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Abstract
Iron is essential for cellular metabolism, redox balance, and proliferation, yet its redox activity generates reactive oxygen species (ROS) that 
can damage DNA, proteins, and lipids. Cancer cells exploit iron homeostasis mechanisms, including iron regulatory proteins, ferritinophagy, 
and hypoxia-inducible factors to maintain high intracellular iron, supporting metabolic reprogramming, antioxidant defenses, and therapy 
resistance. Iron-dependent lipid peroxidation drives ferroptosis, a regulated form of cell death uniquely dependent on iron. Ferroptosis is 
tightly controlled by metabolic and antioxidant pathways and mitochondrial ROS, as well as by lipid composition and polyunsaturated fatty 
acid availability. Ferroptosis also intersects with apoptosis and necroptosis, highlighting the central role of iron in cell fate and survival. 
Dysregulation of these pathways in cancer can sensitize cells to ferroptosis, creating a therapeutic vulnerability. Exploiting ferroptosis 
through modulation of iron availability, redox defenses, or lipid metabolism offers a promising anticancer strategy. However, tissue-specific 
iron dynamics, tumor heterogeneity, and interactions within the tumor microenvironment complicate clinical translation. Integrative 
approaches combining metabolic profiling, genetic analysis, and ferroptosis-targeted interventions will be critical to harness iron-dependent 
cell death while minimizing systemic toxicity. In this review, we explore the mechanisms through which cancer cells sustain high iron, 
evading associated toxicities and possible implications for integrating ferroptosis based therapies in clinical oncology.
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1. Introduction
Iron is an essential micronutrient required for virtually every form of life. Its unique ability to cycle between redox states allows it to 
participate in diverse biochemical processes, including mitochondrial respiration, DNA synthesis, oxygen transport, lipid metabolism, 
and regulation of epigenetic and transcriptional programs[1]. Despite its critical roles, iron is intrinsically toxic: free ferrous iron (Fe2+) 
catalyzes the generation of reactive oxygen species (ROS), while Fe2+ precipitates and becomes biologically inaccessible. To balance 
these competing demands and evade associated toxicity, organisms have evolved tightly regulated systems governing iron uptake, 
intracellular distribution, storage, and export at both cellular and systemic levels (Figure 1A).

Highly proliferative cancer cells develop a heightened dependence on iron, a phenomenon often described as “iron addiction” since 
iron not only supports crucial cellular metabolism but is involved in numerous oncogenic signaling pathways[2]. Tumor cells exhibit 
profound metabolic rewiring to sustain proliferation, survive oxidative stress, and to maintain a high intracellular pool even in 
nutrient-limited microenvironments. These alterations not only enhance cancer cell fitness but also create vulnerabilities that may 
be exploited therapeutically.

The sections below outline the fundamental mechanisms of cellular iron homeostasis and highlight how cancer cells reprogram these 
pathways. Together, this framework establishes the biological context for understanding iron-dependent metabolic adaptations and 
their therapeutic implications.
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Figure 1. Cellular iron homeostasis. (A) Cellular uptake, trafficking and export; (B) Mitochondrial trafficking and utilization for biogenesis of iron containing cofactors heme 

and iron sulfur clusters. Created in BioRender.com. CD44: cluster of differentiation 44 (cell surface glycoprotein); DMT1: divalent metal transporter 1 (SLC11A2); 

FDXR: ferredoxin reductase; FECH: ferrochelatase; FLVCR1b: feline leukemia virus subgroup C receptor 1b; FLVCR2: feline leukemia virus subgroup C receptor 2; 

FPN: ferroportin (SLC40A1); FTMT: mitochondrial ferritin; FXN: frataxin; GAPD: glyceraldehyde-3-phosphate dehydrogenase; HSC20: heat shock cognate 20; HSPA9: heat 

shock protein family A (Hsp70) member 9 (Mortalin); ISCU: iron-sulfur cluster assembly enzyme; ISD11: iron-sulfur cluster assembly protein ISD11 (LYRM4); LCN2: lipocalin 2; 

LCN2R: lipocalin 2 receptor; MCOLN1: mucolipin 1; MFRN1/2: mitoferrin 1/2 (SLC25A37/SLC25A28); NADH: nicotinamide adenine dinucleotide (reduced form); 

NAD+: nicotinamide adenine dinucleotide (oxidized form); NADPH: nicotinamide adenine dinucleotide phosphate (reduced form); NADP+: nicotinamide adenine dinucleotide 

phosphate (oxidized form); NCOA4: nuclear receptor coactivator 4; NFS1: NFS1 cysteine desulfurase; NFU1: NFU1 iron-sulfur cluster scaffold; PCBP1/2: poly(rC) binding 

protein 1/2; PGRMC1/2: progesterone receptor membrane component 1/2; PROM2: prominin 2; SCARA5: scavenger receptor class A member 5; SLCO2B1: solute carrier 

organic anion transporter family member 2B1; STEAP4: six transmembrane epithelial antigen of prostate 4; TANGO: transport and golgi organization protein (TANGO1, 

MIA3); TFRC: transferrin receptor (CD71); TIM2: T-cell immunoglobulin and mucin domain-containing protein 2; V-ATPase: vacuolar-type H+-ATPase; ZIP14: zrt- and irt-like 

protein 14 (SLC39A14).
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2. Iron Homeostasis
Iron homeostasis is tightly regulated because both deficiency and overload disrupt essential physiological processes. Insufficient iron 
limits energy production and nucleotide synthesis and slows the regeneration of rapidly renewing tissues such as erythrocytes, 
gastrointestinal mucosa, airway epithelium, and skin. In contrast, excess iron catalyzes oxidation of proteins, lipids, and DNA, 
contributing to inflammation and cell death, as seen in hereditary hemochromatosis and other iron overload disorders[3]. 
Systemically, iron homeostasis is achieved through coordinated regulation of dietary iron absorption, systemic distribution, 
erythropoiesis, and recycling of iron from the senescent red blood cells through reticuloendothelial macrophages. Similarly, at a 
cellular level, a precise balance among iron uptake, storage, utilization, and export ensures adequate supply while minimizing 
toxicity. Cancer cells increase iron uptake, restrict export, rewire storage dynamics, and remodel mitochondrial and cytosolic iron 
utilization to maintain a larger and more reactive labile iron pool (LIP)[4]. These adaptations allow tumors to exploit iron-rich 
microenvironments to sustain proliferation, reprogram metabolism.

2.1 Iron uptake

2.1.1 Dietary iron absorption
Iron recycling via degradation of old erythrocytes is very efficient, and normally about 1.1 mg of iron is absorbed from the diet to 
make up for the obligatory unregulated iron loss due to slouching of intestinal and dermal cells. However, intestinal iron absorption 
can be increased or decreased during iron deficiency, high erythropoietic demand, or iron overload, respectively[3].

The majority of the iron absorption occurs in the duodenum and proximal jejunum; however, small amounts of iron can be absorbed 
throughout the small intestine and colon. Luminal ferric iron (Fe3+) is first reduced to its ferrous form by the apical ferrireductase 
duodenal cytochrome B[5]. The Fe3+ is then transported into the enterocytes through divalent metal transporter 1 (DMT1), also known 
as SLC11A2[6] (Figure 1A). Beyond the GI epithelium, DMT1 is ubiquitously expressed and plays an essential role in cellular iron uptake 
(discussed later in Section 2.1.2). Once inside the cell, iron can either be bound to chaperone proteins for subcellular trafficking and 
storage through poly(rC)-binding protein (iron chaperone) and ferritin, respectively, or exported out of the cells and into the systemic 
circulation[7]. Colorectal cancer (CRC) cells overexpress DMT1 and disruption of DMT1 significantly reduces tumor number and 
burden[8].

Heme from dietary sources or hemolysis represents another major iron source, although the molecular mechanisms of intestinal 
heme absorption remain incompletely defined. HRG1 (SLC48A1) is a validated heme importer in macrophages and is expressed in 
duodenal enterocytes, making it a strong candidate for dietary heme uptake[9]. More recently, a CRISPR activation screen identified 
SLCO2B1 as a heme transporter in certain contexts, though its expression in intestinal tissue is limited[10] (Figure 1A). Heme-binding 
proteins such as haptoglobin and hemopexin scavenge hemoglobin- and heme-containing complexes in the bloodstream. These 
complexes are internalized through receptors including CD163 and LRP1/CD91, which are upregulated in several tumor types, 
enabling them to tap into systemic heme reserves[11,12]. The role of heme in cancer likely extends beyond iron supply. Heme 
degradation via heme oxygenases (HOs) (HO-1/HO-2) yields biliverdin, bilirubin, and carbon monoxide, molecules with antioxidant 
and signaling properties that may buffer iron-driven oxidative stress and promote tumor survival[13]. Whether increased heme 
availability primarily contributes iron or directly alters signaling pathways remains an important open question.

2.1.2 Cellular iron uptake
In the circulation, ferric iron is carried by transferrin (TF). Cells internalize TF-bound iron di-ferric complex via the transferrin 
receptor (TFRC/CD71), and endosomal acidification triggers iron release. Endosomal ferric iron is reduced to Fe2+ by STEAP family 
metalloreductases and transported into the cytosol through DMT1 expressed on the endosome membrane (Figure 1A). TFRC and 
apo-transferrin are then recycled back to the plasma membrane[7]. TFRC is among the most consistently upregulated iron-handling 
proteins in cancer and is associated with poor prognosis in many malignancies[14]. Its high expression reflects both iron demand and 
proliferative signaling. Disruptions in endosomal acidification or trafficking, including inhibition of V-ATPases or endosome–lysosome 
fusion, impair processing TF-bound iron, induce intracellular iron deficiency, and are being investigated as a potential therapeutic 
strategy[15].

In addition to the transferrin receptor, cancer cells import iron through lipocalin-2 (LCN2) and its receptor LCN2R/SLC22A17, which 
bind siderophore-iron complexes. LCN2 is often elevated in inflammatory tumors and contributes to iron acquisition within the 
tumor microenvironment[4]. A transmembrane glycoprotein CD44, identified as a cancer stem cell marker, can facilitate uptake of iron 
containing hyaluronates during the epithelial mesenchymal transition independent of TFRC expression[16,17] (Figure 1A).

Ferritin, an iron storage protein, is secreted into the blood and therefore can serve as an alternative source of iron. While the source 
of serum ferritin remains unclear, surface receptors such as SCARA5 and TIM2 have been shown to facilitate endocytosis of iron 
bound serum ferritin and deliver iron to the cytosol through the endosomal pathway described above[18,19]. Cancer cells can 
effectively take up ferritin which is secreted into the tumor microenvironment by tumor associated macrophages and other 
non-cancer cells.

Ferroptosis Oxid Stress. 2026;2:202526 | https://doi.org/10.70401/fos.2026.0022 Page 3 of 26

https://doi.org/10.70401/fos.2026.0022


2.2 Iron trafficking
Once iron enters the cytosol, it can be directed to specific organelles, sequestered by iron-binding chaperones, or incorporated into 
the metabolically active LIP. The distribution of iron among these fates is coordinated by intracellular trafficking pathways that 
match iron availability with metabolic demand (Figure 1A). Perturbations in these pathways are highly detrimental: expansion of the 
LIP promotes Fenton chemistry and oxidative injury, whereas contraction of the LIP leads to functional iron deprivation and impaired 
enzymatic activity[20].

Cancer cells with an expanded LIP are highly susceptible to iron-driven oxidative stress and rely on multiple redox-buffering systems 
to limit ROS accumulation. Thus, defining the mechanisms that regulate intracellular iron trafficking and understanding how these 
processes are rewired in cancer may reveal vulnerabilities that can be exploited for therapy.

2.2.1 Inter-organelle transport
Most iron uptake mechanisms deliver iron to the cytosol, where it is subsequently redistributed to subcellular compartments and 
organelles, including mitochondria, endoplasmic reticulum (ER), and the nucleus, to support metabolism, protein and lipid 
biosynthesis, and DNA replication[1]. Mitochondria also serve as the primary site for incorporation of iron into iron-sulfur (Fe-S) 
clusters and heme, essential iron-containing cofactors that are subsequently redistributed throughout the cell to client apo-proteins 
across various organelles[1,21]. This makes mitochondria a central hub for intracellular iron trafficking, utilization, and cofactor export. 
Given the higher metabolic turnover, cancer cells frequently exhibit elevated mitochondrial iron levels compared with normal 
cells[22]. Similar to the cytosolic LIP, excess mitochondrial iron can also generate ROS and trigger cell death.

Fe-S cluster and heme biosynthesis occur in the mitochondrial matrix, requiring iron transport across both the outer and inner 
mitochondrial membranes (OMM and IMM). While DMT1 is proposed to mediate iron transport across the OMM, mitoferrins 1 and 2 
(MFRN1/SLC25A37 and MFRN2/SLC25A28) facilitate transport across the IMM[23,24] (Figure 1B). Although these isoforms exhibit some 
functional redundancy, they display distinct tissue- and cell-specific expression profiles. Since the majority of Fe-S clusters and heme 
containing proteins are involved in mitochondrial respiration, defects in these biosynthetic pathways induce energy deficits, 
increasing mitochondrial iron by triggering an iron starvation response (discussed later in Section 2.4.1)[1].

Beyond Fe-S and heme-binding proteins, approximately 34% of iron-binding proteins complex directly with inorganic iron ions as 
mono- or dinuclear centers, independent of mitochondrial involvement. Nonetheless, protein chaperones such as PCBP1 play a key 
role in mediating iron incorporation into apo-proteins, thereby limiting iron reactivity[7]. PCBP1 can coordinate three Fe(II) ions 
stabilized by glutathione (GSH) and selectively interact with target apo-proteins to facilitate proper metallation[25].

2.2.2 Iron storage
Due to its highly reactive chemical nature, iron must be complexed with proteins when not actively engaged in biological processes 
to minimize the LIP and prevent oxidative damage. Within cells, iron is primarily stored in ferritin nanocages, which are composed of 
24 polypeptide chains that self-assemble into shell-like structures capable of storing up to 4,000 ferric ions (Figure 1A). Predominantly 
cytosolic, ferritin is a heteromer consisting of ferritin heavy chain (FTH1) and ferritin light chain (FTL) subunits. FTH1 contains a 
di-iron center that oxidizes Fe(II) to Fe(III), while FTL provides structural support by forming nucleation sites for mineralization. The 
ratio of FTH1 to FTL subunits within the 24-mer ferritin complex varies by cell type and determines the rate of iron mineralization[26]. 
Ferritin levels are tightly regulated at both transcriptional and posttranscriptional levels in response to cellular iron availability, 
oxidative stress, and oncogenic signaling, as discussed later. Similarly, excess mitochondrial iron is stored in a homopolymer of 
mitochondrial-specific ferritin, mitochondrial ferritin (FTMT)[27]. Under normal physiological conditions, FTMT plays a minimal role; 
however, in cancer cells with elevated mitochondrial iron, FTMT is thought to be critical for mitigating mitochondrial ROS and 
preventing oxidative damage[28].

2.3 Iron export
Proper regulation of intracellular iron requires a balance between import and export, as disruption of this balance can compromise 
cellular function. Multiple mechanisms mediate iron export, many of which are altered in cancer to favor iron retention and support 
increased metabolic demands.

Iron efflux in mammalian cells is primarily mediated by ferroportin (FPN, also called SLC40A1) (Figure 1A). FPN is expressed on the 
basolateral membrane of intestinal epithelial cells, reticuloendothelial macrophages, and hepatocytes, where it regulates systemic 
iron homeostasis through dietary iron absorption, iron recycling, and maintenance of circulating iron levels, respectively. FPN 
expression is tightly controlled at both transcriptional and post-transcriptional levels by cellular and systemic iron availability, 
oxidative stress, and inflammatory cues[29]. Since FPN levels respond directly to intracellular iron, this downregulation indicates that 
upstream iron-sensing pathways are disrupted in cancer, promoting iron retention. In multiple cancers, including colorectal, breast, 
prostate, ovarian, and lung cancers, FPN expression is significantly downregulated, a change associated with poor prognosis and 
reduced survival[4]. In CRC, for example, cells aberrantly express the hepatic hormone hepcidin, which triggers internalization and 
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degradation of FPN, further limiting iron export[30].

Effective ferroportin-mediated export also requires multi-copper ferroxidases such as hephaestin (HEPH) or ceruloplasmin (CP), which 
oxidize Fe(II) to Fe(III)[29]. Oncogenic signals, including overexpression of the histone methyltransferase G9a, can suppress HEPH 
expression, further reducing iron efflux[31].

Beyond FPN, iron can also be exported through ferroportin-independent pathways, primarily involving secretion of iron-loaded 
ferritin. This occurs via secretory autophagy or endosomal micro-autophagy, processes that deliver ferritin to the extracellular space 
involving CD63[32]. In breast cancer cells, ferroptosis inducers trigger formation of ferritin-containing endosomes via the membrane 
glycoprotein PROM2, effectively reducing intracellular iron and protecting cells from iron-mediated toxicity[33]. Extracellular ferritin 
can act as an iron carrier to neighboring cells and, in healthy liver tissue, is cleared by Kupffer cells. However, in metabolic disorders 
such as MASLD and hepatic steatosis, where Kupffer cell numbers are reduced, extracellular ferritin is instead taken up by 
ROS-sensitive hepatic stellate cells, promoting inflammation, fibrosis, and potentially hepatocellular carcinoma[34]. Despite its 
relevance, the mechanisms and regulation of endosomal ferritin export in cancer remain largely unexplored.

Iron can also exit the cell in the form of heme. Heme transporters, such as FLVCR1 in humans, mediate heme export, often in an 
adenosine triphosphate (ATP)-dependent manner[35] (Figure 1A). While heme transport has been well characterized in model 
organisms like worms, the regulation and functional significance of heme export in cancer cells remain poorly understood, 
representing another important avenue for future investigation[36].

2.4 Iron utilization
Iron is abundant in cells, and due to its unique redox properties, participates in numerous reactions essential for critical cellular 
processes. Iron-containing cofactors such as Fe-S clusters and heme, synthesized predominantly in the mitochondria, are 
coordinated by cysteine or histidine residues in apoproteins distributed throughout the cell[1] (Figure 1B). In cancer cells, altered 
metabolic demands drive changes in iron-containing protein expression not only in mitochondria but across all cellular 
compartments.

2.4.1 Mitochondrial function
Mitochondrial outer membrane Fe-S proteins, such as CISD1 and CISD2, regulate mitochondrial iron homeostasis and are upregulated 
in breast cancer cells[37]. Other proteins, including PINK1 and PRKN, which are key mitophagy regulators, reduce expression of 
mitochondrial iron importers SLC25A37 and SLC25A28, consequently suppressing KRAS-driven pancreatic tumor growth[38]. 
Conversely, inhibition of PINK1 or PRKN leads to mitochondrial iron overload and promotes tumorigenesis in pancreatic cancer 
models, an effect reversible by iron chelators, highlighting the critical role of mitochondrial iron levels[39].

2.4.1.1 Fe-S biosynthesis
Fe-S clusters are essential cofactors for ~21% of all cellular iron-binding proteins, participating in catalytic reactions, electron 
transport, regulation, and structural stabilization of other proteins. Fe-S biogenesis occurs predominantly in mitochondria via a 
multi-step assembly pathway producing [2Fe-2S], [3Fe-4S], and [4Fe-4S] clusters (Figure 1B). Sulfur is extracted from cysteine by NFS1 
in complex with FXN, ISD11, and ACP proteins. Nascent clusters are assembled on the scaffold protein ISCU and trafficked to client 
apoproteins in the ER, cytosol, and nucleus via chaperones that are not yet fully characterized[40].

Fe-S assembly and stability are also sensitive to cellular oxygen and ROS levels. High ROS destabilizes exposed Fe-S clusters, while 
growth defects induced by Fe-S dysfunction can be rescued by reducing ambient O2

[41]. This places Fe-S clusters at a critical 
intersection of iron and ROS regulation, influencing iron-mediated cell death and ferroptosis. In vivo, tumor microenvironment 
oxygen levels of solid tumors vary from 2-8%, rising to ~14% in oxygen-rich metastases niches, such as the lung[42]. Fe-S clusters likely 
facilitate metabolic adaptation to changing oxygen levels, supporting invasion and metastasis. For example, high NFS1 expression in 
lung cancer cells promotes metastasis, whereas partial NFS1 deletion reduces metastasis without affecting primary tumor growth[43]. 
Fe-S deficiency also impairs tumor growth by limiting key Fe-S-containing proteins, such as DNA polymerase ε, which is 
indispensable for proliferation of triple-negative breast cancer cells due to their high genomic instability and altered cell cycle 
checkpoint responses[44]. Moreover, defects in the Fe-S biosynthesis can directly activate iron regulatory proteins (IRPs) dependent 
iron starvation response, which increases the LIP by upregulating iron uptake and limiting iron storage and export, sensitizing cells 
to oxidative cell death[45].

