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Abstract 

Ferroptosis, the non-apoptotic, iron-dependent form of cell death is an unavoidable outcome and byproduct of cel-
lular metabolism. Reactive oxygen species generation during metabolic activities transcends to Fe2+-induced lipid 
peroxidation, leading to ferroptosis. Cancer cells being highly metabolic are more prone to ferroptosis. However, 
their neoplastic nature enables them to bypass ferroptosis and become ferroptosis-resistant. The capability of cancer 
cells to reprogram its metabolic activities is one of its finest abilities to abort oxidative damage, and hence ferropto-
sis. Moreover, the reprogrammed metabolism of cancer cells, also associates with the radical trapping antioxidant 
systems to enhance the scavenging of ferroptosis and thereby tumor progression. Additionally, the TME, which 
is an inevitable part and regulator of carcinogenesis, presents an intricate cooperation with tumor metabolism 
to build an immuno-metabolic environment to regulate the sustenance of cell proliferation and survival. This review 
focuses on the current understanding of ferroptosis in carcinogenesis and its resistance acquired by cancer cells 
via several modulators including the radical trapping antioxidant systems, the reprogrammed metabolism, the TME, 
and intertwined role of cancer metabolism and tumor immunity. The reprogrammed metabolism section further 
comprehends the functional role of lipids, iron and glucose metabolism against ferroptosis defense separately. 
The affiliation of TME in ferroptosis regulation is further sectioned with reference to different immune cells present 
within the TME such as tumor-associated macrophages, tumor-infiltrating neutrophils, myeloid-derived suppres-
sor cells, T-cells, natural killer cells, dendritic cells, and B-cells, modifying the TME in both pro and anti-tumorigenic 
manner. Subsequently, this review also discusses the convergence of immuno-metabolic environment in ferroptosis 
regulation, and eventually brings up research gaps in this context providing consequential and significant questions 
to explore for better understanding of the immuno-metabolic environment’s role in driving ferroptosis resistance 
for anti-cancer treatment progress.
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Introduction
The cells in our body undergo periodic cell death to 
support tissue development and homeostasis. Can-
cer, however, is marked by uncontrolled cell division 
and growth, attaining a form of immortality by evading 
cell death mechanisms [1]. Cells can experience vari-
ous forms of cell death depending on intra- or intercel-
lular stress and environmental influences. These include 
apoptosis, necrosis, necroptosis, autophagy, pyroptosis, 
and ferroptosis [2]. Each type of cell death has implica-
tions for cancer development and anti-cancer therapy 
[3]. However, ferroptosis, a recently discovered non-
apoptotic form of cell death, has major implications in 
carcinogenesis. On one side, ferroptosis has emerged as a 
novel strategy for reversing drug resistance in cancer [4]. 
On the other, cancer cells develop resistance to ferrop-
totic cell death. The ability to evade cell death, like fer-
roptosis, is one of the hallmarks of cancer, contributing 
to poor prognosis by promoting early relapse and drug 
resistance. This ferroptosis escape is regulated by various 
cellular processes including altered cell signaling path-
ways involving tumor-suppressors, pro-oncogenic fac-
tors, and pro-survival signaling [5]. In addition to these 
signaling pathways, metabolic and immune reprogram-
ming significantly influences the progression and therapy 
resistance in aggressive cancers [6, 7]. However, these 
two traditional aspects of cancer biology namely tumor 
metabolism and tumor immunology not only regulate 
carcinogenesis separately but also unitedly affect cancer 
development and progression. They collectively form 
an immuno-metabolic environment, which affects car-
cinogenesis to a greater extent than they do separately. 
Furthermore, reprogramming of the immuno-metabolic 
environment enables the cancer cells to withstand the 
hostility at the tumor site, by protecting the cells from 
immunogenic regulations along with supplementing 
energy for rapid proliferation. For instance, high meta-
bolic activity of cancer cells, particularly upregulated 
glycolysis results in large amount of lactate production 
thereby causing acidification of the tumor microenviron-
ment (TME), which is referred to as TME acidosis [8]. As 
a consequence, normal cells die in the toxic TME, while 
the cancer cells survive and procure more space to pro-
liferate, and parallelly facilitates the extracellular matrix 
(ECM) degradation, further enabling the cancer cells to 
evade and metastasise [9]. The TME acidosis also unifies 
with low oxygen levels (hypoxia), which upregulates and 
activates the hypoxia-inducible factor (HIF), a family of 
transcription factors, leading to activation of pro-can-
cerous metabolism and immune escape related genes [8, 
10]. In addition, cancer associated fibroblasts (CAFs), a 
critical member of TME also contributes to the immuno-
metabolic environment-induced cancer progression via 

the secretion of certain cytokines like IL- 6 [11]. Moreo-
ver, this reprogramed immuno-metabolic environment 
notably supports the escape of cancer cell death while 
promoting the death of non-cancerous, tumor killing 
cells. In this regard, the emergence of ferroptosis as a 
key vulnerability in cancer demands the essentiality of 
understanding its critical functioning, regulation, and 
resistance mechanism acquired by the cancer cells, not 
only by crucial traditional aspects of cancer biology, but 
also by the convergence of those aspects in the manner of 
immune-metabolic environment. Additionally, the asso-
ciation of tumor metabolism, tumor immunology, and 
mainly immune-metabolic environment with ferroptosis 
represents a potential therapeutic target for anti-cancer 
therapies to enhance anti-cancer immune response as 
well as to restore tumor suppressing cell signaling. This 
review therefore aims firstly to explore the mechanistic 
insights of cancer cell’s adaptations towards metabolic 
and immune responses to evade ferroptotic cell death, 
and then emphasizes on how the intrinsic metabolic 
changes and extrinsic immune interactions of cancer 
cells collectively confer ferroptosis resistance.

Ferroptosis
The term ferroptosis explains a morphologically, bio-
chemically, and genetically distinct form of regulated 
cell death [12]. Morphologically, a cell dying from fer-
roptosis typically show distinct increase in the cellular 
membrane density. The plasma membrane as well as the 
membranes of cellular organelles especially mitochon-
drial membranes is ruptured due to increased density. 
Mitochondrial volume and cristate are also reduced as a 
consequence of ferroptosis [13]. In addition to this, fer-
roptosis has also been reported to induce endoplasmic 
reticulum (ER)-stress by activating increased pH and 
viscosity-mediated ER-stress signaling cascades [14]. 
ER-stress is further responsible for assisting ferroptosis 
through cation transport regulator 1 (CHAC1)-mediated 
glutathione (GSH) degradation [15]. Biochemically, fer-
roptosis is regarded as a non-apoptotic, iron-dependent 
form of cell death that is driven by the accumulation of 
lethal lipid peroxides [16]. Iron, which is an essential 
driver of metabolism, if not balanced correctly within 
the cell leads to reactive-oxygen species (ROS) genera-
tion through the Fenton reaction leading to ferroptosis 
induction in the cell [17]. In addition, the biochemical 
reactions of the cell that control the cellular metabolism 
are also the prime producers of free radicals or ROS [18]. 
The ROS once generated can attack the phospholipids 
(PLs) to produce phospholipid peroxides (PLOOH) and 
phospholipid hydroperoxyl radical (PLOO•). The pres-
ence of polyunsaturated fatty acids (PUFAs) in the mem-
branes makes them vulnerable to ROS-mediated lipid 
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peroxidation resulting in membrane damage [18]. Due 
to this, ferroptosis is regarded as a byproduct of cellular 
metabolism, which is being regulated by the cell for their 
survival.

Ferroptosis in cancer and anti‑cancer therapy
The process of carcinogenesis is greatly affected by alter-
ations in metabolic landscape of cancer cells. For cell 
proliferation, growth and survival, cancer cells might-
ily utilize both intra and inter cellular catabolic-anabolic 
pathways [6, 19, 20]. As a result of enhanced metabolic 
activity of the cancer cell they are immensely vulnerable 
to ROS-mediated cellular damage, which progresses to 
ferroptotic induction thereby fostering reduced cancer 
load. As a matter of fact, cancer research currently uti-
lizes this self-destructive property of cancer cells to abro-
gate the disease through the induction of ferroptosis [4].

Ferroptosis as an anti-cancer therapy employs both the 
synergistic drug therapies as well as the nanoparticle-
based therapies. Cisplatin treatment along with dihy-
droartemisinin, an antimalarial drug has been proven 
to reduce gastric cancer cell proliferation and invasion 
[21]. This drug synergy inhibits the glutathione per-
oxidase 4 (GPX4) activity and promote ferroptosis in 
these neoplastic cells, which suggest an effective per-
spective against cancer not only with cisplatin but with 
other chemotherapeutic drugs, even ferroptosis induc-
ing drugs like sorafenib. Besides, the use of HDAC and 
PPAR inhibitors are quite popular for ovarian and breast 
cancer, however recent studies suggest an effectiveness 
of the HDAC and PPAR inhibitors against acute mye-
loid leukemia (AML) as well. The combinatorial treat-
ment of HDAC inhibitor and PPAR agonist resulted in 
the reduced expression of leukemic stem cells in AML 
patients while providing no harm to the non-cancerous 
hematopoietic progenitor cells, and effectively induced 
ferroptosis in the leukemic cells, thereby supporting bet-
ter survival rates of the patients [22]. Targeting cancer 
stem cells (CSCs) are one of the mandates against can-
cer eradication. CSCs are a predominant cause of early 
disease relapse, certain ferroptosis-inducing drugs like 
lapatinib, siramesine, sorafenib, and sulfasalazine are 
used to eliminate the population of CSCs and improve 
survival rates of cancer patients [23]. Additionally, doxo-
rubicin, used to treat multiple cancer types like breast, 
ovarian, stomach etc. has the capacity to induce ferrop-
tosis. Doxorubicin functions by intercalating into the 
DNA, breaks it down, and inhibits DNA repair leading to 
cell death. Furthermore, doxorubicin also has the ability 
to binds to mitochondrial DNA hampering mitochon-
drial functioning, which in turn surges the iron overload 
and results in mitochondrial ROS production-mediated 
lipid peroxidation and cell death [24]. Despite the fact 

