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Summary

Ferroptosis, a form of cell death driven by iron-dependent lipid peroxidation, was identified as a 

distinct phenomenon and named a decade ago. Ferroptosis has been implicated in a broad set of 

biological contexts, from development to aging, immunity, and cancer. This review describes key 

regulators of this form of cell death within a framework of metabolism, ROS biology, and iron 

biology. Key concepts and major unanswered questions in the ferroptosis field are highlighted. 

The next decade promises to yield further breakthroughs in the mechanisms governing ferroptosis, 

and additional ways of harnessing ferroptosis for therapeutic benefit.

Introduction to Ferroptosis

The concept of a distinct form of regulated, iron-dependent cell death driven by lipid 

peroxidation, along with the term ferroptosis, was introduced by my lab a decade ago 

(Dixon et al., 2012) (Figure 1). Ferroptosis is distinct from apoptosis and other forms of 

cell death (Dixon et al., 2012). The discovery of ferroptosis emerged from our identification 

in 2003 of small molecules that induced a non-apoptotic form of cell death (Dolma et al., 

2003), which we found to be regulated in an iron-dependent manner (Yang and Stockwell, 

2008), and to be highly modulatable with molecular perturbations (Wolpaw et al., 2011), as 

well as the finding by Marcus Conrad and colleagues in 2008 that genetic modulation of key 

genes controlling redox state drove non-apoptotic cell death (Banjac et al., 2008); Seiler et 

al., 2008).

*Correspondence: bstockwell@columbia.edu. 

Declaration of Interests
B.R.S. is an inventor on patents and patent applications involving small molecule drug discovery and ferroptosis, and co-founded 
and serves as a consultant to Inzen Therapeutics, Nevrox Limited, Exarta Therapeutics, and ProJenX, Inc., serves as a consultant to 
Weatherwax Biotechnologies Corporation, and Akin Gump Strauss Hauer & Feld LLP, and receives sponsored research support from 
Sumitomo Dainippon Pharma Oncology.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review 
of the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered 
which could affect the content, and all legal disclaimers that apply to the journal pertain.

HHS Public Access
Author manuscript
Cell. Author manuscript; available in PMC 2023 July 07.

Published in final edited form as:
Cell. 2022 July 07; 185(14): 2401–2421. doi:10.1016/j.cell.2022.06.003.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Prior to the introduction of the concept of ferroptosis, there were three major areas of 

research that converged to provide the foundational understanding for what we now refer 

to as the field of ferroptosis—(i) the mechanisms of metabolism, (ii) the control of reactive 

oxygen species (ROS), and (iii) the regulation of iron.

First, the mechanisms of amino acid and lipid metabolism provided a foundation for 

ferroptosis. In 1955, Harry Eagle reported that the amino acid cysteine was essential for 

the survival and growth of the mouse fibroblast strain L and for the HeLa cell line (Eagle, 

1955), and in 1973, Jerry Mitchell found that acetaminophen caused hepatic necrosis in rats 

that depended on glutathione and cysteine (Mitchell et al., 1973). Shiro Bannai reported in 

1977 that withdrawal of cystine (see Figure 1 for glossary of key terms in ferroptosis), the 

oxidized form of cysteine, caused cell death that correlated with glutathione depletion and 

could be prevented by treatment with vitamin E (Bannai et al., 1977).

Numerous researchers elucidated key mechanisms of lipid metabolism. Michel Eugène 

Chevreul in 1823 reported the isolation of fatty acids (Chevreul, 1823), and in 1929, 

husband and wife George and Mildred Burr reported that polyunsaturated fatty acids 

(PUFAs, see Figure 2 for a glossary), such as linoleic acid (18:2, where 18 represents 

number of carbons in the fatty acid and 2 represents the number of double bonds) and 

linolenic acid (18:3), are essential components of the diet of rats (Burr and Burr, 1929). The 

studies of Nicolas-Louis Vauquelin in 1813, Théodore-Nicolas Gobley in 1846, and Johann 

Wilhelm Thudichum in 1874 led to the discovery of phospholipids (Sourkes, 2004), key 

building blocks of membranes. PUFA moieties serve as the essential peroxidation substrates 

for ferroptosis, when present in membrane lipids, such as phospholipids.

Second, researchers illuminated the biological significance of oxidative damage to 

biomolecules. The oxidant hydrogen peroxide was synthesized by Louis Jacques Thénard 

in 1818, and biological mechanisms for decomposing H2O2 were elucidated by Christian 

Friedrich Schonbein in 1863, Oscar Loew in 1900, Otto Warburg in 1923, Kurt Stern in the 

1930s, and Gordon Mills in 1965 (Flohe, 2020). In 1980, Shiro Bannai and Emi Kitamura 

discovered system xc
− as an antiporter that imports cystine (Bannai and Kitamura, 1980), 

a key amino acid building block for glutathione (Figure 2), which blocks the ability of 

oxidants such as hydrogen peroxide to cause “oxidative stress”, a term coined in 1985 by 

Helmut Sies (Sies, 1985). Moreover, a key axis of protection from oxidative stress involves 

selenium; selenium was discovered in 1818 by Jöns Jacob Berzelius (Flohe, 2020). In 

1982, Fulvio Ursini and colleagues discovered GPX4, a selenoprotein that functions as a 

glutathione-dependent peroxidase to counter the oxidation of lipids in membranes (Ursini 

et al., 1982) (Figure 2); replacement of the selenocysteine active site residue in GPX4 with 

cysteine in C57BL/6J x 129S6SvEv mice affects, however, only specific interneurons in the 

brain, which Marcus Conrad and colleagues reported in 2018 (Ingold et al., 2018). Of note, 

replacement of the GPX4 active site selenocysteine with cysteine causes embryonic lethality 

in C57BL6 mice, suggesting a context-dependence to the requirement for selenocysteine in 

GPX4.

A third community of researchers discovered the biological importance and metabolism 

of iron. Iron was found in the human body by Lemery and Geoffroy in 1713 (Vannotti 
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and Delachaux, 1949), and in 1876 Henry John Horstman Fenton reported that iron salts 

react with peroxides to yield hydroxyl radicals, proposing the reaction that now bears his 

name (Fe2+ + HOOH → Fe3+ + OH− + OH•)(Fenton, 1876). In 1937, Vilém Laufberger 

discovered and crystallized an essential iron storage protein, ferritin (Laufberger, 1937), 

which sequesters iron as Fe(III), preventing the Fenton reaction. In 1945, Carl Holmberg 

and Carl-Bertil Laurell found a major mechanism of iron transport in the form of transferrin 

(Holmberg and Laurell, 1945). Discovery of the DMT1 iron transporter emerged from the 

finding that resistance of mice to intracellular pathogens was controlled by a gene termed 

NRAMP1 for “natural resistance-associated macrophage protein” (Vidal et al., 1993); a 

related gene was termed NRAMP2 (Gruenheid et al., 1995). Nancy Andrews found that 

NRAMP2, later renamed DMT1, was the genetic cause of microcytic anemia in mice and 

a long-sought iron transporter (Fleming et al., 1997); Gunshin et al., 1997). Together with 

the discovery of the iron-export protein ferroportin, these studies laid the foundation for our 

understanding of iron homeostasis.

In parallel, mechanisms underlying the form of cell death known as apoptosis were 

elucidated. Regulated, non-apoptotic cell death was then identified in the form of 

inflammatory cell death, termed pyroptosis (Cookson and Brennan, 2001), and necroptosis, 

a type of regulated necrosis (Degterev et al., 2005). At the same time, a high-throughput 

screen for HRASV12-selective lethal small molecules in my lab in 2001–2003 revealed a 

new compound, which we termed erastin (for eradicator of RAS-transformed cells), that 

induced non-apoptotic cell death (Dolma et al., 2003) that depended on accumulation of 

oxidative stress and cellular iron levels (Yagoda et al., 2007). We performed a larger screen 

that yielded additional compounds, including RAS-selective-lethal-3 (RSL3) that similarly 

induced non-apoptotic, iron-dependent oxidative cell death (Yang and Stockwell, 2008). 

In 2008, Marcus Conrad and his colleagues reported that genetic inactivation of GPX4 

induced a non-apoptotic cell death driven by lipid peroxidation that could be suppressed 

by alpha-tocopherol (Seiler et al., 2008), and that overexpression of xCT protected cells 

from lipid-peroxidation-induced non-apoptotic cell death (Banjac et al., 2008). In 2012, 

my labmembers and I, including Scott Dixon, proposed the concept of an iron-dependent 

form of regulated cell death, which we termed ferroptosis, that was distinct from apoptosis, 

unregulated necrosis, and necroptosis (Dixon et al., 2012).

We found that erastin induces ferroptosis by blocking uptake of cystine through system xc
−, 

resulting in depletion of cysteine and glutathione (Dixon et al., 2014) and that the molecular 

target of RSL3 was GPX4 (Yang et al., 2014), consistent with the earlier report of GPX4 

controlling a non-apoptotic form of oxidative cell death (Seiler et al., 2008) and placing 

GPX4 at the center of ferroptosis regulation (Figure 2).

Ferroptosis is defined as a form of cell death that depends on iron-dependent lipid 

peroxidation. This can be assessed in cell culture by testing whether iron chelators and 

lipophilic antioxidants suppress cell death. In human and animal tissue samples, the 

presence of markers of iron-dependent lipid peroxidation can be used to identify the 

presence of ferroptosis, along with the absence of other forms of cell death (see below).
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Since 2012, ferroptosis has been detected in a variety of biological systems—as a driver of 

organ injury (Friedmann Angeli et al., 2014), as an ancient form of cell death kept in check 

by endogenous repair and protection systems (Jiang et al., 2021), and as a mode of cell 

death activated upon culturing mouse embryo fibroblasts (MEFs) in the absence of cysteine 

that depends on the presence of transferrin and the amino acid glutamine (Gao et al., 2015); 

Gao et al., 2019), to name a few. The recurrent observation of ferroptosis in diverse systems 

shows the myriad contexts in which this type of cell death occurs.