2.4.1.2 Heme biosynthesis
Heme is another critical iron-containing cofactor, present in ~47% of total cellular iron-binding proteins. Heme-binding proteins 
participate in catalytic functions (~50%), electron transport (complexes II-IV), oxygen transport (hemoglobin, myoglobin), and 
regulatory roles (e.g., catalase, peroxidases)[1]. While cells can import iron as heme, which is metabolized by HOs to release free iron, 
all mammalian cells express enzymes for de novo heme biosynthesis in mitochondria (Figure 1B). Heme synthesis begins in the 
mitochondrial matrix with condensation of glycine and succinyl-CoA by ALAS (the rate-limiting step). The product, 5-aminolevulinic 
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acid, is transported to the cytosol for protoporphyrin ring assembly, then returns to the mitochondria for insertion of iron by an Fe-S 
cluster containing ferrochelatase. Heme is subsequently distributed to apoproteins via FLVCR1b, and unbound heme is chaperoned 
by proteins such as GAPDH, HBPs, FABP, PGRMC, and GSTs to prevent cytotoxicity. Heme can also be exported into systemic 
circulation via FLVCR1a, where it is bound by extracellular heme carriers[13].

ALAS is an Fe-S cluster containing enzyme, which catalyzes the rate limiting step of heme biosynthesis and exists as two isoforms: 
ubiquitously expressed ALAS1 and erythroid-specific ALAS2[46]. ALAS1 is transcriptionally repressed by heme and iron through a 
negative feedback loop involving heme-dependent recruitment of EGR1 corepressors NAB1/2 to the 5′ UTR of ALAS1 mRNA[47]. Its 
promoter and enhancer regions also contain binding sites for nuclear receptors such as CAR, PPAR, PXR, and PGC1α, linking ALAS1 
expression to nutrient sensing and oncogenic signaling pathways[48-50]. ALAS1 activity also depends on TCA cycle-derived 
succinyl-CoA; TCA perturbations affect succinyl-CoA levels and thus ALAS1 activity, influencing heme biosynthesis[51]. Fe-S cluster 
availability also indirectly modulates heme synthesis via effects on ALAS, SDH, and KGDH activity[52,53].

In tumors with high energy demands, alterations in heme uptake, synthesis, and export are common[54]. Heme degradation by HO-1 
(ubiquitous) and HO-2 (induced by hypoxia inducible factors, HIF1/2α, and nuclear factor erythroid 2-related factor 2, NRF2) releases 
iron and reduces free heme, although the protective compared to the cytotoxic consequences of this process remain 
context-dependent. In some contexts, heme supports antioxidant responses via BACH1 and NRF2 signaling[55]. Overexpression of 
FLVCR1a facilitates mitochondrial heme export, preventing cytotoxic accumulation and maintaining ALAS1 activity[56].

2.4.2 Cell proliferation
Iron supports cell cycle progression and proliferation through several mechanisms, and enhanced iron uptake, redistribution, and 
retention is a hallmark of highly proliferative cells, including cancer cells[2]. Non-heme iron-binding proteins, such as 
α-ketoglutarate-dependent dioxygenases, catalyze Fe- and α-ketoglutarate-dependent hydroxylation of proteins or nucleotides, 
mediating post-translational and epigenetic modifications in response to iron availability, respectively[57,58]. Most studied 
α-ketoglutarate-dependent dioxygenases include Prolyl Hydroxylases Domain enzymes and Tet methylcystosine dioxygenases (TET), 
involved in hypoxia signaling and epigenetic regulation. Accumulation of metabolites such as succinate and fumarate or other 
transition metals (e.g., nickel, cobalt) can inhibit these enzymes, promoting oncogenic signaling[59,60]. For example, in renal cell 
carcinoma, succinate/fumarate accumulation suppresses SDH and FH, that drives epithelial-mesenchymal transition. While TET 
enzymes regulate DNA and histone methylation, TET2 loss in acute myeloid leukemia (AML) derepresses heterochromatic regions and 
drives inflammation, reversible by ascorbic acid supplementation[61-63]. Iron-dependent histone demethylases, such as Jumonji 
domain-containing protein 2 C (JMJD2C) and Jumonji domain-containing protein 3, regulate oncogenic transformation in breast 
cancer and T-ALL, respectively[64,65].

Iron is also a cofactor for ribonucleotide reductase, which catalyzes the conversion of ribonucleotides to deoxyribonucleotides, 
directly supporting DNA replication[66]. Iron chelation impairs S-phase progression, likely through inhibition of ribonucleotide 
reductase or Fe-S-containing DNA polymerases[44]. Intracellular iron levels, sensed by IRP1/2, modulate cell cycle regulators such as 
p21 and p27, leading to G₀/G₁ arrest, though the exact mechanisms are unclear, and they may involve transcription factors such as 
Sp1, ERα, c-Jun, p53, and KLF6[67,68].

2.4.3 Genomic integrity
Iron is essential for maintaining high proliferation rates and DNA replication fidelity. Many DNA polymerases, helicases (XPD, FANCJ, 
DNA2, RTEL1), glycosylases, and primases require Fe-S clusters for proper function[69]. Cancer cells’ high replication stress creates a 
dependence on iron-driven DNA repair machinery. Pharmacological targeting of iron-dependent enzymes, such as ribonucleotide 
reductase inhibition by gemcitabine or clofarabine, reduces proliferation in ovarian, breast, lung, pancreatic cancers, and ALL[70]. Iron 
also regulates p53 activity. Heme-bound p53 is degraded, whereas iron responsive element binding protein 2 (IRP2)-mediated 
regulation under iron deficiency can stabilize p53 transcripts[71,72]. Thus, the effect of iron on genomic integrity depends on its form 
and context.

3. Systemic Regulation
Systemic iron levels are tightly regulated through crosstalk between distantly related tissues, coordinating iron absorption, 
utilization, recycling, and tissue distribution. The cellular iron regulatory mechanisms described above underlie this multi-organ 
coordination and exhibit tissue-specific differential regulation (Figure 2A).

3.1 Intestinal iron absorption
Regulation of dietary intestinal absorption is maintained by modulating the iron flux through intestinal enterocytes via regulation of 
apical and basolateral iron transporters in response to systemic iron levels and physiological demand[73]. Hepatocytes secrete 
hepcidin (HAMP), which suppresses iron uptake by inducing ferroportin internalization and degradation. FPN loss traps iron in 
enterocytes, leading to suppression of apical iron transporters, including DMT1, via inactivation of HIF2α and IRPs[73,74].
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Figure 2. Systemic iron homeostasis. (A) Cross talk between intestine, liver, bone marrow, kidneys and spleen to regulate systemic iron homeostasis; (B) Regulation of 

intestinal iron absorption; (C) Iron recycling through reticuloendothelial macrophages; (D) Heaptic regulation of systemic iron homeostasis through regulated hepcidin 

expression. Created in BioRender.com. BMP2: bone morphogenetic protein 2; BMP6: bone morphogenetic protein 6; BMPR1/2: bone morphogenetic protein receptor 

type 1/2; CP: ceruloplasmin; DCYTB: duodenal cytochrome B; DMT1: divalent metal transporter 1 (SLC11A2); EPO: erythropoietin; ERFE: erythroferrone; HAMP: hepcidin 

antimicrobial peptide; HEPH: hephaestin; HFE: hemochromatosis protein; HIF2a: hypoxia-inducible factor 2 alpha; HJV: hemojuvelin; HO1/2: heme oxygenase 1/2; 

HRE: hypoxia response element; HRG1: heme responsive gene 1; IL6R: interleukin 6 receptor; JAK: Janus kinase; NCOA4: nuclear receptor coactivator 4; PCBP1/2: poly(rC) 

binding protein 1/2; R-SMAD: receptor-regulated SMAD (SMAD1/5/8); SMAD4: SMAD family member 4; SMAD7: SMAD family member 7; STAT3: signal transducer and 

activator of transcription; TFRC1/2: transferrin receptor 1/2; TMPRSS6: transmembrane serine protease 6 (Matriptase-2); Ub: ubiquitin.

During iron deficiency, anemia, or increased systemic demand, serum hepcidin levels drop, stabilizing ferroportin at the basolateral 
membrane and increasing iron flux[29]. Reduced cytosolic iron activates IRPs and HIFs, further upregulating DMT1, NCOA4, and FPN 
until systemic iron levels are restored[7] (Figure 2B). FPN levels are significantly reduced in CRC cancer cells at the mRNA level and are 
further reduced through the autocrine action of hepcidin, discussed later[30].

3.2 Hepatic regulation
The liver is central to systemic iron homeostasis, coordinating between the intestine, reticuloendothelial macrophages, kidneys, and 
bone marrow. Hepatocytes produce hepcidin, which reduces intestinal absorption and intracellular iron mobilization through 
macrophages by negatively regulating ferroportin[75] (Figure 2C). Hepcidin binds ferroportin, inducing ubiquitination and proteasomal 
degradation[76]. Hepcidin deficiency results in iron overload and is sometimes treated with recombinant hepcidin, whereas excess 
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hepcidin causes iron-refractory iron deficiency anemia, where oral iron supplementation is ineffective[77]. Hepcidin transcription is 
regulated by systemic iron levels, inflammation, and erythropoietic activity through the BMP-SMAD pathway. Dysregulation of this 
axis results in genetic iron overload syndromes[78]. Epidemiological studies link iron overload to increased risk of colorectal, lung, 
pancreatic, and breast cancers[4]. Hereditary hemochromatosis patients with high iron intake have a ~20-fold increased risk of 
hepatic and colonic malignancies[79] (Figure 2D).

Hepcidin was initially identified as an acute-phase protein in septic patients, with IL-6-mediated JAK2-STAT3 activation driving its 
expression[80]. Therefore, chronic inflammation can also increase serum hepcidin levels, resulting in non-iron-deficiency anemia, as 
seen in cancer patients, characterized by low serum iron and low transferrin saturation[81]. In CRC, tumor cells can express hepcidin 
via HIF2α, acting in an autocrine fashion to suppress ferroportin-dependent export and retain intracellular iron to support 
iron-dependent metabolism[30].

3.3 Renal regulation
Erythropoiesis is the largest systemic iron sink, with each erythrocyte containing ~3 million hemoglobin molecules (4 heme groups 
each). The erythroid compartment contains ~2/3 of total body iron and utilizes ~25 mg/day to maintain turnover[82]. Consequently, 
erythropoiesis is highly dependent on iron availability and strongly influences systemic iron homeostasis[83]. Renal erythropoietin 
(EPO) production is stimulated by low erythrocyte counts and tissue hypoxia via HIF2α activation[84]. EPO was initially thought to 
directly repress hepatic hepcidin, as their levels are inversely correlated. However, it is now established that EPO induces 
erythroferrone transcription in erythroblasts[85]. Erythroferrone suppresses hepatic BMP-SMAD signaling, downregulating HAMP 
transcription to facilitate iron absorption and mobilization in support of erythropoiesis[86].

4. Cellular Regulation
Cellular iron levels are tightly maintained through coordinated regulation of proteins involved in iron import, storage, and export, 
responding dynamically to cellular iron demands and availability. Given iron’s central role in diverse metabolic processes and the 
potential deleterious effects of both deficiency and overload, multiple regulatory mechanisms ensure robust iron sensing. Alterations 
in these pathways are a hallmark of many cancer cells, enabling them to maintain high intracellular iron levels and exploit iron-rich 
environments to support proliferation and disease progression. Key regulatory mechanisms are discussed below.

4.1 IRP and iron response elements (IRE)
Iron regulatory protein 1 (IRP1, also known as cytosolic Aconitase 1, encoded by ACO1) and IRP2, encoded by IREB2, constitute 
conserved iron-sensing circuits that post-transcriptionally regulate iron metabolism genes. Under low iron conditions, IRPs bind 
IREs, stem-loop structures located in the 5′ or 3′ untranslated regions of target mRNAs involved in iron import, storage, export, and 
utilization[7] (Figure 3A).

5′ UTR IREs: Binding of IRPs to 5′ UTR IREs suppresses translation by blocking ribosomal subunit assembly. Genes with 5′ IREs 
typically encode iron storage, export, and utilization proteins such as FTH1, FTL, SLC40A1, ALAS2, HIF2α, as well as CD63 (ferritin 
secretion), limiting iron sequestration and export to increase the LIP during deficiency[87].

3′ UTR IREs: IRP binding stabilizes mRNA by protecting it from endonucleases such as Regnase-1(also known as ZC3H12A), and 
Roquin-1, increasing translation[88,89]. Genes with 3′ IREs include iron importers TFRC1 and DMT1, and Profilin 2 (negative regulator of 
TFRC endocytosis)[90]. IREs in HIF2α and ALAS2 mRNAs regulate renal erythropoietin expression and erythroid heme biosynthesis[91,92]. 
Putative IREs are also found in transcripts of metabolic genes, including mitochondrial ACO2 and cell cycle regulators, positioning 
iron as a key regulator of metabolism beyond its catalytic functions[93].

Although IRP1 and IRP2 share overlapping targets, their regulation is distinct. IRP1 contains a [4Fe-4S] cluster under iron-replete 
conditions, functioning as a cytosolic aconitase. Low iron or oxidative stress destabilizes this cluster, converting IRP1 into an 
RNA-binding protein that regulates IRE-containing transcripts[94]. IRP2 does not bind iron cofactors directly but is regulated via the 
iron- and oxygen-sensitive FBXL5 protein, part of the SCF E3 ubiquitin ligase complex[95]. Under high iron, FBXL5 recruits IRP2 for 
ubiquitination and proteasomal degradation. FBXL5 stability depends on a di-iron hemerythrin-like domain and a [2Fe-2S] cluster in 
its leucine-rich repeat domain[96]. Low iron destabilizes FBXL5, resulting in IRP2 accumulation[97].

Deletion of both IRP1 and IRP2 is embryonic lethal, whereas single knockouts display tissue-specific phenotypes affecting 
erythropoiesis, neurological function, and systemic glucose homeostasis[98]. Aberrant IRP activation in cancers promotes iron 
accumulation even under iron-replete conditions[45]. IRP2 deletion reduces tumor growth in breast cancer by lowering LIP, while 
IRP2 overexpression promotes iron-dependent tumor proliferation[99]. FBXL5 ablation in the liver leads to iron overload, oxidative 
stress, inflammation, and tumorigenesis[100]. Cisplatin disrupts IRP2-mediated iron sensing, and combining iron chelation with 
cisplatin enhances therapeutic efficacy[101]. Fe-S biogenesis defects and mitochondrial dysfunction can also activate IRPs independent 
of iron or oxygen, sensitizing cells to oxidative stress[43]. Thus, IRP activation enhances proliferation but also increases dependence on 
antioxidant pathways, presenting a potential therapeutic target.
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Figure 3. Regulation of cellular iron homeostasis. (A) IRE-IRP interaction; (B) Oxygen sensing and ferritinophagy. Created in BioRender.com. ACO2: aconitase 2; 

ALAS2: 5-aminolevulinate synthase 2; ARNT: aryl hydrocarbon receptor nuclear translocator; CUL3: cullin 3; DMT1: divalent metal transporter 1 (SLC11A2); FBXL5: F-box and 

leucine-rich repeat protein 5; FTH1: ferritin heavy chain 1; FTL: ferritin light chain; HERC2: HECT and RLD domain containing E3 ubiquitin protein ligase 2; 

HIF2a: hypoxia-inducible factor 2 alpha; HRE: hypoxia response element; IRE: iron-responsive element; IRP1/2: iron regulatory protein 1/2; NCOA4: nuclear receptor 

coactivator 4; PHD 1/2/3: prolyl hydroxylase domain 1/2/3; SCF3: skp, cullin, F-box containing complex 3; SLC40A1: solute carrier family 40 member 1 (ferroportin); 

sMAF: small musculoaponeurotic fibrosarcoma oncogene homolog; STEAP4: six-transmembrane epithelial antigen of prostate 4; TFRC: transferrin receptor; VHL: von 

hippel-lindau tumor suppressor.

4.2 Ferritinophagy
Beyond its role as an iron storage protein, ferritin contributes to both iron mobilization and export. Its expression regulates the size 
of the LIP, and lysosomal ferritin degradation replenishes cytosolic iron. Ferritinophagy, a selective autophagic process, is mediated 
by the chaperone NCOA4, whose activity is controlled by cellular iron levels[102,103]. NCOA4 oligomerizes and binds FTH1, forming a 
complex recognized by TAX1BP1 and delivered for macro-autophagy or endosomal micro-autophagy[104]. Iron loading onto ferritin 
destabilizes the NCOA4-FTH1 interaction and promotes NCOA4 degradation via HERC2, reducing ferritinophagy and lowering LIP[105]. 
During iron deficiency, NCOA4 transcription is upregulated by iron-sensing pathways, including HIF signaling (Figure 3B). Inhibition 
of ferritinophagy in vitro protects cells from oxidative stress and ferroptosis by reducing LIP[106]. NCOA4-deficient mice exhibit 
impaired iron mobilization from macrophages and hepatocytes, low serum iron, and increased reliance on dietary iron; these mice 
are resistant to iron overload and hemochromatosis[107]. Upregulated NCOA4-mediated ferritinophagy supports rapid proliferation, as 
observed in pancreatic ductal adenocarcinomas, driving mitochondrial respiration and resistance to RAS-MAPK inhibitors[108]. 
Targeting NCOA4 improves efficacy of MEK inhibitors and other chemotherapies[109]. However, excessive ferritin degradation can 
sensitize cancer cells to ferroptosis and oxidative stress, complicating therapeutic approaches[110].
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4.3 Oxygen dependent regulation
Iron and oxygen coordinate numerous metabolic reactions. Systemically, iron in heme enables oxygen delivery via hemoglobin, 
coordinating tissue cross-talk among intestine, liver, kidney, and bone marrow for absorption, circulation, and utilization[29]. At the 
cellular level, oxygen regulates iron-dependent target genes via HIF1α and HIF2α (Figure 3B). Under low oxygen and iron, HIFs induce 
genes containing hypoxia-response elements involved in glycolysis, angiogenesis, mitochondrial respiration, and iron regulation 
(e.g., TFRC, HO-1, NCOA4, HAMP). HIF stability is controlled by prolyl hydroxylase domain enzymes, which hydroxylate HIFα subunits 
under iron- and oxygen-replete conditions, promoting VHL-mediated ubiquitination and proteasomal degradation. Iron or oxygen 
deficiency suppresses prolyl hydroxylase domain activity, enabling HIFα dimerization with HIFβ, nuclear localization, and target gene 
activation[111]. HIF2α is further regulated during iron starvation via IRP1/2 binding to its 5′ UTR IRE[112]. Chronic HIF activation in 
hypoxic tumors promotes iron uptake, retention, metabolic remodeling favoring glycolysis and PPP, vascularization, invasion, and 
metastasis[113].

5. Mechanisms of Iron Toxicity
Among transition metals, only iron and copper readily accept and donate electrons under physiological conditions. This redox 
flexibility is essential for normal cellular metabolism, but when uncontrolled, it generates ROS, contributing to tissue inflammation, 
cytotoxicity, and carcinogenesis (Figure 4).

Figure 4. Mechanisms of iron induced oxidative stress. (A) Iron catalysed ROS generation and associated oxidative stress; (B) DNA oxidation; (C) Protein oxidation and 

peroxiredoxin relay system; (D) Lipid peroxidation. Created in BioRender.com. ACSL1/3/4: acyl-coA synthetase long chain family member 1/3/4; ASK1: apoptosis 
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signal-regulating kinase 1; CAT: catalase; GPX: glutathione peroxidase; JNK: c-Jun N-terminal kinase; LOX15: 15-lipoxygenase; LPCAT3: lysophosphatidylcholine 

acyltransferase 3; MBOAT1/2: membrane bound O-acyltransferase domain containing 1/2; MUFA: monounsaturated fatty acid; MUFA-PL: monounsaturated fatty 

acid-phospholipid; NAD: nicotinamide adenine dinucleotide (oxidized form); NADH: nicotinamide adenine dinucleotide (reduced form); NOX: NADPH oxidase; p38: p38 

mitogen-activated protein kinase; p53: tumor protein p53; PRDX: peroxiredoxin; PUFA: polyunsaturated fatty acid; PUFA-PL: polyunsaturated fatty acid-phospholipid; 

PUFA-PLO: polyunsaturated fatty acid-phospholipid olefinic (unsaturated); PUFA-PLOO: polyunsaturated fatty acid-phospholipid peroxyl; PUFA-PLOOH: polyunsaturated fatty 

acid-phospholipid hydroperoxide; ROS: reactive oxygen species; SCD1: stearoyl-coA desaturase 1; SOD 1/2/3: superoxide dismutase 1/2/3; TXN: thioredoxin; 

TXNRD: thioredoxin reductase.

ROS is a broad term describing molecules derived from molecular oxygen, including superoxide anion, hydrogen peroxide (H2O2), and 
hydroxyl radicals (·OH), and is part of a larger family of reactive species encompassing nitrogen, sulfur, carbon, selenium, and halogen 
derivatives[114]. These species act as signaling molecules, regulating stress responses, redox homeostasis, and adaptive cellular 
programs. However, accumulation of chelatable redox-active iron can drive ROS to supraphysiological levels, causing oxidative 
damage to DNA, lipids, and proteins and triggering ROS-dependent cell death[115]. Fe2+ can react with molecular oxygen to form 
superoxide anions (O2·-), which are subsequently converted to H2O2 by superoxide dismutase[20]. Moreover, spontaneously redox 
cycling of free labile iron between Fe3+ and Fe2+ in the presence of H2O2 generates highly reactive ·OH via the Fenton and Haber-Weiss 
reactions. The resulting ·OH are among the most reactive ROS in cells, capable of oxidizing lipids, proteins, and nucleic acids. Due to 
their extreme reactivity, conventional antioxidants are largely ineffective, and enzymatic removal of H2O2 by peroxidases such as 
catalase is a primary cellular defense[114].

