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Ferroptosis is a recently described form of cell death driven by iron-dependent lipid peroxidation. This type of
cell death was first observed in response to treatment of tumor cells with a small-molecule chemical probe
named erastin. Most subsequent advances in understanding themechanisms governing ferroptosis involved
the use of genetic screens and small-molecule probes.We describe herein the utility and limitations of chem-
ical probes that have been used to analyze and perturb ferroptosis, as well as mechanistic studies of ferrop-
tosis that benefitted from the use of these probes and genetic screens. We also suggest probes for ferrop-
tosis and highlight mechanistic questions surrounding this form of cell death that will be a high priority for
exploration in the future.
Using Chemical Probes to Illuminate Ferroptosis
Small-molecule probes are valuable tools both for interrogating

and perturbing biological systems (Stockwell, 2000). Such tools

have been valuable in the study of different types of regulated

cell death, including apoptosis and necroptosis (Gangadhar

and Stockwell, 2007). Most recently, a new mode of cell death,

ferroptosis, was elucidated and studied through the use of

small-molecule chemical probes (Dixon et al., 2012). We

consider here some of the features and limitations of these fer-

roptosis probes, and suggest potential future probes of interest.

Ferroptosis is driven by the peroxidation of phospholipids that

contain polyunsaturated fatty acyl tails (Stockwell et al., 2017).

The induction of this form of cell death requires three hallmarks

(see Figure 1)––(1) the presence of redox-active iron, in the

form of the labile iron pool (Yang and Stockwell, 2008), and

iron-dependent peroxidation enzymes, such as lipoxygenases

(Wenzel et al., 2017; Yang et al., 2016) and cytochrome P450s

(Zou et al., 2020), (2) the presence of the key substrates that un-

dergo peroxidation, namely phospholipids that have polyunsat-

urated fatty acyl tails with bis-allylic carbons that are prone to un-

dergo peroxidation (Dixon et al., 2015; Yang et al., 2016), and (3)

failure of the complex lipid peroxide repair network, involving

pathways, such as glutathione-GPX4 (Yang et al., 2014),

GCH1-BH4 (Kraft et al., 2020), and NADPH-FSP1-CoQ10 (Ber-

suker et al., 2019; Dixon and Stockwell, 2019; Doll et al., 2019;

Shimada et al., 2016a, 2016b).

Chemical Probes for System xc
–

The first discovered inducer of ferroptosis, andwhich illuminated

the phenomenon of ferroptosis itself, was a novel small molecule

identified from a diverse chemical library, which was termed era-

stin (Dolma et al., 2003). Subsequent studies revealed that era-

stin induces ferroptosis by inhibiting the activity of the cystine-

glutamate antiporter known as system xc
� (Dixon et al., 2012,

2014) (Table 1). In cell types that obtain cysteine in the form of

cystine supplied by system xc
�, inhibition of this antiporter re-

sults in depletion of the intracellular pools of both the reduced

and oxidized forms of glutathione (GSH and GSSG) (Dixon

et al., 2014). This depletion in glutathione impairs the activity of

glutathione peroxidase 4 (GPX4), which normally suppresses
the formation of phospholipid hydroperoxides; the end result is

accumulation of peroxidized phospholipids, which leads to fer-

roptotic death (Yang et al., 2014).

Erastin was subsequently modified to create more potent and

drug-like system xc
� inhibitors for inducing ferroptosis: pipera-

zine erastin (PE) is slightly more potent than erastin (Table 1),

but has substantially improved water solubility and metabolic

stability (Yang et al., 2014). Imidazole ketone erastin (IKE) has

substantially improved potency and metabolic stability (Table

1), with moderately improved aqueous solubility (Larraufie

et al., 2015). Both PE (Yang et al., 2014) and IKE (Zhang et al.,

2019) are suitable for use in cell culture and animal studies, but

IKE is generally more effective due to its greater potency.

Additional compounds have also been found to inhibit system

xc
� and induce ferroptosis, but with lower potency and less selec-

tivity than erastin, PE, and IKE. The approved drug and multi-tar-

geted kinase inhibitor sorafenib blocks system xc
� function, likely

indirectly as a result of inhibiting one of its kinase targets, but also

induces a necrotic death mechanism at slightly higher concentra-

tions (Dixon et al., 2014). Sorafenib has also been reported to

inhibit necrosome assembly and necroptosis (Feldmann et al.,

2017; Martens et al., 2017). Therefore, sorafenib (Figure 1) can

be used to inhibit system xc
� and to induce ferroptosis in cell cul-

ture and in animals, but its necrotic activity, multi-targeted kinase

activity, and anti-necroptotic activity also need tobe considered in

evaluating the mechanistic implications of sorafenib’s effects.

Simultaneous pharmacodynamic studies testing for markers of

ferroptosis with sorafenib are one means of testing whether sora-

fenib induces ferroptosis under specific conditions. The approved

drug sulfasalazine (Figure 1) has also been used as a system xc
�

inhibitor (Gout et al., 2001). However, sulfasalazine has very low

potency, and is metabolically unstable in vivo, making it difficult

to use in animal studies; it is best used as a confirmatory tool in

cell culture studies. The compounds DPI2 (Yang et al., 2014)

and RSL5 (Yang and Stockwell, 2008) have similar effects as era-

stin, andmay also be system xc
� inhibitors, although this potential

mechanism has not been tested directly (Figure 1; Table 1).