In this review, I provide a framework for understanding the vast emerging literature, 

which has been growing exponentially for the last decade (Figure 1), on this form of 

iron-dependent oxidative cell death: ferroptosis is at the intersection of metabolism, ROS 

biology, and iron regulation, and each of these fields contributes to our understanding of 

ferroptosis mechanisms, biological significance, and therapeutic relevance. I describe within 

this framework the latest advances in the mechanisms governing ferroptosis, including 

the subcellular organelles that control ferroptosis, and the normal physiological functions 

of ferroptosis. In addition, I summarize key pathological contexts involving ferroptosis, 

and emerging therapeutic applications of modulating ferroptosis. Finally, I explain useful 

concepts for understanding ferroptosis, as well as key unanswered questions that will likely 

drive the next decade of ferroptosis studies.

Mechanisms of ferroptosis

There have been major advances in the last decade, and especially in the last few 

years, in our understanding of the mechanisms that govern ferroptosis, which in turn 

has influenced how we conceptualize the role of ferroptosis in biology and medicine. As 

described below, numerous researchers illuminated the specific lipids that undergo oxidation 

during ferroptosis and drive the cell death process, endogenous mechanisms of suppressing 

ferroptosis, key facets of iron regulation that control ferroptosis sensitivity, and organelles 

that contribute to ferroptosis. I summarize the paradigm of ferroptosis within the framework 

of its centrality at the intersection of metabolism, ROS biology, and iron regulation.

Metabolism generates the substrates for, and natural inhibitors of, ferroptosis

For ferroptosis to occur, specific lipids must undergo oxidation, and natural mechanisms for 

blocking accumulation of oxidized lipids must become compromised (Figure 2). Normal 

metabolism generates the lipid substrates and oxidants that drive ferroptosis, and the 

endogenous inhibitors that prevent lipid peroxidation.

Lipid metabolism: ACSL4 and LPCAT3 generate the lipid drivers of ferroptosis

Ferroptosis is ultimately driven by the peroxidation of specific membrane lipids (Figure 2). 

Only specific carbon atoms within a lipid are susceptible to peroxidation, as this reaction 

involves replacing a hydrogen atom attached to a carbon atom with a peroxyl group (O-O): 

the propensity of a lipid to undergo peroxidation therefore depends on the strength of its 

carbon-hydrogen bonds (Figure 2). PUFAs have been known since their discovery to be 

highly susceptible to peroxidation due to the presence of exceptionally weak C-H bonds 

in between adjacent C=C double bonds, and initially it seemed plausible that free PUFAs 
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could be drivers of ferroptosis. However, in 2015–2017, several papers demonstrated that 

free fatty acids are not drivers of ferroptosis, but rather that polyunsaturated fatty acids 

(PUFAs) need to be activated and incorporated into membrane lipids, such as phospholipids, 

in in order to exert their lethal effects upon peroxidation. Identification of the specific lipids 

that drive the execution of cell death, as well as the enzymes that promote their generation 

and incorporation into cell membranes has been one of the important discoveries in the last 

decade of ferroptosis research.

An insertional mutagenesis screen in the predominantly haploid cell line KBM7 revealed 

that inactivation of ACSL4 and LPCAT3 rendered these cells resistant to two different 

GPX4 inhibitors—the first GPX4 inhibitor RSL3, as well as an additional compound named 

ML162 (Dixon et al., 2015). Moreover, analysis of ferroptosis-resistant cell lines and a 

CRISPR suppression screen independently yielded ACSL4 inactivation as a key mechanism 

for suppressing ferroptosis in diverse contexts (Doll et al., 2017); overexpression of ACSL4 

also sensitized to ferroptosis in these contexts (Doll et al., 2017). Given that ACSL4 and 

LPCAT3 are involved in activating and incorporating PUFAs, such as arachidonic acid, into 

membrane-localized lipids (Doll et al., 2017), these results suggested that PUFAs need to 

be present in their membrane-bound context in order to exhibit lethality after peroxidation 

(Figure 2). Thus, while system xc
− and GPX4 normally function as strong suppressors of 

ferroptosis, ACSL4 and LPCAT3 were the first identified pro-ferroptotic gene products, by 

virtue of their role in facilitating incorporation of PUFAs into membrane lipids (Figure 2). 

A recent report demonstrated that ACSL4 also participates actively in a feed-forward loop 

to execute ferroptosis: PKCβII senses initial lipid peroxidation events, and phosphorylates 

ACSL4 on Thr328 to drive phospho-ACSL4 (pACSL4) activation and promote PUFA 

incorporation into phospholipids and drive subsequent cell death (Zhang et al., 2022) (Figure 

2). ACLS4 is also a point of regulating ferroptosis through signaling pathways (Wu et 

al., 2019a): E-cadherin acts through the Merlin-Hippo-Yap pathway to control sensitivity 

to ferroptosis by regulating expression of ACSL4 in response to cell-cell contacts. Thus, 

ACSL4 may be more akin to caspase-3, the executioner of apoptosis, than to a housekeeping 

protein.

Other ACSL enzymes can also regulate ferroptosis: conjugated linolenic acids, such as 

α-eleostearic acid, which is produced by some plants, require ACSL1 in order to exert their 

pro-ferroptotic activity (Beatty et al., 2021)(Figure 2). Moreover, monounsaturated fatty 

acids, such as oleic acid, require ACSL3 in order to exert anti-ferroptotic effects (Magtanong 

et al., 2019). Presumably, these ACSL-dependent ferroptosis-modulating effects require fatty 

acids to be incorporated into membrane-bound lipids, such as phospholipids. These studies 

have identified the ACSL enzyme family as being crucial for ferroptosis, showing that 

activation of fatty acids into coenzyme A esters is a key regulated step for ferroptosis.

Several studies have sought to identify the specific membrane lipids that drive ferroptosis. 

The discovery of ACSL4 and LPCAT3 as genetic suppressors of ferroptosis, as noted 

above, indicated that free PUFAs are not themselves drivers of ferroptosis. Another recent 

finding consistent with this conclusion was that the phospholipase iPLA2β suppresses 

p53-driven ferroptosis by removing oxidized PUFA tails from phospholipids (Chen et 

al., 2021b). Thus, oxidized PUFA tails must remain in the context of membrane-bound 
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phospholipids to contribute to the execution of ferroptosis; intriguingly, once cleaved 

from a phospholipid, the oxidized PUFA tail no longer drives cell death (Figure 2). This 

highlights that oxidized PUFAs are not intrinsically toxic to cells. Excessive accumulation 

of oxidized PUFA-containing lipids within specific cell membranes is the event that drives 

ferroptosis. Inactivation or deficiency of iPLA2β (also known as PLA2G6) is associated 

with Parkinson’s disease and motor deficits (Sun et al., 2021), as well as with excessive 

ferroptosis in placental trophoblasts, causing a risk of poor fetal development (Beharier 

et al., 2020). Thus, accumulation of oxidized PUFA-containing membrane lipids drives 

pathological ferroptosis in at least two disease contexts. Therefore, ferroptosis should not 

be thought of as a general type of oxidative stress, but rather the accumulation of lethal 

membrane-localized lipid peroxides.

Not all PUFA-containing membrane-localized lipids contribute to ferroptosis. In 2017, it 

was reported that specific phospholipids, namey phosphatidylethanolamines (PEs) with 

one arachidonyl (20:4) or one adrenyl (22:4) PUFA tail, are more tightly associated with 

ferroptosis than other phospholipids (Kagan et al., 2017). While 350 different phospholipids 

could be detected in this study by LC-MS/MS, including 130 oxygenated lipids, those with 

20:4 and 22:4 acyl tails on PE head groups were most correlated with susceptibility to 

ferroptosis.

Phospholipids have two fatty acyl tails, one typically derived from a saturated fatty 

acid, such as palmitic acid (C16:0), and one derived from any type of fatty acid, 

such as a monounsaturated fatty acid, a polyunsaturated fatty acid, or a saturated fatty 

acid. Unusual phospholipids can be detected, however, with two PUFA tails—these are 

particularly relevant to ferroptosis (Kraft et al., 2020). PUFA-containing ether lipids, such 

as plasmalogens, are also associated with ferroptosis sensitivity (Zou et al., 2020a), as is the 

lipid 2-arachidonoyl glycerol results (Kathman et al., 2020). Thus, several different lipids 

with PUFA tails contribute to driving ferroptosis. Moreover, PUFA biosynthesis is itself a 

means of regulating sensitivity to ferroptosis: energy stress drives resistance to ferroptosis 

through activation of AMPK and its effects on limiting PUFA biosynthesis through control 

of acetyl-coenzyme A carboxylase (ACC) (Lee et al., 2020a) (Figure 2). In summary, 

PUFA-containing membrane-localized lipids are the drivers of ferroptosis, and these include 

phospholipids, ether lipids, and other glycerol-derived lipids.

ROS biology

GPX4 and glutathione suppress lipid ROS accumulation—Erastin and RSL3 

represent the first two classes of ferroptosis-inducing compounds, acting by inhibiting 

cystine uptake through system xc
− and by inhibiting GPX4, respectively (Figure 2). 

Depleting glutathione through other mechanisms can also sensitize to ferroptosis: the 

multidrug resistance gene MDR1 drives increased sensitivity to ferroptosis by causing efflux 

of glutathione (Cao et al., 2019), and the cysteine catabolic enzyme cysteine dioxygenase 

1 (CDO1) drives sensitivity to ferroptosis by depleting cysteine, and in turn glutathione 

(Hao et al., 2017). A recent report demonstrated that glutamate-cysteine ligase (the catalytic 

subunit of which is encoded by GCLC) contributes to ferroptosis resistance not only by 

synthesizing glutathione, but also by restricting levels of glutamate through its conversion to 
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γ-glutamyl peptides, suggesting that glutamate can promote ferroptosis (Kang et al., 2021) 

(Figure 2).