Mechanistically, iron induced cell death can be classified as either nonspecific oxidative cell death or ferroptosis, a form of regulated 
cell death driven through iron dependent lipid peroxidation. While conceptually there are significant overlaps between the two 
pathways, unlike non-specific oxidative cell death, sensitivity to ferroptosis is dependent on several intrinsic factors such as 
phospholipid composition, cellular metabolism, and antioxidant capacity[114] (Figure 4A). Whether lipid peroxidation is driven 
predominantly by non-specific Fenton chemistry or by iron-dependent enzymatic reactions such as lipoxygenases remains an open 
question.

5.1 Non-specific oxidative cell death
Electron transfer through the electron transport chain converts the redox potential of NADH, NADPH, and FADH2 into a proton motive 
force across the inner mitochondrial membrane, ultimately generating ATP. While ~98% of oxygen is reduced to water efficiently, ~2% 
undergoes partial reduction, producing mitochondrial ROS[116]. Disruption of the electron transport chain function or accumulation of 
mitochondrial iron can exacerbate ROS generation, highlighting the necessity for tightly coordinated mitochondrial iron uptake, Fe–S 
and heme biosynthesis, and export processes[117,118]. Additional mitochondrial ROS sources include electrophilic TCA cycle 
intermediates such as fumarate and itaconate[119].

Highly proliferative cells, including many cancer types, often rely on glycolysis for energy and anabolic precursors, which reduces 
mitochondrial ROS production but introduces reactive carbonyl byproducts like methylglyoxal. Emerging evidence challenges the 
classical Warburg effect, showing that some cancer cells simultaneously upregulate glycolysis and ETC components, increasing 
mitochondrial ROS[120]. In this revised model, glucose fuels glycolysis while OXPHOS is supported by amino acids (e.g., serine, 
glutamine) and fatty acid β-oxidation. These metabolic adaptations reshape the mitochondrial proteome and iron homeostasis, 
influencing susceptibility to oxidative cell death, including ferroptosis.

Mitochondrial ROS also function as signaling molecules, modulating responses to hypoxia, nutrient availability, and growth factors. 
Partial oxygen reduction under hypoxia, a hallmark of solid tumors, increases mitochondrial ROS, which can activate HIF1/2α 
independently of oxygen or iron levels[121]. This ROS-mediated HIF activation promotes angiogenesis via vascular endothelial growth 
factor (VEGF) expression and supports pro-survival signaling through MAPK and AKT pathways, suppressing apoptosis[121,122]. Overall, 
iron-mediated redox cycling, ROS generation, and mitochondrial metabolism are tightly interconnected. Dysregulation of these 
processes contributes to oxidative stress, DNA and protein damage, and lipid peroxidation, which underlie ferroptosis and other 
forms of iron-dependent cell death. The balance between ROS production and antioxidant defenses, influenced by iron availability, 
cellular metabolism, and organelle crosstalk, is therefore a critical determinant of cell fate.

5.1.1 DNA oxidation
Iron and iron-catalyzed ROS possess carcinogenic potential by oxidizing nucleotides, leading to DNA modifications and mutations. 
For example, the elevated frequency of G to T transversions observed in lung tumors of smokers is thought to result from oxidative 
DNA damage induced by ROS generated from carcinogenic epoxides[123]. In addition, ROS-mediated oxidation of thiol groups on 
cysteine and methionine residues of critical DNA repair proteins can indirectly compromise DNA integrity and trigger cell cycle 
arrest[124,125]. Perinuclear mitochondria are considered a major source of nuclear ROS, and histone demethylation by LSD1 also 
produces H2O2 as a byproduct, contributing to the nuclear ROS pool[126,127]. Elevated H2O2 production by NOX4 in AML promotes 
ROS-induced double-strand breaks and chromosomal aberrations, thereby driving tumorigenesis[128] (Figure 4B).
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DNA lesions are typically recognized and repaired by substrate-specific repair pathways; while nucleotide excision repair addresses 
bulky adducts, ROS-induced lesions are primarily corrected through base excision repair[129]. A common oxidative DNA modification, 
7,8-dihydro-8-oxo-2’-deoxyguanosine, is recognized and excised by the glycosylase OGG1 in eukaryotic cells[130]. Loss of OGG1 
increases spontaneous mutation rates in proliferative cells and accelerates malignant transformation in the liver[131]. Interestingly, 
oxidative DNA and RNA lesions can also serve regulatory functions by activating pro-inflammatory signaling, DNA damage sensing 
pathways, and cell cycle and apoptosis regulators[132-134]. For instance, guanine oxidation within promoter regions, such as VEGF, can 
alter HIF1α binding and transcriptional regulation, as observed in OGG1-deficient mice[135]. Beyond transcriptional effects, OGG1 
bound to 8-oxo-2’-deoxyguanosine can interact with small GTPases, including Ras, Rac1, and Rho, with high affinity, activating 
downstream ERK1/2 and Raf-1 signaling[136-138]. These oxidative base modifications are detectable in plasma, urine, and tissue biopsies 
and can serve as biomarkers of oxidative DNA damage. Furthermore, oxidative DNA damage and the subsequent repair processes 
generate strand breaks, DNA adducts, excision repair intermediates, and crosslinks, which can be assessed by single-cell 
electrophoresis and exploited for cancer diagnosis.

5.1.2 Protein oxidation
Similar to DNA, proteins are susceptible to oxidation by cellular ROS, which can induce structural and conformational changes, alter 
enzymatic activity, modulate protein-protein interactions, or trigger protein degradation. Among ROS-mediated protein oxidations, 
H2O2 is the most extensively studied due to its relative stability and moderate reactivity. In mitochondria, H2O2 is generated under 
physiological conditions through the reaction of H2O with superoxide produced on the matrix side by Complexes I and III of the 
electron transport chain, including reverse electron transport[121]. Mitochondrial peroxiredoxins (PRDX), reduce H2O2 to water but can 
also release it into extramitochondrial compartments[139]. Although H2O2 release has been mainly studied in isolated mitochondria, its 
behavior as a cytosolic oxidant in vivo remains incompletely understood. Additional cellular sources of H2O2 include peroxisomal 
enzymes, which contribute to redox signaling and metabolic regulation[140].

H2O2-mediated post-translational modifications, particularly oxidation of cysteine and methionine residues, regulate the redox 
metabolism of cancer cells. Due to the relatively low reactivity of H2O2 with thiols in the absence of catalysts, non-specific protein 
oxidation and aggregation are uncommon; instead, most effects are mediated through peroxiredoxin-dependent post-translational 
modifications. H2O2, via PRDXs, regulates metabolic pathways, kinase signaling cascades, transcription factors, and cell survival 
programs. PRDXs serve dual roles as H2O2 scavengers and as mediators of protein-specific H2O2-dependent oxidation through disulfide 
exchange reactions[141]. The specificity of cysteine oxidation is thought to involve redox relay systems, in which oxidation signals are 
transferred from one protein’s cysteine residues to another. For example, oxidation of the NRF2 negative regulator KEAP1 induces its 
degradation, activating NRF2-dependent transcriptional programs and enhancing the cellular antioxidant response (Figure 4C). In 
mammalian cells, PRDX1 and PRDX2 oxidize apoptosis regulator apoptosis signal-regulating kinase 1 (ASK1) and the transcription 
factor STAT3, while ER-resident PRDX4 oxidizes protein disulfide isomerase, promoting disulfide formation and maintaining protein 
folding and quality control[142]. In cancer cells, H2O2-mediated oxidation of the phosphatase and tensin homologue suppresses its 
activity, inactivating pro-apoptotic pathways and sustaining PI3K/AKT signaling[143].

5.2 Ferroptosis
Ferroptosis is a form of regulated cell death characterized by iron-dependent phospholipid peroxidation, which destabilizes cellular 
membranes, induces osmolytic stress, and ultimately triggers cell death. Unlike other forms of cell death, ferroptosis is strictly 
iron-dependent: iron supplementation can promote it, while iron chelation suppresses it[144]. Although iron contributes to other cell 
death pathways such as apoptosis and necroptosis, it is essential for driving ferroptosis[145]. Dysregulation of cellular iron 
homeostasis, particularly elevated LIP, is a common feature across many cancers, making ferroptosis inducers selectively cytotoxic to 
malignant cells. However, cancer cells often upregulate antioxidant systems and ferroptosis suppressors, complicating therapeutic 
applications.

5.2.1 Lipid peroxidation
The hallmark of ferroptosis is lipid peroxidation, which is initiated and propagated by ROS, particularly hydroxyl radicals. While free 
iron can catalyze nonspecific ROS production, the absolute requirement for iron in ferroptosis indicates that enzyme-catalyzed lipid 
peroxidation is the dominant mechanism[146]. Non-enzymatic, free radical-mediated oxidation generates diverse lipid peroxides 
depending on the availability of bis-allylic hydrogens in polyunsaturated fatty acids[147]. In contrast, enzymatic peroxidation, mediated 
by lipoxygenases such as LOX15, selectively targets arachidonoyl-PE and adrenoyl-PE, requiring prior biosynthesis by acyl-CoA 
synthetase long-chain family member 4 and lysophosphatidylcholine acyltransferase 3[148,149]. Pharmacological or genetic disruption 
of LOX15 or Acyl-CoA synthetase long-chain family member 4 reduces ferroptosis sensitivity, underscoring the role of regulated, 
enzyme-mediated lipid oxidation[150,148]. Nevertheless, LOX15-deficient cells can still undergo ferroptosis, suggesting that both 
enzymatic and non-enzymatic lipid peroxidation contribute cooperatively (Figure 4D). Lipid peroxyl radicals propagate chain 
reactions, generating hydroperoxides and secondary products such as reactive aldehydes, including 4-hydroxynonenal, which serve 
as biomarkers of ferroptotic lipid damage[151].
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5.2.2 Cellular metabolism
Cellular metabolic programs profoundly influence ferroptosis sensitivity through regulation of both iron and lipid availability. Cancer 
cells often exhibit elevated LIP alongside reprogrammed lipid metabolism, using fatty acid oxidation to fuel mitochondrial respiration 
while shunting glucose primarily through glycolysis. Accumulation of lipid antioxidants can protect against ferroptosis; for instance, 
loss of squalene monooxygenase in anaplastic large cell lymphoma increases squalene levels, acting as a radical-trapping 
antioxidant[152]. Similarly, 7-dehydrocholesterol and its biosynthetic enzyme, 7-dehydrocholesterol reductase, confer protection in 
neuroblastoma, Burkitt lymphoma, and hepatocellular carcinoma[153].

Targeting metabolic regulators of lipid composition can sensitize cancer cells to ferroptosis. In KRAS-mutant lung adenocarcinoma, 
inhibition of fatty acid synthase prevents remodeling of oxidized lipids, enhancing susceptibility[154]. Multi-omic analyses in 
glioblastoma identified CDKN2A as a key regulator of oxidized lipids, with deletion increasing lipid peroxidation and ferroptosis 
vulnerability[155]. Interestingly, CDKN2A is a cell cycle regulator and therefore a tumor suppressor, and patients with homozygous 
CDKN2A deletion show high grade metastasis, therapeutic resistance, and poor prognosis[156]. However, it is possible that these 
CDK2NA deficient tumor cells patients would benefit from ferroptosis based therapies due to enhanced ferroptotic sensitivity. 
Additionally, metabolic pathways that alter mitochondrial respiration and iron homeostasis modulate ferroptosis sensitivity, 
integrating mitochondrial ROS production, polyunsaturated fatty acid availability, and cellular iron flux.

5.2.3 Regulators of ferroptosis
Ferroptosis is an oxidative form of cell death and is induced by ROS generation. For aerobic animals, generation of ROS is a common 
consequence of running oxygen based mitochondrial respiration, and therefore cells have several antioxidant defense systems to 
protect against ferroptosis. Beyond antioxidants, regulation of cellular iron and lipid metabolism can also attenuate sensitivity to 
oxidative stress induced cell death (Figure 5).

5.2.3.1 Antioxidants
Cellular antioxidants, including enzymatic and low-molecular-weight compounds, mitigate ferroptotic stress. Catalase converts H2O2 
to water, while vitamin A, E, K, GSH, and cholesterol intermediates act as radical scavengers[144]. In vertebrates, the primary 
ferroptosis defense relies on the Xc-–GSH–GPX4 axis and the ferroptosis suppressor protein 1–CoQH2 system. GPX4, a GSH-dependent 
peroxidase, specifically reduces lipid hydroperoxides (PL-OOH) to alcohols, while Xc- (SLC7A11) maintains intracellular cysteine for 
GSH synthesis. Depletion of GSH, cysteine, or inhibition of GPX4 sensitizes cells to ferroptosis, whereas iron chelation, cysteine 
supplementation, or synthetic radical-trapping antioxidants confer protection[157]. GPX4 activity depends on selenocysteine, which 
resists irreversible overoxidation, linking selenium metabolism and tRNA-mediated selenocysteine incorporation to ferroptosis 
regulation[158]. Additionally, GSH itself can bind Fe2+, acting as an iron carrier with antioxidant function independent of GPX4[159] 
(Figure 5A).

FSP1 catalyzes reduction of CoQ10 to CoQH2 and vitamin K to hydroxyquinone, acting as lipophilic radical-trapping antioxidants[160]. 
Other mitochondrial enzymes, including dihydroorotate dehydrogenase, SQOR, and ETFDH, maintain CoQH2 pools, contributing to 
mitochondrial redox balance[161-163] (Figure 5B). GTP cyclohydrolase 1 and tetrahydrobiopterin (BH4) constitute an additional, 
less-studied antioxidant axis, redistributing CoQ and conferring ferroptosis resistance, particularly in leukemias and lymphomas[159] 
(Figure 5C). Cancer cells often display redundancy among these pathways, requiring combined targeting (e.g., GSH and thioredoxin 
inhibition) to effectively induce ferroptosis.

5.2.3.2 Transcriptional and translational regulators
Ferroptosis is regulated by multiple antioxidant and metabolic programs controlled by redox-sensitive transcription factors. 
ROS-dependent regulation of the NRF2–KEAP1 axis is a central driver of the antioxidant transcriptional response, coordinating both 
cellular iron homeostasis and GSH synthesis via GCLC and GCLM[164]. Normally, NRF2 is continuously degraded by the E3 ligase 
adaptor KEAP1, a redox sensor. ROS oxidizes KEAP1 cysteines, releasing NRF2 to translocate to the nucleus and drive transcription of 
~200 antioxidant response element genes, including FTH1, FTL, and SLC40A1, reducing LIP and oxidative damage[165]. KEAP1 
loss-of-function mutations increase NRF2 activity, enhancing oxidative stress tolerance and correlating with poor prognosis in 
non-small cell lung carcinoma, papillary RCC, thyroid cancer, CRC, and ovarian cancers[166] (Figure 5D). While NRF2-mediated 
suppression of ROS can prevent DNA damage and tumor initiation, in established tumors, it protects iron- and ROS-rich cancer cells 
from ferroptotic cell death[165]. A parallel antioxidant defense is mediated by BACH1, which is regulated by cellular heme rather than 
ROS, distinguishing it from NRF2 regulation[55]. Heme also activates the ATF4-dependent integrated stress response, inhibiting 
cap-dependent translation via HRI-mediated eIF2α phosphorylation and reprogramming transcription to mitigate stress, a process 
observed in hypoxic, nutrient-deprived cancer cells[167] (Figure 5D).

Beyond canonical redox sensors, oncogenic signaling can modulate ferroptosis sensitivity by enhancing mitochondrial respiration 
and ROS production. MYCN amplification, observed in cancers such as neuroblastoma, increases intracellular iron flux, promoting 
lipid peroxidation and ferroptosis[168]. However, this elevated iron is not matched by sufficient antioxidant defenses, such as cysteine 
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uptake, rendering MYCN-amplified neuroblastoma cells particularly sensitive to ferroptosis induced by cysteine deprivation. Similar 
to CDK2NA, MYCN also has a paradoxical effect on cell proliferation and tumorigenesis in glioblastomas. MYCN is an oncogene; its 
amplification is associated with poor survival outcomes and, therefore, ferroptosis based therapeutic intervention is a particularly 
attractive opportunity to treat otherwise highly aggressive tumors. Activation of the transcription factor YAP during 
epithelial-mesenchymal transition, triggered by loss of E-cadherin and Hippo pathway signaling, promotes ferroptosis. YAP 
upregulates intracellular iron and arachidonic acid, a substrate for lipid peroxidation, via increased TFRC and ACSL4 expression[169]. 
Ferroptosis sensitivity is further amplified during epithelial-mesenchymal transition and metastatic dissemination, as cells transition 
from the hypoxic tumor microenvironment into well-oxygenated tissues or systemic circulation, increasing ROS exposure[170].

Figure 5. Cellular antioxidant defense systems. (A) SLC7A11-GPX4-GSH axis; (B) FSP1-NAD(P)H-CoQ axis; (C) GCH1-BH4 axis, cholesterol and mevalonate pathway; (D) NRF2 

dependent redox signaling. Created in BioRender.com. 7DHC: 7-dehydrocholesterol; ATF4: activating transcription factor 4; BACH1: BTB and CNC homology 1; 
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BH2: dihydrobiopterin; BH4: tetrahydrobiopterin; BSO: buthionine sulfoximine; CoQ10: coenzyme Q10 (ubiquinone-10); DFHR: dihydrofolate reductase; 

DHCR7: 7-dehydrocholesterol reductase; eIF2a: eukaryotic initiation factor 2 alpha; FSP1: ferroptosis suppressor protein 1; GCH1: GTP cyclohydrolase 1; 

GCLC: glutamate-cysteine ligase catalytic subunit; GCLM: glutamate-cysteine ligase modifier subunit; GPX4: glutathione peroxidase 4; GSH: glutathione (reduced); 

GSSG: glutathione disulfide (oxidized glutathione); HRI: heme-regulated inhibitor (EIF2AK1); KEAP1: Kelch-like ECH associated; NRF2: nuclear factor (erythroid-derived 2)-like 2 

protein; PRDX: peroxiredoxin; PUFA-PL-OH: polyunsaturated fatty acid-phospholipid alcohol (hydroxyl); PUFA-PLO: polyunsaturated fatty acid-phospholipid olefinic 

(unsaturated); PUFA-PLOO: polyunsaturated fatty acid-phospholipid peroxyl; SLC1A5: solute carrier family 1 member 5 (glutamine transporter); SLC7A11: solute carrier family 

7 member 11 (cystine/glutamate antiporter, xCT); STARD7: StAR-related lipid transfer domain containing 7; TXN: thioredoxin; TXNRD: thioredoxin reductase; ZC3H12A: zinc 

finger CCCH-type containing 12A.

Nutrient-sensing pathways, particularly the mammalian target of rapamycin (mTOR), also modulate ferroptosis by regulating lipid 
composition. mTOR activation induces sterol regulatory element-binding proteins and stearoyl-CoA desaturase-1, promoting 
monounsaturated fatty acid biosynthesis[171]. Monounsaturated fatty acid lack bis-allylic hydrogens and are resistant to ROS-mediated 
oxidation, providing protection against lipid peroxidation. Conversely, activation of AMP-activated protein kinase, an mTOR inhibitor 
triggered by nutrient deprivation, reduces polyunsaturated fatty acid levels through suppression of acetyl-CoA carboxylase, 
protecting cells against ferroptosis[172]. Upstream activation of mTOR via the AKT pathway also confers protection by inhibiting 
GSK3β, which normally promotes NRF2 degradation[170].

These observations highlight that ferroptosis sensitivity is context-dependent: the same signaling pathway can have opposing effects 
depending on upstream stimuli, the metabolic state, and the oxidative environment. This underscores the intricate interplay between 
metabolism, ROS, and cell death, emphasizing the need for further investigation into how redox and oncogenic signaling collectively 
modulate ferroptosis in cancer cells.

5.3 Other forms of regulated cell death
Iron, through its central role in regulating metabolism and ROS generation, can directly or indirectly influence other forms of 
regulated cell death, including apoptosis and necroptosis. Apoptosis and necroptosis are two major forms of regulated cell death 
triggered by intrinsic or extrinsic stimuli. With considerable crosstalk and overlapping mechanisms, apoptosis is characterized by cell 
shrinking, nuclear fragmentation, and membrane blebbing, while cells undergoing necroptosis swell up and die due to the 
breakdown of the plasma membrane. The intrinsic apoptotic pathway is activated in response to stimuli such as oxidative stress, DNA 
damage, and mitochondrial dysfunction. These cues trigger the release of cytochrome c from mitochondria, promoting apoptosome 
assembly and activation of executioner caspases[173]. Extrinsic apoptotic signals are mediated via engagement of surface receptors, 
such as tumor necrosis factor receptor 1 and FAS, by autocrine or paracrine soluble factors, including tumor necrosis factor alpha 
and FAS ligand[20].