that doxorubicin has the ability to induce ferroptosis in 
the cancer cells, doxorubicin also has adverse effects on 
non-cancerous cells. To overcome this, the application of 
nanomaterials has been employed to provide ferroptosis-
based anti-tumor therapies, which has lesser side effects 
[25]. For instance, cisplatin’s efficacy to eliminate cancer 
cells is increased by iron-oxide carrier-mediated cisplatin 
release at the specific tumor site, without damaging the 
normal healthy cells [26]. In parallel, sorafenib’s ferropto-
sis inducing potential has been increased by implement-
ing magnetic iron-oxide nanoparticles in hepatocellular 
carcinoma. These nanoparticles use magnetic hyperther-
mia to heat up the tumor site where the irons are released 
and Fenton reaction strengthens to generate ROS and 
thereby ferroptosis, both by sorafenib treatment and 
iron-oxides [27]. Apart from the operation of magnetic 
thermal energy, photothermal-based nanomaterials are 
also employed for tumor ablation. This technique engages 
glucose oxidase combined iron-oxide (Fe3O4) nanoparti-
cles to target the tumor site. The glucose oxidase converts 
glucose to superoxides, used by Fe3+ ions to form even 
more ROS creating oxidative-stress and thereafter cel-
lular ferroptosis of the tumor. In addition, this treatment 
considerably refines the anti-tumor immune response as 
well. Glucose oxidase-Fe3O4 complex-induced ferroptosis 
results in DAMP release within the tumor microenviron-
ment (TME), which are taken up by the dendritic cells 
for helping T-cell maturation via antigen presentation, 
ultimately killing tumor cells and blocking tumor growth 
[28]. However, in spite of the promising advancement of 
anti-cancer therapies employing ferroptosis induction in 
the cancer cells, these neoplastic cells with high meta-
bolic plasticity, overcome and counteract the oxidative 
damage-mediated ferroptotic cell death by certain pro-
tective mechanisms in the form of modified radical trap-
ping antioxidant (RTA) systems, altered metabolic and 
anti-tumor immune response pathways, as well as repro-
grammed immune-metabolic environment.

Tumor’s defense against ferroptosis
RTA system
Oxidative damage is an intrinsic phenomenon in cellu-
lar physiology which essentially affects all the cell types. 
Every cell irrespective of its growth and proliferating 
capacity including normal, tumor, and non-tumor cells 
in the TME, as well as the tumor-associated cells, suffers 
from ROS-mediated oxidative damage, resulting in fer-
roptotic death. Hence, the tumor cell and those present in 
the TME forestall ferroptosis to persist with proliferation. 
On this account, RTA systems are the primary defense 
against ferroptosis and other forms of oxidative dam-
ages, which includes system Xc−-GPX4, ferroptosis sup-
pressor protein 1(FSP1)-coenzyme Q10, dihydroorotate 
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dehydrogenase (DHODH)-CoQ10, and GTP cyclohydro-
lase 1-tetrahydrobiopterin (GCH1-BH4) (Fig. 1) [29].

The system Xc−GPX4 RTA system is the most well-
known and major guardian of redox homeostasis main-
tenance that helps to neutralize the lipid peroxides within 
the cell [30]. On one end, the system Xc−, comprising of 
heavy chain SLC3 A2, and light chain SLC7 A11 subunit, 

functions as an antiporter of cystine/glutamate. For 
proper functioning of system Xc−, it requires fucosylation 
to be protected from degradation and destabilization. 
Receptor for activated C kinase 1 (RACK1) supplements 
the fucosylation of system Xc− by enhancing the expres-
sion of fructotransferase protein, FUT8, to stabilize and 
maintain its required cellular level within the cell [31]. 

Fig. 1  Outlook of ferroptosis with cellular RTA systems. ROS-mediated lipid-peroxidation is the prime cause of ferroptosis induction in the cell. 
Cells undergoing metabolic activity collaterally produce ROS, thereby inducing ferroptosis. To prevent this, cells employ several RTA systems; 
① The GPX4 (cytoplasmic and mitochondrial) system, it utilizes GSH synthesised from cysteine to neutralize the ROS via a cycle of oxidation 
and reduction of GSH; ② The FSP1 (plasma membrane) system, and ③ the DHODH (mitochondrial) system, both utilizes CoQ10 to convert it 
into CoQ10H2 (non-toxic form), and subsequently reduce the ROS production. In addition, the FSP1 system uses NAD(P)H to neutralize ROS; ④ 
the GCH1/BH4 (cytoplasmic) system, in here GCH1 catalyzes the synthesis of the antioxidant BH4, which then binds to NOS and utilizes NAD(P)H 
to reduce O2 and produce NO thereby attenuating ROS generation; ⑤ PRDX1 system, it promotes the Nrf2 activity by inhibiting the Keap1-Cullin- 3 
complex. PRDX1 bind to the Keap1-Cullin- 3, which is an inhibitor to Nrf2, thereby releasing and enabling Nrf2 entry into nucleus to activate 
of GPX4 gene transcription. All of these systems thereby effectively reduce PLOOH, and PLOO• generation, ultimately preventing ferroptosis. BH4: 
tetrahydrobiopterin, CoQ10: Coenzyme Q10, CoQ10H2: ubiquinol- 10, DHODH: dihydroorotate dehydrogenase, DHO: dihydroorotate, FSP1: ferroptosis 
suppressor protein 1, GCH1: GTP cyclohydrolase 1, GPX4: glutathione peroxidase 4, GSH: reduced glutathione, GSSG: oxidized glutathione, GTP: 
guanosine triphosphate, NADH: nicotinamide adenine dinucleotide (hydrogen), (reduced form), NAD(P)H: nicotinamide adenine dinucleotide 
phosphate, NO: nitric oxide, NOS: nitric oxide synthase, Nrf2: nuclear factor, OA: orate, PLOH: phospholipid alcohol, PLOOH: phospholipid peroxide, 
PLOO•: phospholipid hydroperoxyl radical, PRDX1: Peroxiredoxin- 1, ROS: reactive oxygen species, SLC3 A2: light chain subunit of System Xc− 
(cystine/glutamate antiporter), SLC7 A11: light chain subunit of System Xc− (cystine/glutamate antiporter)



Page 5 of 22Bhowmick et al. Molecular Cancer          (2025) 24:161 	

Moreover, SLC7 A11 being a transmembrane protein and 
the core of system Xc−, its stability is also governed by 
structural proteins like caveolin- 1 (Cav- 1). Cav- 1 is a 
major structural and surface protein of lipid bilayers, 
which can both aid the structural stability of other trans-
membrane protein as well as mediate signal transduction 
[32]. Cav- 1 has been reported to interact with SLC7 A11 
at cell membrane protecting it from proteasomal degra-
dation, as well as protecting it at transcriptional level via 
AMPK/Nrf2 signaling [33]. Once system Xc− is stable, it 
takes up extracellular cystine in exchange for intracellular 
glutamate in a 1:1 ratio [30]. The internalized cystine is 
then reduced to cysteine, and then combined with glu-
tamate and glycine to synthesize glutathione (GSH). The 
selenoprotein GPX4, on the other end, utilizes the GSH 
to reduce the esterified-oxidized fatty acids (FA) and cho-
lesterol hyperoxides into respective non-toxic lipid alco-
hols to prevent ferroptotic death [34]. The dysfunctioning 
of system Xc−/GSH/GPX4 axis is a prime mediator of 
ferroptosis. Most cancer types have GPX4 overexpres-
sion to withstand ferroptosis [35–37]. Therefore, differ-
ent classes of ferroptosis inducers like erastin, (Class I), 
RSL3 (Class II), FIN56, and CIL56 (Class III) are used to 
sensitize the cancer cells to ferroptotic death [38]. How-
ever, many cancers are hostile to agonists that inhibit the 
GPX4 system, which demonstrates the involvement of 
other cellular processes, mainly the antioxidant system in 
ferroptosis regulation.

Unlike GPX4, the FSP1 and DHODH systems, both 
of them prevent ferroptosis independent of GSH but 
in Coenzyme Q10 (CoQ10)-dependent manner [39]. 
Although both involve CoQ10, their cellular localization 
and functioning are different. FSP1, which was previously 
known as AIFM2 (Apoptosis-Inducing Factor Mitochon-
drial 2), is a plasma membrane protein but also found 
in the periphery of lipid droplets. At the plasma mem-
brane, FSP1 reduces the redox-active CoQ10, also called 
ubiquinone- 10, to its non-toxic form CoQ10H2 (ubiqui-
nol- 10), through its interactions with 6-hydroxyl-FAD, 
and NAD(P)H. Additionally, it also reduces Vitamin K to 
its hydroquinone (Vitamin K-H2) form by the same pro-
cess. This reduced pool of CoQ10 and Vitamin K via FSP1 
scavenges the lethal lipid peroxides thereby restricting 
ferroptosis in the cells [40]. On the other hand, DHODH, 
another flavin-dependent protein localized in the mito-
chondria, specifically in the outer face of inner mitochon-
drial membrane not only alters oxidative damage but 
simultaneously helps cancer cell proliferation. DHODH 
is a key enzyme in de novo pyrimidine nucleotide syn-
thesis, where it catalyzes the formation of orotate from 
dihydroorotate (DHO), which are the initiators of pyrimi-
dine production. During this process, DHODH utilizes 
CoQ10 as the electron acceptor, thereby reducing the 

potency of oxidative damage, and linking its function to 
with electron transport chain (ETC) and oxidative phos-
phorylation (OXPHOS) [41]. As a consequence, DHODH 
directly supports cancer progression by increasing 
pyrimidine yield needed for nucleic acid biosynthesis, 
enhancing the metabolic activity through OXHPHOS 
and conferring anti-ferroptosis phenotypes by decreas-
ing the burden of redox-active molecules. Furthermore, 
it is also reported that DHODH and the mitochondrial 
GPX4 work together to suppress the propagation of lipid 
peroxidation at the mitochondrial membrane and reduce 
mitochondrial ferroptosis in cancer cells [41].