GPX4 degradation, rather than GPX4 enzymatic inhibition, can also promote ferroptosis. 

In 2016, my lab identified a new ferroptosis-inducing compound that acts through GPX4 

degradation: FIN56 emerged from a screen for caspase-independent lethal compounds 

(Shimada et al., 2016b). The most notable hit compound from the screen was termed 

Caspase-Independent Lethal Compound 56 (CIL56). Optimization of the structure around 

this scaffold yielded a compound that selectively induced ferroptosis, without activating 

necrosis. This compound, which was termed Ferroptosis-Inducer-56 (FIN56), induces the 

degradation of GPX4 and also acts through the mevalonate pathway to drive increased 

sensitivity to ferroptosis by depleting CoQ10. Other mechanisms for controlling degradation 

of GPX4 also modulate sensitivity to ferroptosis: chaperone-mediated autophagy, for 

example, induces degradation of GPX4 and contributes to the execution of ferroptosis (Wu 

et al., 2019b).

GPX4-independent control of lipid ROS accumulation—GPX4 is a central inhibitor 

of ferroptosis. However, three GPX4-independent systems for suppressing ferroptosis have 

been identified in the last few years. FSP1/coenzyme Q10, dihydroorotate dehydrogenase 

(DHODH), and GCH1/BH4 act independent of GPX4 to suppress ferroptosis. In 1956, 

coenzyme Q10 (CoQ10), originally known as vitamin Q10 or ubiquinone due its vitamin-like 

structure and ubiquity, was first purified from cow heart (Crane, 2007); it was shown in 

the subsequent decades to have a crucial electron-carrying role in energy production in 

mitochondria. While GPX4 serves as the major defender against lipid peroxidation, CoQ10 

serves as a second endogenous mechanism for protecting against the lipid peroxidation that 

drives ferroptosis. Indeed, CoQ10 is found in diverse membranes throughout cells, not just 

in mitochondria. Two groups reported that the gene product formerly known AIFM2, and 

renamed Ferroptosis Suppressor Protein 1 (FSP1), functions to regenerate the reduced form 

of CoQ10 through the use of NADPH, the cell’s major source of reducing power (Bersuker 

et al., 2019); Doll et al., 2019). The scavenging of lipid peroxidation intermediates by 

reduced CoQ10 causes CoQ10 to be oxidized. NADPH is then consumed as it regenerates the 

reduced form of CoQ10. Indeed, NADPH was found to be a biomarker predicting resistance 

to ferroptosis across the NCI60 set of cancer cell lines (Shimada et al., 2016a), and the 

cytosolic phosphatase MESH1 was reported to control sensitivity to ferroptosis through its 

effect on NADPH abundance (Ding et al., 2020).

Two additional GPX4-independent systems for suppressing the lipid peroxidation that 

drives ferroptosis were reported in 2020 and 2021. First, GTP cyclohydrolase 1 (GCH1), 

which generates the endogenous metabolite tetrahydrobiopterin (BH4), was discovered 

in a CRISPR activation screen as a suppressor of ferroptosis (Kraft et al., 2020), as 

well as an enhancer of ferroptosis in a CRISPR loss of function screen (Soula et al., 

2020). GCH1 expression suppresses ferroptosis by a two-pronged mechanism. First, GCH1 

generates the lipophilic antioxidant BH4, which functions analogously to CoQ10 to prevent 

lipid peroxidation. Second, GCH1 causes remodeling of the lipid membrane environment 

to increase the abundance of reduced CoQ10, and to deplete the PUFA-PLs that drive 

sensitivity to ferroptosis. Second, dihydroorotate dehydrogenase (DHODH) was identified 
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as a mitochondrial suppressor of ferroptosis that functions through reducing mitochondrial 

CoQ10, analogous to the function of FSP1 in extramitochondrial membranes (Mao et al., 

2021). Cells with high expression of GCH1 or DHODH are more resistant to ferroptosis, and 

those with low expression more sensitive to ferroptosis.

Finally, a recent report indicated that there are yet other mechanisms for suppressing 

ferroptosis, independent of glutathione/GPX4, FSP1/DHODH/CoQ10 and GCH1/BH4. 

The amino acid oxidase interleukin-4-induced-1 (IL4i1), originally discovered as a gene 

induced in B cells in response to IL-4, generates the metabolite indole-3-pyruvate, which 

suppresses ferroptosis both through a radical scavenging mechanism and by orchestrating 

a gene expression profile that attenuates ferroptosis (Zeitler et al., 2021) (Figure 2). 

Other endogenous metabolites may act similarly to suppress ferroptosis, either by radical 

intermediates required for lipid peroxidation or controlling expression of genes that regulate 

lipid peroxidation.

Iron regulation: Iron-driven lipid peroxidation

The peroxidation of membrane-bound, PUFA-containing lipids is driven by both the labile 

iron pool facilitating the Fenton reaction, which propagates lipid peroxidation (Shah et al., 

2018), and by iron-dependent enzymes, such as lipoxygenases, that initiate the formation 

of lipid hydroperoxides that are substrates for the Fenton reaction (Yang et al., 2016) 

(Figure 3). 15-lipoxygenase can complex with phosphatidylethanolamine binding protein 

1 (PEBP1), switching the substrate specificity of the enzyme from free PUFAs to PUFA 

tails of phospholipids (Wenzel et al., 2017). Additionally, 12-lipoxygenase is required for 

p53-dependent ferroptosis (Chu et al., 2019). Cytochrome P450 oxidoreductase (POR) also 

contributes to lipid peroxidation during ferroptosis (Zou et al., 2020b), demonstrating that 

several iron-containing enzymes have this capability to promote the lipid peroxidation that 

drives ferroptosis (Figure 2).

The regulation of iron-abundance through controlling the level of the iron-storage protein 

ferritin via ferritinophagy dictates sensitivity to ferroptosis (Gao et al., 2016); Hou et al., 

2016), as the availability of ferritin determines the size of the labile iron pool. The kinase 

ATM also controls sensitivity to ferroptosis through regulation of ferritin abundance (Chen 

et al., 2020b). Other mechanisms for controlling cellular abundance of iron influence the 

sensitivity of cells to ferroptosis: iron export through ferroportin, or through prominin2-

mediated ferritin-containing multivesicular bodies (MVBs) and exosomes drives resistance 

to ferroptosis (Brown et al., 2019), as this depletes the cellular pool of iron, and its ability to 

promote lipid peroxidation.

Reaction of endoperoxide compounds with iron can also trigger ferroptosis. FINO2, 

representing the fourth class of ferroptosis-inducing compounds, was discovered by Keith 

Woerpel and coworkers in 2016, by synthesis and analysis of a series of 1,2-dioxolane-

containing compounds (Abrams et al., 2016). FINO2 does not inhibit system xc
−, deplete 

glutathione, directly inhibit GPX4, or induce GPX4 degradation. Thus, FINO2 represents 

an additional means of inducing ferroptosis. FINO2 oxidizes Fe(II) to Fe(III): its lethal 

activity is more potently suppressed by iron chelators than is the case for other ferroptosis-

inducing compounds. The profile of oxidized lipids detected after FINO2 treatment 
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of cells is more widespread than after treatment with erastin, suggesting that FINO2 

undergoes a Fenton reaction with Fe(II), generating alkoxyl radical that directly initiate 

lipid peroxidation. Another possibility is that FINO2 binds to and activates lipoxygenases 

or other iron-dependent enzymes by oxidizing the non-heme iron cofactor; the active form 

of lipoxygenases is the ferric Fe(III) form (Schilstra et al., 1994). Other endoperoxides 

have also been reported to induce a degree of ferroptosis, such as artemisinin-related 

compounds (Chen et al., 2020a). Thus, endoperoxides represent a source of ferroptosis-

inducing compounds that act in a manner distinct from those such as erastin, RSL3, and 

FIN56, which disable the defense mechanisms that protect against lipid peroxides. It is thus 

possible that endogenous endoperoxides such as prostaglandins could act as natural triggers 

for ferroptosis in some contexts.

Fe(II) is maintained in cells in the form of the labile iron pool, bound to low molecular 

weight compounds, including glutathione (Patel et al., 2019). Depletion of glutathione can 

not only inactivate GPX4, but can also mobilize Fe(II) for Fenton chemistry, promoting 

propagation of lipid peroxides and ultimately ferroptosis. In addition, iron storage in ferritin 

requires formation of the glutathione-iron complex, which is delivered to ferritin via the 

chaperone poly(rC) binding protein 1 (PCBP1) (Patel et al., 2021). Thus, depletion of 

glutathione promotes the availability of labile iron. However, glutathione depletion is not 

necessary for ferroptosis, as direct inhibition or deletion of Gpx4 without glutathione 

depletion is sufficient to trigger ferroptosis.

Mechanisms of resistance to ferroptosis integrate metabolism, ROS biology, and iron 
regulation

At least three major mechanisms of ferroptosis resistance have been identified—the 

antioxidant regulator NRF2, the transsulfuration pathway, and mTOR. NRF2, a master 

regulator of the antioxidant response, drives transcriptional responses that suppress 

ferroptosis (Sun et al., 2016); the mechanism of NRF2-mediated protection varies by cell 

and tissue context: in pancreatic cancer cells, for example, NRF2 suppresses ferroptosis by 

activating microsomal glutathione S-transferase 1 (MGST1) (Kuang et al., 2021), which 

inhibits lipoxygenase 5 (ALOX5). In hepatocarcinoma cells, NRF2 drives resistance to 

ferroptosis through the control of ferritin (Sun et al., 2016).