Iron-induced DNA damage, including single- and double-strand breaks and 8-oxoguanine lesions, activates the DNA damage response 
through ATM and ATR kinases, leading to p53 stabilization and ultimately apoptosis[174]. Beyond DNA damage, iron-dependent ROS can 
directly activate ASK1 via H2O2-mediated cysteine oxidation and inactivation of its negative regulators, including thioredoxin, 
glutaredoxin, and PRDX1[175,176]. Activated ASK1 initiates MAPK signaling, leading to activation of p38/JNK and pro-apoptotic BCL-2 
family regulators[177].

Intracellular iron also modulates extrinsic apoptotic pathways by influencing FAS splicing and surface expression. Low iron levels 
promote exon 6 skipping in the FAS transcript via activation of the iron-binding splicing factor SRSF7, reducing surface FAS 
expression and, consequently, FAS-dependent apoptosis[178]. Necroptosis, another regulated cell death pathway mediated through 
tumor necrosis factor receptor 1, FAS, and ROS-dependent JNK activation, is similarly influenced by iron-dependent regulation of FAS 
and ROS levels[179]. Notably, tumor necrosis factor alpha can increase the LIP and ROS by promoting ferritin degradation through JNK1 
activation and enhancing NADPH oxidase 1 activity[180]. Under normal conditions, inflammatory NF-κB signaling induces FTH1 
translation, suppresses ROS accumulation, and limits JNK activation[181].

This convergence of ferroptosis, apoptosis, and necroptosis signaling pathways with iron metabolism underscores the multifaceted 
role of iron in regulating both cell survival and cell death.

6. Therapeutic Implications in Cancer
Cancer cells rely on iron-driven metabolism and tight regulation of redox homeostasis, creating vulnerabilities that can be 
therapeutically exploited[182]. Both modulation of iron availability and perturbation of antioxidant defenses can influence 
proliferation, disease progression, and sensitivity to oxidative cell death, including ferroptosis, apoptosis, and necroptosis[183]. 
Ferroptotic cancer cells show enhanced immunogenicity, while cytokines from the CD8+ T cells can further impair or induce critical 
ferroptotic regulators such as SLC7A11 and ACSL4 respectively, further driving ferroptosis in cancer cells[184-186]. However, excessive 
ferroptotic cell death can also deplete the highly sensitive immune cells including dendritic cells, CD8+ T cells, and macrophages, and 
therefore balancing the timing and dosing of ferroptotic agents in the context of immune check point inhibitors (ICIs) is critical to 
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maximize the benefits and minimize non-specific toxicity[187-189]. Utilizing ferroptosis inducers in combination with existing treatment 
modalities beyond ICIs, such as radiotherapy and oncoprotein targeted molecules, has been shown to have a synergistic effect in 
various mouse models[190,191]. Over the last few years, several technological advances, such as new drug molecules and drug 
combinations, biomarker development, have improved understanding of the molecular mechanism of ferroptosis and oxidative cell 
death in the context of cancer. However, despite the success of ferroptosis inducers in preclinical models, translational success in the 
clinical remains limited due to pharmacological and biological limitations. The new emerging therapeutic strategies as well as 
challenges are discussed below.

6.1 Targeting iron availability
Manipulating intratumoral iron, either by depletion or supplementation, can slow cancer cell proliferation through suppression of 
iron-dependent metabolic pathways or induction of oxidative cell death, respectively. Traditional iron chelators, such as 
deferoxamine, are clinically effective in conditions such as thalassemia and hemochromatosis but show limited efficacy in 
hepatocellular carcinoma and leukemia[192-194]. More specific chelators, such as Dp44mT, a thiosemicarbazone derivative currently in 
clinical trials, bind iron while maintaining redox cycling and ROS generation, making them more potent at inducing tumor cell 
death[195].

Gallium salts, including gallium maltolate and tris(8-quinolinolate)gallium(III), exploit iron-mimetic incorporation into 
iron-containing enzymes, inhibiting their catalytic activity and demonstrating anticancer properties[196]. However, cancer cells 
efficiently sequester intracellular iron from the extracellular environment, systemic circulation, and non-cancer cells in the tumor 
microenvironment via multiple regulatory mechanisms. For instance, CRC cells respond to dietary iron restriction or inhibition of 
intestinal absorption through DMT1 blockade by reducing tumor burden, but late-stage tumors may still acquire iron from increased 
vascularization[8,14].

Conversely, inducing iron toxicity by increasing the LIP or suppressing antioxidant defenses can exploit cancer cells’ high baseline 
oxidative stress[197]. Iron supplementation in cells with elevated LIP can overwhelm antioxidant systems, leading to cell death. Iron 
oxide nanoparticles, such as Ferumoxytol (Feraheme), induce oxidative stress and reduce tumor burden in AML models[198]. Increased 
expression of iron transporters, such as TFRC1, can also be leveraged for targeted drug delivery, using transferrin-conjugated 
chemotherapeutics (e.g., doxorubicin, cisplatin) or toxins (e.g., diphtheria toxin, ricin) for cancer-specific cytotoxicity[199].

6.2 Suppression of antioxidant signaling
The development of redox-based therapeutics aims to selectively exploit the dependence of cancer cells on antioxidant networks. A 
major challenge is modulating cancer-specific antioxidant activity while minimizing toxicity in normal tissues. Direct inhibition of 
redox-sensitive transcription factors (e.g., NRF2, BACH1, HIFs, MAPK, and ERK1/2) has shown limited clinical success due to their 
pleiotropic roles in the tumor microenvironment, angiogenesis, and immune modulation[200-203]. Targeting downstream effectors of 
these pathways offers a more precise approach.

GPX4 is a central ferroptosis suppressor, and its inhibition using electrophilic molecules such as RSL3, ML210, and ML162 can induce 
ferroptosis in vitro, though these compounds often exhibit off-target toxicity[204]. Novel approaches, including PROTAC-mediated GPX4 
degradation, show improved in vivo efficacy[205]. GPX4 activity depends on GSH, and depletion of GSH via inhibition of SLC7A11 
(e.g., erastin, sulfasalazine) or GCLC (e.g., buthionine sulfoximine) sensitizes cells to ferroptosis[206,207]. Enzymatic depletion of 
L-cyst(e)ine using engineered cyst(e)inase similarly induces ferroptosis in pancreatic cancer models[208].

Other ferroptosis-suppressive pathways include FSP1-mediated reduction of CoQ10 to CoQH2 and BH4 synthesis via GTP 
cyclohydrolase 1. Inhibition of FSP1 (e.g., icFSP1) or BH4 synthesis (e.g., SPR inhibitors QM385, SPRi) enhances ferroptotic 
susceptibility. Functional redundancy among these pathways suggests that combinatorial targeting may provide broader therapeutic 
windows, depending on tumor type.

6.3 Oxidative metabolism
Mitochondrial metabolism is a key source of ROS, and its perturbation can selectively induce oxidative stress in cancer cells. 
Inhibition of dihydroorotate dehydrogenase, which reduces CoQ10 and supports nucleotide synthesis, induces replication stress and 
ferroptosis in cells with low GPX4 expression[161]. Disruption of selenium metabolism, such as targeting PRDX6, can indirectly impair 
GPX4 function by limiting selenocysteine availability[209]. The thioredoxin system, composed of thioredoxin and thioredoxin 
reductases, also regulates cellular and mitochondrial redox homeostasis and is often upregulated in cancers[210]. Inhibitors such as 
auranofin and Tri-1 suppress tumor growth in xenograft models, and their combination with GSH pathway inhibition synergistically 
induces cancer cell death[211].

6.4 Limitations for clinical translation
In pathological conditions such as cancer, high iron demand and utilization shifts the balance between iron, iron catalyzed ROS, and 
antioxidant defense systems. In recent years, dysregulated iron and redox homeostasis has emerged as a hallmark of cancer, as 

Ferroptosis Oxid Stress. 2026;2:202526 | https://doi.org/10.70401/fos.2026.0022 Page 16 of 26

https://doi.org/10.70401/fos.2026.0022


cancer cells rely heavily on iron driven metabolism to sustain proliferation and disease progression. Inducing ferroptosis and 
oxidative cell death as a therapeutic strategy to selectively target cancer cells remains unachievable in the clinic due to several 
reasons.

Target specificity: Inducing ferroptosis specifically in cancer cells while minimizing oxidative damage to highly sensitive normal 
tissues and immune cells in the TME continues to be the biggest hurdle in developing efficacious anti-cancer therapies. While 
inducing ferroptosis or iron toxicity in cancer cells can suppress tumor growth and progression, altering ferroptotic pathways may 
dampen the cytotoxic functions of tumor infiltrating immune cells[212-214].

Cancer cells due to their increased intracellular iron and oxidative metabolism, are thought to be much more susceptible to 
ferroptosis inducers. However, this persistent oxidative stress leads to selective enrichment of resistant cancer cells with high 
antioxidant capacity in the TME[215,216]. Identifying and targeting these antioxidant defense mechanisms specific to cancer cells could 
induce synthetic vulnerability to ferroptosis inducers in cancer cells.

Redundant and compensatory defense mechanisms: Chronic hypoxia and nutrient deficient TME imposes a selection pressure. 
Consequently, cancer cells develop a dependence on antioxidant defense systems, creating vulnerabilities that can be exploited for 
therapeutic interventions since limiting intra-tumoral iron availability is clinically challenging. However, the presence of several 
redundant and compensatory antioxidant signaling mechanisms makes this further complicating. Use of over simplified in vitro 
models used to identify the necessity of these pathways provides incomplete understanding of the physiologically relevant 
mechanisms. For example, inhibiting GPX4 or FSP1can lead to selection of cells overexpressing compensatory pathways or TME 
reprogramming, further driving the resistance against ferroptosis and oxidative cell death inducers[217-219].

Intratumoral heterogeneity: Several sub populations of cancer cells exist in the TME, which eventually disseminate from the primary 
tumor and lead to metastatic disease, the primary cause of cancer related morbidities. This intratumoral heterogeneity is crucial for 
cancer cells as it increases the chances of survival and positive selection in the TME[220,221]. However, this also poses a big challenge 
when developing therapies targeting cellular redox homeostasis. Different cells states vary vastly from a metabolic standpoint and 
therefore exhibit differential sensitivity to ferroptosis and oxidative cell death[222-224]. This is further confounded by pleiotropic roles of 
iron and iron catalyzed ROS, which can vary depending on the tissue of origin, heterocellular interactions within the tumor 
microenvironment, genetic and epigenetic heterogeneity.

Lack of defined biomarkers: The success of a new drug relies on the design and execution of clinical trials which in turn depend on 
reliable biomarkers to identify the patient cohorts and monitor the disease progression. Ferroptosis based therapeutic strategies for 
cancer treatment however, remain limited due to an incomplete understanding of ferroptosis in a physiological context, as much of 
the current knowledge is derived from synthetic drug screens performed in in vitro models. Mechanistically, ferroptosis and oxidative 
cell death are characterized by the build up of short lived, highly unstable oxidants, which are extremely challenging to detect and 
quantify in real time. Most accurate real time detection methods rely on redox active fluorescent probes but require live cell 
imaging[225,114]. Over the last few years, use of mass spectrometry to detect stable products of these oxidation reactions in patient 
tissues, combined with a multi-omics approach (proteomics, lipidomics and metabolomics) to establish ferroptotic signatures has 
improved the understanding significantly[226-230]. However, given the complex and dynamic nature of redox biology and ferroptosis, 
translation of these physiological findings to the design of effective drug trials remains a challenge and therefore avoided by 
academic and industry.

7. Future Directions
Iron and iron containing cofactors (Fe-S clusters and heme) are crucial for cellular metabolism including cellular energetics, redox 
homeostasis and signaling, and cell proliferation. Iron metabolism is highly complex and is regulated at both the systemic and 
cellular levels to ensure adequate iron availability while preventing the toxicity associated with iron overload. While regulated 
production of ROS, catalyzed by labile iron, mediates several signaling processes, unchecked and unrestrained ROS production can be 
detrimental to cellular integrity. This regulation is achieved through coordination of iron uptake, storage, utilization, and export 
across different organs or organelles.

The studies summarized in this review highlight several decades of research that have significantly improved our understanding of 
iron homeostasis at the systemic and cellular scale.

Further research into the dynamic network of cellular and systemic iron regulatory pathways will strengthen our understanding of 
its profound implications for health and disease. A deeper understanding of the physiological role of ferroptosis and oxidative cell 
death is therefore critical for harnessing the therapeutic potential of ferroptosis or iron toxicity-based strategies while minimizing 
systemic toxicities. An interdisciplinary approach that integrates genetic and metabolic profiling on the cancer cells and the tumor 
microenvironment will be instrumental in identifying and exploiting inherent vulnerabilities to iron toxicity and ferroptosis in 
cancer.

Ferroptosis Oxid Stress. 2026;2:202526 | https://doi.org/10.70401/fos.2026.0022 Page 17 of 26

https://doi.org/10.70401/fos.2026.0022


Declarations
Authors contribution
Jain C: Conceptualization, writing-original draft.
Shah YM: Supervision, writing-review & editing.

Conflicts of interest
The authors declare no conflicts of interest.

Ethical approval
Not applicable.

Consent to participate
Not applicable.

Consent for publication
Not applicable.

Availability of data and materials
Not applicable.

Funding
This work was supported by National Institutes of Health (Grant No. DK095201, No. CA303150, No. CA148828 and No. R01CA245546 to 
Yatrik M. Shah), and University of Michigan, Rackham International Student Fellowship and Rackham Barbour Fellowship to Chesta Jain 
(Grant No. 550443).

Copyright
© The Author(s) 2026.

References
Andreini C, Putignano V, Rosato A, Banci L. The human iron-proteome. Metallomics. 2018;10(9):1223-1231. [DOI]1. 
Torti SV, Torti FM. Iron and cancer: 2020 vision. Cancer Res. 2020;80(24):5435-5448. [DOI][PubMed][PMC]2. 
Hentze MW, Muckenthaler MU, Andrews NC. Balancing acts molecular control of mammalian iron metabolism. Cell. 2004;117(3):285-
297. [DOI]

3. 

Torti SV, Tesfay L, Torti FM. Iron and cancer. In: Pantopoulos K, editor. Iron metabolism in human health and disease. Cham: Springer; 
2025. p. 271-289. [DOI]

4. 

McKie AT, Barrow D, Latunde-Dada GO, Rolfs A, Sager G, Mudaly E, et al. An iron-regulated ferric reductase associated with the 
absorption of dietary iron. Science. 2001;291(5509):1755-1759. [DOI][PubMed]

5. 

MacKenzie B, Garrick MD. Iron Imports. II. Am J Physiol Gastrointest Liver Physiol. 2005;289(6):G981-G986. [DOI]6. 
Galy B, Conrad M, Muckenthaler M. Mechanisms controlling cellular and systemic iron homeostasis. Nat Rev Mol Cell Biol. 
2024;25(2):133-155. [DOI][PubMed]

7. 

Xue X, Ramakrishnan SK, Weisz K, Triner D, Xie L, Attili D, et al. Iron uptake via DMT1 integrates cell cycle with JAK-STAT3 signaling to 
promote colorectal tumorigenesis. Cell Metab. 2016;24(3):447-461. [DOI][PubMed][PMC]

8. 

Rajagopal A, Rao AU, Amigo J, Tian M, Upadhyay SK, Hall C, et al. Haem homeostasis is regulated by the conserved and concerted 
functions of HRG-1 proteins. Nature. 2008;453(7198):1127-1131. [DOI][PubMed][PMC]

9. 

Unlu G, Prizer B, Erdal R, Yeh HW, Bayraktar EC, Birsoy K. Metabolic-scale gene activation screens identify SLCO2B1 as a heme 
transporter that enhances cellular iron availability. Mol Cell. 2022;82(15):2832-2843. [DOI][PubMed][PMC]

10. 

Thomsen JH, Etzerodt A, Svendsen P, Moestrup SK. The haptoglobin-CD163-heme oxygenase-1 pathway for hemoglobin scavenging. 
Oxid Med Cell Longev. 2013;2013:523652. [DOI]

11. 

He Z, Wang G, Wu J, Tang Z, Luo M. The molecular mechanism of LRP1 in physiological vascular homeostasis and signal transduction 
pathways. Biomed Pharmacother. 2021;139:111667. [DOI]

12. 

Belot A, Puy H, Hamza I, Bonkovsky HL. Update on heme biosynthesis, tissue-specific regulation, heme transport, relation to iron 
metabolism and cellular energy. Liver Int. 2024;44(9):2235-2250. [DOI][PubMed][PMC]

13. 

Radulescu S, Brookes MJ, Salgueiro P, Ridgway RA, McGhee E, Anderson K, et al. Luminal iron levels govern intestinal tumorigenesis 14. 

Ferroptosis Oxid Stress. 2026;2:202526 | https://doi.org/10.70401/fos.2026.0022 Page 18 of 26

https://doi.org/10.1039/c8mt00146d
https://doi.org/10.1158/0008-5472.CAN-20-2017
https://pubmed.ncbi.nlm.nih.gov/32928919
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8118237
https://doi.org/10.1016/S0092-8674(04)00343-5
https://doi.org/10.1007/978-3-031-92033-2_18
https://doi.org/10.1126/science.1057206
https://pubmed.ncbi.nlm.nih.gov/11230685
https://doi.org/10.1152/ajpgi.00363.2005
https://doi.org/10.1038/s41580-023-00648-1
https://pubmed.ncbi.nlm.nih.gov/37783783
https://doi.org/10.1016/j.cmet.2016.07.015
https://pubmed.ncbi.nlm.nih.gov/27546461
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5023486
https://doi.org/10.1038/nature06934
https://pubmed.ncbi.nlm.nih.gov/18418376
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4058867
https://doi.org/10.1016/j.molcel.2022.05.024
https://pubmed.ncbi.nlm.nih.gov/35714613
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9356996
https://doi.org/10.1155/2013/523652
https://doi.org/10.1016/j.biopha.2021.111667
https://doi.org/10.1111/liv.15965
https://pubmed.ncbi.nlm.nih.gov/38888238
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11625177
https://doi.org/10.70401/fos.2026.0022


after Apc loss in vivo . Cell Rep. 2012;2(2):270-282. [DOI][PubMed]
Miles AL, Burr SP, Grice GL, Nathan JA. The vacuolar-ATPase complex and assembly factors, TMEM199 and CCDC115, control HIF1α 
prolyl hydroxylation by regulating cellular iron levels. eLife. 2017;6:e22693. [DOI]

15. 

Senbanjo LT, Chellaiah MA. CD44: A multifunctional cell surface adhesion receptor is a regulator of progression and metastasis of 
cancer cells. Front Cell Dev Biol. 2017;5:18. [DOI]

16. 

Müller S, Sindikubwabo F, Cañeque T, Lafon A, Versini A, Lombard B, et al. CD44 regulates epigenetic plasticity by mediating iron 
endocytosis. Nat Chem. 2020;12(10):929-938. [DOI][PubMed][PMC]

17. 

Li JY, Paragas N, Ned RM, Qiu A, Viltard M, Leete T, et al. Scara5 is a ferritin receptor mediating non-transferrin iron delivery. Dev Cell. 
2009;16(1):35-46. [DOI][PubMed][PMC]

18. 

Chen TT, Li L, Chung DH, Allen CD, Torti SV, Torti FM, et al. TIM-2 is expressed on B cells and in liver and kidney and is a receptor for 
H-ferritin endocytosis. J Exp Med. 2005;202(7):955-965. [DOI][PubMed][PMC]

19. 

Federico G, Moccia M, Carlomagno F. Iron and cell death. In: Pantopoulos K, editor. Iron metabolism in human health and disease. 
Cham: Springer; 2025. p. 61-73. [DOI]

20. 

Novoa-Aponte L, Leon-Torres A, Philpott CC. Guardians of the genome: Iron–sulfur proteins in the nucleus. Inorganics. 
2024;12(12):316. [DOI]

21. 

Miller LD, Coffman LG, Chou JW, Black MA, Bergh J, D’Agostino Jr R, et al. An iron regulatory gene signature predicts outcome in breast 
cancer. Cancer Res. 2011;71(21):6728-6737. [DOI][PubMed][PMC]

22. 

Wolff NA, Garrick MD, Zhao L, Garrick LM, Ghio AJ, Thévenod F. A role for divalent metal transporter (DMT1) in mitochondrial uptake of 
iron and manganese. Sci Rep. 2018;8(1):211. [DOI][PubMed][PMC]

23. 

Paradkar PN, Zumbrennen KB, Paw BH, Ward DM, Kaplan J. Regulation of mitochondrial iron import through differential turnover of 
mitoferrin 1 and mitoferrin 2. Mol Cell Biol. 2009;29(4):1007-1016. [DOI][PubMed][PMC]

24. 

Patel SJ, Frey AG, Palenchar DJ, Achar S, Bullough KZ, Vashisht A, et al. A PCBP1-BolA2 chaperone complex delivers iron for cytosolic 
[2Fe-2S] cluster assembly. Nat Chem Biol. 2019;15(9):872-881. [DOI][PubMed][PMC]

25. 