The amino acid and neurotransmitter glutamate has also been

shown to inhibit system xc
� and to induce ferroptosis in some

cellular contexts (Murphy et al., 1989). Glutamate has a variety
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Figure 1. The Ferroptosis Pathway and Relevant Chemical Probes
Molecules, including cellular metabolites and protein factors that promote ferroptosis are in red, and those that prevent ferroptosis are in blue. Boxes show sets of
chemical probes that inhibit system xc

�, GPX4, lipid peroxidation, and CoQ10 production. Glu, glutamate; Cys, cysteine; GCL, glutamate-cysteine ligase; GSS,
glutathione synthase; GSH, reduced glutathione; GSSG, oxidized glutathione; PUFA, polyunsaturated fatty acid; PL, phospholipid; LOX, lipoxygenase; R., free
radicals; Et, ethyl. See Table 1 for additional information.
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of other effects, including the induction of Ca2+-mediated excito-

toxicity via NMDA receptors, implying that it is difficult to use

glutamate as a chemical probe per se for inducing ferroptosis.

However, glutamate-induced ferroptosis may be a relevant

model for some neurological conditions (Dixon et al., 2012).

The effects of all system xc
� inhibitors should depend entirely

on inhibition of cystine uptake; this can be tested experimentally

by co-treating cells in culture with b-mercaptoethanol or other

reducing agents that reduce extracellular cystine to cysteine, re-

sulting in uptake through transporters independent of system

xc
�. The effects of erastin, for example, are entirely reversed

by co-treatment with b-mercaptoethanol, demonstrating that

erastin blocks cystine import, but not cysteine import (Dixon

et al., 2014). Of note, erastin affinity analogs bind directly to

VDAC2 and VDAC3 in a pulldown assay, and VDAC2/3 are

require for erastin lethality (Yagoda et al., 2007), but the relation-

ship of this observation to system xc
� inhibition is not clear.

Chemical Probes for GPX4
Shortly after erastin was discovered, another small-molecule

inducer of ferroptosis was identified that acted independently
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of system xc
� (Yang and Stockwell, 2008). This compound,

named RSL3, was found to covalently inhibit GPX4, blocking

one of the key repair systems for phospholipid peroxides in cells

(Yang et al., 2014). RSL3 is a potent and irreversible inhibitor of

GPX4, due to its reactive chloroacetamide moiety (Yang et al.,

2016), but is not generally suitable for in vivo use due to poor sol-

ubility and unfavorable absorption, distribution, metabolism, and

excretion (ADME) properties.

Additional chloroacetamide-containing inhibitors of GPX4

have subsequently been identified, including DPI7/ML162,

DPI6, DPI8, DPI9, DPI12, DPI13, DPI15, and DPI19 (Yang

et al., 2014). All of these compounds have been shown to exhibit

butylated hydroxytoluene (BHT)-sensitive cell killing, and buthio-

nine sulfoximine-enhanced cell killing in the BJ-derived cell lines,

along with the induction of C11-BODIPY oxidation, all hallmarks

of ferroptosis (Yang et al., 2014). DPI7/ML162, DPI12, DPI13,

and DPI19 have been confirmed to inhibit GPX4 activity in BJeLR

cell lysates (Yang et al., 2014). These compounds are not as well

characterized as RSL3; DPI7/ML162, the best characterized

among these additional chloroacetamide GPX4 inhibitors, can

be used to verify the GPX4 dependence of RSL3. RSL3 and



Table 1. Ferroptosis-Relevant Chemical Probes

Compound Pubchem CID Class GI50 (nM) Cell Line Reference (PMID)

System xc� Inhibitors

Erastin 11214940 chlorophenoxyacetamide 2000 BJeLR 12676586

Piperazine erastin 72710858 chlorophenoxyacetamide 900 BJeLR 24439385

Imidazole ketone erastin 91824786 chlorophenoxyacetamide 3 BJeLR 26231156

Sorafenib 216239 diarylurea 18,000 HT-1080 24844246

Sulfasalazine 5339 diazo 20,000 U87G 21889337

DPI2 5728915 rhodanine 2000 BJeLR 24439385

RSL5 2863472 hexahydroquinolinone 10,000 IBS CSC121707693 18355723

Glutamate 23672308 amino acid 5,000,000 N18-RE-105 2576375

GPX4 Inhibitors

(1S, 3R)-RSL3 1750826 chloroacetamide 200 BJeLR 18355723

DPI3 3689415 chloroacetamide 20 BJeLR 24439385

DPI4 3689416 chloroacetamide 20 BJeLR 24439385

DPI7/ML162 3689413 chloroacetamide 20 BJeLR 24439385

DPI6 4381125 chloroacetamide 200 BJeLR 24439385

DPI8 4230741 chloroacetamide 200 BJeLR 24439385

DPI9 12004949 chloroacetamide 200 BJeLR 24439386

DPI12 2416356 chloroacetamide 100 BJeLR 24439385

DPI13 2449454 chloroacetamide 800 BJeLR 24439385

DPI18 932657 chloroacetamide 200 BJeLR 24439385

DPI19 1637653 chloroacetamide 200 BJeLR 24439385

DPI15 6545175 chloromethyltriazine 400 BJeLR 24439385

DPI17 932617 chloromethyltriazine 80 BJeLR 24439385

Altretamine 2123 chloromethyltriazine 250,000 U-2932 26186195

DPI10 15945537 nitroisoxazole 300 BJeLR 22297109

ML210 49766530 nitroisoxazole 70 BJeLR 22297109

JKE-1674 N/A masked nitrile oxide 30 LOX-IMVI bioRxiv:

doi: https://doi.org/10.1101/376764

NSC144988 286532 furoxan 1,700 LOX-IMVI 31841309

Withaferin A 265237 steroidal lactone 1,000 IMR32 29939160

RTAs

Ferrostatin-1 4068248 ortho-phenylenediamine 45 MEFs 28386601

Liproxstatin-1 135735917 spiroquinoxalinamine 38 MEFs 28386601

Butylated hydroxytoluene 31,404 phenol 10,000 BJeLR 22632970

a-Tocopherol 86,472 dihydrochromene 20,000 BJeLR 22632970

Phenoxazine 67,278 phenoxazine 9 MEFs 28837769

CoQ10 Pathway

Idebenone 3686 1,4-benzoquinone 10,000 HT-1080 27159577

4-Chlorobenzoic acid 6318 benzoid acid 3,000,000 U2OS 31634900

Cerivastatin 446156 statin 1,000 HT-180 27159577

FIN56 N/A fluorene 100 BJeLR 27159577

iFSP1 N/A pyridobenzimidazole 100 Pfa1 31634899

Iron Chelators and Sources

Deferoxamine 2973 polyamide 100,000 HT-1080 22632970

Ciclopirox 2749 hydroxamic acid 5,000 HT-1080 22632970

Endoperoxides

FINO2 N/A endoperoxide 15,000 BJeLR 26797166

Compounds that have been reported to inhibit functions relevant to ferroptosis are listed, along with Pubchem CID numbers, if known, chemical class,

growth inhibitory potency (GI50) in a relevant cell line, and PMID for the relevant reference. MEFs, murine embryonic fibroblasts.
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ML162 have substantially different structures, aside from the

chloroacetamide moiety, and thus likely have different off-target

effects; use of both compounds increases the probability that ef-

fects observed with the two probes are due to GPX4 inhibition.

Three additional structural classes of GPX4 inhibitors have

been reported (Figure 1). First, DPI17, DPI18 (Yang et al.,

2014), and altretamine (Woo et al., 2015) are chloromethyltria-

zines that also act as covalent GPX4 inhibitors. DPI17 and

DPI18 are structurally similar compounds and have been shown,

like the chloroacetamide compounds above, to exhibit cell killing

activity with hallmarks of ferroptosis. DPI17 has been confirmed

to inhibit GPX4 activity in BJeLR cell lysates. DPI17 and DPI18

are thus likely to be covalent GPX4 inhibitors (Yang et al.,

2014). Second, DPI10 and ML210 (Weiwer et al., 2012) contain

a nitroisoxazole moiety that has been reported to generate a

nitrile oxide electrophile that reacts with GPX4 in a cellular

context (Eaton et al., 2018); the related compounds JKE-1674

and JKE-1716, and the furoxan-containing NSC144988, as

well as related diacylfuroxans, also generate nitrile oxide electro-

philes that inhibit GPX4 (Eaton et al., 2019). Finally, the natural

product withaferin A, which is a steroidal lactone and epoxide,

has been reported to act as a GPX4 inhibitor, likely through its

electrophilic groups (Hassannia et al., 2018).

Inhibitors of Ferroptosis
A number of small-molecule radical-trapping agents (RTAs) sup-

press ferroptosis through their ability to interrupt the lipid perox-

idation process (Figure 1). These RTAs include the potent RTAs

ferrostatin-1 (Dixon et al., 2012), liproxstatin-1 (Friedmann Angeli

et al., 2014), phenoxazine (Shah et al., 2017), and the less potent

BHT, and a-tocopherol (Dixon et al., 2012) (Table 1). Ferrostatin-

1 has low metabolic stability (Hofmans et al., 2016), and there-

fore in vivo experiments with this compound should be under-

takenwith caution.More stable ferrostatins are needed for in vivo

studies. Some improved analogs have been developed and

tested in vivo (Linkermann et al., 2014), although additional im-

provements are needed. Liproxstatin-1, on the other hand, is

as potent as ferrostatin-1 and has suitable properties for use in

animal models (Friedmann Angeli et al., 2014). Both ferrostatin-

1 and liproxstatin-1 have been used in numerous cell culture ex-

periments and to date have been verified to selectively suppress

ferroptosis and not other cell death processes, nor to exhibit any

obvious off-target effects. Phenoxazine is also potent, but needs

to be more thoroughly characterized in terms of its selectivity

and in vivo suitability. BHT and a-tocopherol have moderate po-

tencies as ferroptosis suppressors and are less likely to be selec-

tive and effective in vivo for this purpose (Table 1). Moreover,

since all of these RTAs act with widely different potencies, the

concentration necessary in each cell system should be exam-

ined carefully. In addition, these compounds can also suppress

lipid peroxidation that does not lead to ferroptotic death, so

they should be used in combination with other probes of ferrop-

tosis to verify that their activity in any given system is due to sup-

pressing ferroptosis, versus other lipid peroxidation-dependent

events. Interestingly, a recent screen for genes that suppress fer-

roptosis when overexpressed identified GCH1 as a top hit (Kraft

et al., 2020). The protective effect of GCH1 expression against

ferroptosis was due to the ability of GCH1 to stimulate the

biosynthesis of tetrahydrobiopterin, a natural RTA that also sup-
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presses ferroptosis by driving enhanced levels of reducedCoQ10

(see below). Cu(II)atsm has also been reported to inhibit ferrop-

tosis, probably through radical-trapping activity (Southon et al.,

2020). Finally, deuterated polyunsaturated fatty acids (PUFAs)

also suppress lipid peroxidation (Gaschler et al., 2018; Hatami

et al., 2018; Hill et al., 2012; Yang et al., 2016).

Iron chelators have also been used to suppress ferroptosis, to

test whether a suspected cell death process proceeds via fer-

roptosis. Two common tools for this purpose are deferoxamine,

which is a polyamide that chelates extracellular iron, making it

inaccessible to intracellular processes, and ciclopirox, which is

a simpler compound with better cell penetration that also che-

lates iron, suppressing its role in driving ferroptosis (Dixon

et al., 2012). Adding excess iron to cells can sensitize to ferrop-

tosis (Dixon et al., 2012) or even drive ferroptosis under some

conditions (Huang et al., 2019).