The transsulfuration pathway drives resistance to ferroptosis by producing cysteine from 

methionine, overcoming the cysteine starvation produced by inhibition of system xc
−. An 

siRNA screen for suppressors of ferroptosis in 2016 revealed that the top hit was knockdown 

of CARS, the cysteinyl-tRNA synthetase, which suppressed erastin-induced ferroptosis 

through activating the transsulfuration pathway (Hayano et al., 2016). The transsulfuration 

pathway metabolite homocysteine was reported to enhance ferroptosis rather than drive 

resistance to ferroptosis when supplemented in the culture medium (Wallis et al., 2021). This 

suggests that homocysteine can act independently of serving as a source of cysteine.

The mechanistic target of rapamycin (mTOR) pathway promotes resistance to ferroptosis 

through increased GPX4 protein synthesis (Zhang et al., 2021) and increased SREBP-

mediated lipogenesis (Yi et al., 2020). Thus, ferroptosis resistance can arise through control 

of iron homeostasis, ROS abundance, and metabolism.
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The subcellular organelles that drive ferroptosis

Ferroptosis is executed by accumulation of peroxidized lipids. The subcellular membranes 

containing these oxidized lipids have been explored in recent years, illuminating the 

contributions of different organelles to ferroptosis (Figure 3).

Plasma membrane rupture is a late event in ferroptosis

The end stage of ferroptotic cell death involves permeabilization of the plasma membrane, 

as is common in diverse types of cell death. The ESCRT III complex repairs damage to 

the plasma membrane and slows death by ferroptosis (Pedrera et al., 2021). In addition, 

ferroptosis has been shown to propagate between cells, but this propagation does not 

depend on rupture of the plasma membrane (Riegman et al., 2020). The propagation of 

ferroptosis to neighboring cells instead may depend on release of oxidized lipids with intact 

plasma membranes, perhaps through exocytic vesicles; released oxidized lipids may then 

initiate ferroptosis in neighboring cells. FSP1, described above, exerts its protective function 

against ferroptosis via reduction of plasma membrane CoQ10 (Bersuker et al., 2019); Doll 

et al., 2019), arguing that plasma membrane lipid peroxidation is an essential late step in 

ferroptosis.

Endoplasmic reticulum is an essential site of lipid peroxidation during ferroptosis

Imaging the localization of inhibitors of ferroptosis, namely alkyne-tagged ferrostatin 

analogs using stimulated Raman scattering (SRS) microscopy, revealed that these 

compounds accumulate in lysosomes, mitochondria and the ER (Gaschler et al., 2018). 

However, accumulation of such compounds in lysosomes and mitochondria does not 

influence their ability to induce ferroptosis, suggesting that suppressing lipid peroxidation in 

the ER is sufficient to block ferroptosis. Compounds that modulate ferroptosis by affecting 

lipid peroxidation primarily localize to the ER, suggesting that the ER is the most critical 

site of lipid peroxidation during ferroptosis (Figure 3). While PUFAs can also localize to 

lipid droplets, the presence of PUFAs in lipid droplets doesn’t contribute to ferroptosis.

The volume of ER present in cells may be a key determinant of sensitivity to ferroptosis. 

Consistent with this, the viscosity of the ER was shown to increase during ferroptosis (Hao 

et al., 2021), likely due to clustering of oxidized PUFA-PLs (Agmon et al., 2018), which 

causes stiffening of the ER membrane (Chng et al., 2021).

Mitochondria can act as initiators and amplifiers of ferroptosis induced by cysteine 
starvation

Several studies have shown the mitochondria can act as initiators or amplifiers of ferroptosis 

initiated by cysteine starvation and glutathione depletion. The ability of mitochondrial 

DHODH and mitochondrial CoQ10 to suppress ferroptosis triggered in this manner 

(Mao et al., 2021), for example, highlights this function of mitochondria. Inhibiting the 

mitochondrial electron transport chain also attenuates ferroptosis induced by cysteine 

starvation, as does depletion of mitochondria (Gao et al., 2019) (Figure 3). The role of 

the electron transport chain may be due to the leakage of electrons that produce superoxide 

and H2O2, which can then react with Fe(II) to drive Fenton chemistry and lipid peroxidation.
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Peroxisomes can drive ferroptosis through peroxidation of ether lipids

Peroxisomal ether lipids, such as plasmalogens, have been implicated as drivers of 

ferroptosis, through the discovery in a CRISPR screen of genes involved in peroxisomal 

functions (Zou et al., 2020a). While peroxisomal ROS have not been directly examined 

during ferroptosis, it is possible that H2O2 produced in peroxisomes initiates lipid 

peroxidation, possibly in conjunction with peroxisomal Fe(II).

Lysosomes are reservoirs of iron, and can initiate ferroptosis

Ferrostatins accumulate in lysosomes, but their lysosomal localization does not contribute 

to their ability to suppress ferroptosis induced by erastin or RSL3. Thus, lysosomes do 

not normally contribute to ferroptosis in this context. However, lysosomes are reservoirs 

of iron and in principle could initiate ferroptosis. Indeed, re-localizing FINO2-type 

endoperoxides to lysosomes can initiate ferroptosis, although propagation through the ER 

is still required (Figure 3). In addition, knockout of the lysosomal protein prosaponsin 

caused lipofuscin accumulation, which drives lysosomal iron and ROS accumulation, and 

subsequent ferroptosis in neurons (Tian et al., 2021).

Golgi stress can promote ferroptosis

Triggering Golgi stress with agents such as brefeldin A triggers ferroptosis in some contexts 

(Alborzinia et al., 2018). In addition, the transferrin receptor TfR1 is translocated to 

the plasma membrane from its intracellular localization in the Golgi and in the closely 

associated endosomal recycling compartment; this re-localization can be used as a ROS-

independent marker of ferroptosis and may also further enhance ferroptosis as a kill switch 

by promoting additional iron-loaded transferrin uptake (Feng et al., 2020) (Figure 3).

In summary, the ER is a central hub that drives the lipid peroxidation that promotes cell 

death through ferroptosis. This is logical, given that much lipid and PUFA metabolism 

occurs in the ER. However other organelles, such as mitochondria, lysosomes, peroxisomes, 

and the Golgi can initiate or enhance the susceptibility of cells to ferroptosis by initiating 

lipid peroxidation or enhancing ROS production. Ultimately, lipid peroxides spread to 

the plasma membrane, where they trigger rupture of the plasma membrane (Figure 3). 

How ROS and lipid peroxides are transported between organelles to promote ferroptosis 

remains largely unexplored. In addition, how lipid peroxides ultimately damage membranes 

and result in cell death is still unknown. Nonetheless, we know that the process of 

lipid-peroxidation-driven ferroptosis has been harnessed by nature in a number of normal 

physiological contexts, as described in the next section.

Physiological Functions of Ferroptosis

When we first proposed the concept of ferroptosis in 2012, we found that it was implicated 

in glutamate toxicity (Dixon et al., 2012), but whether ferroptosis might be exploited 

naturally for normal physiology was unclear—recent data have revealed that indeed 

ferroptosis is involved a number of physiological processes (Figure 4).
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A key advance in the search for biological processes in which ferroptosis is involved was 

the discovery of markers for detecting ferroptosis (Figure 5). Given that ferroptosis is 

driven by iron-dependent lipid peroxidation, detecting such lipid peroxidation events during 

ferroptosis is essential (Figure 5). In addition, mitochondria typically exhibit shrunken, 

dense morphologies during ferroptosis, specific gene expression changes can be detected, 

and TfR1 upregulation and movement to the plasma membrane marks ferroptotic cells 

(Figure 5). Using such markers, numerous natural physiological functions of this ancient 

form of cell death have been uncovered.

Tumor suppression and immune functions

A number of tumor suppressors exert part of their tumor suppression function through 

induction of ferroptosis (Figure 4). The most commonly mutated tumor suppressor protein, 

p53, suppresses SLC7A11 expression (Jiang et al., 2015), which is one of the two genes 

that encode the components of system xc
−. p53 also activates ALOX12, which is on 

a region of chromosome 17p that is often lost in tumors (Chu et al., 2019). Induction 

of p53 in the presence of t-butylhydroperoxide, an initiator of lipid peroxidation, causes 

ALOX12-dependent cell death that is inhibitable by ferrostatin-1 and involves expression of 

the ferroptosis marker gene Ptgs2, suggesting that this paradigm is a variant of ferroptosis, 

although the iron dependence remains to be tested. Moreover, a variant of p53 at codon 

47 (S47) found in African-descent populations alters the ability of p53 to induce cell death 

and to suppress tumor formation (Jennis et al., 2016). This variant causes glutathione and 

coenzyme A accumulation (Leu et al., 2019), as well as iron accumulation and increased risk 

of infection, but resistance to the malaria toxin hemozoin, perhaps explaining its selection in 

regions with a high risk for malarial infection (Singh et al., 2020).

Knockout in mice of the epigenetic regulator MLL4, which is commonly altered in 

cutaneous squamous cell carcinomas in the skin, caused the development of pre-cancerous 

skin lesions (Egolf et al., 2021). The loss of MLL4 in the skin of these mice 

drives transcriptional changes that suppress ferroptosis, including increased expression of 

SLC7A11, GPX4, and SCD1, all of which drive resistance to ferroptosis, and loss of 

expression of the lipoxygenases ALOX12, ALOX12B and ALOXE3; as noted above, these 

lipoxygenases promote ferroptosis in some contexts (Figure 4). Similarly, BAP1 (Zhang et 

al., 2018) and NFS1 (Alvarez et al., 2017) exert tumor suppressive effects that depend on 

regulating components of the ferroptosis network (Figure 4).