Koorts AM, Viljoen M. Ferritin and ferritin isoforms I: Structure-function relationships, synthesis, degradation and secretion. Arch 
Physiol Biochem. 2007;113(1):30-54. [DOI][PubMed]

26. 

Bartnikas TB, Campagna DR, Antiochos B, Mulhern H, Pondarré C, Fleming MD. Characterization of mitochondrial ferritin-deficient mice. 
Am J Hematol. 2010;85(12):958-960. [DOI][PubMed][PMC]

27. 

Wang P, Cui Y, Liu Y, Li Z, Bai H, Zhao Y, et al. Mitochondrial ferritin alleviates apoptosis by enhancing mitochondrial bioenergetics and 
stimulating glucose metabolism in cerebral ischemia reperfusion. Redox Biol. 2022;57:102475. [DOI]

28. 

Ganz T. Systemic iron metabolism. In: Pantopoulos K, editor. Iron metabolism in human health and disease. Cham: Springer; 2025. p. 
33-45. [DOI]

29. 

Schwartz AJ, Goyert JW, Solanki S, Kerk SA, Chen B, Castillo C, et al. Hepcidin sequesters iron to sustain nucleotide metabolism and 
mitochondrial function in colorectal cancer epithelial cells. Nat Metab. 2021;3(7):969-982. [DOI][PubMed][PMC]

30. 

Wang YF, Zhang J, Su Y, Shen YY, Jiang DX, Hou YY, et al. G9a regulates breast cancer growth by modulating iron homeostasis through 
the repression of ferroxidase hephaestin. Nat Commun. 2017;8(1):274. [DOI][PubMed][PMC]

31. 

Truman-Rosentsvit M, Berenbaum D, Spektor L, Cohen LA, Belizowsky-Moshe S, Lifshitz L, et al. Ferritin is secreted via 2 distinct 
nonclassical vesicular pathways. Blood. 2018;131(3):342-352. [DOI][PubMed][PMC]

32. 

Brown CW, Amante JJ, Chhoy P, Elaimy AL, Liu H, Zhu LJ, et al. Prominin2 drives ferroptosis resistance by stimulating iron export. Dev 
Cell. 2019;51(5):575-586. [DOI][PubMed][PMC]

33. 

Gao H, Jin Z, Bandyopadhyay G, Wang G, Zhang D, Rocha KCE, et al. Aberrant iron distribution via hepatocyte-stellate cell axis drives 
liver lipogenesis and fibrosis. Cell Metab. 2022;34(8):1201-1213. [DOI][PubMed][PMC]

34. 

Mercurio S, Petrillo S, Chiabrando D, Bassi ZI, Gays D, Camporeale A, et al. The heme exporter Flvcr1 regulates expansion and 
differentiation of committed erythroid progenitors by controlling intracellular heme accumulation. Haematologica. 2015;100(6):720-
729. [DOI][PubMed][PMC]

35. 

Sinclair J, Hamza I. Lessons from bloodless worms: Heme homeostasis in C. elegans. Biometals. 2015;28(3):481-489. [DOI][PubMed]
[PMC]

36. 

Sohn YS, Tamir S, Song L, Michaeli D, Matouk I, Conlan AR, et al. NAF-1 and mitoNEET are central to human breast cancer proliferation 
by maintaining mitochondrial homeostasis and promoting tumor growth. Proc Natl Acad Sci U S A. 2013;110(36):14676-14681. [DOI]
[PubMed][PMC]

37. 

Li C, Zhang Y, Cheng X, Yuan H, Zhu S, Liu J, et al. PINK1 and PARK2 suppress pancreatic tumorigenesis through control of 
mitochondrial iron-mediated immunometabolism. Dev Cell. 2018;46(4):441-455. [DOI][PubMed][PMC]

38. 

Kang R, Xie Y, Zeh HJ, Klionsky DJ, Tang D. Mitochondrial quality control mediated by PINK1 and PRKN: Links to iron metabolism and 
tumor immunity. Autophagy. 2019;15(1):172-173. [DOI][PubMed][PMC]

39. 

Rouault TA. Mammalian iron-sulphur proteins: Novel insights into biogenesis and function. Nat Rev Mol Cell Biol. 2015;16(1):45-55. 
[DOI][PubMed]

40. 

Imlay JA. Iron-sulphur clusters and the problem with oxygen. Mol Microbiol. 2006;59(4):1073-1082. [DOI][PubMed]41. 
McKeown SR. Defining normoxia, physoxia and hypoxia in tumours-implications for treatment response. Br J Radiol. 
2014;87(1035):20130676. [DOI][PubMed][PMC]

42. 

Ferroptosis Oxid Stress. 2026;2:202526 | https://doi.org/10.70401/fos.2026.0022 Page 19 of 26

https://doi.org/10.1016/j.celrep.2012.07.003
https://pubmed.ncbi.nlm.nih.gov/22884366
https://doi.org/10.7554/elife.22693
https://doi.org/10.3389/fcell.2017.00018
https://doi.org/10.1038/s41557-020-0513-5
https://pubmed.ncbi.nlm.nih.gov/32747755
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7612580
https://doi.org/10.1016/j.devcel.2008.12.002
https://pubmed.ncbi.nlm.nih.gov/19154717
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2652503
https://doi.org/10.1084/jem.20042433
https://pubmed.ncbi.nlm.nih.gov/16203866
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2213179
https://doi.org/10.1007/978-3-031-92033-2_5
https://doi.org/10.3390/inorganics12120316
https://doi.org/10.1158/0008-5472.CAN-11-1870
https://pubmed.ncbi.nlm.nih.gov/21875943
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3206152
https://doi.org/10.1038/s41598-017-18584-4
https://pubmed.ncbi.nlm.nih.gov/29317744
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5760699
https://doi.org/10.1128/MCB.01685-08
https://pubmed.ncbi.nlm.nih.gov/19075006
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2643804
https://doi.org/10.1038/s41589-019-0330-6
https://pubmed.ncbi.nlm.nih.gov/31406370
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6702080
https://doi.org/10.1080/13813450701318583
https://pubmed.ncbi.nlm.nih.gov/17522983
https://doi.org/10.1002/ajh.21872
https://pubmed.ncbi.nlm.nih.gov/20960432
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3319725
https://doi.org/10.1016/j.redox.2022.102475
https://doi.org/10.1007/978-3-031-92033-2_3
https://doi.org/10.1038/s42255-021-00406-7
https://pubmed.ncbi.nlm.nih.gov/34155415
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8316354
https://doi.org/10.1038/s41467-017-00350-9
https://pubmed.ncbi.nlm.nih.gov/28819251
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5561105
https://doi.org/10.1182/blood-2017-02-768580
https://pubmed.ncbi.nlm.nih.gov/29074498
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5774206
https://doi.org/10.1016/j.devcel.2019.10.007
https://pubmed.ncbi.nlm.nih.gov/31735663
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8316835
https://doi.org/10.1016/j.cmet.2022.07.006
https://pubmed.ncbi.nlm.nih.gov/35921818
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9365100
https://doi.org/10.3324/haematol.2014.114488
https://pubmed.ncbi.nlm.nih.gov/25795718
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4450617
https://doi.org/10.1007/s10534-015-9841-0
https://pubmed.ncbi.nlm.nih.gov/25724951
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5967260
https://doi.org/10.1073/pnas.1313198110
https://pubmed.ncbi.nlm.nih.gov/23959881
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3767537
https://doi.org/10.1016/j.devcel.2018.07.012
https://pubmed.ncbi.nlm.nih.gov/30100261
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7654182
https://doi.org/10.1080/15548627.2018.1526611
https://pubmed.ncbi.nlm.nih.gov/30252570
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6287677
https://doi.org/10.1038/nrm3909
https://pubmed.ncbi.nlm.nih.gov/25425402
https://doi.org/10.1111/j.1365-2958.2006.05028.x
https://pubmed.ncbi.nlm.nih.gov/16430685
https://doi.org/10.1259/bjr.20130676
https://pubmed.ncbi.nlm.nih.gov/24588669
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4064601
https://doi.org/10.70401/fos.2026.0022


Alvarez SW, Sviderskiy VO, Terzi EM, Papagiannakopoulos T, Moreira AL, Adams S, et al. NFS1 undergoes positive selection in lung 
tumours and protects cells from ferroptosis. Nature. 2017;551(7682):639-643. [DOI][PubMed][PMC]

43. 

Sviderskiy VO, Blumenberg L, Gorodetsky E, Karakousi TR, Hirsh N, Alvarez SW, et al. Hyperactive CDK2 activity in basal-like breast 
cancer imposes a genome integrity liability that can be exploited by targeting DNA polymerase ε. Mol Cell. 2020;80(4):682-698. [DOI]
[PubMed][PMC]

44. 

Terzi EM, Sviderskiy VO, Alvarez SW, Whiten GC, Possemato R. Iron-sulfur cluster deficiency can be sensed by IRP2 and regulates iron 
homeostasis and sensitivity to ferroptosis independent of IRP1 and FBXL5. Sci Adv. 2021;7(22):eabg4302. [DOI][PubMed][PMC]

45. 

Bonkovsky HL, Guo JT, Hou W, Li T, Narang T, Thapar M. Porphyrin and heme metabolism and the porphyrias. Compr Physiol. 
2013;3(1):365-401. [DOI]

46. 

Roberts AG, Redding SJ, Llewellyn DH. An alternatively-spliced exon in the 5’-UTR of human ALAS1 mRNA inhibits translation and 
renders it resistant to haem-mediated decay. FEBS Lett. 2005;579(5):1061-1066. [DOI][PubMed]

47. 

Podvinec M, Handschin C, Looser R, Meyer UA. Identification of the xenosensors regulating human 5-aminolevulinate synthase. Proc 
Natl Acad Sci U S A. 2004;101(24):9127-9132. [DOI][PubMed][PMC]

48. 

Wu N, Yin L, Hanniman EA, Joshi S, Lazar MA. Negative feedback maintenance of heme homeostasis by its receptor, Rev-erbalpha. 
Genes Dev. 2009;23(18):2201-2209. [DOI][PubMed][PMC]

49. 

Handschin C, Lin J, Rhee J, Peyer AK, Chin S, Wu PH, et al. Nutritional regulation of hepatic heme biosynthesis and porphyria through 
PGC-1alpha. Cell. 2005;122(4):505-515. [DOI][PubMed]

50. 

Johnson JD, Mehus JG, Tews K, Milavetz BI, Lambeth DO. Genetic evidence for the expression of ATP- and GTP-specific succinyl-CoA 
synthetases in multicellular eucaryotes. J Biol Chem. 1998;273(42):27580-27586. [DOI][PubMed]

51. 

Pinto MP, Muñoz-Medel M, Retamal IN, Bravo M, Latapiat V, Córdova-Delgado M, et al. Differentially expressed genes and signaling 
pathways potentially involved in primary resistance to chemo-immunotherapy in advanced-stage gastric cancer patients. Int J Mol Sci. 
2022;24(1):1. [DOI][PubMed][PMC]

52. 

Fiorito V, Allocco AL, Petrillo S, Gazzano E, Torretta S, Marchi S, et al. The heme synthesis-export system regulates the tricarboxylic acid 
cycle flux and oxidative phosphorylation. Cell Rep. 2021;35(11):109252. [DOI][PubMed]

53. 

Fiorito V, Chiabrando D, Petrillo S, Bertino F, Tolosano E. The multifaceted role of heme in cancer. Front Oncol. 2020;9:1540. [DOI]54. 
Lignitto L, LeBoeuf SE, Homer H, Jiang S, Askenazi M, Karakousi TR, et al. Nrf2 activation promotes lung cancer metastasis by inhibiting 
the degradation of Bach1. Cell. 2019;178(2):316-329. [DOI][PubMed][PMC]

55. 

Jonker JW, Buitelaar M, Wagenaar E, van der Valk MA, Scheffer GL, Scheper RJ, et al. The breast cancer resistance protein protects 
against a major chlorophyll-derived dietary phototoxin and protoporphyria. Proc Natl Acad Sci U S A. 2002;99(24):15649-15654. [DOI]
[PubMed][PMC]

56. 

Kaelin WG Jr, Ratcliffe PJ. Oxygen sensing by metazoans: The central role of the HIF hydroxylase pathway. Mol Cell. 2008;30(4):393-402. 
[DOI][PubMed]

57. 

An J, Rao A, Ko M. TET family dioxygenases and DNA demethylation in stem cells and cancers. Exp Mol Med. 2017;49(4):e323. [DOI]
[PubMed][PMC]

58. 

Salnikow K, Donald SP, Bruick RK, Zhitkovich A, Phang JM, Kasprzak KS. Depletion of intracellular ascorbate by the carcinogenic metals 
nickel and cobalt results in the induction of hypoxic stress. J Biol Chem. 2004;279(39):40337-40344. [DOI][PubMed]

59. 

Xiao M, Yang H, Xu W, Ma S, Lin H, Zhu H, et al. Inhibition of α-KG-dependent histone and DNA demethylases by fumarate and succinate 
that are accumulated in mutations of FH and SDH tumor suppressors. Genes Dev. 2012;26(12):1326-1338. [DOI][PubMed][PMC]

60. 

Cimmino L, Dolgalev I, Wang Y, Yoshimi A, Martin GH, Wang J, et al. Restoration of TET2 function blocks aberrant self-renewal and 
leukemia progression. Cell. 2017;170(6):1079-1095. [DOI][PubMed][PMC]

61. 

Sciacovelli M, Gonçalves E, Johnson TI, Zecchini VR, da Costa AS, Gaude E, et al. Fumarate is an epigenetic modifier that elicits epithelial-
to-mesenchymal transition. Nature. 2016;537(7621):544-547. [DOI][PubMed][PMC]

62. 

Rasmussen KD, Jia G, Johansen JV, Pedersen MT, Rapin N, Bagger FO, et al. Loss of TET2 in hematopoietic cells leads to DNA 
hypermethylation of active enhancers and induction of leukemogenesis. Genes Dev. 2015;29(9):910-922. [DOI][PubMed][PMC]

63. 

Luo W, Chang R, Zhong J, Pandey A, Semenza GL. Histone demethylase JMJD2C is a coactivator for hypoxia-inducible factor 1 that is 
required for breast cancer progression. Proc Natl Acad Sci U S A. 2012;109(49):E3367-E3376. [DOI][PubMed][PMC]

64. 

Ntziachristos P, Tsirigos A, Welstead GG, Trimarchi T, Bakogianni S, Xu L, et al. Contrasting roles of histone 3 lysine 27 demethylases in 
acute lymphoblastic leukaemia. Nature. 2014;514(7523):513-517. [DOI][PubMed][PMC]

65. 

Gaur K, Pérez Otero SC, Benjamín-Rivera JA, Rodríguez I, Loza-Rosas SA, Vázquez Salgado AM, et al. Iron chelator transmetalative 
approach to inhibit human ribonucleotide reductase. JACS Au. 2021;1(6):865-878. [DOI][PubMed][PMC]

66. 

Moussa RS, Kovacevic Z, Bae DH, Lane DJR, Richardson DR. Transcriptional regulation of the cyclin-dependent kinase inhibitor, 
p21CIP1/WAF1, by the chelator, Dp44mT. Biochim Biophys Acta Gen Subj. 2018;1862(3):761-774. [DOI]

67. 

Deng Z, Manz DH, Torti SV, Torti FM. Iron-responsive element-binding protein 2 plays an essential role in regulating prostate cancer 
cell growth. Oncotarget. 2017;8(47):82231-82243. [DOI][PubMed][PMC]

68. 

Fuss JO, Tsai CL, Ishida JP, Tainer JA. Emerging critical roles of Fe–S clusters in DNA replication and repair. Biochim Biophys Acta Mol Cell 
Res. 2015;1853(6):1253-1271. [DOI]

69. 

Huff SE, Winter JM, Dealwis CG. Inhibitors of the cancer target ribonucleotide reductase, past and present. Biomolecules. 
2022;12(6):815. [DOI]

70. 

Ferroptosis Oxid Stress. 2026;2:202526 | https://doi.org/10.70401/fos.2026.0022 Page 20 of 26

https://doi.org/10.1038/nature24637
https://pubmed.ncbi.nlm.nih.gov/29168506
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5808442
https://doi.org/10.1016/j.molcel.2020.10.016
https://pubmed.ncbi.nlm.nih.gov/33152268
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7687292
https://doi.org/10.1126/sciadv.abg4302
https://pubmed.ncbi.nlm.nih.gov/34039609
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8153722
https://doi.org/10.1002/j.2040-4603.2013.tb00488.x
https://doi.org/10.1016/j.febslet.2004.12.080
https://pubmed.ncbi.nlm.nih.gov/15710391
https://doi.org/10.1073/pnas.0401845101
https://pubmed.ncbi.nlm.nih.gov/15178759
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC428484
https://doi.org/10.1101/gad.1825809
https://pubmed.ncbi.nlm.nih.gov/19710360
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2751986
https://doi.org/10.1016/j.cell.2005.06.040
https://pubmed.ncbi.nlm.nih.gov/16122419
https://doi.org/10.1074/jbc.273.42.27580
https://pubmed.ncbi.nlm.nih.gov/9765291
https://doi.org/10.3390/ijms24010001
https://pubmed.ncbi.nlm.nih.gov/36613445
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9820415
https://doi.org/10.1016/j.celrep.2021.109252
https://pubmed.ncbi.nlm.nih.gov/34133926
https://doi.org/10.3389/fonc.2019.01540
https://doi.org/10.1016/j.cell.2019.06.003
https://pubmed.ncbi.nlm.nih.gov/31257023
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6625921
https://doi.org/10.1073/pnas.202607599
https://pubmed.ncbi.nlm.nih.gov/12429862
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC137771
https://doi.org/10.1016/j.molcel.2008.04.009
https://pubmed.ncbi.nlm.nih.gov/18498744
https://doi.org/10.1038/emm.2017.5
https://pubmed.ncbi.nlm.nih.gov/28450733
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6130217
https://doi.org/10.1074/jbc.M403057200
https://pubmed.ncbi.nlm.nih.gov/15271983
https://doi.org/10.1101/gad.191056.112
https://pubmed.ncbi.nlm.nih.gov/22677546
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3387660
https://doi.org/10.1016/j.cell.2017.07.032
https://pubmed.ncbi.nlm.nih.gov/28823558
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5755977
https://doi.org/10.1038/nature19353
https://pubmed.ncbi.nlm.nih.gov/27580029
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5136292
https://doi.org/10.1101/gad.260174.115
https://pubmed.ncbi.nlm.nih.gov/25886910
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4421980
https://doi.org/10.1073/pnas.1217394109
https://pubmed.ncbi.nlm.nih.gov/23129632
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3523832
https://doi.org/10.1038/nature13605
https://pubmed.ncbi.nlm.nih.gov/25132549
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4209203
https://doi.org/10.1021/jacsau.1c00078
https://pubmed.ncbi.nlm.nih.gov/34240081
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8243325
https://doi.org/10.1016/j.bbagen.2017.10.009
https://doi.org/10.18632/oncotarget.19288
https://pubmed.ncbi.nlm.nih.gov/29137259
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5669885
https://doi.org/10.1016/j.bbamcr.2015.01.018
https://doi.org/10.3390/biom12060815
https://doi.org/10.70401/fos.2026.0022


Funauchi Y, Tanikawa C, Yi Lo PH, Mori J, Daigo Y, Takano A, et al. Regulation of iron homeostasis by the p53-ISCU pathway. Sci Rep. 
2015;5:16497. [DOI][PubMed][PMC]

71. 

Shen J, Sheng X, Chang Z, Wu Q, Xie D, Wang F, et al. The heme-p53 interaction: Linking iron metabolism to p53 signaling and 
tumorigenesis. Mol Cell Oncol. 2016;3(1):e965642. [DOI][PubMed][PMC]

72. 

Galy B, Ferring-Appel D, Becker C, Gretz N, Gröne HJ, Schümann K, et al. Iron regulatory proteins control a mucosal block to intestinal 
iron absorption. Cell Rep. 2013;3(3):844-857. [DOI][PubMed]

73. 

Schwartz AJ, Das NK, Ramakrishnan SK, Jain C, Jurkovic MT, Wu J, et al. Hepatic hepcidin/intestinal HIF-2α axis maintains iron absorption 
during iron deficiency and overload. J Clin Invest. 2019;129(1):336-348. [DOI][PubMed][PMC]

74. 

Nemeth E, Tuttle MS, Powelson J, Vaughn MB, Donovan A, Ward DM, et al. Hepcidin regulates cellular iron efflux by binding to 
ferroportin and inducing its internalization. Science. 2004;306(5704):2090-2093. [DOI][PubMed]

75. 

Aschemeyer S, Qiao B, Stefanova D, Valore EV, Sek AC, Ruwe TA, et al. Structure-function analysis of ferroportin defines the binding site 
and an alternative mechanism of action of hepcidin. Blood. 2018;131(8):899-910. [DOI][PubMed][PMC]

76. 

Liu J, Sun B, Yin H, Liu S. Hepcidin: A promising therapeutic target for iron disorders: A systematic review. Medicine. 2016;95(14):e3150. 
[DOI][PubMed][PMC]

77. 

