR).>** Statins disrupt the mevalonate pathway and co-
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Q10 synthesis, selectively inducing cell death in high mesen-
chymal cancer cells. Thus, targeting the differentiation plas-
ticity of cancer cells and modulating their states to improve
treatment specificity offers a potential therapeutic avenue.**

An iron-mediated lipid peroxidation-dependent cell death
mechanism has shown promising associations with chemo-
therapy and radiotherapy. However, its connection to cancer
immunotherapy remains largely speculative. Current evidence
is based on limited studies, and prognostic analysis of
ferroptosis-related genes is often unreliable due to the multi-
functionality of these genes beyond ferroptosis. Despite this,
ferroptosis holds potential as a complementary approach when
used in combination with other treatment strategies, especially
given the limited systemic anti-tumor response rates of single-
modality therapies. Considering cancer cells' metabolic and
differentiation characteristics, a combination of ferroptosis-
based approaches could significantly enhance cancer treat-
ment outcomes. These approaches include targeting differen-
tiation plasticity, leveraging ferroptosis inducers, and
combining them with immunotherapy, chemotherapy, and
radiotherapy. While further research is needed to understand
the role of ferroptosis in immunotherapy fully, its integration
into multimodal treatment strategies offers a promising path
forward for addressing drug resistance and improving the effi-
cacy of cancer treatments.

9 Future perspectives and challenges

Despite sufficient advances in defining ferroptosis as an iron-
dependent, lipid peroxidation-driven form of regulated cell
death, its conversion into effective cancer therapies, especially
within immune effective complex tumor microenvironments,
left as a overwhelming challenge. As described throughout this
review, ferroptosis does not work to actively suppress tumor
formation but instead functions as an environment based
metabolic regulator, capable of changing tumor-immune
interactions in both beneficial and destructive manner. The fate
of ferroptosis-based cancer therapy therefore depends not on
bulk induction of oxidative cell death, but relies on governing
lipid peroxidation signals at exact moment and specific site of
the tumor microenvironment. The primary obstacle arises from
the varied sensitivity to ferroptosis observed between malignant
cells and the immune cells tasked with fighting them. While
many malignant cells exhibit inherent sensitivities driven by
high iron level, disordered lipid metabolism, and compromised
antioxidant defenses, while immune cells, particularly CD8+ T
cells, NK cells, and dendritic cells-often share or even exceed
this vulnerability. Lipid-rich tumor microenvironments
promote fatty acid uptake through CD36, causing the lipid
peroxidation and effectively destroying cytotoxic lymphocytes
through ferroptotic collapse. Consequently, ferroptosis induc-
tion may effectively check antitumor immunity by inhibiting
immune effector cell integrity, cytokine synthesis, and antigen
presentation. To surpass this hurdle, strategies must be there
that activate ferroptosis in tumor cell while protecting the redox
balance of immune cells specifically through cell-type-restricted
delivery systems, immune-protective antioxidant buffering, or
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temporal sequencing with immunotherapy. Beyond its
apoptotic nature, ferroptosis significantly reshape the immu-
nological landscape via lipid-dependent signaling molecules,
which constitute an overlooked hurdle to clinical efficacy. Fer-
roptotic tumor cells secretes oxidized phospholipids, prosta-
glandin E2, 4-hydroxynonenal, and truncated lipid entities that
actively reshape the immune microenvironment. These lipid
signals promote M2 macrophage polarization, deactivates
dendritic cell maturation and cross-presentation, and inhibit
cytotoxic T cell recruitment and function. Importantly, these
immunosuppressive effects may prevail even when ferroptotic
cell death is absent, suggesting that lipid peroxidation-driven
signaling, are the primary drivers of immune dysfunction
rather than actual cell death. Future therapeutic studies must
therefore focus on decoupling fatal lipid peroxidation from
immunosuppressive lipid signaling, like by combining ferrop-
tosis inducers with inhibitors of COX-2, specific lipoxygenases,
or oxidized lipid scavenging pathways. Although ferroptosis
meets several criteria of immunogenic cell death, its immu-
nostimulatory ability appears fundamentally different from
apoptosis or pyroptosis. Unlike apoptosis or pyroptosis that rely
on proteinaceous signals, ferroptosis predominantly generates
lipid-based damage-associated molecular patterns, resulting in
immune activation that is highly dependent on lipid metabo-
lism, immune composition, and redox balance within the
tumor microenvironment. Such metabolic nuances may explain
the inconsistent synergy among ferroptosis induction and
immune checkpoint blockade across different tumor models. It
is essential to identify the unique ferroptosis-specific immu-
nogenic signatures, including lipid-derived adjuvants capable
of licensing dendritic cells and sustaining cytotoxic T cell
responses while bypassing the pitfalls of immune tolerance.