Uptake of PUFAs by tumor cells from the extracellular milieu suppresses tumor growth, 

and a diet rich in PUFAs slows growth of HCT116 xenograft tumors in mice compared to 

a diet rich in monounsaturated fatty acids (Dierge et al., 2021). Thus, dietary PUFAs may 

naturally promote tumor suppression through this mechanism (Figure 4). On the other hand, 

cholesterol in the tumor microenvironment leads to increased CD36 expression on CD8+ T 

cells and causes these cells to take up PUFAs and undergo ferroptosis (Ma et al., 2021). 

Thus, excess cholesterol accumulation may promote tumor formation by ablating CD8+ 

tumor-infiltrating lymphocytes (Figure 4).

CD8+ T cells have also been reported to exert a tumor suppressive role through induction 

of ferroptosis in tumor cells; this activity is mediated by IFNγ secretion from activated 
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CD8+ cells and results in tumor cell ferroptosis via downregulation of SLC7A11 (Wang et 

al., 2019). IFNγ also upregulates ACSL4, which aids in the incorporation of PUFAs into 

phospholipids (Liao et al., 2022). Addition of exogenous arachidonic acid (AA), a PUFA, 

together with IFNγ, was sufficient to induce tumor ferroptosis. Moreover, excess AA was 

detected in the tumor microenvironment, suggesting that AA + IFNγ derived from CD8+ 

T cells may be the first natural ferroptosis trigger identified (Figure 4). The lack of other 

known physiological inducers of ferroptosis may reflect simply a gap in our knowledge, or 

it may be that the consequences of triggering ferroptosis in tissues are damaging, making 

ferroptosis an inefficient means of cell death beyond tumor suppression.

Long-lasting immune responses after exposure to an infection or vaccine requires germinal-

center-derived mature, high-affinity plasma cells and memory B cells. Follicular CD4+ 

helper T cells (TFH) promote the production of such long-lasting immunological B cell 

responses. The activity of these TFH cells must be tightly regulated under normal conditions 

to prevent autoimmunity or re-infection by pathogens. The number of TFH cells is 

regulated by GPX4-controlled cell death, and enhancing GPX4 abundance through selenium 

supplementation increases antibody responses after vaccination against influenza (Yao et al., 

2021)(Figure 4). However, some other studies have suggested limited benefits of selenium 

supplementation; further validation of the role of selenium and GPX4 in TFH cell number is 

needed.

Development and aging

A recent study reported the generation of an antibody (HNEJ-1) that recognizes proteins 

modified with the end product of lipid peroxidation, 4-hydroxy-2-nonenal (HNE) and 

demonstrated that it recognizes ferroptotic cells (Zheng et al., 2021). Rats of varying ages 

from E9.5 to 2.5 years of age, exhibited this marker in numerous tissues and cells, including 

nucleated erythrocytes at E13.5; inhibiting ferroptosis also caused a delay in enucleation 

of erythrocytes. Markers of ferroptosis were also increased in the Senescence Accelerated 

Mouse-Prone 8(SAMP8) mouse strain, which naturally exhibits accelerated aging. Thus, 

ferroptosis may be involved in the normal process of erythropoiesis, as well as in aging in 

numerous organs (Figure 4).

Ferroptosis has a role in aging and development across species and kingdoms. For example, 

aging in the nematode C. elegans was reported to be associated with elevated levels of 

iron, depletion of glutathione, and increased sensitivity to ferroptosis (Jenkins et al., 2020) 

(Figure 4). Ferroptosis is also implicated in developmental cell death in the rice blast fungal 

pathogen Magnaporthe Oryzae and found to be required for its infection (Shen et al., 2020).

Pathological contexts involving ferroptosis

In addition to the normal, physiological functions of ferroptosis described above, ferroptosis 

has been implicated in many pathologies (Figure 3). It should be noted that the specific 

cellular and molecular pathophysiological mechanisms triggering ferroptosis, and the 

mechanisms by which ferroptosis triggers cause pathological sequelae are in many cases 

not known.
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Iron-overload diseases

Given the critical role of iron in driving lipid peroxidation, it is not surprising that numerous 

diseases involving iron overload are associated with ferroptosis. One such iron-overload 

disease is hereditary hemochromatosis, which is caused by inherited mutations in iron 

regulatory genes. A recent report found that mice fed a high iron diet, and mice with 

mutations associated with hereditary hemochromatosis, develop liver damage with markers 

of ferroptosis, which was reversed by ferroptosis inhibition with ferrostatin-1 (Wang et al., 

2017); moreover, a low iron diet reversed markers of ferroptosis, even in the hereditary 

hemochromatosis model mice. This highlights that dietary changes can influence sensitivity 

to ferroptosis.

Brain trauma has been associated with iron overload, and can be modeled by injection 

of FeCl3 into the somatosensory cortex of rats, causing seizures and reduced cognitive 

functioning. Ferrostatin-1 rescues these effects of iron overload, suggesting the involvement 

of excessive lipid peroxidation, and possibly ferroptosis (Chen et al., 2021c) (Figure 3).

Sedaghatian-type spondylometaphyseal dysplasia (SSMD)

SSMD is a rare disorder in newborn children that manifests as severe respiratory 

distress, metaphyseal chondrodysplasia, and other developmental issues. Four SSMD-linked 

truncating mutations in GPX4 have been described, associated with complete loss of GPX4 

protein, and death shortly after birth. Recently a partial loss-of-function point mutation 

in GPX4 (R152H) was identified, which results in impaired enzymatic activity, but not a 

complete loss of function (Liu et al., 2022). This variant, unlike previous GPX4 variants 

associated with SSMD, is compatible with survival, albeit with a developmental impact 

(Figure 3). The variant also stabilizes the GPX4 protein against degradation by preventing 

ubiquitination of two lysine residues on GPX4.

Organ injury

A variety of models have been reported over the past decade in which ferroptosis is activated 

during organ injury (Stockwell et al., 2017) (Figure 3). Recently, 5 μm microplastics were 

found to induce markers of ferroptosis in mouse liver (Mu et al., 2021), 2.5 μm particulate 

matter (PM2.5) was reported to induce ferroptosis in mouse lung (Guohua et al., 2021), and 

ferroptosis was found to cause defective kidney repair and the formation of inflammatory 

proximal tubular cells (Ide et al., 2021). In addition, the vascular leakage that occurs during 

sepsis, which can result in injury of multiple organs, is associated with gene expression, 

metabolomic changes, and markers characteristic of ferroptosis (She et al., 2021). Sickle 

cell disease is associated with accumulation of heme in plasma due to lysis of erythrocytes 

that can damage organs. Sickle cell disease model mice were reported to have elevated 

serum heme and cardiac markers of ferroptosis, and cardiomyopathy that was attenuated by 

ferroptosis inhibition (Menon et al., 2021). Other diseases involving leakage of heme into 

organs are likely to involve ferroptosis, as this may be a common mechanism by which 

ferroptosis is pathologically triggered.

A recent study reported that multiorgan dysfunction syndrome (MODS), which is common 

in critically ill patients in intensive care units (ICUs), involves ferroptosis (Van Coillie et al., 
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2022). The level of catalytic iron and malondialdehyde, a marker of lipid peroxidation, in 

plasma among 176 critically ill adult patients was positive correlated with patient sequential 

organ failure assessment (SOFA) score. In addition, administration of iron sulfate to mice 

caused multiorgan injury, including markers of damage in kidney, liver, muscle, heart, and 

plasma that was attenuated by ferroptosis inhibitors, such as vitamin E, GPX4 and radical 

trapping antioxidants in the ferrostatin class of compounds. Thus, ferroptosis inhibition may 

be a viable strategy to prevent multi-organ injury in the critical care setting.

Retinal degeneration

Retinal pigment epithelial cells undergo degeneration and death during retinal diseases, such 

as age-related macular degeneration. Death of these cells can be suppressed by Prussian 

Blue nanoparticles, which reduce available ferrous iron (Tang et al., 2021), suggesting that 

ferroptosis may be involved. When clearance of all-trans retinal is impaired, photoreceptor 

cells undergo ferroptosis, and ferroptosis inhibition prevents their death (Chen et al., 2021a). 

Thus, retinal diseases may involve activation of ferroptosis (Figure 3).

Neurodegeneration

Numerous reports implicate ferroptosis in a variety of neurodegenerative diseases, including 

Huntington Disease, Alzheimer’s Disease, Parkinson’s Disease, and ALS (Stockwell et al., 

2017) (Figure 3). Recent data extend these findings: GPX4 is depleted in post-mortem spinal 

cords of ALS patients and mouse models, GPX4 overexpression extends survival and delays 

disease onset in the G93A SOD1 model (Chen et al., 2021d); Wang et al., 2021b), and 

a pre-clinically and clinically effective treatment for ALS, CuII(atsm), inhibits ferroptosis 

(Southon et al., 2020).

Glutamate toxicity may involve ferroptosis. In 2001, the term oxytosis was introduced to 

describe oxidative cell death in neurons triggered in response to glutamate, and that involves 

protein synthesis, eIF2α, ROS production, cGMP-gated channels, and calcium influx, as 

well as lipoxygenases and glutathione depletion (Tan et al., 2001). The extent to which 

mechanisms governing the concept of oxytosis overlap with those governing ferroptosis 

in various cell types and tissues remains unclear. Although both can involve system xc
− 

inhibition and glutathione depletion, oxytosis involves excess calcium influx, cGMP-gated 

channels and eIF2α, and mitochondrial swelling and DNA fragmentation (Albrecht et 

al., 2010) whereas these features are not observed in ferroptosis (Jiang et al., 2021). To 

define the relationship between oxytosis and ferroptosis, a clear set of markers, assays, 

and reagents for inducing and inhibiting oxytosis and ferroptosis are needed, to enable a 

systematic side-by-side comparison of similarities and differences between these modes of 

cell death; such a side-by-side comparison would also be valuable for other modes of cell 

death (Hadian and Stockwell, 2021). Thus, the extent to which glutamate toxicity involves 

oxytosis, ferroptosis, and/or other mechanisms remains unclear.