There are a number of other reagents and mechanisms for

suppressing ferroptosis that have been reported. Incorporation

of PUFAs into phospholipids is required for ferroptosis, as perox-

idation of free fatty acids does not lead to ferroptosis, for un-

known reasons. Knockdown of LPCAT3 or ACSL4 suppresses

this incorporation of PUFAs into phospholipids and suppresses

ferroptosis; thiazolidinediones were reported to inhibit ACSL4

(Doll et al., 2017), although they have additional activities that

need to be considered. Multiple inhibitors of the autophagy-lyso-

somal process, such as lysosomal blockers chloroquine and ba-

filomycin A1, can also suppress cysteine deprivation-induced

ferroptosis, at least partially through preventing the degradation

of cellular iron storage protein ferritin by autophagy, i.e., ferriti-

nophagy (see below in ‘‘Ferroptosis and Iron Signaling’’ for

more details).

Lipoxygenase inhibitors also suppress ferroptosis, as lipoxy-

genases contribute to the lipid peroxidation that drives ferropto-

sis, especially its initiation (Yang et al., 2016). However, many lip-

oxygenase inhibitors also act as RTAs, so they need to be used

with care and evaluated for RTA activity (Shah et al., 2018). Se-

lenium is normally limiting for the biosynthesis of the selenopro-

tein GPX4, and thus treatment of cells with selenium or selenium-

containing compounds can in some cases stimulate GPX4

expression and suppress ferroptosis (Alim et al., 2019).

Chemical Probes for the CoQ10 Pathway
Several reports have demonstrated that the lipophilic antioxidant

ubiquinol/coenzyme Q10 (CoQ10) suppresses lipid peroxidation

and ferroptosis in some contexts (Bersuker et al., 2019; Doll

et al., 2019; Shimada et al., 2016b). There are several chemical

probes that have been reported to modulate this effect of

CoQ10 on ferroptosis (Table 1). First, the water-soluble CoQ10

analog idebenone mimics the antioxidant effect of CoQ10 when

added exogenously to cells, suppressing lipid peroxidation

withmoderate potency (Shimada et al., 2016b). Second, 4-chlor-

obenzoate can inhibit CoQ10 production in cells with low po-

tency, sensitizing to ferroptosis in contexts where endogenous

CoQ10 suppresses lipid peroxidation (Bersuker et al., 2019).

Third, since CoQ10 is derived from the mevalonate pathway, sta-

tins, such as cerivastatin, which inhibit HMG-CoA reductase,

can also sensitize cells to ferroptosis in some contexts (Shimada

et al., 2016b). Fourth, the compound FIN56 was reported to act

through the mevalonate pathway to drive ferroptosis,
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presumably through depleting CoQ10 (Shimada et al., 2016b).

Finally, the CoQ10 reductase known as ferroptosis suppressor

protein 1 (FSP1) (formerly AIFM2) was recently reported to sup-

press ferroptosis through regenerating reduced CoQ10. An inhib-

itor of FSP1 was reported, named iFSP1 (Bersuker et al., 2019)––

this compound may be useful for testing the relevance of FSP1

and reduced CoQ10 in various contexts.

Other Inducers of Ferroptosis
In 2015, a novel inducer of ferroptosis was reported that did not

act through direct targeting of GPX4, inhibiting system xc
�, or

depletion of CoQ10 (Abrams et al., 2016). This compound, named

FINO2, was found to oxidize iron, resulting in inactivation of

GPX4 enzymatic activity (Gaschler et al., 2018). This compound

can be used to test whether loss of GPX4 activity drives a pheno-

type independent of direct GPX4 targeting or depletion of gluta-

thione or CoQ10.

Recently, several groups discovered that radiation can induce

ferroptosis, that ferroptosis inducers can act as radiosensitizers,

and that ferroptosis inhibitors can block the effects of radiation

(Lei et al., 2020; Li et al., 2019a, 2019b; Ye et al., 2020; Zhang

et al., 2020). This provides a new approach to treat both radio-

sensitive and radioresistant cancers, as well as side effects of ra-

diation on normal tissues.

In summary, there are a variety of probes for inducing and in-

hibiting ferroptosis. These probes have different potencies, se-

lectivities, and ADME properties, suggesting that they must be

carefully used for applications of interest. In general, using mul-

tiple probes can increase the confidence of drawing robust con-

clusions, assuming the concentrations and specificity are rele-

vant to the tested conditions.

Detecting Ferroptosis
There are a number of assays in use to detect discrete events

that occur in ferroptosis. First, inhibitors of system xc
� itself

can be detected by measuring either import of radiolabeled

cystine or export of glutamate (Dixon et al., 2012, 2014). Second,

inhibitors of system xc
� commonly induce depletion of gluta-

thione (Dixon et al., 2012), which can be measured using the

thiol-reactive Ellman’s reagent, or by liquid chromatography-

mass spectrometry (LC-MS) (Yang et al., 2014). Third, lipid per-

oxidation can be measured with surrogate fluorescent dyes that

partition into membranes, such as C11-BODIPY (Dixon et al.,

2012) or Liperfluo (Alborzinia et al., 2018); by detecting end prod-

ucts of lipid peroxidation, such as malondialdehyde (MDA) with

the TBARS (thiobarbituric acid reactive substances) assay

(Zhang et al., 2019) or with antibodies that detect MDA adducts

on proteins (Yamada et al., 2001); or using LC-MS-based detec-

tion of lipids and their oxidation products (Kagan et al., 2017).