The fourth type of RTA system that participates in the 
defense against ferroptosis is the GCH1-BH4 system. 
GCH1 is a rate-limiting enzyme in the de novo biosyn-
thesis of the anti-oxidant, BH4. In the presence of iron, 
BH4 acts as an essential cofactor of nitric oxide synthase 
(NOS) for the production of aromatic amino acids, neu-
rotransmitters, and nitric oxide (NO) [42]. The bind-
ing of BH4 to NOS brings it to a coupled state, where it 
utilizes NAD(P)H as an electron donor to reduce O2 for 
the production of NO and L-citrulline as intermediate 
byproducts. The NO produced then results in the attenu-
ation of ROS. However, the absence of BH4 or NOS dys-
function results in superoxide i.e., ROS generation due to 
uncoupling of electron transfer and O2 reduction from 
L-citrulline production [42]. Therefore, proper function-
ing of the GCH1/BH4 pathway effectively suppress fer-
roptosis by trapping ROS through NO production as 
well as by decreasing the CoQ10 and increasing CoQ10H2 
concentration within the cells. Additionally, the GCH1-
BH4 axis also causes lipid remodelling in cancer cells 
by selectively inhibiting the oxidation of specific PUFA-
PLs like phosphatidylcholine shaving two PUFA tails, 
and it also works in parallel to GPX4 to counteract fer-
roptosis [43, 44]. Moreover, the ROS reducing activities 
of cancer cells are further associated with certain other 
peroxidases apart from the four-types discussed earlier. 
Peroxiredoxin- 1 (PRDX1), a highly functional RTA sys-
tem, is overexpressed in cancer cells in order to bypass 
oxidative-stress-induced-damage [45–47]. PRDX1 exerts 
ferroptosis suppression by increasing Nrf2 activity to 
induce GPX4 functioning against ROS scavenging. Nrf2 
is a crucial transcription factor that senses and protects 
cells from oxidative damage by regulating the expression 
of antioxidants. In contrast, Nrf2 is readily degraded by 
Keap1-Cullin- 3 complex-signaling at basal level. The 
Keap1-Cullin- 3 complex functions as the subunits of 
E3 ubiquitin ligase, and thus when Nrf2 is bound with 
Keap1-Cullin- 3 complex, is destined for ubiquitin-medi-
ated proteasomal degradation. However, PRDX1 func-
tions as a chaperone, and binds to the Cullin- 3-Keap1 
complex to avoid the proteasomal degradation of Nrf2. 
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This in turn enables Nrf2 to enter the nucleus and acti-
vate transcription of GPX4 gene to potentiate the ROS 
scavenging activity of the cell. [48]. Moreover, it in pros-
tate cancer, it was reported that the oncogene holliday 
junction recognition protein favours the recycling of 
PRDX1, thereby providing anti-ferroptotic conditions 
[49].

In cellular physiology, however, the cell’s decision to 
undergo ferroptosis is dictated by the prevalence of one 
of the two cellular processes- PLOOH/PLOO• genera-
tion or RTA system over the other one. However, this 
decision in cancer cells is immensely affected by the met-
abolic plasticity of the cell and the TME, which comprises 
the tumor phenotypes regulating the immune cells.

Metabolic adaptation of cancer cells opposing ferroptosis
Metabolic reprogramming has long been regarded as 
a hallmark of cancer [50] since the discovery of “aero-
bic glycolysis” or Warburg effect in cancer cells, which 
explains upregulated anaerobic glycolysis producing 
large amounts of lactic acid from glucose in the presence 
of sufficient oxygen [51, 52]. Furthermore, altered lipid, 
amino acid as well as metal ion like iron metabolism 
proclaims much attention and ability to maintain can-
cer progression. These metabolic adaptations of cancer 
cells are linked with tumor metastasis, aggressiveness, 
and therapy resistance. Reprogrammed metabolism and 
metabolic signaling in cancer cells favor cell death escape 
not only by activating pro-survival processes but also by 
transforming the TME, thereby the anti-tumor immune 
response [53]. Tumor cell metabolism works with tumor 
immunity to develop cell death defense against apoptosis, 
autophagy and even ferroptosis [54]. Moreover, ferropto-
sis being an adjunct outcome of cellular metabolism, can-
cer cells have developed additional mechanisms to bypass 
the oxidative stress-induced-ferroptotic incidences to 
withstand the cell proliferation and disease progression 
(Fig. 2).

Reprogrammed lipid metabolism
Amongst all metabolic pathways, altered lipid metabo-
lism is an indispensable aspect of ferroptosis manage-
ment in cancer cells. Since lipid peroxidation, specifically 
polyunsaturated fatty acid-phospholipid (PUFA-PL) 
peroxidation is the principal cause of ferroptosis, sev-
eral lipid-metabolic enzymes like Acyl-CoA synthetase 
long-chain family (ACSLs), lysophosphatidylcholine acyl-
transferase (LPCATs) and lipoxygenases (LOXs) critically 
promotes ferroptosis [13]. ACSLs family member, ACSL4 
is a biomarker of ferroptosis sensitivity, as it catalyzes 
the activation of PUFAs like arachidonic acid (AA) and 
eicosapentaenoic acid to form acyl-CoA-PUFA deriva-
tives [55]. These ACSL4 enzyme products are further 

utilized by multiple LPCAT3 to esterify them into PUFA-
PL like arachidonic acid containing phosphatidylethano-
lamines (AA-PE), and then they are incorporated into the 
bio-membranes of the cell membranes. The other family 
of enzymes, LOXs, especially the arachidonate lipoxy-
genases (ALOXs) uses the PUFA-PL as its substrate to 
mediate the formation of lipid radicals triggering fer-
roptosis [56]. However, the metabolic plasticity of cancer 
cells opposes the occurrence of ferroptosis by critically 
regulating the expression of several genes. ACSL4, which 
sensitizes cells to ferroptosis is frequently downregu-
lated in various cancers including lung, and breast cancer 
[57, 58]. In contrast, ACSL3 drives cancer progression 
by activating monounsaturated fatty acids (MUFAs) 
like oleic acid (OA) and palmitoleic acid (PA) that dis-
places the PUFAs in the PL to reduce the sensitization of 
plasma and other cellular membrane to lipid oxidation 
[59]. Moreover, the expression of ALOX5 and ALOX12 
is also reported to be downregulated in colorectal and 
bladder cancer helping the cells to escape ferroptosis 
[60, 61]. Notably, ALOX- 12 appears to be a vital player 
in p53-mediated ferroptosis in lymphoma. Cancer cells 
tend to overexpress SLC7 A11 and run GPX4 pathways 
for oxidative damage response. In p53-mediated ferrop-
totic tumor suppression, p53 enables ALOX12 activation 
through transcriptional suppression of SLC7 A11, which 
then enforces the accumulation of ROS [62]. However, 
the expression patterns of LPCATs vary with cancer 
types, and their role in tumorigenesis is also volatile in 
regard to pro and anti-oncogenic features [63].

Altered lipid metabolism being the central regulator 
of ferroptosis in cancer cells, the cellular activity and 
expression of certain master regulators of lipid metabo-
lism itself influence ferroptotic phenotypes in cancer 
cells. One such regulator is the transcription factor, 
sterol regulatory element-binding proteins (SREBPs) 
[64]. The transcriptionally active form of SREBPs 
(nSREBPs) migrate to the nucleus and bind to sterol 
regulatory elements (SREs) in the promoter regions of 
its target gene like fatty acid synthase (FASN), acetyl-
CoA carboxylase (ACC​), ATP citrate lyase (ACLY), 
and stearoyl-CoA desaturase- 1 (SCD- 1), and initiate 
their transcription [65]. All these genes execute ben-
eficial function in favour of cancer progression. FASN, 
a pro-carcinogenic lipid metabolism enzyme is overly 
expressed in various cancers. It is a key enzyme in the 
de novo lipid synthesis, in cancer it aids membrane 
biosynthesis-mediated cell proliferation through FA 
synthesis as well as cell metastasis and immune escape 
[66, 67]. Additionally, FASN has also been reported to 
promote MUFA and saturated FA levels in the mem-
brane, thereby reducing lipid-peroxidation and ferrop-
tosis [67, 68]. Recently, FASN has also been outlined to 
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be critical player against sorafenib-induced ferroptosis 
in hepatocellular carcinoma cells [69]. In addition to 
FASN overexpression, upregulation of its transcrip-
tion factor, SREBP is also been reported in cancer cells. 
SREBPs intensifies the sustained tumor growth through 
enhanced FA, cholesterol, and lipid droplets (LDs) 

biosynthesis [70]. The role of SREBP in persuading fer-
roptosis resistance is acquired by the activation of one 
of the major oncogenic cell signaling pathways; PI3 K/
Akt/mTOR. Upon activation of this tumor-promoting 
pathway, it activates the SREBP1-mediated lipogenesis 
through SCD- 1. The SCD- 1 is an important enzyme 