Infectious diseases

Ferroptosis has been implicated in the response to infectious agents. Numerous viruses 

influence host iron metabolism, iron transport, ROS production, and anti-oxidant defenses. 

Hepatitis C is a leading cause of liver disease, and hepatitis C viral replication is restricted 
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by activation of ferroptosis in the host cell, and specifically under the control of Fatty Acid 

Desaturase 2 (FADS2) (Yamane et al., 2021). FADS2 participates in the biosynthesis of 

highly unsaturated fatty acids such as arachidonic acid (20:4) and docosahexaenoic acid 

(22:6) from linoleic acid (18:2) and α-linolenic acid (18:3). The more highly desaturated 

PUFAs promote ferroptosis through their susceptibility to peroxidation. Knockdown of 

FADS2 using RNA interference enhances replication of HCV, consistent with the conclusion 

that suppressing ferroptosis favors HCV replication. Thus, in the case of HCV, ferroptosis 

suppresses viral replication (Figure 3).

SARS-CoV-2 may activate ferroptosis during infection. Patients with COVID-19 have high 

serum ferritin levels, suggesting high iron exposure in tissues. SARS-Cov-2 infection of 

Syrian Golden Hamsters causes features of COVID-19 in humans, such as acute lung injury, 

inflammation and hypoxemia. In this model, lipid changes typical of ferroptosis, as well 

as induction of the ferroptosis marker TfR1 were reported (Bednash et al., 2021). In this 

hamster model, it isn’t clear if ferroptosis contributes to restricting infection, as in the HCV 

model, or contributes to inflammation, or is a byproduct of infection without significant 

consequence (Figure 3).

Mycobacterium marinum infection in zebrafish is suppressed by heme oxygenase 1 

(HMOX1), which regulates iron availability from heme, and by treatment with ferrostatin-1 

(Luo et al., 2021), suggesting that ferroptosis promotes infection. Consistent with this, 

Mycobacterium tuberculosis (Mtb) infection of macrophages induces ferroptosis, and in 

mice, infection by Mtb is restricted when ferroptosis is inhibited (Amaral et al., 2019). Thus, 

ferroptosis promotes Mtb infection (Figure 3).

Pseudomonas aeruginosa is a common bacterial infection in hospitalized patients and 

patients with cystic fibrosis. Pseudomonas aeruginosa secrete a lipoxygenase (pLoxA) to 

induce ferroptosis in host lungs, which is associated with worse clinical outcomes (Dar et 

al., 2018). Ferroptosis enhances Pseudomonas aeruginosa infection, as is the case with Mtb 

(Figure 3). Some infections might also be amenable to treatment with ferroptosis inducers. 

For example, trypanosomes are sensitive to ferroptosis induced by loss of the trypanosome 

homolog of GPX4, tryparedoxin (Bogacz and Krauth-Siegel, 2018); tryparedoxin inhibitors 

might be effective in treating trypanosome infections, if a sufficient therapeutic window can 

be found versus host GPX4 (Figure 3).

Autoimmune diseases

Activation of ferroptosis has been detected in models of autoimmune disorders. Systemic 

lupus erythematosus (SLE) is such an autoimmune disease that was linked in 2021 to 

ferroptosis activation in neutrophils (Li et al., 2021). Patients with SLE were found to 

have low neutrophil counts, and serum from SLE patients promoted neutrophil death via 

ferroptosis driven by downregulation of GPX4 that was mediated by CaMKIV-CREMα. 

In addition, mice with neutrophil-specific knockout of GPX4 had features of SLE. 

Thus, activation of ferroptosis in neutrophils promotes autoimmune disease, perhaps by 

releasing autoantigens. Similarly, ferroptosis in human airway epithelial cells driven by 

15-lipoxygenase was reported to be associated with the release of mitochondrial DNA 

and consequent worsening of asthma (Nagasaki et al., 2022). Asthma, which involves 
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overactivation of immune responses, thus may be triggered or worsened by ferroptosis in 

airway epithelial cells that releases immunogenic mitochondria DNA. Ferroptosis, when it 

occurs in neutrophils or airway epithelial cells can thus cause excessive immune activation, 

leading to autoimmune disease (Figure 3).

Tumorigenesis

While ferroptosis is reported to function as a tumor-suppression mechanisms, loss of 

ferroptosis can drive tumorigenesis. Recent studies found that selenoproteins are predictors 

of cancer risk and that selenium is elevated in tumor tissue (Wu et al., 2021), implicating 

elevated GPX4 abundance and activity in tumorigenesis. Thus, genetic and environmental 

perturbations that inactivate ferroptosis may drive tumorigenesis in some contexts.

Finally, the lymph environment protects invasive melanoma cells from ferroptosis, allowing 

increased metastatic spread. Metastasis of tumor cells through blood leads to tumor cell 

ferroptosis, but metastasis through the lymphatic system protects metastatic tumor cells from 

ferroptosis, perhaps due to high levels of oleic acid in lymph (Ubellacker et al., 2020).

Response to environmental heat stress

With ongoing climate change driving elevated global temperatures, heat stress is likely to 

become an increasingly common agricultural problem. Heat stress has been shown to induce 

ferroptosis in numerous organisms, including the plant Arabidopsis thaliana (Distefano et 

al., 2017) and in the photosynthetic cyanobacteria Synechocystis sp. PCC 6803 (Aguilera et 

al., 2022).

Therapeutic applications of ferroptosis

Given the wealth of recent studies implicating ferroptosis in the diseases described above, 

there may be opportunities to treat these diseases through modulating ferroptosis. In 

addition to developing potent and selective compounds and biologics that can regulate 

ferroptosis through specific mechanisms, it will be important to expand the set of tools 

for reliably detecting ferroptosis and other cell death modalities (Hadian and Stockwell, 

2021). Currently, monitoring lipid peroxidation is one means of identifying the presence 

of ferroptosis (Figure 5); methods of detecting lipid peroxidation include use of the 

thiobarbituric acid reactive substances (TBARS) assay, detection of isoprostanes or lipid 

peroxidation products directly by LC-MS/MS, oxidation of the C11-BODIPY fluorescent 

probe, and reactivity with antibodies that detect adducts formed by products of lipid 

peroxidation, such as with the anti-HNE FerAb antibody (Kobayashi et al., 2021), the 

HNEJ-1 antibody (Zheng et al., 2021), and the anti-MDA adduct 1F83 antibody (Yamada et 

al., 2001) (Figure 5).

My lab recently reported that increased abundance and plasma localization of the transferrin 

receptor TfR1 is a marker for ferroptosis, which can be detected with the newly identified 

3F3-FMA antibody, as well as with additional anti-TfR1 antibodies (Feng et al., 2020). We 

then found that TfR1 staining could be coupled with machine learning to distinguish cells 

undergoing ferroptosis from those undergoing apoptosis (Jin et al., 2022). Several genes, 

such as CHAC1, PTGS2, SLC7A11, ACSL4, are induced during ferroptosis, and RGS4 
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is downregulated during ferroptosis; altered expression of these genes can be detected by 

qPCR as indicators of ferroptosis (Figure 5).

While these markers distinguish ferroptosis from apoptosis and necroptosis, certain stress 

conditions can activate some of these markers without activating ferroptosis (Figure 5). 

Thus, detecting multiple markers is important to definitively identify ferroptosis—markers 

of lipid peroxidation and TfR1 mobilization is potential means of detecting ferroptosis, 

while excluding other stress conditions. Nonetheless, the definitive criteria for detecting 

ferroptosis continue to evolve as the community’s understanding of ferroptosis and its 

relationship to related biological processes deepens.

Inducers of ferroptosis

As a cell death modality, ferroptosis can potentially be used to eliminate problematic cell 

types, such as cancer cells, inflammatory cells, or activated fibroblasts. It is critical to 

determine which cell types are amenable to induction to ferroptosis, and through which 

specific mechanisms, and whether induction mechanisms would also activate ferroptosis in 

other cell types.

There are four broad mechanisms that have been identified for inducing ferroptosis—(1) 

inhibition of system xc
−, (2) inhibition/degradation/inactivation of GPX4, (3) depletion of 

reduced CoQ10, and (4) induction of lipid peroxidation through peroxides, iron, or PUFA 

overload.

Several lines of evidence validate that inhibition of system xc
− is a potent mechanism 

for inducing ferroptosis—multiple structurally distinct small molecule inhibitors of this 

antiporter, such as erastin, sulfasalazine, and glutamate, inhibit system xc
− and consequently 

induce ferroptosis (Figure 2); moreover, cystine depletion removes the extracellular substrate 

for system xc
− and also induces ferroptosis. Similarly, genetic inactivation or small-

molecule-mediated inhibition or degradation of GPX4 induces ferroptosis in many cell 

types. Inhibition of CoQ10 biosynthesis through the mevalonate pathway or inactivation of 

CoQ10 reductases, such as AIFM2/FSP1 or DHODH, induces ferroptosis in settings where 

GPX4 is not present. Finally, ferroptosis is induced by treatment with excess iron, PUFAs, or 

with peroxides, such as tBOOH or FINO2. All four of these mechanisms are quite specific 

for inducing ferroptosis versus other cell death mechanisms, as their lethal effects are mostly 

or completely suppressed by ferroptosis-specific inhibitors, and markers of other types of 

cell death are not activated.