Finally, downstream gene expression changes in ferroptosis

can be detected, such as increases in CHAC1, PTGS2, and

SLC7A11 (Dixon et al., 2012; Yang et al., 2014).

Connections between Ferroptosis and Other Cellular
Processes
It has been demonstrated that cellular metabolism, redox, iron

homeostasis, and various signaling pathways all impinge on fer-

roptosis (Gao and Jiang, 2018; Stockwell et al., 2017). Here, we

discuss the regulation of ferroptosis by these central processes.
Studies leading to such mechanistic understanding would not

have been possible without the use of the ferroptosis-modu-

lating chemical probes as described above. Conversely, as

numerous pharmacological agents have been developed as

specific inhibitors of these ferroptosis-regulatory signaling and

metabolic pathways, these agents can be used as chemical

probes for the investigation of ferroptosis, especially in its inter-

play with these pathways.

Ferroptosis and Metabolism
Energy Metabolism

Several recent studies have linked energy metabolism to ferrop-

tosis regulation. On the one hand, energy stress activates 50-
adenosine-monophosphate-activated protein kinase, which

suppresses ferroptosis through effects on lipid metabolism

(Lee et al., 2020). On the other hand,mitochondrial respiration fa-

cilitates ferroptosis in response to cysteine deprivation (Gao

et al., 2019).

As described above, early research in ferroptosis developed

pharmacological tools as triggers of ferroptosis, such as small-

molecule inhibitors of the system xc
� cystine-glutamate anti-

porter (e.g., erastin) and GPX4 (e.g., RSL3) (Dixon et al., 2012;

Yang et al., 2014). These compounds, by ablating cellular

reducing agents or inhibiting the enzymatic activity required for

countering lipid peroxides, drive ferroptotic death. Because

exogenous oxidizing agents are not used in these experimental

systems, one may wonder about the origin of the endogenous

oxidative stress that is unleashed by erastin and RSL3.

As the center of cellular metabolism, mitochondrial activity

contributes significantly to the generation of cellular reactive ox-

ygen species (ROS), and thusmay drive ferroptosis in some con-

texts. Mitochondria generate various forms of ROS: for example,

superoxide radical (O2
.�) is a byproduct of electron transport

chain activity, and it can be converted into hydrogen peroxide

(H2O2) by superoxide dismutase enzymes (Zorov et al., 2014).

Both superoxide and hydrogen peroxide can react with lipids

to generate lipid peroxides.

In a recent study, through a series of systematic pharmacolog-

ical andmolecular experiments, it was demonstrated that normal

mitochondrial function, including that carried out by both the

tricarboxylic acid (TCA) cycle and electron transport chain, is

crucial for ferroptosis induced by cellular cysteine deprivation

(Gao et al., 2019). Interestingly, before the term ferroptosis was

coined, a pro-death function of mitochondria was reported in a

form of oxidative cell death known as oxytosis (Lewerenz

et al., 2018; Tan et al., 1998), which may overlap with ferroptosis.

Mechanistically, the pro-death function of mitochondria in fer-

roptosis is unrelated to that in apoptosis. In mitochondria-medi-

ated apoptosis, mitochondria function as a storage for caspase-

activating factors, such as cytochrome c and Smac, and thus

apoptotic death requires damage of mitochondrial membrane

(Jiang and Wang, 2004). In contrast, the normal metabolic func-

tion of mitochondria promotes cysteine deprivation-induced fer-

roptosis, and a sharp increase in mitochondrial membrane po-

tential, the indicator of mitochondrial ATP-generating activity,

precedes eventual ferroptotic death (Gao et al., 2019).

Although mitochondrial activity is a major source of cellular

ROS production, there are other sources of cellular ROS gener-

ation that can also lead to lipid peroxidation. This may explain
Cell Chemical Biology 27, April 16, 2020 369
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why blocking mitochondrial activity ablates cysteine depriva-

tion-induced ferroptosis, but not that induced by GPX4 inhibi-

tion; upon GPX4 inhibition, lipid peroxides frommitochondria-in-

dependent events can be amplified by Fenton chemistry, leading

to ferroptosis (Gao et al., 2019).

The role of mitochondria in ferroptosis also provides a mech-

anistic explanation for an early observation showing that gluta-

mine and glutaminolysis drive this mode of cell death (Gao

et al., 2015). Glutamine, via glutaminolysis, generates a-ketoglu-

tarate (aKG), serving as a crucial anaplerotic source for the mito-

chondrial TCA cycle, especially when glucose is limited (Owen

et al., 2002). Consistently, aKG and other downstream metabo-

lites of the TCA cycle can replace glutamine in supporting

cysteine deprivation-induced ferroptosis (Gao et al., 2019).

Given the key role of the metabolic function of mitochondria in

ferroptosis, one can speculate that other nutrients that fuel the

TCA cycle, such as glucose and fatty acid (via b-oxidation),

may also promote cysteine deprivation-induced ferroptosis.

Indeed, both glucose depletion and inhibition of b-oxidation

can decrease cysteine deprivation-induced ferroptosis (modest

for b-oxidation inhibition and more potent for glucose depletion),

likely due to their function in the TCA cycle. These observations

are satisfying, but they also raise intriguing mechanistic ques-

tions. For example, if the anaplerotic role of glutamine is the

sole basis underlying its ferroptotic function, then why is this

amino acid essential for cysteine deprivation-induced ferropto-

sis under the condition that glucose is abundant (Gao et al.,

2015)? Further studies are needed to tackle this question.