Fig. 2  Involvement of cellular metabolism in ferroptosis regulation. ① the lipid metabolic pathways (brown arrows), this includes both ferroptosis 
inducing as well as ferroptosis suppressing conditions. On one end, PI3 K/Akt/mTOR mediated SREBP-SCD1 axis activation, promoting to MUFA 
generation, as well as the mevalonate pathway transduced cholesterol/CoQ10 axis functioning, both suppresses ferroptosis in cancer cells. On 
the other end, PUFA (AA) activation by ACSL4, esterification by LPCAT3, and thereby lipid peroxidation by ALOX5 promotes ferroptosis induction. 
② the iron metabolism (yellow arrows), regulate ferroptosis via both pro-ferroptotic and anti-ferroptosis incidences. TF bound with circulating Fe3 
+ ions binds to TFR1 and is internalized, then either it contributes to LIP which promotes Fenton reaction mediated PLOOH and PLOO• generation, 
and ferroptosis, or can be stored as ferritin limiting redox active iron accumulation induced ferroptosis. ③ the glucose metabolism (purple 
arrows), which mainly exerts ferroptosis suppression. SLC2 A1 facilitated glucose uptake escalates Warburg effect, which reduces mitochondrial 
function-mediated ROS generation. ④ PDK4 action (pink arrows), it helps ferroptosis reduction in cancer cells by inhibiting PDH to catalyze 
pyruvate to acetyl-CoA. This acetyl-CoA would otherwise contribute to mitochondrial activity linked ROS generation, and PUFA synthesis. ⑤ 
DECR1 action (green arrows), it exerts anti-ferroptotic condition by accelerating β-oxidation of PUFAs to reduce ROS generation. ⑥ glutamate 
metabolism (blue arrows), SLC38 A5 assists the import of glutamine in the cell cytoplasm, which then enters into mitochondria, and undergo 
glutaminolysis to generate glutamate, which is then utilized by the GPX4 enzyme to reduce lipid peroxidation, and thereby reducing ferroptosis. 
Additionally, glutamate also activates mTOR signaling indirectly to further strengthen the lipid metabolic pathways for ferroptosis resistance. 
AA: arachidonic acid, AA-CoA: arachidonic acid-Coenzyme A, Acetyl-CoA: acetyl- Coenzyme A, ACSL4: Acyl-CoA synthetase long-chain family 
4, ALOX5: arachidonate lipoxygenases 5, CoQ10: Coenzyme Q10, DECR1: dienoyl-CoA-reductase1, GPX4: glutathione peroxidase 4, GSH: reduced 
glutathione, GSSG: oxidized glutathione, HMGCR: HMG-CoA reductase, LIP: labile iron pool, LPCATs: lysophosphatidylcholine acyltransferase, 
MUFA: monounsaturated fatty acid, PLOH: phospholipid alcohol, PLOOH: phospholipid peroxide, PLOO•: phospholipid hydroperoxyl radical, PDH: 
pyruvate dehydrogenase, PDK4: pyruvate dehydrogenase kinase 4, PE-AA-OH: arachidonic acid lipid peroxide, PUFA: polyunsaturated fatty acid, 
SCD- 1: Stearoyl-CoA desaturase- 1, SLC2 A1: glucose transporter (GLUT1), SLC38 A5: amino acid transporter (glutamine) SREBP: sterol regulatory 
element-binding protein, TF: transferrin, TFR1: transferrin receptor 1. Direct lines: direct impact on the target molecule, Dotted lines: indirect impact 
on the target molecules, Black arrows: general cellular mechanisms irrespective of metabolic regulation of ferroptosis, Red arrows: ferroptosis 
commencing signal
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in the biosynthesis of FAs. It catalyzes the formation 
of MUFAs like OA and PA from saturated FAs thereby 
repressing ferroptosis in cancer cells [71]. On the con-
trary, Akt-mediated suppression of SREBP2 maturation 
and activation poses ferroptosis resistance in colorec-
tal cancer [72]. In these cells, B7H3, a transmembrane 
immunoregulatory protein, facilitates the Akt-mediated 
SREBP2 suppression and controls cholesterol metabo-
lism, directing cell survival. Regardless of this find-
ing, the association of SREBPs with iron metabolism 
presents an intertwined role of lipogenic regulators 
in iron-dependent ferroptotic cell death. SREBP2 has 
been reported to be involved directly in the transcrip-
tion of transferrin to sequester intracellular iron pool 
to reduce ferroptosis in melanoma cells [73]. Further-
more, the SREBP-mediated ferroptosis resistance is 
associated with SLC38 A5-mediated glutamine uptake. 
SLC38 A5 is an amino-acid transporter that facilitates 
the import of amino acids like asparagine, glutamine, 
methionine, serine, and glycine but specifically trans-
ports glutamine in cancer cells. In the mitochondria, 
the glutamine is converted to glutamate via the glu-
taminolysis process, and glutamate is then exported 
to the cytoplasm to be utilized for GSH synthesis and 
GPX4 functioning. This SLC38 A5-mediated glutamine 
uptake activates the mTOR-SREBP1 axis to upregulate 
SCD1 expression and reduce ferroptosis in cancer cells, 
providing drug resistance [74]. Besides SREBPs, the 
synthesis of lipids is also regulated by lipin1 (LPIN1), 
which assists and promotes FA loading into the LDs 
in the cancer cells. LPIN1 is an important part of de 
novo lipogenesis which is responsible for the therapy 
resistance in colorectal cancer cells. It confers ferrop-
tosis resistance in these cells by upregulating the LD 
formation and by facilitating the generation of diacylg-
lycerols from phosphatidic acid via the ETS1-PTPN1-c-
Src-CEBPβ pathway [75]. This association between LD 
and ferroptosis suppression in colorectal cancer cells 
present an able choice for reversing therapy resistance 
in the cells by targeting de novo lipogenesis. However, 
defeating ferroptosis is not always possible by the can-
cer cells. Some inherent properties of them increases 
the vulnerability towards ferroptosis. For instance, in 
chronic lymphocytic leukemia, the expression of lipid 
transporting protein apolipoprotein E (Apo E) is very 
high, which leads to ferroptosis induction in these cells 
[76]. Additionally, the copper binding property of Apo 
E increases sensitivity towards ferroptosis, because 
copper helps autophagic degradation of GPX4 reduc-
ing ROS scavenging capacities of these leukemia cells 
[76, 77]. In spite of this, aggressive subtype of chronic 
lymphocytic leukemia is insensitive towards Apo E, i.e., 

they have lower expression of Apo E protecting them 
from ferroptosis, surging carcinogenesis.

Cholesterol metabolism
Cholesterol, which is a crucial component of cell mem-
brane also substantially affects ferroptosis apart from 
these core ferroptotic regulators like iron, glutamine, 
FAs, and glucose. Cholesterol is synthesized through the 
mevalonate cascade generating multiple sterol and non-
sterol intermediates, favoring cancer progression and 
metastasis [78]. The vital intermediates like squalene and 
isoprenoid intermediates like isopentenyl pyrophosphate 
(IPP), geranyl-PP, and farnesyl-PP, generated during the 
synthesis of cholesterol are associated with tumor sup-
pression due to their anti-ferroptotic function [79]. In 
lymphoma it was found that squalene protects the cells 
from oxidative ferroptotic cell death by altering the cel-
lular lipid profile, acting as a metabolite of antioxidant 
properties [80]. Alternatively, IPP regulates the func-
tion of GPX4 antioxidants by promoting the maturation 
of selenocysteine t RNA (Sec-tRNA) [81]. Specific Sec-
tRNA is then utilized in the translation of selenoprotein 
GPX4 to function as an RTA system [82, 83]. Addition-
ally, IPP and subsequent farnesyl-PP also produce 
electron shuttling biomolecule CoQ10, which again par-
ticipates in the RTA system of most cancers. Thus, inhibi-
tion of the mevalonate pathway through its rate-limiting 
enzyme HMGCR poses a potential ferroptosis inductive 
scenario in cancer cells.

Iron metabolism
The second form of metabolic pathway that represents 
the core of ferroptosis regulation system is iron metabo-
lism [84]. Aberrant iron homeostasis is a characteristic 
feature of cancer cells, and this is regulated by various 
proteins that includes transferrin, transferrin receptor 
1 (TFR1), and divalent metal transporter 1 (DMT1). 
Transferrin forms a complex with the circulating Fe3+ 
and binds to TFR1, then the whole complex is endocy-
tosed. Within the endosome the Fe3+ is then converted 
to Fe2+, and then released into the labile iron pool (LIP) 
via divalent metal transporter 1 (DMT1) [85]. The LIP is 
the cytosolic pool of cheatable iron, comprising mainly 
of Fe2+ ions, which has a multifaceted function. On one 
hand, LIP functions as a source of iron storage and sup-
plementation within the cells in the form of ferritin, 
and de novo biosynthesis of Fe-S clusters [86]. On the 
other hand, this LIP also drives Fenton reaction, where 
the redox active Fe2+ couples to superoxides like H2O2 
to augment ROS generation, which eventually attacks 
PUFAs leading to ferroptosis [86]. Therefore, mainte-
nance of iron homeostasis is critical for ferroptosis reg-
ulation. To balance the redox active iron pool, cancer 
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cells upregulate the expression of ferritin as a protection 
against ROS generation, and thereby amplify cell prolif-
eration and growth [87]. However, transferrin and TFR1 
have a binate role in iron-dependent tumorigenesis. 
Import of iron by these two causes ferroptosis as well. 
Unsurprisingly, cancer overcomes this stress by upregu-
lating RTA systems especially the GPX4 system [37, 88].

Glucose metabolism
The pioneer aspect of metabolic plasticity in cancer cells 
deals with metabolic reprogramming of glycolysis. The 
aerobic glycolysis in cancer cells serves as the core of 
energy production in the form of ATP and NADH [89]. 
It provides necessary metabolic intermediates for vari-
ous biosynthetic processes to support tumorigenesis [90]. 
Eventually the altered glucose metabolism, i.e., War-
burg effect, in the cancer cells prompts cell death escape 
including ferroptosis [91]. Moreover, the mitochondrial 
functioning in ferroptosis ties the link between the War-
burg effect and ferroptosis. The mitochondrial enzyme 
DHODH associated with ETC Complex III converting 
CoQ10 into CoQ10H2, suppresses ferroptosis under the 
Warburg effect but in its absence generates ROS [92]. 
This phenomenon effectively attenuates the threat to lipid 
peroxidation-mediated ferroptotic death of cancer cells. 
Furthermore, the glucose- 6-phosphate produced dur-
ing glycolysis, can also enter into the pentose phosphate 
pathway (PPP) leading to increased NAD(P)H genera-
tion. This NAD(P)H is further utilized by FSP1 enzyme 
to form CoQ10H2 and thereby restrict ferroptosis. Addi-
tionally, NAD(P)H indirectly supports the synthesis of 
GSH via donating hydrogen ions to cystine to generate 
cysteine, and eventually strengthening the GPX4 antioxi-
dant machinery [93].

In parallel to glycolysis, glucose itself plays a critical 
role in ferroptosis regulation. Glucose starvation in the 
cells attenuates the prevalence of ferroptosis. Depleted 
glucose levels result in the activation of AMPK, which 
phosphorylates and inhibits the activity of ACC. In lipid 
metabolism ACC plays a crucial role in fatty acid bio-
synthesis, phosphorylation of ACC inactivates it, and 
halts lipid biosynthesis pathway, subsequently limiting 
the availability of PUFA for peroxidation reaction to that 
would otherwise trigger ferroptosis [94, 95]. The impor-
tance of glucose in ferroptosis regulation is further sup-
ported by the contribution of SLC2 A1-mediated glucose 
uptake in stimulating the SLC7 A11-inhibitor-induced 
ferroptosis in an ALOX5-dependent way [96]. Moreover, 
one of the end products of glycolysis, pyruvate, is either 
fermented to produce lactate or oxidized to form acetyl-
CoA. The acetyl-CoA is further utilized in the citric acid 
cycle and subsequently FA and PUFA-oxidation medi-
tated ferroptosis. However, pancreatic cancer cells have 

been reported to be exempted from this stress by pyru-
vate dehydrogenase kinase 4 (PDK4). PDK4 is a cytosolic 
enzyme, which efficiently phosphorylates and inhibits 
pyruvate dehydrogenase (PDH) activity. As a result, PDH 
is unable to oxidize pyruvate to form the acetyl-CoA, 
and thus, the entry of pyruvate in the mitochondria is 
restricted. Subsequently, the feasibility of ROS genera-
tion and ferroptosis induction is limited within the can-
cer cells, both by suppressed oxidation of pyruvate and 
reduced mitochondrial activity [97]. However, pyruvate 
oxidation to produce acetyl-CoA is also a vital phenom-
enon of cancer cells. Acetyl-CoA is a precursor molecule 
of FA synthesis which even though in the long run partic-
ipates in ferroptosis induction through PUFA generation, 
is important for cell proliferation and membrane synthe-
sis [98]. Beta-oxidation has been shown to suppress fer-
roptosis by utilizing acetyl-CoA to generate energy from 
PUFAs by the action of 2,4-dienoyl-CoA-reductase1 
(DECR1) thereby limiting the availability of un-esterified 
PUFAs. In prostate cancer, the upregulated DECR1-
mediated beta-oxidation of PUFAs not only protects the 
tumor from ferroptosis but also correlates with poor sur-
vival and treatment resistance [99, 100].