There are numerous contexts in which ferroptosis inducers may be beneficial, such as 

infectious diseases and fibrosis. The most well-studied application is elimination of various 

types of cancer cells. Inducers of ferroptosis, such as GPX4 inhibitors and system xc
− 

inhibitors, have shown promise, for example, in treating specific tumor types: a diffuse 

large B cell lymphoma xenograft was sensitive to treatment with the system xc
− inhibitor 

imidazole ketone erastin (IKE), which activated markers of ferroptosis in the xenografted 

tumors (Zhang et al., 2019). Knockout of SLC7A11 provided significant benefit in a mouse 

genetic model of pancreatic cancer, without inducing markers of other types of cell death 

beyond ferroptosis (Badgley et al., 2020).
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There are additional targets beyond GPX4 and system xc
− for inducing ferroptosis in tumor 

cells. Pancreatic cancers cells are dependent on the aspartate aminotransaminase GOT1, and 

knockdown of GOT1 sensitizes to ferroptosis (Kremer et al., 2021). In addition, lung tumor 

spheroids are dependent on NRF2 for suppressing ferroptosis in order to survive (Takahashi 

et al., 2020).

Beyond their use in specific tumor contexts, such as lymphoma and pancreatic cancer, 

ferroptosis inducers may be beneficial in the context of radiotherapy and immunotherapy. 

Radiation can induce ferroptosis, and ferroptosis inducers can act as radiosensitizers (Lei 

et al., 2020); Ye et al., 2020) alone or in combination with immunotherapy (Lang et al., 

2019). Aggressive cancers that have undergone epithelial-to-mesenchymal transition are 

more susceptible to ferroptosis (Viswanathan et al., 2017), and resistance to targeted agents 

that induce apoptosis is associated with increased sensitivity to ferroptosis (Hangauer et al., 

2017); BRAF amplification is one mechanism that shifts sensitivity from BRAF inhibitors to 

ferroptosis inducers (Song et al., 2021).

Identifying the specific contexts in which ferroptosis-inducing drugs would be effective 

is aided by the use of predictive biomarkers. Numerous biomarkers have been reported 

for selecting patients most likely to respond to ferroptosis-inducing anti-cancer therapy, 

such as low levels of transsulfuration metabolites (Hayano et al., 2015), low levels of 

NADPH (Shimada et al., 2016a), susceptibility to photochemical lipid peroxidation (Wang 

et al., 2021a), absence of PI3K/mTOR pathway activity (Yi et al., 2020), mutation of the 

Hippo/Yap pathway (Wu et al., 2019a), expression of the PUFA biosynthesis genes ELOVL5 

and FADS1 (Lee et al., 2020b), amplification of MDM2/MDMX (Venkatesh et al., 2020), 

and clear cell cancer cell morphology (Zou et al., 2019). In summary ferroptosis inducers are 

being explored for their ability to eliminate specific cell populations, such as specific tumor 

types, although further pre-clinical research is needed to validate this concept.

Inhibitors of ferroptosis

There are several key control points that may allow for potent and selective therapeutic 

suppression of ferroptosis. The process of ferroptosis is driven by peroxidation of specific 

lipids, and directly blocking this peroxidation process is a key control point. Upregulation of 

GPX4 through selenium supplementation is an indirect means of intervening in ferroptosis. 

Generation of the substrate lipids for peroxidation through the action of lipid biosynthesis 

and ACSL4 is an additional control point, and controlling iron availability is a third control 

point.

Early after the discovery of ferroptosis, several potential uses of the first inhibitors of this 

process were reported: ferrostatin-1 and liproxstatin were found to act as radical trapping 

agents to inhibit propagation of lipid peroxidation (Zilka et al., 2017), and to be effective in 

models of glutamate toxicity (Dixon et al., 2012), Huntington Disease (Skouta et al., 2014), 

premature ventricular leukomalacia (Skouta et al., 2014), kidney injury (Friedmann Angeli 

et al., 2014); Skouta et al., 2014) and liver injury (Carlson et al., 2016).

In addition to ferrostatins and liproxstatins, additional inhibitors of ferroptosis have been 

identified. The hypocholesterolemic drug probucol and its analogs have been reported to 
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suppress ferroptosis and to be effective in models of glutamate toxicity (Bueno et al., 2020). 

Of note, necrostatin-1 (nec-1), which is a RIPK1 inhibitor that suppresses necroptosis, has 

an off-target effect in suppressing ferroptosis at high concentrations and thus must be used 

with care. Selenium delivery suppresses ferroptosis during stroke (Alim et al., 2019). The 

mitochondrially-targeted nitroxide XJB-5–131 suppresses both apoptosis and ferroptosis and 

is an effective treatment in models of traumatic brain injury and Huntington Disease (Krainz 

et al., 2016).

Control of ferroptosis through diet

A number of studies suggested that dietary factors can promote or inhibit ferroptosis. For 

example, dietary PUFAs promote ferroptosis in C. elegans (Perez et al., 2020). Dietary 

vitamin E suppresses the impact of loss of GPX4, and as noted above, dietary selenium, 

and iron influence susceptibility to ferroptosis. These findings imply that the diet of 

model organisms may be an important variable influencing susceptibility to ferroptosis and 

should be carefully controlled. In addition, it may be possible to create optimized diets for 

controlling ferroptosis in animals and in humans.

Conclusion and Future Directions

To summarize the implications of the above studies, there are six key aspects of ferroptosis 

that are important to fully appreciate the mechanisms governing this form of cell death 

(Figure 6). First, ferroptosis has not been synonymous with generalized production of 

reactive oxygen species (ROS); indeed, it is possible to have ROS production without 

ferroptosis, and ferroptosis generally involves the oxidation of specific lipids rather than 

generalized accumulation of ROS. Second and similarly, the search for the specific lipids 

that promote ferroptosis in a variety of contexts is ongoing, but it is clear that oxidized 

lipids have different capacities to promote ferroptosis, whereas some lipids, such as MUFAs, 

suppress ferroptosis.

Third, iron can have numerous effects beyond inducing ferroptosis, such that the 

accumulation of iron is not synonymous with ferroptosis. Moreover, the oxidation state of 

iron is important for its ability to contribute to ferroptosis—Fe(II) promotes ferroptosis, 

whereas Fe(III) is generally inert and stored in ferritin, except in the active site of 

lipoxygenases, where Fe(III) is the active form of the enzyme. Thus, determining the redox 

state of iron and whether it contributes specifically to ferroptosis in a given context is 

important.

Fourth, the degree to which ferroptosis is a necrotic death remains uncertain; ferroptosis 

is clearly distinguishable from apoptosis, pyroptosis, necroptosis, and unregulated necrosis. 

However, whether ferroptosis can be classified as a type of necrotic death will require a 

better definition and clear functions associated with the term necrotic death.

Fifth, the degree to which ferroptosis is inflammatory and/or immunogenic in different 

contexts remains uncertain. A number of studies have suggested that ferroptosis contributes 

to inflammation or immunogenicity, but the degree to which this is generally the case and 

how ferroptosis compares in this regard to pyroptosis, necroptosis, or apoptosis remains 
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uncertain. Sixth and finally, metabolism, iron regulation and ROS defenses together control 

sensitivity to ferroptosis. Therefore, perturbing metabolism, iron homeostasis and ROS 

levels are key means of modulating the susceptibility of cells to ferroptosis. The field 

of ferroptosis has been rapidly accelerating, in part due to the increasing synergies and 

insights obtained by cross-fertilization of ideas, findings, and methods within the fields of 

metabolism, iron regulation, and ROS biology. These three fields each yield insight into 

distinct aspects of ferroptosis: metabolism explains how the key substrates of ferroptosis are 

generated and remodeled, iron regulation reveals how availability of Fe(II) is controlled, and 

ROS biology shows how endogenous defenses against lipid peroxidation function (Figure 6).

Nonetheless, our understanding of ferroptosis remains incomplete—there are at least three 

key unanswered questions that are likely to drive advances in ferroptosis over the next 

decade. First, what is the execution mechanism of ferroptosis? As described above, 

ferroptosis is driven by peroxidation of specific PUFA-containing lipids in particular 

organelles, such as the ER. How, where, and when this leads to cell death per se is unknown.

Second, identifying the diverse triggers for ferroptosis will shed light on the mechanisms 

and contexts in which this form of cell death is activated physiologically and pathologically. 

It is clear that glutamate, iron overload, SLC7A11 suppression, GPX4 depletion and PUFA 

uptake can act as triggers for ferroptosis. Defining the full array of initiating mechanisms for 

ferroptosis and the contexts in which they are used will greatly enrich our understanding of 

how ferroptosis fits into the broader world of biology and medicine.

Third, mechanisms and methods for the selective control of ferroptosis remain elusive. Such 

selective activation or inhibition in specific tissues, cells, and/or disease contexts may be 

critical for translating knowledge of ferroptosis into therapies. For example, targeting GPX4 

systematically is likely to cause toxicities, such as kidney damage and neurodegeneration, 

among other organ damage. However, selective targeting of persister tumor cells could 

be impactful and may offer a therapeutic safety window. There are a variety of means 

by which selective control of ferroptosis might be realized using drug delivery, optimized 

biodistribution and pharmacokinetics, and the selection of targets and mechanisms that are 

used in specific contexts for the control of ferroptosis. Elucidating these mechanisms and 

strategies may be critical for leveraging knowledge of ferroptosis for therapeutic benefit. 