Lipid Biosynthesis

It appears that only certain specific types of phospholipid perox-

ides can lead to the execution of ferroptosis. For example, hy-

droperoxidation of phosphatidyl ethanolamine has been sug-

gested to be preferentially associated with ferroptosis (Kagan

et al., 2017), and the enzymes involved in this process, including

acyl-CoA synthetase long chain family member 4 (ACSL4) (Dixon

et al., 2015; Doll et al., 2017; Yuan et al., 2016) and iron-depen-

dent lipoxygenases (LOX) (Chu et al., 2019; Friedmann Angeli

et al., 2014; Kenny et al., 2019; Seiler et al., 2008; Shintoku

et al., 2017; Wenzel et al., 2017; Yang et al., 2016; Ye and Stock-

well, 2017), as well as cytochrome P450 oxidoreductase (Zou

et al., 2020), have been demonstrated to be required for ferrop-

tosis (Doll et al., 2017; Yang et al., 2016). Because arachidonic

acid and adrenic acid are the preferred substrates of ACSL4,

presumably these specific PUFA species are the major acyl

chains on phospholipids that undergo peroxidation for ferropto-

sis initiation. For various LOX members, it is still under debate

which specific member is more relevant to ferroptosis––some

confusion was due to the use of certain LOX inhibitors that

possess free radical-trapping activity and thus can inhibit ferrop-

tosis independent of LOX (Shah et al., 2018). More potent and

selective LOX inhibitors without antioxidant activity will be

important for resolving this issue.

Intriguingly, monounsaturated fatty acid (MUFA) molecules

have been demonstrated to be inhibitors of ferroptosis (Yang

et al., 2016): exogenously added MUFAs can protect cultured

cells from ferroptosis (Magtanong et al., 2019). Consistently,

stearoyl-CoA desaturase 1, the enzyme that converts stearic

acid to MUFA oleic acid, negatively regulates ferroptosis in an

enzymatic activity-dependent manner (Tesfay et al., 2019).
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Mechanistically, as both PUFAs and MUFAs can be the sub-

strates for peroxidation, how cells distinguish them for peroxida-

tion and how MUFAs inhibit ferroptosis warrant further investi-

gation.

Experimentally, as phospholipid peroxidation is a crucial event

for ferroptosis, methods for its accurate and quantitative mea-

surement are needed. As described earlier in this review, fluoro-

genic lipophilic probes, coupled with flow cytometry or micro-

scopic imaging, are routinely used for this purpose. It should

be cautioned that these lipophilic probes are surrogates instead

of direct readouts of cellular phospholipid peroxidation. To

directly measure and quantify ferroptosis-associated phospho-

lipid peroxidation, methods based onmass spectrometric lipido-

mic analysis were developed (Tyurina et al., 2019). Theoretically,

this approach is more quantitative and able to profile the specific

molecular identity of lipids as well. However, at the current stage

this approach has not been widely used in the field of ferroptosis

due to the poor stability of peroxides (thus low signal and poor

reproducibility) and the complexity of the experimental pro-

cedure.

Ferroptosis and Iron Signaling
Although ferroptosis has been known to be iron dependent (and

named based on this property), the precise function of iron in fer-

roptosis has not become clear until recently. It is now believed

that iron playsmultiple roles in ferroptosis. First, as a key compo-

nent of a cohort of metabolic enzymes and energy-generating

protein complexes, iron is indispensable for these oxidation-

based metabolic processes, the source of cellular ROS genera-

tion. Second, iron is a cofactor of LOXs and P450s, essential en-

zymes for the biosynthesis of phospholipid peroxides. Third, iron

can propel lipid peroxidation by catalyzing a non-enzymatic Fen-

ton reaction (Braughler et al., 1986). When GPX4, FSP1, and/or

GCH1 function is inhibited or exhausted, this chain reaction

leads to rapid production of phospholipid peroxides, and ulti-

mately, ferroptosis.

Because of the crucial physiological role of iron and detri-

mental consequences associated with both scarcity and excess

of cellular iron, the quantity of cellular labile iron (i.e., freely avail-

able iron) needs to be closely regulated. Indeed, in mammalian

cells, there is an elegant and complicated signaling network

dedicated to the regulation of cellular iron homeostasis. This

network includes factors that sense iron concentrations (IRP1

and IRP2), as well as proteins regulated by IRP1 and IRP2 at

the mRNA level, such as transferrin receptor (TFRC) (it functions

to import iron into cells), ferritin (it stores excessive cellular iron),

and others; see Andrews and Schmidt (2007) for an extensive re-

view of this topic.

In the process of ferroptosis, this iron-regulatory pathway is hi-

jacked through multiple mechanisms to increase cellular labile

iron. First, ferroptosis can engage autophagy, a stress-respon-

sible catabolic process that mediates lysosomal degradation

of selected intracellular contents. Upon cysteine deprivation,

autophagy is activated in such a way that it degrades ferritin (a

process also referred to as ferritinophagy [Dowdle et al., 2014;

Mancias et al., 2014]), thus releasing free iron into the cytoplasm

(Gao et al., 2016; Hou et al., 2016). Second, ferroptosis-inducing

conditions can increase cellular free iron contents via dysregu-

lating IRP1 (Andrews and Schmidt, 2007). In normal cells, the
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iron-promoting activity of IRP1 is controlled by Fe-S clusters.

When cellular iron is low, IRP1 is free of Fe-S clusters, and

thus increases cellular iron contents by binding to a variety of

mRNAmolecules and altering the synthesis of the corresponding

proteins. When cellular iron is high, there will be sufficient Fe-S

clusters associated with IRP1, thus suppressing its mRNA-bind-

ing/iron-promoting activity. However, Fe-S clusters are highly

vulnerable to peroxides. Therefore, upon oxidative stress, such

as conditions that trigger ferroptosis, even when cellular iron is

not low, IRP1 will still promote cellular iron increase due to the

depletion of Fe-S clusters by peroxides.