Tumor microenvironment in ferroptosis resistance
The immune surveillance of the cancer cells comprises of 
both immune and non-immune components that are pre-
sent within the TME. This TME immensely regulates the 
tumorigenic phenotype of many cancers in pro-cancer-
ous as well as in anti-cancerous manner [101]. The tumor 
niche that forms the TME consists of endothelial cells 
(EC), extracellular matrix (ECM), CAFs, tumor-associ-
ated macrophages (TAMs), tumor-infiltrated neutro-
phils (TINs), myeloid derived suppressor cells (MDSCs), 
regulatory T-cells (Treg), cytotoxic T-cells (Tc), natural 
killer cells (NKs), tumor-infiltrating lymphocyte B-cell, 
immune-inflammatory cells, etc. along with adipose cells, 
blood and lymphatic vascular networks [102]. Positive 
regulation of TME on tumorigenesis involves invasion 
and metastasis promotion, angiogenesis, tumor destruc-
tion evasion, enhanced pro-tumorigenic inflammation, 
and cell death resistance [103]. The association of TME 
with ferroptosis regulation encompasses all of the above 
factors (Fig. 3), which are also listed in Table 1.

TAMs
 Among all the immune cells present within the TME, 
iron metabolism and ferroptosis are mostly studied in 
TAMs. TAMs secrete ferritin which promotes both, the 
cancer cell growth and metastasis, and hence their abun-
dance is associated with poor prognosis of cancer [113, 
114]. In murine model of breast carcinoma, Heme oxy-
genase (HO- 1) inhibition through Zinc-Protoporphyrin 
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IX, not only reduced cancer growth, but also promoted a 
macrophage phenotype switching from M2 (pro-tumori-
genic) to M1 (anti-tumorigenic) within the TAMs [115].

Under environmental stresses within the TME, K-Ras 
is released in the form of DAMPs during autophagy-
dependent ferroptotic cell death of cancer cells. The 
released K-Ras are then taken up by the nearby mac-
rophages which subsequently undergo STAT3-mediated 
FA oxidation and alter the polarization to M2 subtype, 
which not only promotes tumor progression but also cor-
relates with reduced survival of cancer patients [116]. 
This phenomenon displays the duality of ferroptosis in 
cancer biology, and exclusively ascertains the fact that 
ferroptosis induction for tumor regression is not always 
beneficial for the host. However, this TAM polarization 
form M1 to M2, can be reversed by targeting lipid trans-
port regulatory protein, apolipoprotein C1 (APOC1). 
Inhibition of APOC1 in TAM clusters of hepatocellular 
carcinomas resulted in increased iron accumulation and 
RTA system downregulation leading to increased M1 
polarization via ferroptotic pathways, eventually reduc-
ing the tumor burden [117]. Iron level of TME can also 
alter M1/M2 polarization as enhanced iron level endorse 
the M1 polarization through increased ROS and p53 
acetylation [118]. M1 sequester iron in ferritin within 
LIP, while M2 macrophages internalize, process and dis-
charge iron at greater rates and have superior LIP [119]. 
Usually, M1 macrophages are more resistant to ferropto-
sis than M2 due to higher level of iNOS expression in M1 
phenotype, despite the similar levels of GPX4 and ACSL4 
in M1 and M2 subsets [120]. Enhanced iNOS expression 
resulted in higher yields of NO• and free radicals which 
interact with lipid peroxides and efficiently quench their 
assimilation into the membrane.

In breast cancer, especially in triple negative breast 
cancer (TNBC), TAM exhibits pro- tumorigenic role by 
averting ferroptosis. The communication between TNBC 
and the surrounding TAMs results in the secretion of 
TGF-β1 by TAMs. TGF-β1 binds to TGF- β1R on the 
TNBC cells, and subsequently activates hepatic leukemia 

factor (HLF). Active HLF then transactivates the produc-
tion of IL- 6 as well as the ferroptosis suppressing protein, 
gamma-glutamyl transferase 1 (GGT1). IL- 6 produced 
by the TNBC cells promotes TGF-β1 secretion by TAMs 
through JAK-STAT, and GGT1 foster ferroptosis resist-
ance in TNBC cells via enhanced intracellular GSH pro-
duction. GGT1 is a plasma membrane bound protein 
that catalyses the breakdown of extracellular GSH to its 
component amino acids which are internalized by the cell 
to form intracellular GSH and thereby utilized by GPX4 
for ferroptosis as well as oxidative burden suppression 
[104]. Additionally, the dual role of ferroptosis in both 
immunosuppression and stimulation in tumor immunity 
is exemplified by the type of cell undergoing ferroptosis.

TINs
 The immunosuppressive tumor-infiltrating neutro-
phils (TINs) inflict a significant role in ferroptosis 
surveillance. TIN shields breast cancer cells against 
ferroptosis and promotes metastasis. In metastasiz-
ing breast cancer cells, TINs upregulate the activity of 
aconitate decarboxylase 1 (Acod1). Acod1 is primar-
ily an enzyme found in mitochondria which catalyses 
the formation of itaconate from Cis-aconitate. This 
enzyme is emerged as a key regulator of immunome-
tabolism during infection and inflammation. The ita-
conate thus formed, removes the Keap1 suppression 
on Nrf2 and activates it. The transcription factor Nrf2, 
then initiates the transcription of RTA system genes 
like GPX4 and glutamate-cysteine ligase catalytic sub-
unit (GcLc) to bypass oxidative damage-mediated fer-
roptotic response. The presence of this TIN/Acod1/
anti-ferroptosis axis assists the cells to survive in the 
hostile TME. In addition, this association also suggests 
a possible approach for synergistic anti-cancer therapy 
targeting TIN regulation through Acod1 inhibition 
[105, 106]. Interestingly, a pro-cancerous role of fer-
roptosis in cooperation with neutrophils has also been 
reported. Neutrophils in glioblastoma foster tumor 
growth by triggering necrosis [121]. Although necrosis 

Table 1  Summary table of immune cells regulating ferroptosis

Cell type Effect on ferroptosis in cancer cells Key mediators Reference(s)

TAMs Promote ferroptosis resistance TGF-β1 → HLF → GGT1 → GSH elevation [104]

TINs Promote ferroptosis resistance Acod1→ Nrf2 → GPX4/GcLc → ROS scavenging [105, 106]

MDSCs Promote ferroptosis resistance IL-6 → JAK2/STAT3 → System Xc- → GSH elevation [107, 108]

T-Cells Promote ferroptosis induction i. IFN- γ → System Xc-/GSH/GPX4 inhibition → ROS and LLPs accumulation
ii. ACSL4 → PUFA generation → LLPs accumulation

[109, 110]

NK Cells Promote ferroptosis induction IFN- γ → System Xc-/GSH/GPX4 inhibition → ROS and LLPs accumulation [111]

DCs Promote ferroptosis resistance NOX2 → ROS accumulation → DC ferroptosis → antigen presentation 
reduced → anti-tumor immune escape

[112]
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is a form of cell death, but it supports tumor progres-
sion under insufficient blood supply or nutrient star-
vation [122]. During the development of tumors, early 
tissue damage recruits the neutrophils, which trans-
fer certain myeloperoxidases containing granules in 
some of the growing tumor cells. In these tumor cells, 

myeloperoxidases induce lipid peroxidation and mem-
brane disintegration but promotes overall tumor pro-
gression. It was reported that neutrophil-mediated 
ferroptosis of glioblastoma cells results in necrosis 
development during the advancement of tumor and 
that’s why ferroptosis has also recently been regarded 
as a form of regulated necrosis [121, 123].

Fig. 3  Ferroptosis regulation by TME. The TME comprising of multiple immune cells regulate ferroptosis of cancer cells in both anti-tumorigenic 
as well as pro-tumorigenic. The anti-tumorigenic effect is induced only by T-Cells, NK cells, and MDSCs cells (left panel). Both T-cells and NK 
cells secretes IFN-γ, which thereby inhibits the system Xc−/GSH/GPX4 axis, thereby inducing ferroptosis in cancer cells. The MDSCs secretes IL- 6 
and cause iron imbalance in the cancer cells, resulting in Fenton reaction-mediated ROS generation, lipid peroxidation and ultimately ferroptosis 
in cancer cells. Alternatively, the pro-tumorigenic regulation of ferroptosis is supported by MDSCs, T-Cells, TINs, TAMs, DCs, and NK cells (right 
panel). ① MDSCs secretes IL- 6 to activate JAK2/STAT3 pathway which then activates system Xc−/GSH/GPX4 axis to resist ferroptosis in cancer cells. 
Additionally, MDSCs sequesters Cys in the TME and make the T-Cells undergo ferroptosis. ② T-cells ferroptosis is moreover facilitated by cancer 
cell regulated CD36-mediated FA uptake in T-cells, which further favours PUFA generation leading to peroxidation of lipids. ③ TINs aids ferroptosis 
resistance in cancer cells by Acod1-mediated release of Keap1 inhibition on Nrf2 that promotes the transcriptional activation of the GPX4 and GcLc 
antioxidant gene to enhance ROS scavenging in the cells. In addition, TINs also induce ferroptosis of cancer cells at early stage and thereby 
necrosis of cancer cells to provide energy to proliferating cancer cells. ④ TAMs secrete TGF-β1, which activates HLF/GGT1 axis to enhance GSH 
production and reduce ferroptosis prevalence in cancer cells. The HLF activation in TINs further releases IL- 6 creating a positive feedback loop 
of TGF-β1 signaling via JAK/STAT axis. ⑤ DCs itself undergo ferroptosis via NOX2-mediated ROS generation, and also losses its function by the effect 
of tumor-derived exosome induced PPARα signaling, which reduces the antigen presenting capacity by LD accumulation and FA oxidation. ⑥ 
NK cells also themselves undergo ferroptosis within the TME, PPARα-mediated lipid accumulation and, the glucose deprived TME- Nrf2 inhibition 
collectively cause lipid peroxide accumulation, and thereby ferroptosis of NK cells. Acod1: aconitate decarboxylase 1, CAF: cancer associated 
fibroblast, Cys: cysteine, Cys2: Cystine, CD36: Clusters of differentiation 36 (fatty acid transporter), DC: dendritic cells, ECM: extracellular matrix, FA: 
fatty acid, GcLc: glutamate-cysteine ligase catalytic subunit, GGT1: gamma-glutamyl transferase 1Glu: glutamate, GPX4: glutathione peroxidase 
4, GSH: glutathione, GSSG: oxidized glutathione, HLF: hepatic leukemia factor, IFN- γ: interferon-γ, IL- 6: interleukin- 6, JAK2: janus kinase 2, Keap1: 
kelch-like ECH-associated protein 1, LD: lipid droplet, LIP: labile iron pool, MDSCs: myeloid-derived suppressor cells, M1: macrophage type 1, 
M2: macrophage type 2, NADH: nicotinamide adenine dinucleotide (hydrogen), (reduced form), NAD(P)H: nicotinamide adenine dinucleotide 
phosphate NK: natural killer cells, NOX2: NADPH-oxidase Nrf2: nuclear factor erythroid 2-related factor, PLOH: phospholipid alcohol, PLOO•: 
phospholipid hydroperoxyl radical, PPARα: peroxisome proliferator-activated receptor alpha, PUFAs: polyunsaturated fatty acids, ROS: reactive 
oxygen species, TIN: tumor-infiltrating neutrophils TGF-β1: transforming growth factor-beta1, TGF-β1R: transforming growth factor-beta receptor 
type 1, STAT3: signal transducer and activator of transcription 3, SLC3 A2: light chain subunit of System Xc- (cystine/glutamate antiporter), SLC7 
A11: light chain subunit of System Xc- (cystine/glutamate antiporter), Blue lipid bilayer: T-cell membrane, Yellow lipid bilayer: DC membrane, Black 
arrows: TME cell signaling, Red arrows: ferroptosis commencing signal