Camaschella C, Nai A, Silvestri L. Iron metabolism and iron disorders revisited in the hepcidin era. Haematologica. 2020;105(2):260-272. 
[DOI][PubMed][PMC]

78. 

Elmberg M, Hultcrantz R, Ekbom A, Brandt L, Olsson S, Olsson R, et al. Cancer risk in patients with hereditary hemochromatosis and in 
their first-degree relatives. Gastroenterology. 2003;125(6):1733-1741. [DOI][PubMed]

79. 

Wrighting DM, Andrews NC. Interleukin-6 induces hepcidin expression through STAT3. Blood. 2006;108(9):3204-3209. [DOI][PubMed]
[PMC]

80. 

Gilreath JA, Stenehjem DD, Rodgers GM. Diagnosis and treatment of cancer-related anemia. Am J Hematol. 2014;89(2):203-212. [DOI]
[PubMed]

81. 

Finch CA, Deubelbeiss K, Cook JD, Eschbach JW, Barker LA, Funk DD, et al. Ferrokinetics in man. Medicine. 1970;49(1):17-54. [DOI]82. 
Mastrogiannaki M, Matak P, Mathieu JR, Delga S, Mayeux P, Vaulont S, et al. Hepatic hypoxia-inducible factor-2 down-regulates hepcidin 
expression in mice through an erythropoietin-mediated increase in erythropoiesis. Haematologica. 2012;97(6):827-834. [DOI][PubMed]
[PMC]

83. 

Scortegagna M, Ding K, Zhang Q, Oktay Y, Bennett MJ, Bennett M, et al. HIF-2α regulates murine hematopoietic development in an 
erythropoietin-dependent manner. Blood. 2005;105(8):3133-3140. [DOI]

84. 

Kautz L, Jung G, Valore EV, Rivella S, Nemeth E, Ganz T. Identification of erythroferrone as an erythroid regulator of iron metabolism. 
Nat Genet. 2014;46(7):678-684. [DOI][PubMed][PMC]

85. 

Arezes J, Foy N, McHugh K, Sawant A, Quinkert D, Terraube V, et al. Erythroferrone inhibits the induction of hepcidin by BMP6. Blood. 
2018;132(14):1473-1477. [DOI][PubMed][PMC]

86. 

Yanatori I, Richardson DR, Dhekne HS, Toyokuni S, Kishi F. CD63 is regulated by iron via the IRE-IRP system and is important for ferritin 
secretion by extracellular vesicles. Blood. 2021;138(16):1490-1503. [DOI][PubMed][PMC]

87. 

Yoshinaga M, Nakatsuka Y, Vandenbon A, Ori D, Uehata T, Tsujimura T, et al. Regnase-1 maintains iron homeostasis via the degradation 
of transferrin receptor 1 and prolyl-hydroxylase-domain-containing protein 3 mRNAs. Cell Rep. 2017;19(8):1614-1630. [DOI][PubMed]

88. 

Corral VM, Schultz ER, Eisenstein RS, Connell GJ. Roquin is a major mediator of iron-regulated changes to transferrin receptor-1 mRNA 
stability. iScience. 2021;24(4):102360. [DOI][PubMed][PMC]

89. 

Luscieti S, Galy B, Gutierrez L, Reinke M, Couso J, Shvartsman M, et al. The actin-binding protein profilin 2 is a novel regulator of iron 
homeostasis. Blood. 2017;130(17):1934-1945. [DOI][PubMed]

90. 

Sanchez M, Galy B, Muckenthaler MU, Hentze MW. Iron-regulatory proteins limit hypoxia-inducible factor-2α expression in iron 
deficiency. Nat Struct Mol Biol. 2007;14(5):420-426. [DOI][PubMed]

91. 

Dandekar T, Stripecke R, Gray NK, Goossen B, Constable A, Johansson HE, et al. Identification of a novel iron-responsive element in 
murine and human erythroid delta-aminolevulinic acid synthase mRNA. EMBO J. 1991;10(7):1903-1909. [DOI][PubMed][PMC]

92. 

Kim HY, LaVaute T, Iwai K, Klausner RD, Rouault TA. Identification of a conserved and functional iron-responsive element in the 
5'-untranslated region of mammalian mitochondrial aconitase. J Biol Chem. 1996;271(39):24226-24230. [DOI][PubMed]

93. 

Hognon C, Bignon E, Harle G, Touche N, Grandemange S, Monari A. The iron maiden. cytosolic aconitase/IRP1 conformational 
transition in the regulation of ferritin translation and iron hemostasis. Biomolecules. 2021;11(9):1329. [DOI]

94. 

Vashisht AA, Zumbrennen KB, Huang X, Powers DN, Durazo A, Sun D, et al. Control of iron homeostasis by an iron-regulated ubiquitin 
ligase. Science. 2009;326(5953):718-721. [DOI][PubMed][PMC]

95. 

Salahudeen AA, Thompson JW, Ruiz JC, Ma HW, Kinch LN, Li Q, et al. An E3 ligase possessing an iron-responsive hemerythrin domain is 
a regulator of iron homeostasis. Science. 2009;326(5953):722-726. [DOI][PubMed][PMC]

96. 

Wang H, Shi H, Rajan M, Canarie ER, Hong S, Simoneschi D, et al. FBXL5 regulates IRP2 stability in iron homeostasis via an oxygen-
responsive [2Fe2S] cluster. Mol Cell. 2020;78(1):31-41. [DOI][PubMed][PMC]

97. 

Wilkinson N, Pantopoulos K. The IRP/IRE system in vivo : Insights from mouse models. Front Pharmacol. 2014;5:176. [DOI]98. 
Wang W, Deng Z, Hatcher H, Miller LD, Di X, Tesfay L, et al. IRP2 regulates breast tumor growth. Cancer Res. 2014;74(2):497-507. [DOI]
[PubMed][PMC]

99. 

Muto Y, Moroishi T, Ichihara K, Nishiyama M, Shimizu H, Eguchi H, et al. Disruption of FBXL5-mediated cellular iron homeostasis 100. 

Ferroptosis Oxid Stress. 2026;2:202526 | https://doi.org/10.70401/fos.2026.0022 Page 21 of 26

https://doi.org/10.1038/srep16497
https://pubmed.ncbi.nlm.nih.gov/26560363
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4642350
https://doi.org/10.4161/23723548.2014.965642
https://pubmed.ncbi.nlm.nih.gov/27308524
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4845248
https://doi.org/10.1016/j.celrep.2013.02.026
https://pubmed.ncbi.nlm.nih.gov/23523353
https://doi.org/10.1172/JCI122359
https://pubmed.ncbi.nlm.nih.gov/30352047
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6307944
https://doi.org/10.1126/science.1104742
https://pubmed.ncbi.nlm.nih.gov/15514116
https://doi.org/10.1182/blood-2017-05-786590
https://pubmed.ncbi.nlm.nih.gov/29237594
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5824336
https://doi.org/10.1097/MD.0000000000003150
https://pubmed.ncbi.nlm.nih.gov/27057839
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4998755
https://doi.org/10.3324/haematol.2019.232124
https://pubmed.ncbi.nlm.nih.gov/31949017
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7012465
https://doi.org/10.1053/j.gastro.2003.09.035
https://pubmed.ncbi.nlm.nih.gov/14724826
https://doi.org/10.1182/blood-2006-06-027631
https://pubmed.ncbi.nlm.nih.gov/16835372
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1895528
https://doi.org/10.1002/ajh.23628
https://pubmed.ncbi.nlm.nih.gov/24532336
https://doi.org/10.1097/00005792-197001000-00002
https://doi.org/10.3324/haematol.2011.056119
https://pubmed.ncbi.nlm.nih.gov/22207682
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3366646
https://doi.org/10.1182/blood-2004-05-1695
https://doi.org/10.1038/ng.2996
https://pubmed.ncbi.nlm.nih.gov/24880340
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4104984
https://doi.org/10.1182/blood-2018-06-857995
https://pubmed.ncbi.nlm.nih.gov/30097509
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6238155
https://doi.org/10.1182/blood.2021010995
https://pubmed.ncbi.nlm.nih.gov/34265052
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8667049
https://doi.org/10.1016/j.celrep.2017.05.009
https://pubmed.ncbi.nlm.nih.gov/28538180
https://doi.org/10.1016/j.isci.2021.102360
https://pubmed.ncbi.nlm.nih.gov/33898949
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8058555
https://doi.org/10.1182/blood-2016-11-754382
https://pubmed.ncbi.nlm.nih.gov/28774878
https://doi.org/10.1038/nsmb1222
https://pubmed.ncbi.nlm.nih.gov/17417656
https://doi.org/10.1002/j.1460-2075.1991.tb07716.x
https://pubmed.ncbi.nlm.nih.gov/2050126
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC452865
https://doi.org/10.1074/jbc.271.39.24226
https://pubmed.ncbi.nlm.nih.gov/8798666
https://doi.org/10.3390/biom11091329
https://doi.org/10.1126/science.1176333
https://pubmed.ncbi.nlm.nih.gov/19762596
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2929180
https://doi.org/10.1126/science.1176326
https://pubmed.ncbi.nlm.nih.gov/19762597
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3582197
https://doi.org/10.1016/j.molcel.2020.02.011
https://pubmed.ncbi.nlm.nih.gov/32126207
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7159994
https://doi.org/10.3389/fphar.2014.00176
https://doi.org/10.1158/0008-5472.CAN-13-1224
https://pubmed.ncbi.nlm.nih.gov/24285726
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3989290
https://doi.org/10.70401/fos.2026.0022


promotes liver carcinogenesis. J Exp Med. 2019;216(4):950-965. [DOI][PubMed][PMC]
Miyazawa M, Bogdan AR, Tsuji Y. Perturbation of iron metabolism by cisplatin through inhibition of iron regulatory protein 2. Cell Chem 
Biol. 2019;26(1):85-97. [DOI][PubMed][PMC]

101. 

Mancias JD, Wang X, Gygi SP, Harper JW, Kimmelman AC. Quantitative proteomics identifies NCOA4 as the cargo receptor mediating 
ferritinophagy. Nature. 2014;509(7498):105-109. [DOI][PubMed][PMC]

102. 

Dowdle WE, Nyfeler B, Nagel J, Elling RA, Liu S, Triantafellow E, et al. Selective VPS34 inhibitor blocks autophagy and uncovers a role for 
NCOA4 in ferritin degradation and iron homeostasis in vivo . Nat Cell Biol. 2014;16(11):1069-1079. [DOI][PubMed]

103. 

Ohshima T, Yamamoto H, Sakamaki Y, Saito C, Mizushima N. NCOA4 drives ferritin phase separation to facilitate macroferritinophagy 
and microferritinophagy. J Cell Biol. 2022;221(10):e202203102. [DOI][PubMed][PMC]

104. 

Kuno S, Fujita H, Tanaka YK, Ogra Y, Iwai K. Iron-induced NCOA4 condensation regulates ferritin fate and iron homeostasis. EMBO Rep. 
2022;23(5):e54278. [DOI][PubMed][PMC]

105. 

Das NK, Jain C, Sankar A, Schwartz AJ, Santana-Codina N, Solanki S, et al. Modulation of the HIF2α-NCOA4 axis in enterocytes attenuates 
iron loading in a mouse model of hemochromatosis. Blood. 2022;139(16):2547-2552. [DOI][PubMed][PMC]

106. 

Li X, Lozovatsky L, Sukumaran A, Gonzalez L, Jain A, Liu D, et al. NCOA4 is regulated by HIF and mediates mobilization of murine hepatic 
iron stores after blood loss. Blood. 2020;136(23):2691-2702. [DOI][PubMed][PMC]

107. 

Santana-Codina N, Del Rey MQ, Kapner KS, Zhang H, Gikandi A, Malcolm C, et al. NCOA4-mediated ferritinophagy is a pancreatic cancer 
dependency via maintenance of iron bioavailability for iron-sulfur cluster proteins. Cancer Discov. 2022;12(9):2180-2197. [DOI]
[PubMed][PMC]

108. 

Ravichandran M, Hu J, Cai C, Ward NP, Venida A, Foakes C, et al. Coordinated transcriptional and catabolic programs support iron-
dependent adaptation to RAS-MAPK pathway inhibition in pancreatic cancer. Cancer Discov. 2022;12(9):2198-2219. [DOI][PubMed]
[PMC]

109. 

Hou W, Xie Y, Song X, Sun X, Lotze MT, Zeh HJ 3rd, et al. Autophagy promotes ferroptosis by degradation of ferritin. Autophagy. 
2016;12(8):1425-1428. [DOI][PubMed][PMC]

110. 

Singhal R, Shah YM. Oxygen battle in the gut: Hypoxia and hypoxia-inducible factors in metabolic and inflammatory responses in the 
intestine. J Biol Chem. 2020;295(30):10493-10505. [DOI][PubMed][PMC]

111. 

Anderson SA, Nizzi CP, Chang YI, Deck KM, Schmidt PJ, Galy B, et al. The IRP1-HIF-2α axis coordinates iron and oxygen sensing with 
erythropoiesis and iron absorption. Cell Metab. 2013;17(2):282-290. [DOI][PubMed][PMC]

112. 

Keith B, Johnson RS, Simon MC. HIF1α and HIF2α: Sibling rivalry in hypoxic tumour growth and progression. Nat Rev Cancer. 
2011;12(1):9-22. [DOI][PubMed][PMC]

113. 

Sies H, Belousov VV, Chandel NS, Davies MJ, Jones DP, Mann GE, et al. Defining roles of specific reactive oxygen species (ROS) in cell 
biology and physiology. Nat Rev Mol Cell Biol. 2022;23(7):499-515. [DOI][PubMed]

114. 

Hayes JD, Dinkova-Kostova AT, Tew KD. Oxidative stress in cancer. Cancer Cell. 2020;38(2):167-197. [DOI][PubMed][PMC]115. 
Hu F, Liu F. Mitochondrial stress: A bridge between mitochondrial dysfunction and metabolic diseases? Cell Signal. 2011;23(10):1528-
1533. [DOI][PubMed][PMC]

116. 

Rouault TA, Tong WH. Iron-sulphur cluster biogenesis and mitochondrial iron homeostasis. Nat Rev Mol Cell Biol. 2005;6(4):345-351. 
[DOI][PubMed]

117. 

Bhatti JS, Bhatti GK, Reddy PH. Mitochondrial dysfunction and oxidative stress in metabolic disorders—A step towards mitochondria 
based therapeutic strategies. Biochim Biophys Acta Mol Basis Dis. 2017;1863(5):1066-1077. [DOI][PubMed][PMC]

118. 

Sullivan LB, Martinez-Garcia E, Nguyen H, Mullen AR, Dufour E, Sudarshan S, et al. The proto-oncometabolite fumarate binds 
glutathione to amplify ROS-dependent signaling. Mol Cell. 2013;51(2):236-248. [DOI][PubMed][PMC]

119. 

Bollong MJ, Lee G, Coukos JS, Yun H, Zambaldo C, Chang JW, et al. A metabolite-derived protein modification integrates glycolysis with 
KEAP1-NRF2 signalling. Nature. 2018;562(7728):600-604. [DOI][PubMed][PMC]

120. 

Chandel NS, McClintock DS, Feliciano CE, Wood TM, Melendez JA, Rodriguez AM, et al. Reactive oxygen species generated at 
mitochondrial complex III stabilize hypoxia-inducible factor-1alpha during hypoxia: A mechanism of O2 sensing. J Biol Chem. 
2000;275(33):25130-25138. [DOI][PubMed]

121. 

Weinberg F, Hamanaka R, Wheaton WW, Weinberg S, Joseph J, Lopez M, et al. Mitochondrial metabolism and ROS generation are 
essential for Kras-mediated tumorigenicity. Proc Natl Acad Sci U S A. 2010;107(19):8788-8793. [DOI][PubMed][PMC]

122. 

Hainaut P, Pfeifer GP. Patterns of p53 G�T transversions in lung cancers reflect the primary mutagenic signature of DNA-damage by 
tobacco smoke. Carcinogenesis. 2001;22(3):367-374. [DOI][PubMed]

123. 

Kirova DG, Judasova K, Vorhauser J, Zerjatke T, Leung JK, Glauche I, et al. A ROS-dependent mechanism promotes CDK2 
phosphorylation to drive progression through S phase. Dev Cell. 2022;57(14):1712-1727. [DOI][PubMed][PMC]

124. 

Srinivas US, Tan BWQ, Vellayappan BA, Jeyasekharan AD. ROS and the DNA damage response in cancer. Redox Biol. 2019;25:101084. 
[DOI]

125. 

Forneris F, Binda C, Vanoni MA, Mattevi A, Battaglioli E. Histone demethylation catalysed by LSD1 is a flavin-dependent oxidative 
process. FEBS Lett. 2005;579(10):2203-2207. [DOI][PubMed]

126. 

Al-Mehdi AB, Pastukh VM, Swiger BM, Reed DJ, Patel MR, Bardwell GC, et al. Perinuclear mitochondrial clustering creates an oxidant-rich 
nuclear domain required for hypoxia-induced transcription. Sci Signal. 2012;5(231):ra47. [DOI][PubMed][PMC]

127. 

Stanicka J, Russell EG, Woolley JF, Cotter TG. NADPH oxidase-generated hydrogen peroxide induces DNA damage in mutant FLT3-128. 

Ferroptosis Oxid Stress. 2026;2:202526 | https://doi.org/10.70401/fos.2026.0022 Page 22 of 26

https://doi.org/10.1084/jem.20180900
https://pubmed.ncbi.nlm.nih.gov/30877170
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6446870
https://doi.org/10.1016/j.chembiol.2018.10.009
https://pubmed.ncbi.nlm.nih.gov/30449675
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6338505
https://doi.org/10.1038/nature13148
https://pubmed.ncbi.nlm.nih.gov/24695223
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4180099
https://doi.org/10.1038/ncb3053
https://pubmed.ncbi.nlm.nih.gov/25327288
https://doi.org/10.1083/jcb.202203102
https://pubmed.ncbi.nlm.nih.gov/36066504
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9452830
https://doi.org/10.15252/embr.202154278
https://pubmed.ncbi.nlm.nih.gov/35318808
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9066066
https://doi.org/10.1182/blood.2021013452
https://pubmed.ncbi.nlm.nih.gov/34990508
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9029091
https://doi.org/10.1182/blood.2020006321
https://pubmed.ncbi.nlm.nih.gov/32659785
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7735158
https://doi.org/10.1158/2159-8290.CD-22-0043
https://pubmed.ncbi.nlm.nih.gov/35771492
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9437572
https://doi.org/10.1158/2159-8290.CD-22-0044
https://pubmed.ncbi.nlm.nih.gov/35771494
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9444964
https://doi.org/10.1080/15548627.2016.1187366
https://pubmed.ncbi.nlm.nih.gov/27245739
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4968231
https://doi.org/10.1074/jbc.REV120.011188
https://pubmed.ncbi.nlm.nih.gov/32503843
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7383395
https://doi.org/10.1016/j.cmet.2013.01.007
https://pubmed.ncbi.nlm.nih.gov/23395174
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3612289
https://doi.org/10.1038/nrc3183
https://pubmed.ncbi.nlm.nih.gov/22169972
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3401912
https://doi.org/10.1038/s41580-022-00456-z
https://pubmed.ncbi.nlm.nih.gov/35190722
https://doi.org/10.1016/j.ccell.2020.06.001
https://pubmed.ncbi.nlm.nih.gov/32649885
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7439808
https://doi.org/10.1016/j.cellsig.2011.05.008
https://pubmed.ncbi.nlm.nih.gov/21616143
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3148404
https://doi.org/10.1038/nrm1620
https://pubmed.ncbi.nlm.nih.gov/15803140
https://doi.org/10.1016/j.bbadis.2016.11.010
https://pubmed.ncbi.nlm.nih.gov/27836629
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5423868
https://doi.org/10.1016/j.molcel.2013.05.003
https://pubmed.ncbi.nlm.nih.gov/23747014
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3775267
https://doi.org/10.1038/s41586-018-0622-0
https://pubmed.ncbi.nlm.nih.gov/30323285
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6444936
https://doi.org/10.1074/jbc.M001914200
https://pubmed.ncbi.nlm.nih.gov/10833514
https://doi.org/10.1073/pnas.1003428107
https://pubmed.ncbi.nlm.nih.gov/20421486
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2889315
https://doi.org/10.1093/carcin/22.3.367
https://pubmed.ncbi.nlm.nih.gov/11238174
https://doi.org/10.1016/j.devcel.2022.06.008
https://pubmed.ncbi.nlm.nih.gov/35809563
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9616724
https://doi.org/10.1016/j.redox.2018.101084
https://doi.org/10.1016/j.febslet.2005.03.015
https://pubmed.ncbi.nlm.nih.gov/15811342
https://doi.org/10.1126/scisignal.2002712
https://pubmed.ncbi.nlm.nih.gov/22763339
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3565837
https://doi.org/10.70401/fos.2026.0022


expressing leukemia cells. J Biol Chem. 2015;290(15):9348-9361. [DOI][PubMed][PMC]
Dizdaroglu M, Jaruga P. Mechanisms of free radical-induced damage to DNA. Free Radic Res. 2012;46(4):382-419. [DOI][PubMed]129. 
Hahm JY, Park J, Jang ES, Chi SW. 8-Oxoguanine: From oxidative damage to epigenetic and epitranscriptional modification. Exp Mol 
Med. 2022;54(10):1626-1642. [DOI][PubMed][PMC]

130. 