Ferroptosis and Cell Signaling
In theory, signal transduction pathways regulating cellular meta-

bolism, redox homeostasis, and iron homeostasis may all affect

ferroptosis. One might generalize that if a signaling pathway

promotes cell growth (such as most tumorigenic signaling path-

ways), it might then increase cellular metabolism and conse-

quently oxidative burden, leading to an increased tendency of

ferroptosis. However, such a generalization is far from the reality.

For example, the Myc oncogene, which promotes cell growth

and upregulates a variety of cellular metabolic machines, has

been reported to suppress, instead of potentiate, ferroptosis

(Jiang et al., 2017). Oncogenic Ras signaling has been reported

to both sensitize (Dixon et al., 2012) and downregulate (Schott

et al., 2015) ferroptosis. The p53 tumor suppressor has been re-

ported to sensitize to ferroptosis when p53 is expressed at basal

levels in non-transformed cells (Jennis et al., 2016; Jiang et al.,

2015) but to inhibit ferroptosis when p53 is stimulated pharma-

cologically (Tarangelo et al., 2018; Xie et al., 2017) or when p53

is expressed in some, but not all, transformed cells (Xie

et al., 2017).

The following reasons may explain how a specific signaling

pathway exerts distinctive and sometimes opposite effects on

ferroptosis, barring some rare cases in which the discrepancy

was due to experimental errors, such as the use of pharmacolog-

ical agents with off-target effect. First, the function of a signaling

process may be transient and context dependent; thus, its effect

on ferroptosis could also be varied under different contexts. Sec-

ond, a signaling pathway may activate multiple downstream

events with opposing effect on ferroptosis; for example, while

it may increase cellular metabolism and thus oxidative burden,

it could also simultaneously activate an antioxidant response,

and thus its eventual impact on ferroptosis would be determined

by how the counterbalance of these two responses plays out un-

der the specific condition. Therefore, when analyzing the func-

tional communication between a signal transduction pathway

and ferroptosis, specific biological or pathological contexts,

including cell or tissue types, their genetic background, and

growth/nutrient status, should all be considered.

Another important parameter for consideration is intercellular

communication. It was reported recently that ferroptosis can

be regulated in a non-cell-autonomous manner via cadherin-

mediated cell-cell contacts (Wu et al., 2019). Such intercellular

interaction suppresses ferroptosis by transducing signals to an

intracellular merlin/NF2-Hippo-YAP pathway. As a transcription

co-activator, YAP stimulates the expression of multiple ferropto-

sis mediators, including TFRC and ACSL4. Therefore, inhibition

of YAP activity by the cadherin-induced Hippo pathway renders
cells more resistant to ferroptosis. Consistent with this finding,

TAZ, a homolog of YAP frequently overexpressed in renal can-

cer, was recently reported to sensitize renal cancer cells to fer-

roptosis induction (Yang et al., 2019).

Regulation of programmed cell death by intercellular signaling

is not new, with death receptor-mediated apoptosis, or extrinsic

apoptosis, as a classic example (Jiang andWang, 2004). Howev-

er, unlike the case of extrinsic apoptosis in which one cell (ex-

pressing death ligand) induces the death of the other (expressing

death receptor), cadherin-mediated intercellular signaling pro-

tects all involved cells. Speculatively, this might be an ancient

mechanism protecting the cellular community and multicellular

organisms from oxidative stress and ferroptosis, the adverse

and inevitable side effects of redox-based cellular metabolism

(ancestral metazoan species, such as cnidarians and placozo-

ans encode cadherins [Gul et al., 2017]).

Potential Physiological Functions of Ferroptosis
As side products of redox-based metabolism, ROS can also

play physiologically beneficial roles in mediating signaling

events (Holmstrom and Finkel, 2014). We can wonder if the

more devastating cell-lethal effect of redox metabolism, i.e.,

ferroptosis, can also be harnessed for specific physiological

functions that benefit the organism. Direct proof for this is lack-

ing, due to the lack of biomarkers for monitoring ferroptosis

in vivo, and that ferroptosis mediators identified to date are

multifunctional, making unambiguous genetic validation

impossible. On the other hand, mounting evidence, although in-

direct, suggests that tumor suppression might be a physiolog-

ical function of ferroptosis.

The potential role of ferroptosis as a native tumor suppressive

mechanism is based on the functional investigation of several tu-

mor suppressor molecules, including p53, BAP1, and fumarase.

p53 can potentiate ferroptosis by transcriptionally downregulat-

ing SLC7A11, a subunit of system xc
� cysteine/glutamate anti-

porter, and upregulating glutaminase-2, a mitochondrial enzyme

involved in glutaminolysis (Jennis et al., 2016; Jiang et al., 2015).

Strikingly, a p53 mutant defective in stimulating apoptosis and

growth arrest, but still capable of potentiating ferroptosis, can

still function to prevent tumorigenesis in vivo (Jiang et al.,

2015), suggesting that the ferroptosis-promoting activity of p53

contributes to its in vivo tumor-suppressive function. Similarly,

BAP1, an epigenetic regulator and tumor suppressor mutated

in various types of cancer, can downregulate the transcription

of SLC7A11 and thus potentiate ferroptosis (Zhang et al.,

2018). As one of the metabolic enzymes driving the TCA cycle,

fumarase surprisingly also acts as a tumor suppressor (Tomlin-

son et al., 2002). The recent finding that the mitochondrial TCA

cycle promotes cysteine deprivation-induced ferroptosis pro-

vides a plausible explanation for this observation (Gao

et al., 2019).