Page 12 of 22Bhowmick et al. Molecular Cancer          (2025) 24:161 

MDSC
 Myeloid-derived suppressor cells (MDSCs) are known 
for their immunosuppressive function on T-cells and nat-
ural killer (NK) cells. Abundance of MDSCs in tumors is 
usually linked with a poor prognosis, however cross-talk 
among TAMs and MDSCs within TME further height-
ens both of their suppressive functions [124, 125]. IL- 6 
is markedly associated with MDSC accumulation; how-
ever, IL- 6 plays dual role within TME with respect to fer-
roptosis [107]. IL- 6 released from the myeloid cells can 
endorse ferroptosis resistance in cancer cells by enhanc-
ing the transcription of system Xc− via JAK2/STAT3 
signaling [108]. Conversely, IL- 6 can also induce ferrop-
tosis by disrupting the iron homeostasis [126]. This dual-
ity of IL- 6 is because of its capability to possess both cis 
and trans signaling. The anti-ferroptotic role of IL- 6 is 
associated with its cis-signaling pathway where it binds 
to cell surface receptor activating the downstream path-
ways. However, the pro-ferroptotic role is implicated by 
the trans-signaling pathways where IL- 6 binds to soluble 
transferrin, thereby compromising their homeostasis but 
enhancing iron-induced toxicity [127]. Moreover, IL- 6 
secreted by CAFs, augments the production of MDSCs, 
which in turn strengthens ferroptosis resistance of cancer 
cells [128, 129].

In addition, ferroptosis of MDSCs play a crucial role 
in anti-cancer immunosuppression. During MDSC fer-
roptosis, it releases oxidized phospholipids which curbed 
T-cell expansion. MDSCs may also indirectly arbitrate 
inhibitory effects on T-cells through other ferroptosis-
promoting mechanisms. It is reported that absence of 
a functional system Xc− within naive T-cells makes 
them extremely vulnerable as they are unable to import 
cysteine which is essential for their function and genera-
tion of GSH [130]. Hence, as MDSCs can import cysteine 
from TME but lack required machinery to export, they 
sequester the available cysteine and deprive T-cells [131]. 
Therefore, MDSCs render T-cells highly sensitive to fer-
roptosis by indirectly depleting their GSH production 
potential.

T‑cell
  CD8 + T-cell and CD4 + T helper (Th) cell subsets 
have different metabolic programs linked to their effec-
tor function and differentiation. Ferritin deprivation or 
CD71 blockade during T-cell activation, play pivotal role 
in activation and proliferation of CD8 + T-cells and CD4 
+ T-cells [132, 133]. Th1 cells are sensitive to low iron or 
iron withdrawn conditions. Additionally, both Th17 and 
T follicular helper (Tfh) cells depend on iron for their dif-
ferentiation, while Th17 cells also require iron for IL- 17 
production [134]. Among CD4 subsets, Treg contain less 
labile iron compared to Th1 cells, in spite of less CD71 

expression [135]. Wu et al. showed that with low levels of 
free iron, Tregs can express higher levels of ferritin heavy 
chain (FTH) than conventional T-cells, prerequisite for 
maintenance of a stable intracellular iron homeostasis 
[136]. The high FTH expression also affects FOXP3 tran-
scription by modulating ten-eleven translocation (TET) 
dioxygenase activity. TET dioxygenase demethylates the 
FOXP3 locus and thereby maintain high FOXP3 Treg lev-
els. Therefore, targeting the iron regulation destabilizes 
Tregs in the TME and thus induce ferroptosis. Interest-
ingly, iron promotes glycolytic activity in T-cells [137], 
and mTORC1 signaling [132], which suppresses ferropto-
sis. However, Feng et al. revealed that iron homeostasis in 
Tregs was regulated by MEK-ERK signaling which regu-
late CD71 expression and was independent of mTORC1 
signaling [138].

Mostly, ferroptosis of immune cells causes immuno-
suppression whereas cancer cells undergoing ferroptosis 
promotes anti-tumor immunity [139]. On one end, secre-
tion of interferon-γ (IFN- γ) by activated CD8 + T-cells 
within the TME kills the cancer cells through ferroptosis. 
The secreted INF-γ inhibits the system Xc−/GSH/GPX4 
axis along with an increase in ACSL4 activity to expand 
the lipid-ROS burden [109, 110]. Opposingly, cancer cells 
undergoing ferroptosis release DAMPs like high mobil-
ity group box  1 (HMGB1), certain AA metabolites, and 
Prostaglandin E2 (PGE2) to survive and escape antitumor 
immune response [140]. Additionally, Bi-allelic deletion 
of GPX4 significantly reduced CD8 + T-cell numbers 
in the periphery while keeping CD4 + T-cells and Tregs 
intact, revealing differential need and sensitivity of fer-
roptosis within different T-cell subsets [141]. The CD8 
+ T-cell suppression in the TME is further associated 
with the overexpression of selenoprotein I (SELENOI) 
in ovarian cancer. SELENOI, a transmembrane protein, 
not only exerts anti-tumor immune response suppression 
but also reduces the expression of ferroptosis inducing 
ACSL4 and promotes Akt phosphorylation to support 
ovarian cancer cell proliferation and survival. Platin-
based chemotherapeutic drug resistance in ovarian can-
cer is also linked to upregulated action of SELENOI. 
However, the core cellular pathways involved in SELE-
NOI associated anti-ferroptosis features in ovarian and 
other cancer cells remains to be elucidated [142].

NK Cells
 Natural Killer (NK) cells are innate lymphoid cells with 
highly cytotoxic and pro-inflammatory properties that 
play a central role through both direct killing of tumors 
and the release of pro-inflammatory cytokines that fur-
ther stimulate anti-tumor immune responses [143]. Like 
T-Cells, NK cells also release IFN- γ to induce ferropto-
sis and kill cancer cells via system Xc-/GSH/GPX4 axis 
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inhibition [111]. Moreover, recent reports reveal that fer-
roptosis itself may play a key role in NK cell dysfunction. 
NK cells become highly glycolytic in an mTOR depend-
ent manner during their activation and increases CD71 
expression for iron uptake [144]. The peroxisome prolif-
erator-activated receptor (PPAR) pathway is dysregulated 
in NK cells, leading to lipid accumulation and worse anti-
tumor responses [145]. Hence, an iron-starved, lipid-rich 
TME skews NK cell to a dysfunctional state that dampens 
the anti-tumor immunity. In addition, when NK cells are 
co-cultured with ovarian cancer patient ascites become 
dysfunctional with augmented expression of lipid per-
oxidation and ferroptosis genes. Conversely, activation 
of Nrf2 dependant anti-oxidation pathway rescued their 
function [146].

DC
  Dendritic cells (DCs) are professional antigen present-
ing cells that migrate to tissues and process soluble and 
cell-associated antigens and presents to T-cells. Stud-
ies on ferroptosis in DCs are limited. Absence of GPX4 
failed to alter total splenic DC population in mice [147]. 
Several evidences suggest that lipid oxidation and fer-
roptosis might be a critical regulator of DC functions. 
ROS production within DC by NADPH-oxidase (NOX) 
complex, NOX2 derive lipid peroxidation and membrane 
damage in endosomes may result in antigen leakage in 
cytosol hampering efficient antigen cross-presentation 
to CD8 + T-cells [112]. This situation may be reversed 
by α-tocopherol which acts as ROS scavenger. Tumor-
derived exosomes carrying excessive FA to DCs resulted 
in decreased antigen presentation through the PPARα-
mediated metabolic reprogramming associated to greater 
lipid droplet biogenesis and FA oxidation [148]. Tumor-
derived factors upsurge lipid peroxidation in mouse DCs 
to trigger the transcription factor XBP1 which enhances 
lipid droplet production and diminish the antigen pres-
entation [149].

B‑cells
 B-cell subsets capture a critical place within the TME, 
yet their role is indefinite and multifaceted [150]. Moreo-
ver, these B-cell lymphocytes may have differential sen-
sitivities to ferroptosis, with GPX4 being required for 
B1 and marginal zone B-cell survival but extraneous in 
the development of B2 cells [151]. However, very little is 
known about B-cells in ferroptosis regulation of cancer 
cells, which requires more research.

Conclusively, in spite of this, the role of ROS, iron 
accumulation and thereby ferroptosis in tumorigen-
esis remains elusive. However, future research will deci-
pher how different sources and mechanisms of lipid 

peroxidation in different immune cells depend upon iron 
and counter balance their functions within the TME.

Convergence of immuno‑metabolic environment 
in ferroptosis regulation
Metabolic reprogramming and immunogenic modifica-
tion are the two core cellular systems that underlies the 
robustness of carcinogenesis. However, the convergence 
of these two core processes of cancer cells has greater 
impact on cancer development and progression. The 
integration as well as the cross-talk between tumor 
metabolism and immunogenic activity give rise to an 
immuno-metabolic environment at the tumor site within 
the TME. This immune-metabolic environment is often 
reprogrammed, and is governed by several factors such 
as nutrient and oxygen availability, vasculature system, 
and the heterocellular i.e., tumor and non-tumor cell 
metabolism and immune response. Consequently, the 
immuno-metabolic environment also reinforces ferrop-
tosis regulation and resistance in the cancer cells (Fig. 4).