Zhang H, Jiang PJ, Lv MY, Zhao YH, Cui J, Chen J. OGG1 contributes to hepatocellular carcinoma by promoting cell cycle-related protein 
expression and enhancing DNA oxidative damage repair in tumor cells. J Clin Lab Anal. 2022;36(7):e24561. [DOI][PubMed][PMC]

131. 

Kim HS, Kim BH, Jung JE, Lee CS, Lee HG, Lee JW, et al. Potential role of 8-oxoguanine DNA glycosylase 1 as a STAT1 coactivator in 
endotoxin-induced inflammatory response. Free Radic Biol Med. 2016;93:12-22. [DOI]

132. 

Xue Y, Li C, Deng S, Chen X, Han J, Zheng X, et al. 8-Oxoguanine DNA glycosylase 1 selectively modulates ROS-responsive NF-κB targets 
through recruitment of MSK1 and phosphorylation of RelA/p65 at Ser276. J Biol Chem. 2023;299(11):105308. [DOI][PubMed][PMC]

133. 

Baquero JM, Marchena-Perea E, Mirabet R, Torres-Ruiz R, Blanco-Aparicio C, Rodríguez-Perales S, et al. OGG1 inhibition triggers 
synthetic lethality and enhances the effect of PARP inhibitor olaparib in BRCA1-deficient TNBC cells. Front Oncol. 2022;12:888810. [DOI]

134. 

Pastukh V, Roberts JT, Clark DW, Bardwell GC, Patel M, Al-Mehdi AB, et al. An oxidative DNA “damage” and repair mechanism localized in 
the VEGF promoter is important for hypoxia-induced VEGF mRNA expression. Am J Physiol Lung Cell Mol Physiol. 2015;309(11):L1367-
L1375. [DOI][PubMed][PMC]

135. 

German P, Szaniszlo P, Hajas G, Radak Z, Bacsi A, Hazra TK, et al. Activation of cellular signaling by 8-oxoguanine DNA glycosylase-1-
initiated DNA base excision repair. DNA Repair. 2013;12(10):856-863. [DOI][PubMed][PMC]

136. 

Luo J, Hosoki K, Bacsi A, Radak Z, Hegde ML, Sur S, et al. 8-Oxoguanine DNA glycosylase-1-mediated DNA repair is associated with Rho 
GTPase activation and α-smooth muscle actin polymerization. Free Radic Biol Med. 2014;73:430-438. [DOI]

137. 

Hajas G, Bacsi A, Aguilera-Aguirre L, Hegde ML, Tapas KH, Sur S, et al. 8-Oxoguanine DNA glycosylase-1 links DNA repair to cellular 
signaling via the activation of the small GTPase Rac1. Free Radic Biol Med. 2013;61:384-394. [DOI]

138. 

Wang Z, Sun R, Wang G, Chen Z, Li Y, Zhao Y, et al. SIRT3-mediated deacetylation of PRDX3 alleviates mitochondrial oxidative damage 
and apoptosis induced by intestinal ischemia/reperfusion injury. Redox Biol. 2020;28:101343. [DOI]

139. 

Lismont C, Revenco I, Fransen M. Peroxisomal hydrogen peroxide metabolism and signaling in health and disease. Int J Mol Sci. 
2019;20(15):3673. [DOI][PubMed][PMC]

140. 

Chen B, Lyssiotis CA, Shah YM. Mitochondria-organelle crosstalk in establishing compartmentalized metabolic homeostasis. Mol Cell. 
2025;85(8):1487-1508. [DOI][PubMed][PMC]

141. 

Elko EA, Manuel AM, White S, Zito E, van der Vliet A, Anathy V, et al. Oxidation of peroxiredoxin-4 induces oligomerization and promotes 
interaction with proteins governing protein folding and endoplasmic reticulum stress. J Biol Chem. 2021;296:100665. [DOI]

142. 

Castaldo SA, Ajime T, Serrão G, Anastácio F, Rosa JT, Giacomantonio CA, et al. Annexin A2 regulates AKT upon H₂O₂-dependent signaling 
activation in cancer cells. Cancers. 2019;11(4):492. [DOI][PubMed][PMC]

143. 

Wahida A, Conrad M. Decoding ferroptosis for cancer therapy. Nat Rev Cancer. 2025;25(12):910-924. [DOI]144. 
Dixon SJ, Lemberg KM, Lamprecht MR, Skouta R, Zaitsev EM, Gleason CE, et al. Ferroptosis: An iron-dependent form of nonapoptotic 
cell death. Cell. 2012;149(5):1060-1072. [DOI][PubMed][PMC]

145. 

Stoyanovsky DA, Tyurina YY, Shrivastava I, Bahar I, Tyurin VA, Protchenko O, et al. Iron catalysis of lipid peroxidation in ferroptosis: 
Regulated enzymatic or random free radical reaction? Free Radic Biol Med. 2019;133:153-161. [DOI]

146. 

Shui S, Zhao Z, Wang H, Conrad M, Liu G. Non-enzymatic lipid peroxidation initiated by photodynamic therapy drives a distinct 
ferroptosis-like cell death pathway. Redox Biol. 2021;45:102056. [DOI]

147. 

Kagan VE, Mao G, Qu F, Angeli JP, Doll S, Croix CS, et al. Oxidized arachidonic and adrenic PEs navigate cells to ferroptosis. Nat Chem 
Biol. 2017;13(1):81-90. [DOI][PubMed][PMC]

148. 

Wenzel SE, Tyurina YY, Zhao J, St Croix CM, Dar HH, Mao G, et al. PEBP1 wardens ferroptosis by enabling lipoxygenase generation of 
lipid death signals. Cell. 2017;171(3):628-641. [DOI][PubMed][PMC]

149. 

Yang WS, Kim KJ, Gaschler MM, Patel M, Shchepinov MS, Stockwell BR. Peroxidation of polyunsaturated fatty acids by lipoxygenases 
drives ferroptosis. Proc Natl Acad Sci U S A. 2016;113(34):E4966-E4975. [DOI][PubMed][PMC]

150. 

Cruciani G, Domingues P, Fedorova M, Galli F, Spickett CM. Redox lipidomics and adductomics—Advanced analytical strategies to study 
oxidized lipids and lipid-protein adducts. Free Radic Biol Med. 2019;144:1-5. [DOI]

151. 

Garcia-Bermudez J, Baudrier L, Bayraktar EC, Shen Y, La K, Guarecuco R, et al. Squalene accumulation in cholesterol auxotrophic 
lymphomas prevents oxidative cell death. Nature. 2019;567(7746):118-122. [DOI][PubMed][PMC]

152. 

Freitas FP, Alborzinia H, dos Santos AF, Nepachalovich P, Pedrera L, Zilka O, et al. 7-Dehydrocholesterol is an endogenous suppressor of 
ferroptosis. Nature. 2024;626(7998):401-410. [DOI][PubMed]

153. 

Bartolacci C, Andreani C, Vale G, Berto S, Melegari M, Crouch AC, et al. Targeting de novo lipogenesis and the Lands cycle induces 
ferroptosis in KRAS-mutant lung cancer. Nat Commun. 2022;13(1):4327. [DOI][PubMed][PMC]

154. 

Minami JK, Morrow D, Bayley NA, Fernandez EG, Salinas JJ, Tse C, et al. CDKN2A deletion remodels lipid metabolism to prime 
glioblastoma for ferroptosis. Cancer Cell. 2023;41(6):1048-1060. [DOI][PubMed][PMC]

155. 

Varn FS, Johnson KC, Martinek J, Huse JT, Nasrallah MP, Wesseling P, et al. Glioma progression is shaped by genetic evolution and 
microenvironment interactions. Cell. 2022;185(12):2184-2199. [DOI][PubMed][PMC]

156. 

Li FJ, Long HZ, Zhou ZW, Luo HY, Xu SG, Gao LC. System Xc–/ GSH/GPX4 axis: An important antioxidant system for the ferroptosis in 
drug-resistant solid tumor therapy. Front Pharmacol. 2022;13:910292. [DOI]

157. 

Ferroptosis Oxid Stress. 2026;2:202526 | https://doi.org/10.70401/fos.2026.0022 Page 23 of 26

https://doi.org/10.1074/jbc.M113.510495
https://pubmed.ncbi.nlm.nih.gov/25697362
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4392242
https://doi.org/10.3109/10715762.2011.653969
https://pubmed.ncbi.nlm.nih.gov/22276778
https://doi.org/10.1038/s12276-022-00822-z
https://pubmed.ncbi.nlm.nih.gov/36266447
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9636213
https://doi.org/10.1002/jcla.24561
https://pubmed.ncbi.nlm.nih.gov/35723423
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9279955
https://doi.org/10.1016/j.freeradbiomed.2015.10.415
https://doi.org/10.1016/j.jbc.2023.105308
https://pubmed.ncbi.nlm.nih.gov/37778730
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10641171
https://doi.org/10.3389/fonc.2022.888810
https://doi.org/10.1152/ajplung.00236.2015
https://pubmed.ncbi.nlm.nih.gov/26432868
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4669343
https://doi.org/10.1016/j.dnarep.2013.06.006
https://pubmed.ncbi.nlm.nih.gov/23890570
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3797267
https://doi.org/10.1016/j.freeradbiomed.2014.03.030
https://doi.org/10.1016/j.freeradbiomed.2013.04.011
https://doi.org/10.1016/j.redox.2019.101343
https://doi.org/10.3390/ijms20153673
https://pubmed.ncbi.nlm.nih.gov/31357514
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6695606
https://doi.org/10.1016/j.molcel.2025.03.003
https://pubmed.ncbi.nlm.nih.gov/40250411
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12182711
https://doi.org/10.1016/j.jbc.2021.100665
https://doi.org/10.3390/cancers11040492
https://pubmed.ncbi.nlm.nih.gov/30959964
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6520733
https://doi.org/10.1038/s41568-025-00864-1
https://doi.org/10.1016/j.cell.2012.03.042
https://pubmed.ncbi.nlm.nih.gov/22632970
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3367386
https://doi.org/10.1016/j.freeradbiomed.2018.09.008
https://doi.org/10.1016/j.redox.2021.102056
https://doi.org/10.1038/nchembio.2238
https://pubmed.ncbi.nlm.nih.gov/27842066
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5506843
https://doi.org/10.1016/j.cell.2017.09.044
https://pubmed.ncbi.nlm.nih.gov/29053969
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5683852
https://doi.org/10.1073/pnas.1603244113
https://pubmed.ncbi.nlm.nih.gov/27506793
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5003261
https://doi.org/10.1016/j.freeradbiomed.2019.07.027
https://doi.org/10.1038/s41586-019-0945-5
https://pubmed.ncbi.nlm.nih.gov/30760928
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6405297
https://doi.org/10.1038/s41586-023-06878-9
https://pubmed.ncbi.nlm.nih.gov/38297129
https://doi.org/10.1038/s41467-022-31963-4
https://pubmed.ncbi.nlm.nih.gov/35882862
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9325712
https://doi.org/10.1016/j.ccell.2023.05.001
https://pubmed.ncbi.nlm.nih.gov/37236196
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10330677
https://doi.org/10.1016/j.cell.2022.04.038
https://pubmed.ncbi.nlm.nih.gov/35649412
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9189056
https://doi.org/10.3389/fphar.2022.910292
https://doi.org/10.70401/fos.2026.0022


Ingold I, Berndt C, Schmitt S, Doll S, Poschmann G, Buday K, et al. Selenium utilization by GPX4 is required to prevent hydroperoxide-
induced ferroptosis. Cell. 2018;172(3):409-422. [DOI][PubMed]

158. 

Liu Y, Liu S, Tomar A, Yen FS, Unlu G, Ropek N, et al. Autoregulatory control of mitochondrial glutathione homeostasis. Science. 
2023;382(6672):820-828. [DOI][PubMed][PMC]

159. 

Bersuker K, Hendricks JM, Li Z, Magtanong L, Ford B, Tang PH, et al. The CoQ oxidoreductase FSP1 acts parallel to GPX4 to inhibit 
ferroptosis. Nature. 2019;575(7784):688-692. [DOI][PubMed][PMC]

160. 

Mao C, Liu X, Zhang Y, Lei G, Yan Y, Lee H, et al. DHODH-mediated ferroptosis defence is a targetable vulnerability in cancer. Nature. 
2021;593(7860):586-590. [DOI][PubMed][PMC]

161. 

Kumar R, Landry AP, Guha A, Vitvitsky V, Lee HJ, Seike K, et al. A redox cycle with complex II prioritizes sulfide quinone oxidoreductase-
dependent H2S oxidation. J Biol Chem. 2022;298(1):101435. [DOI]

162. 

Herrero Martín JC, Salegi Ansa B, Álvarez-Rivera G, Domínguez-Zorita S, Rodríguez-Pombo P, Pérez B, et al. An ETFDH-driven metabolon 
supports OXPHOS efficiency in skeletal muscle by regulating coenzyme Q homeostasis. Nat Metab. 2024;6(2):209-225. [DOI][PubMed]
[PMC]

163. 

Harris IS, Treloar AE, Inoue S, Sasaki M, Gorrini C, Lee KC, et al. Glutathione and thioredoxin antioxidant pathways synergize to drive 
cancer initiation and progression. Cancer Cell. 2015;27(2):211-222. [DOI][PubMed]

164. 

Wu WL, Papagiannakopoulos T. The pleiotropic role of the KEAP1/NRF2 pathway in cancer. Annu Rev Cancer Biol. 2020;4:413-435. [DOI]165. 
Kerins MJ, Ooi A. A catalogue of somatic NRF2 gain-of-function mutations in cancer. Sci Rep. 2018;8(1):12846. [DOI][PubMed][PMC]166. 
Chen JJ. HRI protein kinase in cytoplasmic heme sensing and mitochondrial stress response: Relevance to hematological and 
mitochondrial diseases. J Biol Chem. 2025;301(5):108494. [DOI]

167. 

Alborzinia H, Chen Z, Yildiz U, Freitas FP, Vogel FCE, Varga JP, et al. LRP8-mediated selenocysteine uptake is a targetable vulnerability in 
MYCN-amplified neuroblastoma. EMBO Mol Med. 2023;15(8):e18014. [DOI][PubMed][PMC]

168. 

Wu J, Minikes AM, Gao M, Bian H, Li Y, Stockwell BR, et al. Intercellular interaction dictates cancer cell ferroptosis via NF2-YAP signalling. 
Nature. 2019;572(7769):402-406. [DOI][PubMed][PMC]

169. 

Rodriguez R, Schreiber SL, Conrad M. Persister cancer cells: Iron addiction and vulnerability to ferroptosis. Mol Cell. 2022;82(4):728-740. 
[DOI][PubMed][PMC]

170. 

Chen H, Qi Q, Wu N, Wang Y, Feng Q, Jin R, et al. Aspirin promotes RSL3-induced ferroptosis by suppressing mTOR/SREBP-1/SCD1-
mediated lipogenesis in PIK3CA-mutant colorectal cancer. Redox Biol. 2022;55:102426. [DOI]

171. 

Lee H, Zandkarimi F, Zhang Y, Meena JK, Kim J, Zhuang L, et al. Energy-stress-mediated AMPK activation inhibits ferroptosis. Nat Cell 
Biol. 2020;22(2):225-234. [DOI][PubMed][PMC]

172. 

Galluzzi L, Bravo-San Pedro JM, Kepp O, Kroemer G. Regulated cell death and adaptive stress responses. Cell Mol Life Sci. 
2016;73:2405-2410. [DOI][PubMed][PMC]

173. 

Blackford AN, Jackson SP. ATM, ATR, and DNA-PK: The trinity at the heart of the DNA damage response. Mol Cell. 2017;66(6):801-817. 
[DOI][PubMed]

174. 

Goldman EH, Chen L, Fu H. Activation of apoptosis signal-regulating kinase 1 by reactive oxygen species through dephosphorylation at 
serine 967 and 14-3-3 dissociation. J Biol Chem. 2004;279(11):10442-10449. [DOI][PubMed]

175. 

Fujino G, Noguchi T, Matsuzawa A, Yamauchi S, Saitoh M, Takeda K, et al. Thioredoxin and TRAF family proteins regulate reactive oxygen 
species-dependent activation of ASK1 through reciprocal modulation of the N-terminal homophilic interaction of ASK1. Mol Cell Biol. 
2007;27(23):8152-8163. [DOI][PubMed][PMC]

176. 

Ichijo H, Nishida E, Irie K, ten Dijke P, Saitoh M, Moriguchi T, et al. Induction of apoptosis by ASK1, a mammalian MAPKKK that activates 
SAPK/JNK and p38 signaling pathways. Science. 1997;275(5296):90-94. [DOI][PubMed]

177. 

Tejedor JR, Papasaikas P, Valcárcel J. Genome-wide identification of Fas/CD95 alternative splicing regulators reveals links with iron 
homeostasis. Mol Cell. 2015;57(1):23-38. [DOI][PubMed]

178. 

Antosiewicz J, Ziolkowski W, Kaczor JJ, Herman-Antosiewicz A. Tumor necrosis factor-alpha-induced reactive oxygen species formation is 
mediated by JNK1-dependent ferritin degradation and elevation of labile iron pool. Free Radic Biol Med. 2007;43(2):265-270. [DOI]
[PubMed]

179. 

Kim YS, Morgan MJ, Choksi S, Liu ZG. TNF-induced activation of the Nox1 NADPH oxidase and its role in the induction of necrotic cell 
death. Mol Cell. 2007;26(5):675-687. [DOI][PubMed]

180. 

Pham CG, Bubici C, Zazzeroni F, Papa S, Jones J, Alvarez K, et al. Ferritin heavy chain upregulation by NF-κB inhibits TNFα-induced 
apoptosis by suppressing reactive oxygen species. Cell. 2004;119(4):529-542. [DOI]

181. 

WHO Classification of Tumours Online [Internet]. Lyon: International Agency for Research on Cancer; c2019 [cited 2026 March 13]. 
Available from: https://tumourclassification.iarc.who.int/welcome/#

182. 

Kang R, Liu J, Wang J, Kroemer G, Tang D. Translating ferroptosis into oncology: Challenges, opportunities and future directions. Nat 
Rev Clin Oncol. 2026. [DOI]

183. 

Chen R, Zou J, Liu J, Kang R, Tang D. DAMPs in the immunogenicity of cell death. Mol Cell. 2025;85(20):3874-3889. [DOI][PubMed]184. 
Wang W, Green M, Choi JE, Gijón M, Kennedy PD, Johnson JK, et al. CD8+ T cells regulate tumour ferroptosis during cancer 
immunotherapy. Nature. 2019;569(7755):270-274. [DOI][PubMed][PMC]

185. 

Liao P, Wang W, Wang W, Kryczek I, Li X, Bian Y, et al. CD8+ T cells and fatty acids orchestrate tumor ferroptosis and immunity via 
ACSL4. Cancer Cell. 2022;40(4):365-378. [DOI][PubMed][PMC]

186. 

Ferroptosis Oxid Stress. 2026;2:202526 | https://doi.org/10.70401/fos.2026.0022 Page 24 of 26

https://doi.org/10.1016/j.cell.2017.11.048
https://pubmed.ncbi.nlm.nih.gov/29290465
https://doi.org/10.1126/science.adf4154
https://pubmed.ncbi.nlm.nih.gov/37917749
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11170550
https://doi.org/10.1038/s41586-019-1705-2
https://pubmed.ncbi.nlm.nih.gov/31634900
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6883167
https://doi.org/10.1038/s41586-021-03539-7
https://pubmed.ncbi.nlm.nih.gov/33981038
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8895686
https://doi.org/10.1016/j.jbc.2021.101435
https://doi.org/10.1038/s42255-023-00956-y
https://pubmed.ncbi.nlm.nih.gov/38243131
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10896730
https://doi.org/10.1016/j.ccell.2014.11.019
https://pubmed.ncbi.nlm.nih.gov/25620030
https://doi.org/10.1146/annurev-cancerbio-030518-055627
https://doi.org/10.1038/s41598-018-31281-0
https://pubmed.ncbi.nlm.nih.gov/30150714
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6110754
https://doi.org/10.1016/j.jbc.2025.108494
https://doi.org/10.15252/emmm.202318014
https://pubmed.ncbi.nlm.nih.gov/37435859
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10405063
https://doi.org/10.1038/s41586-019-1426-6
https://pubmed.ncbi.nlm.nih.gov/31341276
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6697195
https://doi.org/10.1016/j.molcel.2021.12.001
https://pubmed.ncbi.nlm.nih.gov/34965379
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9152905
https://doi.org/10.1016/j.redox.2022.102426
https://doi.org/10.1038/s41556-020-0461-8
https://pubmed.ncbi.nlm.nih.gov/32029897
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7008777
https://doi.org/10.1007/s00018-016-2209-y
https://pubmed.ncbi.nlm.nih.gov/27048813
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11108439
https://doi.org/10.1016/j.molcel.2017.05.015
https://pubmed.ncbi.nlm.nih.gov/28622525
https://doi.org/10.1074/jbc.M311129200
https://pubmed.ncbi.nlm.nih.gov/14688258
https://doi.org/10.1128/MCB.00227-07
https://pubmed.ncbi.nlm.nih.gov/17724081
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2169188
https://doi.org/10.1126/science.275.5296.90
https://pubmed.ncbi.nlm.nih.gov/8974401
https://doi.org/10.1016/j.molcel.2014.10.029
https://pubmed.ncbi.nlm.nih.gov/25482508
https://doi.org/10.1016/j.freeradbiomed.2007.04.023
https://pubmed.ncbi.nlm.nih.gov/17603935
https://doi.org/10.1016/j.molcel.2007.04.021
https://pubmed.ncbi.nlm.nih.gov/17560373
https://doi.org/10.1016/j.cell.2004.10.017
https://tumourclassification.iarc.who.int/welcome/#
https://doi.org/10.1038/s41571-026-01128-z
https://doi.org/10.1016/j.molcel.2025.09.007
https://pubmed.ncbi.nlm.nih.gov/41106375
https://doi.org/10.1038/s41586-019-1170-y
https://pubmed.ncbi.nlm.nih.gov/31043744
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6533917
https://doi.org/10.1016/j.ccell.2022.02.003
https://pubmed.ncbi.nlm.nih.gov/35216678
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9007863
https://doi.org/10.70401/fos.2026.0022


Liu J, Cai X, Lin J, Zhang Z, Zhou Q, Zhang X, et al. Extracellular GPX4 impairs antitumor immunity via dendritic ZP3 receptors. Cell. 
2026;189(4):1056-1073. [DOI][PubMed]

187. 