Importantly, recent work suggests that ferroptosis might also

contribute to the immune surveillance-mediated tumor sup-

pression. Interferon-g secreted by CD8+ T cells can downregu-

late the expression of system xc
� antiporter in tumor cells and

thus potentiate tumor cell ferroptosis (Wang et al., 2019). This

finding lends further support to the hypothesis that one of the

physiological functions of ferroptosis is to suppress tumori-

genesis.
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Cancer

Although the initial development of pharmacological inducers of

ferroptosis was for the purpose of cancer treatment (Dixon et al.,

2012), the concept that ferroptosis induction is a promising can-

cer therapeutic approach was solidifiedmore recently by the ob-

servations that a plethora of therapy-resistant cancer cells,

including those with strong mesenchymal and metastatic prop-

erties, are more susceptible to GPX4 loss or inhibition (Hangauer

et al., 2017; Viswanathan et al., 2017). These findings suggest

that ferroptosis induction may provide a unique avenue for the

treatment of certain highly malignant cancers. Mechanistically,

the recent finding that the E-cadherin-NF2-Hippo-YAP signaling

regulates ferroptosis explains how mesenchymal cancer cells

are more sensitive to ferroptosis induction (Wu et al., 2019),

because loss of expression of epithelial markers, such as E-cad-

herin, is a hallmark of epithelial-to-mesenchymal transition (Don-

gre and Weinberg, 2019). Furthermore, as E-cadherin, NF2, and

Hippo components Lats1 and Lats2 are tumor suppressors

whose loss-of-function mutation lead to malignancy and metas-

tasis, these mutations can serve as biomarkers predicting can-

cer cell responsiveness to ferroptosis-inducing therapies.

Which molecules can be targeted to induce cancer cell ferrop-

tosis with a sufficient therapeutic index? GPX4 is an obvious

candidate. However, since GPX4 knockout causes embryonic

lethality in mice (Friedmann Angeli et al., 2014), potential adverse

side effects associated with GPX4 targeting need to be consid-

ered. The system xc
� cystine-glutamate antiporter is another

candidate. Considering that its knockout does not cause signif-

icant abnormality in mice and that its subunit SLC7A11 is over-

expressed in various cancers (McCullagh and Featherstone,

2014; Zhang et al., 2019), this molecule might be a more attrac-

tive therapeutic target. The newly discovered ferroptosis sup-

pressor FSP1, noted above, is a potential target as well, as it is

highly expressed in some cancers and is an enzyme with a

small-molecule-binding pocket (Bersuker et al., 2019; Doll

et al., 2019). However, more potent and selective inhibitors of

FSP1 are needed to address its suitability as a drug target, as

well as its pharmacological tractability.

Numerous proof-of-principle experiments have been con-

ducted demonstrating the anticancer effect of ferroptosis induc-

tion in animal models. Some of these experiments, using the era-

stin derivative IKE to induce tumor cell ferroptosis in vivo,

showed that certain cancer types and cancers with specific bio-

markers are responsive to ferroptosis induction as a monother-

apy (Wu et al., 2019; Zhang et al., 2019); and some other exper-

iments showed synergistic effects of ferroptosis induction in

combination with other approaches, including radiation and im-

mune checkpoint blockade (Lang et al., 2019; Wang et al., 2019).

Collectively, ferroptosis-inducing cancer therapy is a newly

emerged exciting area that needs to be further explored.

Other Diseases
Mounting evidence suggests that ferroptosis is the major cell

death modality associated with ischemic organ injuries,

including ischemic heart disease and kidney failure (Friedmann

Angeli et al., 2014; Gao et al., 2015; Linkermann et al., 2014). Fer-

roptosis has also been implicated as a pathological contributor

to neurodegenerative diseases (DeGregorio-Rocasolano et al.,
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2019; Pena-Bautista et al., 2019). In addition, the death of oligo-

dendrocytes in models of Pelizaeus-Merzbacher disease is due

to ferroptosis (Nobuta et al., 2019). Ferroptosis has also been

linked to an autoinflammatory disease (Tao et al., 2020), chronic

obstructive pulmonary disease caused by cigarette smoke

(Yoshida et al., 2019), stroke (Alim et al., 2019; Karuppagounder

et al., 2018; Tuo et al., 2017; Zille et al., 2017), cardiomyopathy

(Fang et al., 2019), and Mycobacterium tuberculosis-induced

cell death and tissue necrosis (Amaral et al., 2019). Therefore,

ferroptosis inhibition should be considered as a potential thera-

peutic intervention for these diseases, many of which lack effec-

tive treatment currently. Ferroptosis inhibitors amenable for

in vivo use, such as liproxstatin-1, can be considered as proto-

compounds for the development of such therapies.

Summary
Although a variety of tools exist to induce and inhibit ferroptosis,

and to monitor its execution, additional tools would be valuable.

Many of the regulators mentioned, have insufficiently potent and

specific small-molecule modulators available, or none at all, to

probe their function. In addition, many of the tools that exist

would benefit from improved potency, selectivity, and ADME

properties compatible with use in animals. Such improved tools

would allow rapid and reliable testing of the potential relevance

of ferroptosis to diverse physiological and pathophysiological

processes in animal models. Given the expanding impact of fer-

roptosis, such improved tools wouldmake a significant impact in

accelerating our understanding of this process and in the devel-

opment of ferroptosis-modulating therapies.

SIGNIFICANCE

Ferroptosis is a form of regulated cell death involving oxida-

tive damage to membrane lipids that is of increasing rele-

vance to a diverse array of physiological and disease pro-

cesses. Here, we describe how small-molecule chemical

probes were used to discover the phenomenon of ferropto-

sis and illuminate some of its key regulatory mechanisms. In

addition, we describe the latest advances in the biology of

ferroptosis, and its relevance to specific diseases. These lat-

est findings open new questions and provide new opportu-

nities for future research directions.
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