The upregulated metabolic activity of cancer cells 
transforms the TME into a hypoxic acidic, and ketone 
body rich space. Hypoxia is an inherent property of 
tumor progression, while rapidly proliferating cancer 
cells enhances glucose utilization, which ultimately 
leads to lactate production-mediated acidification of 
the TME. These conditions are harmful to normal cells; 
however, cancer cells have evolved themselves to sur-
vive such conditions via several machineries. One of 
which is the activation of HIF proteins like HIF1α, and 
HIF2α. HIF1α is not only helpful for angiogenesis, cell 
proliferation, metastasis of cancer cells, but it has also 
been reported to facilitate ferroptosis resistance [152]. 
In solid tumors, HIF1α activates the transcription of 
SLC7 A11 gene, and eventually increases its activity 
in the cancer cells. SLC7 A1 is the transporter of glu-
tamate, therefore high levels of glutamate inside the 
cell strengthens the functioning of classic anti-ferrop-
tosis axis, the System Xc−/GSH/GPX4 system [152]. 
Besides, HIF1α also promotes ferroptosis resistance 
by escalating lactate production. HIF1α binds to gly-
colytic genes like GLUT1, HK1, and LDHA, upsurging 
Warburg effect and reducing ROS generation. Moreo-
ver, this lactate-rich TME demonstrates an immune-
metabolic feedback loop regulating ferroptosis and 
immune escape. On end, cancer cells take up the lac-
tate from TME via hydroxycarboxylic acid receptor 
1 (HCAR1)/monocarboxylate transporter 1 (MCT1). 
Subsequently, SREBP1/SCD1 axis is activated to pro-
duce MUFAs instead of PUFAs by inhibiting AMPK 
signaling, leading to ferroptosis resistance in the can-
cer cells [153]. On the other end, the metabolic waste 
like lactic acid and hypoxic conditions impairs immune 
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cells functioning, particularly T-Cell and NK cells. NK 
cells require glucose as their primary source of meta-
bolic fuel, and glucose starvation in TME due to high 
metabolic demands of cancer cells, often leads to oxi-
dative damage in NK cells impairing their anti-tumor 
functions [146]. Similarly in T-Cells, glucose depriva-
tion results in suppressed glycolysis and mitochondrial 
function resulting in dysfunctional T-cell anti-tumor 
effect. All these factors ultimately foster immune 
escape of cancer cells [154]. However, in parallel to the 
impact of cancer cell metabolism on HIF1α activation 
in TME, the ferroptotic cancer cells releasing DAMPs 

in the form of HMGB1 also activates HIF1α signaling. 
Here, HIF1α leads to the transcriptional activation of 
CD274 (also known as PD-L1) which in turn causes 
immune suppression. CD274 is an inhibitory receptor 
of T-Cell, functioning as immune checkpoint, and thus 
due to increased expression of CD274 T-cell loses its 
anti-tumor effect, permitting tumor progression [111]. 
In addition, the PD- 1/PD-L1 axis is also influenced by 
receptor-tyrosine kinase known as TYRO3. The TYRO3 
represses the anti–PD- 1/PD-L1 triggered ferroptosis 
of cancer cells by promoting Nrf2 expression and anti-
oxidant functioning. Along with this TYRO3 also alters 

Fig. 4  The network of Immuno-metabolic environment in ferroptosis resistance. The immuno-metabolic environment corresponds to the cross-talk 
between cancer cells, stromal cells like CAFs, and immune cells like T-cell, Tregs, DCs, M1 macrophages, M2 macrophages, MDSCs, and TINs. The 
cancer cells take up glucose and Trp from the TME, to produce lactate via Warburg effect and Kyn rich by Trp degradation, thereby making the TME 
acidic and Kyn-rich. Additionally, the CAFs release KBs in the TME, increasing the KB content high, and due to lower levels of oxygen, the TME 
is inherently hypoxic. All these four factors (high acid, Kyn and KB content with low oxygen) collectively promotes cancer progression. Parallelly, 
the cancer cells undergoing ferroptosis also favours pro-tumorigenic condition via the release of DAMPs like HMGB1 and K-Ras. All these factors 
together result in inhibition of ferroptosis-mediated tumor regression by promoting anti-tumor immune escape of the cancer cells. Mechanistically, 
the glucose deprived, lactate and Kyn rich condition impairs the function of T-cells, DC, NK, cells by generating Tregs, reducing antigen presenting 
capacity, inducing ferroptosis, respectively and additionally intensifies M2 polarization of macrophages for anti. The hypoxic condition activates 
HIF1α transcription, leading to HIF1α signaling upregulation, which thereby increases Warburg effect and PD-L1/PD- 1 signaling, and decreases 
ferroptosis in cancer cells. The DAMPs released by cancer cells as well as IL- 6 released by CAFs, activates MDSCs, thereby promoting anti-tumor 
immune escape. The TINs also promote cancer progression. Overall, the immuno-metabolic environment created by the cancer-non-cancer cell 
cross talk promotes cancer by inhibiting ferroptosis-mediated tumor regression and ferroptosis of cancers. AHR: aryl hydrocarbon receptor, CAF: 
cancer associated fibroblast, DAMPs: damage-associated molecular patterns, DC: dendritic cells, HIF1α: hypoxia-inducible factor 1-alpha, HMGB1: 
high mobility group box 1, IDO: indoleamine 2,3-dioxygenase, IL- 6: interleukin- 6 KB: ketone bodies, K-Ras: Kirsten rat sarcoma viral oncogene 
homolog, Kyn: kynurenine, MHC: Major histocompatibility complex, MDSC: myeloid-derived suppressor cells, M1: macrophage type 1, M2: 
macrophage type 2, NK: natural killer cells, ROS: reactive oxygen species, PD- 1: programmed cell death protein 1, PD-L1: programmed death-ligand 
1, TIN: tumor infiltrating neutrophil, Treg: regulatory T-cells, Trp: tryptophan, Narrow arrows: signaling, Broad arrows: activation of the molecule/cell, 
Dotted arrows: indirect effect
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the M1/M2 macrophage ratio in TME, which ultimately 
establishes a pro-tumorigenic TME devoid of ferropto-
sis prevalence [155].

Moreover, apart from glucose, the immuno-metabolic 
environment also involves cholesterol and amino acid 
metabolism in the ferroptosis-mediated regulation of 
carcinogenesis. Cholesterol upregulates the expression 
of FA transporter protein CD36, thereby increasing FA-
uptake in the CD8 + effector T-cells. Increased FA uptake 
then drives the peroxidation of lipids, and induces fer-
roptotic cell death of CD8 + T-cells, uplifting immune 
escape through T-cell depletion with the TME [156]. 
In regard to amino acid metabolism, tryptophan (Trp) 
metabolism, especially, Trp degradation pathway has 
been proven to be crucial for cancer cell proliferation, 
metastasis and immune escape [157]. Several enzymes 
such as indoleamine 2,3-dioxygenase (IDO), tryptophan 
2,3-dioxygenase (TDO), and the intermediate byproduct 
Kynurenine (Kyn), involved in Trp degradation, play a 
major role in anti-tumor immune surveillance and tumor 
progression. Within the TME, cancer cells upregulate the 
IDO induced rapid degradation of Trp, and increases the 
amount of Kyn. This IDO/Kyn axis play dual role in sup-
porting carcinogenesis. The Kyn effectively suppresses 
ferroptosis in cancer cells [158]. SLC7 A11, the core of 
cystine/glutamate antiporter overexpressed in cancer 
cells, imports Kyn in IDO1 non-expressing cancer cells. 
Later on, the imported Kyn is converted to its down-
stream derivatives like 3-hydroxyanthranilic acid (HAA) 
and 3-hydroxykynurenine (3HK), Nicotinamide adenine 
dinucleotide (NAD +), which then activates Nrf2 signal-
ing to facilitate ROS scavenging and inhibit ferroptosis in 
the cancer cells [158]. Alternatively, L-Kyn alters the anti-
cancer immunogenic response in the TME. It reduces the 
proliferation of CD8 + T-cells and promotes the genera-
tion of Tregs through aryl hydrocarbon receptor (AHR) 
signaling, leading to effector T-cell exhaustion within the 
TME. In addition, the IDO-L-Kyn-AHR axis also impairs 
NK cell and macrophage functioning, as well as engages 
PD- 1/PDL- 1-mediated cancer cell proliferative and 
survival pathways [159]. Moreover, L-Kyn has also been 
reported to act independent of AHR signaling and induce 
ferroptosis of NK cells intensifying immune escape of 
cancer cells [160]. Therefore, L-Kyn critically regulate 
carcinogenesis through a bidirectional ferroptosis asso-
ciated feedback loop, and possess a potential target for 
anti-cancer therapies.

Despite the fact that cancer cells tend to rely on glucose 
creating an acidic environment at TME, the non-classical 
characteristic of TME is the enrichment of ketone bod-
ies (KB). KB are produced during lipid metabolism. Even 
though cancer cells upregulates both glucose and lipid 
metabolism, KBs are produced by the stromal cells like 

CAFs [161]. The CAFs are reported to have dysfunctional 
mitochondria, which forces them to undergo ketogenesis 
to generate ATP. Eventually, CAFs secretes excess KBs 
with in the TME, which is not only toxic to normal cells 
but to cancer cells as well. These KBs within the TME has 
been reported to cause oxidative stress and ferroptosis 
[162]. Interestingly, a lipid bilayer structural protein, Cav- 
1 has been reported to be associated with KB-mediated 
ferroptosis regulation in cancer cells [33]. The toxicity 
of KBs downregulates Cav- 1, which otherwise would 
provide anti-ferroptotic protection to the cancer cells 
through its interaction with SLC7 A11 and AMPK/Nrf2 
signaling, enhancing the antioxidant machinery. Cav- 1 
also has been reported to inhibit excess Fe2+ accumula-
tion through FTH activity upregulation [163]. Moreover, 
the presence of Cav- 1 in lipid rafts, which are the key 
players in receptor mediated cell signaling, may also reg-
ulate immune cell types in the TME via TGF-β signaling, 
but limited information is available in this regard.