Ma X, Xiao L, Liu L, Ye L, Su P, Bi E, et al. CD36-mediated ferroptosis dampens intratumoral CD8+ T cell effector function and impairs 
their antitumor ability. Cell Metab. 2021;33(5):1001-1012. [DOI][PubMed][PMC]

188. 

Dai E, Han L, Liu J, Xie Y, Kroemer G, Klionsky DJ, et al. Autophagy-dependent ferroptosis drives tumor-associated macrophage 
polarization via release and uptake of oncogenic KRAS protein. Autophagy. 2020;16(11):2069-2083. [DOI][PubMed][PMC]

189. 

Lang X, Green MD, Wang W, Yu J, Choi JE, Jiang L, et al. Radiotherapy and immunotherapy promote tumoral lipid oxidation and 
ferroptosis via synergistic repression of SLC7A11. Cancer Discov. 2019;9(12):1673-1685. [DOI][PubMed][PMC]

190. 

Bian Y, Shan G, Bi G, Xu Z, Liang J, Yan Y, et al. Targeting polyamine metabolism and ferroptosis enhances the efficacy of KRAS-targeted 
therapy depending on KEAP1 status. Nat Commun. 2025;16(1):9923. [DOI][PubMed][PMC]

191. 

Estrov Z, Tawa A, Wang XH, Dubé ID, Sulh H, Cohen A, et al. In vitro  and in vivo  effects of deferoxamine in neonatal acute leukemia. 
Blood. 1987;69(3):757-761. [DOI]

192. 

Neufeld EJ. Oral chelators deferasirox and deferiprone for transfusional iron overload in thalassemia major: New data, new questions. 
Blood. 2006;107(9):3436-3441. [DOI][PubMed][PMC]

193. 

Yamasaki T, Terai S, Sakaida I. Deferoxamine for advanced hepatocellular carcinoma. N Engl J Med. 2011;365(6):576-578. [DOI]
[PubMed]

194. 

Merlot AM, Kalinowski DS, Kovacevic Z, Jansson PJ, Sahni S, Huang ML, et al. Exploiting cancer metal metabolism using anti-cancer 
metal-binding agents. Curr Med Chem. 2019;26(2):302-322. [DOI][PubMed]

195. 

Chitambar CR. The therapeutic potential of iron-targeting gallium compounds in human disease: From basic research to clinical 
application. Pharmacol Res. 2017;115:56-64. [DOI]

196. 

Cañeque T, Baron L, Müller S, Carmona A, Colombeau L, Versini A, et al. Activation of lysosomal iron triggers ferroptosis in cancer. 
Nature. 2025;642(8067):492-500. [DOI][PubMed][PMC]

197. 

Trujillo-Alonso V, Pratt EC, Zong H, Lara-Martinez A, Kaittanis C, Rabie MO, et al. FDA-approved ferumoxytol displays anti-leukaemia 
efficacy against cells with low ferroportin levels. Nat Nanotechnol. 2019;14(6):616-622. [DOI][PubMed][PMC]

198. 

Daniels TR, Bernabeu E, Rodríguez JA, Patel S, Kozman M, Chiappetta DA, et al. The transferrin receptor and the targeted delivery of 
therapeutic agents against cancer. Biochim Biophys Acta. 2012;1820(3):291-317. [DOI][PubMed][PMC]

199. 

Wang T, Dong Y, Huang Z, Zhang G, Zhao Y, Yao H, et al. Antioxidants stimulate BACH1-dependent tumor angiogenesis. J Clin Investig. 
2023;133(20):e169671. [DOI]

200. 

Haas L, Elewaut A, Gerard CL, Umkehrer C, Leiendecker L, Pedersen M, et al. Acquired resistance to anti-MAPK targeted therapy confers 
an immune-evasive tumor microenvironment and cross-resistance to immunotherapy in melanoma. Nat Cancer. 2021;2(7):693-708. 
[DOI][PubMed][PMC]

201. 

Robledinos-Antón N, Fernández-Ginés R, Manda G, Cuadrado A. Activators and inhibitors of NRF2: A review of their potential for clinical 
development. Oxid Med Cell Longev. 2019;2019:9372182. [DOI][PubMed][PMC]

202. 

Albadari N, Deng S, Li W. The transcriptional factors HIF-1 and HIF-2 and their novel inhibitors in cancer therapy. Expert Opin Drug 
Discov. 2019;14(7):667-682. [DOI][PubMed][PMC]

203. 

Hangauer MJ, Viswanathan VS, Ryan MJ, Bole D, Eaton JK, Matov A, et al. Drug-tolerant persister cancer cells are vulnerable to GPX4 
inhibition. Nature. 2017;551(7679):247-250. [DOI][PubMed][PMC]

204. 

Luo T, Zheng Q, Shao L, Ma T, Mao L, Wang M. Intracellular delivery of glutathione peroxidase degrader induces ferroptosis in vivo . 
Angew Chem Int Ed. 2022;61(39):e202206277. [DOI][PubMed]

205. 

Zhang Y, Tan H, Daniels JD, Zandkarimi F, Liu H, Brown LM, et al. Imidazole ketone erastin induces ferroptosis and slows tumor growth 
in a mouse lymphoma model. Cell Chem Biol. 2019;26(5):623-633. [DOI][PubMed][PMC]

206. 

Gout PW, Buckley AR, Simms CR, Bruchovsky N. Sulfasalazine, a potent suppressor of lymphoma growth by inhibition of the xc
- cystine 

transporter: A new action for an old drug. Leukemia. 2001;15(10):1633-1640. [DOI][PubMed]
207. 

Cramer SL, Saha A, Liu J, Tadi S, Tiziani S, Yan W, et al. Systemic depletion of L-cyst(e)ine with cyst(e)inase increases reactive oxygen 
species and suppresses tumor growth. Nat Med. 2017;23(1):120-127. [DOI][PubMed][PMC]

208. 

Ito J, Nakamura T, Toyama T, Chen D, Berndt C, Poschmann G, et al. PRDX6 dictates ferroptosis sensitivity by directing cellular selenium 
utilization. Mol Cell. 2024;84(23):4629-4644. [DOI][PubMed]

209. 

Mandal PK, Schneider M, Kölle P, Kuhlencordt P, Förster H, Beck H, et al. Loss of thioredoxin reductase 1 renders tumors highly 
susceptible to pharmacologic glutathione deprivation. Cancer Res. 2010;70(22):9505-9514. [DOI][PubMed]

210. 

Stafford WC, Peng X, Olofsson MH, Zhang X, Luci DK, Lu L, et al. Irreversible inhibition of cytosolic thioredoxin reductase 1 as a 
mechanistic basis for anticancer therapy. Sci Transl Med. 2018;10(428):eaaf7444. [DOI][PubMed][PMC]

211. 

Xu S, Chaudhary O, Rodríguez-Morales P, Sun X, Chen D, Zappasodi R, et al. Uptake of oxidized lipids by the scavenger receptor CD36 
promotes lipid peroxidation and dysfunction in CD8+ T cells in tumors. Immunity. 2021;54(7):1561-1577. [DOI][PubMed][PMC]

212. 

Morgan PK, Pernes G, Huynh K, Giles C, Paul S, Smith AAT, et al. A lipid atlas of human and mouse immune cells provides insights into 
ferroptosis susceptibility. Nat Cell Biol. 2024;26(4):645-659. [DOI][PubMed]

213. 

Ping Y, Shan J, Qin H, Li F, Qu J, Guo R, et al. PD-1 signaling limits expression of phospholipid phosphatase 1 and promotes intratumoral 
CD8+ T cell ferroptosis. Immunity. 2024;57(9):2122-2139. [DOI][PubMed]

214. 

Koppula P, Lei G, Zhang Y, Yan Y, Mao C, Kondiparthi L, et al. A targetable CoQ-FSP1 axis drives ferroptosis- and radiation-resistance in 215. 

Ferroptosis Oxid Stress. 2026;2:202526 | https://doi.org/10.70401/fos.2026.0022 Page 25 of 26

https://doi.org/10.1016/j.cell.2025.12.002
https://pubmed.ncbi.nlm.nih.gov/41494530
https://doi.org/10.1016/j.cmet.2021.02.015
https://pubmed.ncbi.nlm.nih.gov/33691090
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8102368
https://doi.org/10.1080/15548627.2020.1714209
https://pubmed.ncbi.nlm.nih.gov/31920150
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7595620
https://doi.org/10.1158/2159-8290.CD-19-0338
https://pubmed.ncbi.nlm.nih.gov/31554642
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6891128
https://doi.org/10.1038/s41467-025-65441-4
https://pubmed.ncbi.nlm.nih.gov/41219185
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12606100
https://doi.org/10.1182/blood.V69.3.757.757
https://doi.org/10.1182/blood-2006-02-002394
https://pubmed.ncbi.nlm.nih.gov/16627763
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1895765
https://doi.org/10.1056/NEJMc1105726
https://pubmed.ncbi.nlm.nih.gov/21830988
https://doi.org/10.2174/0929867324666170705120809
https://pubmed.ncbi.nlm.nih.gov/28685681
https://doi.org/10.1016/j.phrs.2016.11.009
https://doi.org/10.1038/s41586-025-08974-4
https://pubmed.ncbi.nlm.nih.gov/40335696
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12158755
https://doi.org/10.1038/s41565-019-0406-1
https://pubmed.ncbi.nlm.nih.gov/30911166
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6554053
https://doi.org/10.1016/j.bbagen.2011.07.016
https://pubmed.ncbi.nlm.nih.gov/21851850
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3500658
https://doi.org/10.1172/jci169671
https://doi.org/10.1038/s43018-021-00221-9
https://pubmed.ncbi.nlm.nih.gov/35121945
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7613740
https://doi.org/10.1155/2019/9372182
https://pubmed.ncbi.nlm.nih.gov/31396308
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6664516
https://doi.org/10.1080/17460441.2019.1613370
https://pubmed.ncbi.nlm.nih.gov/31070059
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6559821
https://doi.org/10.1038/nature24297
https://pubmed.ncbi.nlm.nih.gov/29088702
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5933935
https://doi.org/10.1002/anie.202206277
https://pubmed.ncbi.nlm.nih.gov/35924720
https://doi.org/10.1016/j.chembiol.2019.01.008
https://pubmed.ncbi.nlm.nih.gov/30799221
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6525071
https://doi.org/10.1038/sj.leu.2402238
https://pubmed.ncbi.nlm.nih.gov/11587223
https://doi.org/10.1038/nm.4232
https://pubmed.ncbi.nlm.nih.gov/27869804
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5218918
https://doi.org/10.1016/j.molcel.2024.10.028
https://pubmed.ncbi.nlm.nih.gov/39547222
https://doi.org/10.1158/0008-5472.CAN-10-1509
https://pubmed.ncbi.nlm.nih.gov/21045148
https://doi.org/10.1126/scitranslmed.aaf7444
https://pubmed.ncbi.nlm.nih.gov/29444979
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7059553
https://doi.org/10.1016/j.immuni.2021.05.003
https://pubmed.ncbi.nlm.nih.gov/34102100
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9273026
https://doi.org/10.1038/s41556-024-01377-z
https://pubmed.ncbi.nlm.nih.gov/38589531
https://doi.org/10.1016/j.immuni.2024.08.003
https://pubmed.ncbi.nlm.nih.gov/39208806
https://doi.org/10.70401/fos.2026.0022


KEAP1 inactive lung cancers. Nat Commun. 2022;13(1):2206. [DOI][PubMed][PMC]
Crippa V, Cordani N, Villa AM, Malighetti F, Villa M, Sala L, et al. Integrative analysis of KEAP1/NFE2L2 alterations across 3600+ tumors 
reveals an NRF2 expression signature as a prognostic biomarker in cancer. npj Precis Oncol. 2025;9(1):291. [DOI][PubMed][PMC]

216. 

Gurung S, Budden T, Mallela K, Jenkins B, von Kriegsheim A, Manrique E, et al. Stromal lipid species dictate melanoma metastasis and 
tropism. Cancer Cell. 2025;43(6):1108-1124. [DOI][PubMed][PMC]

217. 

Yang Z, Su W, Wei X, Qu S, Zhao D, Zhou J, et al. HIF-1α drives resistance to ferroptosis in solid tumors by promoting lactate production 
and activating SLC1A1. Cell Rep. 2023;42(8):112945. [DOI][PubMed]

218. 

Hecht F, Zocchi M, Tuttle ET, Ward NP, Smith B, Kang YP, et al. Catabolism of extracellular glutathione supplies amino acids to support 
tumor growth. BioRxiv 617667 [Preprint]. 2024. [DOI]

219. 

Graziani V, Barcelo J, Tripp A, Das D, Maiques O, James Martin JA, et al. SLC7A11 protects amoeboid-disseminating cancer cells from 
oxidative stress. Cell Rep. 2025;44(7):115939. [DOI][PubMed]

220. 

Tsoi J, Robert L, Paraiso K, Galvan C, Sheu KM, Lay J, et al. Multi-stage differentiation defines melanoma subtypes with differential 
vulnerability to drug-induced iron-dependent oxidative stress. Cancer Cell. 2018;33(5):890-904. [DOI][PubMed][PMC]

221. 

He Y, Dong Y, Chen Y, Zhang G, Zhang H, Lei G, et al. Multi-omics characterization and therapeutic liability of ferroptosis in melanoma. 
Sig Transduct Target Ther. 2022;7(1):268. [DOI][PubMed][PMC]

222. 

Zou Y, Palte MJ, Deik AA, Li H, Eaton JK, Wang W, et al. A GPX4-dependent cancer cell state underlies the clear-cell morphology and 
confers sensitivity to ferroptosis. Nat Commun. 2019;10(1):1617. [DOI][PubMed][PMC]

223. 

Yang F, Xiao Y, Ding JH, Jin X, Ma D, Li DQ, et al. Ferroptosis heterogeneity in triple-negative breast cancer reveals an innovative 
immunotherapy combination strategy. Cell Metab. 2023;35(1):84-100. [DOI][PubMed]

224. 

Fuloria S, Subramaniyan V, Karupiah S, Kumari U, Sathasivam K, Meenakshi DU, et al. Comprehensive review of methodology to detect 
reactive oxygen species (ROS) in mammalian species and establish its relationship with antioxidants and cancer. Antioxidants. 
2021;10(1):128. [DOI]

225. 

Hu X, Go YM, Jones DP. Omics integration for mitochondria systems biology. Antioxid Redox Signal. 2020;32(12):853-872. [DOI]
[PubMed][PMC]

226. 

Rusz M, del Favero G, El Abiead Y, Gerner C, Keppler BK, Jakupec MA, et al. Morpho-metabotyping the oxidative stress response. Sci 
Rep. 2021;11(1):15471. [DOI][PubMed][PMC]

227. 

Hawkins CL, Davies MJ. Detection, identification, and quantification of oxidative protein modifications. J Biol Chem. 2019;294(51):19683-
19708. [DOI][PubMed][PMC]

228. 

Matsuoka Y, Katsumata Y, Chu PS, Morikawa R, Nakamoto N, Iguchi K, et al. Monitoring ferroptosis in vivo : Iron-driven volatile oxidized 
lipids as breath biomarkers. Redox Biol. 2025;86:103858. [DOI]

229. 

Criscuolo A, Nepachalovich P, Garcia-Del Rio DF, Lange M, Ni Z, Baroni M, et al. Analytical and computational workflow for in-depth 
analysis of oxidized complex lipids in blood plasma. Nat Commun. 2022;13(1):6547. [DOI][PubMed][PMC]

230. 

Publisher’s Note
Science Exploration remains a neutral stance on jurisdictional claims in published maps and institutional affiliations. The views expressed in 
this article are solely those of the author(s) and do not reflect the opinions of the Editors or the publisher.

Ferroptosis Oxid Stress. 2026;2:202526 | https://doi.org/10.70401/fos.2026.0022 Page 26 of 26

https://doi.org/10.1038/s41467-022-29905-1
https://pubmed.ncbi.nlm.nih.gov/35459868
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9033817
https://doi.org/10.1038/s41698-025-01088-0
https://pubmed.ncbi.nlm.nih.gov/40825842
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12361507
https://doi.org/10.1016/j.ccell.2025.04.001
https://pubmed.ncbi.nlm.nih.gov/40280124
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7618647
https://doi.org/10.1016/j.celrep.2023.112945
https://pubmed.ncbi.nlm.nih.gov/37542723
https://doi.org/10.1101/2024.10.10.617667
https://doi.org/10.1016/j.celrep.2025.115939
https://pubmed.ncbi.nlm.nih.gov/40651476
https://doi.org/10.1016/j.ccell.2018.03.017
https://pubmed.ncbi.nlm.nih.gov/29657129
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5953834
https://doi.org/10.1038/s41392-022-01067-y
https://pubmed.ncbi.nlm.nih.gov/35945204
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9363465
https://doi.org/10.1038/s41467-019-09277-9
https://pubmed.ncbi.nlm.nih.gov/30962421
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6453886
https://doi.org/10.1016/j.cmet.2022.09.021
https://pubmed.ncbi.nlm.nih.gov/36257316
https://doi.org/10.3390/antiox10010128
https://doi.org/10.1089/ars.2019.8006
https://pubmed.ncbi.nlm.nih.gov/31891667
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7074923
https://doi.org/10.1038/s41598-021-94585-8
https://pubmed.ncbi.nlm.nih.gov/34326354
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8322264
https://doi.org/10.1074/jbc.REV119.006217
https://pubmed.ncbi.nlm.nih.gov/31672919
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6926449
https://doi.org/10.1016/j.redox.2025.103858
https://doi.org/10.1038/s41467-022-33225-9
https://pubmed.ncbi.nlm.nih.gov/36319635
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9626469
https://doi.org/10.70401/fos.2026.0022

	Iron: Regulation, redox homeostasis, and ferroptosis in cancer
	Abstract
	1. Introduction
	2. Iron Homeostasis
	2.1 Iron uptake
	2.1.1 Dietary iron absorption
	2.1.2 Cellular iron uptake

	2.2 Iron trafficking
	2.2.1 Inter-organelle transport
	2.2.2 Iron storage

	2.3 Iron export
	2.4 Iron utilization
	2.4.1 Mitochondrial function
	2.4.1.1 Fe-S biosynthesis
	2.4.1.2 Heme biosynthesis

	2.4.2 Cell proliferation
	2.4.3 Genomic integrity


	3. Systemic Regulation
	3.1 Intestinal iron absorption
	3.2 Hepatic regulation
	3.3 Renal regulation

	4. Cellular Regulation
	4.1 IRP and iron response elements (IRE)
	4.2 Ferritinophagy
	4.3 Oxygen dependent regulation

	5. Mechanisms of Iron Toxicity
	5.1 Non-specific oxidative cell death
	5.1.1 DNA oxidation
	5.1.2 Protein oxidation

	5.2 Ferroptosis
	5.2.1 Lipid peroxidation
	5.2.2 Cellular metabolism
	5.2.3 Regulators of ferroptosis
	5.2.3.1 Antioxidants
	5.2.3.2 Transcriptional and translational regulators


	5.3 Other forms of regulated cell death

	6. Therapeutic Implications in Cancer
	6.1 Targeting iron availability
	6.2 Suppression of antioxidant signaling
	6.3 Oxidative metabolism
	6.4 Limitations for clinical translation

	7. Future Directions
	Declarations
	Authors contribution
	Conflicts of interest
	Ethical approval
	Consent to participate
	Consent for publication
	Availability of data and materials
	Funding
	Copyright

	References