Addressing these unanswered questions promises to yield important new insights not only 

into ferroptosis, but into the increasingly diverse areas of biology to which it is connected.
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Figure 1. Key milestones and growth in the literature of ferroptosis over time.
The number of publications listed in PubMed in each year is indicated, as well as key 

discoveries related to ferroptosis in each year. A glossary of terms related to ferroptosis is 

also shown.
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Figure 2. Mechanisms of ferroptosis.
Protein names are in black, those that facilitate ferroptosis are in red circles, and those 

that suppress ferroptosis in blue circles. Mechanisms are in rectangles. Small molecule 

inhibitors, lipids and metabolite structures are shown and labeled in green for those 

that suppress ferroptosis and red for those that induce ferroptosis, and purple for those 

that neither promote not suppress ferroptosis. The bottom right membrane is the plasma 

membrane, where system xc
− imports cystine, which is reduced in the cell to the amino 

acid cysteine. Cysteine and glutamate are used in the biosynthesis of reduced glutathione, 
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which is in turn used by GPX4 to reduce reactive PUFA phospholipid hydroperoxides 

(PUFA-PL-OOH) to non-reactive and non-lethal PUFA phospholipid alcohols (PUFA-PL-

OH). Alternatively, the oxidized PUFA-OOH tail can be cleaved from a phospholipid by 

the action of iPLA2β, suppressing death. The membrane in the middle represents cellular 

membranes that experience lipid peroxidation, such as the ER. PUFA-PLs are oxidized by 

labile Fe(II) and Fe(II)-dependent enzymes, such as ALOXs in conjunction with PEBP1, 

and POR. Fe(III) is imported into cells by Tf through TfR1, after which it is reduced 

to Fe(II) and imported via DMT1. Iron is stored as Fe(III) in ferritin, where it is not 

available to promote ferroptosis. Export of iron in MVBs is promoted by prom2, which 

suppresses ferroptosis. In the top panel, acetyl CoA is used to make free PUFAs, which 

are activated by ACSL4, LPCAT3 and ACSL1 to generate PUFA-PLs; ACSL4 can be 

phosphorylated by PKCβII to further activate it. The yellow box shows the process of 

generating PUFA-PLs and the green box shows how PUFA-PLs are oxidized. Abbreviations: 

ALOXs, lipoxygenases; AMPK, adenosine-monophosphate-activated protein kinase; ACC, 

acetyl coenzyme A carboxylase; ACSL, acyl-CoA synthetase long chain family member; 

ATM, ATM serine/threonine kinase; BH4, tetrahydrobiopterin; CDO1, Cysteine dioxygenase 

type 1; CoA, coenzyme A; CoQ10, coenzyme Q10; cys, cysteine; DHODH, dihydroorotate 

dehydrogenase (quinone); DMT1, ferrous ion membrane transport protein DMT1; FSP, 

ferroptosis suppressor protein 1/ AIFM2; GCH1, GTP cyclohydrolase 1; GCLC, glutamate-

cysteine ligase catalytic subunit; Glu, glutamate; GPX4, glutathione peroxidase 4; 

GSH, glutathione; IL4i1, interleukin-4-induced 1; In3Py, indole-3-pyruvate; iPLA2β, 

phospholipase A2 group VI; LPCAT3, lysophosphatidylcholine acyltransferase 3; lysoPL, 

lysophospholipid; MDR1, ATP binding cassette subfamily B member 1/ABCB1; MUFA, 

monounsaturated fatty acid; MVB, multivesicular body; NADPH, reduced nicotinamide 

adenine dinucleotide phosphate; PEBP1, phosphatidylethanolamine binding protein 1; 

PKCβII, protein kinase C beta type isoform 2; PL, phospholipid; POR, Cytochrome p450 

oxidoreductase; prom2, prominin-2; PUFA, polyunsaturated fatty acid; PUFA-PL-OOH, 

phospholipid with peroxidized polyunsaturated fatty acyl tail; ROS, reactive oxygen species; 

system xc
−, sodium-independent, anionic amino acid transport system; Tf, transferrin; TfR1, 

transferrin receptor protein 1; YAP, Yes1 associated transcriptional regulator
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Figure 3. Role of organelles and organs in ferroptosis.
(A) The contributions of major organelles in ferroptosis are shown. (B) Ferroptosis has 

been implicated in a variety of diseases, organs and tissues, as shown. Abbreviations: 

AD, Alzheimer’s Disease; ALS, amyotrophic lateral sclerosis; HD, Huntington Disease; 

PD, Parkinson’s Disease; PM, particulate matter; SARS-CoV2, severe acute respiratory 

syndrome, coronavirus 2; SSMD, Sedaghatian-type Spondylometaphyseal Dysplasia
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Figure 4. Physiological functions of ferroptosis.
(A) Anti-viral immunity is promoted by selenium supplementation. A selenium-rich diet 

enhances expression of the selenoprotein GPX4, which suppresses ferroptosis in CD4+ 

TFH cells, which in turn promotes increased memory B cells and long-lasting viral 

immunity. (B) Role of ferroptosis in tumor suppression. Tumor suppressors are indicated 

in orange boxes, proteins that suppress ferroptosis are in blue circles and those that 

promote ferroptosis are in red circles. Small molecules that suppress ferroptosis are in 

light blue circles. A PUFA-rich diet promotes production of PUFA-PLs, which promote 
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tumor ferroptosis. CD8+ T cells further promote tumor cell ferroptosis by releasing 

IFNγ and AA. A cholesterol-rich diet promotes increased expression of CF36 on CD8+ 

T cells, which caused them to take up PUFAs themselves, leading to their death by 

ferroptosis and promoting tumor formation. (C) Ferroptosis increases with aging. Rats 

and mice experience increased ferroptosis markers as they age. Nematodes (C. elegans) 

experience increased iron content and depletion of glutathione as they age, leading to 

increased ferroptosis. (D) Ferroptosis is involved in development. Nucleated erythrocytes 

undergo ferroptosis prior to enucleation and erythrocyte maturation. A fungal pathogen has 

evidence of ferroptosis during its maturation required for plant infection. Abbreviations: AA, 

arachidonic acid; ALOXs, lipoxygenases; BAP1, ubiquitin carboxyl-terminal hydrolase; 

CoA, coenzyme A; GPX4, glutathione peroxidase 4; IFNγ, interferon gamma; MLL4, 

histone-lysine N-methyltransferase 2B; NFS1, cysteine desulfurase, mitochondrial; p53, p53 

tumor suppressor protein; PUFA, polyunsaturated fatty acid; PUFA-PL, phospholipid with 

polyunsaturated fatty acid tail; SCD1, stearoyl-coenzyme A desaturase 1; SLC7A11, solute 

carrier family 7 member 11; TFH, Follicular helper T cells
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Figure 5. Markers of ferroptosis.
Four classes of markers for detecting ferroptotic cells are shown, along with 

recommendations for their use. The table on the bottom compares how these markers may 

appear in various contexts: during ferroptosis, apoptosis, necroptosis, oxidative stress, iron 

stress, or mitochondrial stress. While some markers may be activated by these other types of 

stress, if at least three markers are used, or a suitable combination of two markers (such as 

lipid peroxidation and TfR1 mobilization) ferroptosis can be distinguished from these other 

stress conditions.
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Figure 6. Key concepts in ferroptosis.
Six key concepts that aid in understanding ferroptosis are described. A. Different lipids 

have different effects on ferroptosis. Lipids with saturated fatty acids generally don’t affect 

ferroptosis, whereas those with monounsaturated fatty acids suppress ferroptosis and those 

with polyunsaturated fatty acids promote ferroptosis. (B) Reactive oxygen species (ROS) 

can occur without inducing ferroptosis. In some cases, soluble ROS accumulate and cause 

oxidative stress without inducing lipid peroxidation or ferroptosis. (C) Iron can induce 

effects unrelated to ferroptosis, and the oxidation state of iron is critical for ferroptosis. 
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Some iron toxicity does not depend on lipid peroxidation. The ability of iron to promote 

ferroptosis mostly depends on it being in the Fe(II) state, although lipoxygenase generally 

require iron to be in Fe(III) to be activated. (D) The degree to which ferroptosis is 

inflammatory is unclear. Ferroptosis involves the release of some factors, which can be 

inflammatory, but perhaps not to the same extent as during classic necrosis or pyroptosis. 

(E) The relationship of ferroptosis to necrosis is unclear. Whether necrosis is a broader 

umbrella or a distinct process remains uncertain. (F) Metabolism, iron regulation, and 

ROS defenses together control ferroptosis. Free polyunsaturated fatty acids can be obtained 

through biosynthesis or diet, and are converted into membrane-localized phospholipids. Iron 

promotes oxidation of PUFA-PLs to PUFA-PL hydroperoxides, which can be eliminated 

through reduction by glutathione peroxidase 4, using cysteine-derived glutathione, yielding 

non-toxic lipid alcohols, or by iPLA2β, yielding free oxidized PUFA and lysolipids, which 

undergo further lipid remodeling. Oxidized PUFA-PLs can propagate in the presence of 

Fe(II), eventually yielding membrane damage and/or generation of reactive lipid-derived 

electrophiles. CoQ10 and BH4 and the pathways that generate them can block propagation 

of oxidized PUFA-PLs. Metabolism-related pathways are shown in red, iron regulation 

pathways are shown in green, and ROS defense pathways are shown in blue. Abbreviations: 

BH4, tetrahydrobiopterin; CoA, coenzyme A; CoQ10, coenzyme Q10; cys, cysteine; DMT1, 

ferrous ion membrane transport protein DMT1; GPX4, glutathione peroxidase 4; iPLA2β, 

phospholipase A2 group VI; lysoPL, lysophospholipid; MUFA, monounsaturated fatty 

acid; MVB, multivesicular body; NADPH, reduced nicotinamide adenine dinucleotide 

phosphate; PL, phospholipid; prom2, prominin-2; PUFA, polyunsaturated fatty acid; PUFA-

PL, phospholipid containing a polyunsaturated fatty acyl lipid tail; PUFA-PL-OOH, 

phospholipid with peroxidized polyunsaturated fatty acyl tail; ROS, reactive oxygen species; 

system xc
−, sodium-independent, anionic amino acid transport system; Tf, transferrin; TfR1, 

transferrin receptor protein 1.
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