From a translational stand point, incorporating ferroptosis
into combined cancer treatment introduces additional
complexity. Radiotherapy and immunotherapy create a ferrop-
totic window by IFN-y-STAT1-mediated repression of SLC7A11
and enhanced oxidative stress, yet adaptive resistance
frequently emerges via NRF2 activation, FSP1/CoQ10 upregu-
lation, or metabolic rewiring of lipid saturation states. More-
over, ferroptosis induction may impose selective pressure that
favors tumor cell populations with mesenchymal differentia-
tion, enhanced iron sequestration, or altered phospholipid
composition. Addressing these resistance challenges will
require longitudinal metabolic and lipidomic profiling, as well
as rational combination strategies that predict compensatory
antioxidant and metabolic pathways. A further challenge to
clinical translation is the deficiency of robust, ferroptosis-
specific biomarkers abled enough to distinguish productive
tumor ferroptosis from detrimental immune ferroptosis or
nonspecific oxidative stress. Commonly employed markers
such as PTGS2, CHAC1, or lipid peroxidation byproducts defi-
cient in specificity and may not accurately reflect ferroptotic flux
in vivo. Future progress will based on the discovery of new
integrated biomarker platforms joining lipidomics, iron
metabolism signatures, and immune phenotyping to guide
patient stratification, monitor therapeutic responses, and
optimize treatment timing.
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Collectively, the evidence synthesized in this study argues
against viewing ferroptosis as a universally beneficial cytotoxic
modality. Instead, ferroptosis should be conceptualized as
a dynamic tunable immuno-metabolic axis whose therapeutic
value is determined by cellular context, immune composition,
and metabolic state. Advances in nanotechnology, metabolic
targeting, and immune engineering offer promising opportu-
nities to selectively manipulate ferroptosis within tumors while
preserving immune competence. Ultimately, the successful
clinical deployment of ferroptosis-based therapies will require
precision modulation rather than maximal induction, guided
by a nuanced understanding of tumor-immune-lipid crosstalk
and its dynamic evolution during therapy.

10 Conclusion

Ferroptosis represents a promising yet complex avenue in
cancer therapy, with its dualistic role as a tumor suppressor and
promoter within the tumor microenvironment. At the same
time, ferroptosis induction can enhance anti-tumor immunity
and immunosuppressive effects. Careful modulation is neces-
sary to avoid fostering tumor progression. Advancements in
understanding the molecular pathways of ferroptosis, such as
the role of lipid metabolism and iron homeostasis, have
revealed new therapeutic targets. Strategies combine ferroptosis
inducers with immunotherapies and radiotherapy, which holds
the potential to overcome treatment resistance and improve
patient outcomes. However, challenges remain, particularly in
addressing the context-dependent effects of ferroptosis and
minimizing adverse immune consequences. Collectively, recent
studies converge on the concept that ferroptosis represent
a double-edged immunological regulator rather than a univer-
sally beneficial cytotoxic mechanisms. Precision modulation,
instead of indiscriminate induction will be necessary to elabo-
rate ferroptosis for cancer immunotherapy while avoiding
immune exhaustion, inflammatory toxicity and treatment
resistance. Future research should prioritize unraveling the
intricate interactions between ferroptosis immune cells and
tumor cells, paving the way for innovative, multi-model cancer
therapies exploiting ferroptosis full therapeutic potential.
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