Furthermore, apart from tumor’s self-build immuno-
metabolic environment within the TME, anti-cancer 
drug treatment also interestingly builds an ferroptosis 
escaping environment for the cancer cells. Drug treat-
ment creates an even greater hypoxic condition within 
the TME to cause tumor reduction. However, the cross-
talk between tumor cells, tumor-EC, and adipocytes 
attributes to the regeneration of tumor post drug discon-
tinuation as well as during drug treatment. SCD1, the 
well-known ferroptosis regulator, and FABP4 has been 
proven to be typical for tumor regrowth. SCD1 present 
in cancer cells reduces ferroptosis via MUFA generation, 
while FABP4 activity of tumor-EC cells and adipocytes 
leads to LD production in hypoxic condition. As, a result 
PUFA generation is reduced and leading to reduced lethal 
lipid peroxides formation, which in turn resist ferroptosis 
and allows tumor relapse [164]. Moreover, a compelling 
role of ferroptosis in vasculature modification within the 
TME has also been reported. The high metabolic activity 
in TME facilitates pro-oxidative TME development, lead-
ing to the release of pro-angiogenic factor by both CAFs 
and cancer cells. This pro-oxidative TME is believed to be 
a result of ferroptosis which ultimately gives rise to EC 
hyperactivation and vessel-like structure formation mim-
icking angiogenesis [165].

Immuno‑metabolic environment, a prospective 
intervention against ferroptosis‑resistant cancer 
cells
The iron-dependent cell death, ferroptosis, being an 
aftermath of cell metabolism, provides a new perspec-
tive in cancer research. Today, multiple ferroptosis-
induction-based anti-cancer treatments are being used to 
effectively reverse therapy resistance in several cancers, 
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but cancer cell acquiring ferroptosis resistance sig-
nificantly limits their therapeutic potential. In parallel, 
ferroptosis itself displays certain paradoxes in carcino-
genesis, which interferes with ferroptosis-based cancer 
elimination. For instance, cancer cells undergoing fer-
roptosis releases certain types of DAMPs like K-Ras, 
HMGB1, and PGE2 that promotes the M2 polariza-
tion of macrophages, increases the expression of PD-L1 
immune checkpoint and effector immune cells infiltra-
tion to effectively create an immunosuppressive TME, 
which in turn favours cancer progression. In addition, 
it is also reported that TINs induce ferroptosis based 
lipid peroxidation in glioblastoma cells which results in 
necrosis of tumor cells in their early development. This 
ferroptosis-associated necrosis thereby supports the 
development and progression of cancer, most certainly 
by nutrient supplementation at the onset of carcinogen-
esis. Therefore, all these findings inclusively suggests that 
it is not only that the cancer cells regulate ferroptosis, 
but the ferroptosis, an outcome of cell signaling in the 
form of cell death, can itself regulate the development 
and progression of cancer like a feedback mechanism. 
Moreover, the feedback loops further exist in immuno-
metabolic environment of cancer cells within the TME. 
Glucose metabolism plays a major role in transform-
ing the immuno-metabolic environment. The release of 
lactate in the TME due to Warburg effect, on one hand 
helps ferroptosis escape of cancer cells, and alternatively 
kills the population of T-cells and NK cells by ferropto-
sis to promote cancer progression. Alongside, cholesterol 
metabolism also transforms the immuno-metabolic envi-
ronment in favour of cancer cells by inducing ferroptosis 
of cytotoxic T-cells while helping cancer cell prolifera-
tion. However, apart from these conventional metabolic 
regulators, the feedback loop of Trp, specifically its cata-
bolic derivative L-Kyn, and the catalyzing enzyme IDO, 
holds immense scope in anti-cancer therapies, as it effec-
tively impacts some crucial and most successful regula-
tors of cancer. L-Kyn firstly, favours ferroptosis resistance 
in cancer cells by upregulating Nrf2, the master regula-
tor of antioxidant machinery of cells. Secondly, it impairs 
both T-cell and NK cell anti-tumor response in the TME, 
and thirdly, it promotes PD- 1/PD-L1 mediated cancer 
progression. Therefore, Trp/IDO/L-Kyn axis is specu-
lated to be a potent anti-cancer therapeutic approach, 
as it influences master regulators of cancer progression. 
Moreover, application of immune checkpoint inhibitors 
(CKIs) in association with Trp metabolism inhibitor, 
or the development of combinatorial therapies includ-
ing CKIs, Trp metabolism modulators, as well as fer-
roptosis inducers, would also be favourable for effective 
eradication of cancer cells. Additionally, the implemen-
tation of CKIs like Anti-PD 1 (Nivolumab), along with 

glucose uptake inhibitors like Glutor, which is a selective 
inhibitor of GLUT 1/2/3, possess potential therapeu-
tic values to reverse cancer progression. This Anti-PD 
1/Glutor synergy will not only negatively affect the fer-
roptosis resistance abilities of cancer cells, but will also 
affect the TME in an anti-tumorigenic manner, suggest-
ing a TME-targeted therapy for anti-cancer treatment. 
Furthermore, the paradox of ferroptosis, especially the 
release of DAMPs and their effect in the TME, consider-
ably portrays ferroptosis as a form of immunogenic cell 
death (ICD). Conventionally, ICD refers to a type of regu-
lated cell death triggered by immune responses, resulting 
in release of DAMPs by the dying cells, which then acts 
as antigens to further enhance the immune responses. 
Opposingly, ferroptosis as ICD of cancer cells associates 
with anti-tumor immunosuppression. This phenomenon 
limits the standalone application of ferroptosis inducing 
drugs to reduce cancer, but suggests a striking anti-tumor 
therapeutic approach by utilizing ferroptosis inducers in 
combination with DAMP-recognizing receptor inhibi-
tors. This approach will allow targeted removal of cancer 
cells without the impairment of anti-tumor effector cells 
like T-cells and NK cells within the TME. Concurrently, 
synergistic therapeutic approaches involving immune 
cell type specific regulators along with a combination of 
ferroptosis inducer and metabolic drugs might also be 
advantageous against ferroptosis resistance of cancer 
cell following tumor regression. For instance, MDSCs 
targeting drugs, like the ones that inhibit the require-
ment of MDSCs at tumor site can be combined with glu-
tamine metabolic drugs like glutaminase- 1 inhibitors to 
effectively reverse ferroptosis resistance, and immune 
escape, targeting reduced cancer burden. Parallelly, the 
utilization of FA transport inhibitors, like CD36 inhibitor 
(SMS121) combined with PPARα agonists like fenofibrate 
and clofibrate would strengthen ferroptosis inducing 
anti-cancer therapies, by effectively killing cancer cells 
while protecting beneficial immune cells like T-cells and 
DCs.

Moreover, the interdependence of immuno-metabolic 
environment surpasses the traditional metabolic cues 
translating the distinct involvement of structural protein 
like Cav- 1. This lipid raft membrane protein has been 
reported to have multifunctional role in signal transduc-
tion, but its association with immuno-metabolic envi-
ronment to regulate ferroptosis in cancer cells and alter 
immune cell types in TME, presents novel approaches 
for anti-cancer treatment. Especially, the involve-
ment of Cav- 1 with KBs points towards the develop-
ment of TME-targeted anti-cancerous therapies. KBs 
or ketogenic diet has already been proven to be effec-
tive for the reduction of tumor burden. Accordingly, the 
administration of KBs combined with Cav- 1 inhibitors 
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will possibly dominate cancer eradication by promoting 
anti-cancerous TME via suppressing ferroptosis and anti-
tumor immune response escape as well as by inhibiting 
pro-oncogenic signal transduction in cancer cells.

Therefore, the immuno-metabolic ferroptosis resist-
ance network in the cancer cells unfolds an uncon-
ventional and futuristic anti-cancerous therapeutic 
landscape, directing towards a multi-layered destruction 
policy against cancer.

Future perspective and conclusion
The emergence of cancer cell’s sensitivity towards fer-
roptosis although have led to an immense growth in 
anti-cancer therapies, the understanding of ferroptosis 
resistance in cancer cells yet have unexplored sections. 
For instance, cancer cells require high amount of cho-
lesterol for cell proliferation, but this cholesterol rich 
condition results in oxidation of cholesterols leading 
to oxidative stress. Thus, it poses the question whether 
cholesterol oxidation has any effect on the ferroptosis 
prevalence in cancer cells, and if that so, how does these 
ever-proliferating cancer cells balance the oxidized and 
non-oxidized levels of cholesterol to resist ferropto-
sis. Simultaneously, the cholesterol-rich TME has been 
reported to be toxic for T-cells, but macrophages sur-
vive and undergo M2 polarization, therefore the mystery 
remains with the ability of macrophages to regulate cho-
lesterol oxidative to survive in TME and thereby promote 
cancer progression. Additionally, the immuno-metabolic 
cross-talk between cancer cells and macrophages also 
put forwards the question whether they have any coop-
erative effect in neutralizing cholesterol oxidation in their 
favour but triggering T-cell toxicity. Furthermore, the 
functional role of lipid transporters in TAMs to cause 
iron accumulation, and thereby favouring M1 polariza-
tion needs more understanding of how a lipid transporter 
protein cancer regulate iron uptake or release in the cells. 
The question further transcends to whether any bioac-
tive lipid molecule associates with iron to modulate iron 
transport and if so whether it can be utilized for direct-
ing iron accumulation in cancer cells to induce ferrop-
tosis by targeting the immuno-metabolic environments. 
Moreover, having discussed the therapeutic approaches 
of anti-cancer drug treatment to eliminate cancer cells, it 
intrigues to explore whether the treatment of these drug 
alters or transforms the metabolic as well as the immuno-
metabolic environment into ferroptosis resisting land-
scape to promote disease relapse. This area of anti-cancer 
drug induced alterations is less explored but crucial for 
understanding the plasticity of cancer cells and undoubt-
edly is a pristine domain of carcinogenesis to target for 
disease ablation.

In conclusion, ferroptosis has emerged as a new weapon 
in both targeting cancer cell’s therapy resistance as well as 
in cancer cell’s ability to resist anti-cancer therapies. There-
fore, the deciding factor for pro-tumorigenic or anti-tum-
origenic TME establishment is governed by dominance of 
one over the other, i.e., cancer cells over anti-tumor cells or 
vice versa. However, the flexibility of cancer cells in terms 
of metabolism, immune response and immuno-metabolic 
environment provides them an advantage to survive the 
hostile TME, while multiple challenges are encountered 
by anti-tumor cells to withstand the same TME. Overcom-
ing the earlier discussed challenges will set the stage for 
efficient redemption of anti-cancer therapies, particularly 
ferroptosis based therapies to use cancer’s own weapon 
against itself.
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