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Abstract

Ferroptosis is an iron-dependent cell death modality driven by oxidative phospholipid damage. In
contrast to apoptosis, which enables organisms to eliminate targeted cells purposefully at specific
times, ferroptosis appears to be a vulnerability of cells that otherwise use high levels of
polyunsaturated lipids to their advantage. Cells in this high polyunsaturated lipid state generally
have safeguards that mitigate ferroptotic risk. Since its recognition, ferroptosis has been implicated
in degenerative diseases in tissues including kidney and brain, and is a targetable vulnerability in
multiple cancers—each likely characterized by the high polyunsaturated lipid state with
insufficient or overwhelmed ferroptotic safeguards. In this Perspective, we present progress
towards defining the essential roles and key mediators of lipid peroxidation and ferroptosis in
disease contexts. Moreover, we discuss gaps in our understanding of ferroptosis, and list key
challenges that have thus far limited the full potential of targeting ferroptosis for improving human
health.

Introduction

Ferroptosis is an iron-dependent, nonapoptotic cell death modality characterized by aberrant
accumulation of lipid hydroperoxides and associated lipophilic reactive oxygen species
(ROS) in cellular membranes (Dixon et al., 2012). Prior to the introduction of the term
“ferroptosis”, which first described the cell death process in fibroblasts co-transformed by
mutant HRAS and treated with Ras-selective lethal (RSL) compounds erastin and 15,3 ~-
RSL3 (RSL3) (Dixon et al., 2012), cell death of ferroptotic nature had been demonstrated by
several findings in the context of cysteine deprivation, iron toxicity, and hepatic necrosis 5-6
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decades ago (Bannai et al., 1977; Eagle, 1955a, 1955b; Golberg et al., 1962; Mitchell et al.,
1973). Recently, the emergence of a series of ferroptosis-specific chemical modulators
significantly accelerated the discovery of ferroptosis in contexts of degenerative diseases and
cancer (Alim et al., 2019; Friedmann Angeli et al., 2014; Hangauer et al., 2017; Li et al.,
2017; Viswanathan et al., 2017; Yang et al., 2014; Zou et al., 2019a). Modulating ferroptosis
is an appealing therapeutic strategy for developing novel treatments, which could involve
induction or inhibition of ferroptosis depending on the pathological context.

The path to ferroptosis

The introduction of polyunsaturated fatty acids (PUFA) into cellular membranes through
evolution in aerobic life yielded advantages to certain cells, yet the facile oxidation of
PUFAs to lipid hydroperoxides created an existential crisis. While PUFA lipids provide
distinct membrane fluidity and are precursors of diverse signaling molecules, their 1,4-diene
structural elements are susceptible to facile hydroperoxidation. /n vitro, lipid
hydroperoxidation is initiated by a reactive iron species-mediated hydrogen abstraction from
the methylene group flanked by C-C double bonds that leads to a bis-allylic (pentadienyl)
radical (Sevanian et al., 1990; Ursini et al., 1989; Winterbourn, 1995) (Figure 1). These
pentadienyl radicals can react with dioxygen (O,) to form lipid peroxyl radicals, which can
then react with another neighboring PUFA phospholipid, forming a lipid hydroperoxide and
propagating the radical chain reaction, in a process called autoxidation. Additional reactive
iron species will convert lipid hydroperoxides to various radical species, including oxy,
peroxy, and carbon radicals that are extremely reactive towards proteins, lipids, and other
metabolites. While these radical species are thought to be the terminal effectors of
ferroptotic cell death, this remains to be definitively shown.

At the cellular level, lipid peroxidation typically initiates in the endoplasmic reticulum, and
can rapidly spread to other subcellular structures (Kagan et al., 2017). Lipid hydroperoxides
and byproducts alter the electric potential, fluidity, and permeability of membranes to cause
osmotic balance, membrane breakage, and ultimately cell death. Given the central role of
iron and lipid peroxidation in ferroptosis, this form of cell death is experimentally
characterized by the restoration of cellular viability by iron chelation and lipophilic radical-
trapping antioxidants (Conrad and Pratt, 2019; Dixon et al., 2012). Another potentially
relevant feature of ferroptosis, though it awaits to be validated in many contexts, is the wave-
like death pattern in adherent cell cultures in vitro or synchronized cell death in tissues ex
vivo which may result from the propagative nature of autoxidation (Kim et al., 2016;
Linkermann et al., 2014).

In eukaryotes, the risk of PUFA-lipid peroxidation is safeguarded by a molecular defense
system involving the selenoenzyme glutathione peroxidase 4 (GPX4) (Ursini et al., 1982).
Unlike other GPXs, GPX4 is the only known cellular enzyme that uses phospholipid
hydroperoxides as substrates and reduces them to lipid alcohols with glutathione (GSH) as a
cofactor (Friedmann Angeli et al., 2014; Ingold et al., 2018; Ursini et al., 1982; Yang et al.,
2014). In single-celled parasites such as 7rypanosoma brucei (Bogacz and Krauth-Siegel,
2018), the role of GPX4 is executed by a functional homolog tryparedoxin peroxidase ( 7px).
The activity of GPX4 and orthologs maintains lipid hydroperoxides below threshold levels
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that trigger self-propagation and cell death (Figure 1). In addition, cellular lipophilic
antioxidants such as vitamin E and ubiquinol, the reduced form of CoQqg, inhibit lipid
peroxidation and ferroptosis with their radical-trapping activities (Bersuker et al., 2019; Doll
et al., 2019; Matsushita et al., 2015; Zilka et al., 2017). Hence, ferroptosis has been referred
to as a cell “sabotage” mechanism that protect cell integrity under normal conditions, but
when compromised, leads to cell death as a result of sustained cellular physiology and
metabolism (Green, 2019). This is in contrast to cell “suicide” programs such as apoptosis,
which involve cellular pathways that have evolved to promote the elimination of certain cells
in the whole organism at specific times (Green, 2019).

The chemical bas is of ferroptosis supports wide opportunities for inhibiting or instigating
this pathway via chemical intervention (Conrad and Pratt, 2019). For instance, erastin, an
inhibitor of SLC7A11 (also known as system x_), the cystine/glutamate antiporter (Dixon et
al., 2012, 2014; Dolma et al., 2003), and GPX4 inhibitors including ML210, ML162, and
RSL3, can induce ferroptosis in certain high-PUFA cell types (Eaton et al.,2020;
Viswanathan et al., 2017; Yang et al., 2014; Zou et al., 2019a). On the other hand,
ferroptosis is inhibited by lipophilic radical-trapping antioxidants such as liproxstatin-1
(Dixon et al., 2012; Friedmann Angeli et al., 2014; Zilka et al., 2017), or by iron chelators,
such as deferoxamine (DFO) (Dixon et al., 2012; Zilka et al., 2017) (Figure 1).
Noteworthily, ferrostatin-1, one of the first established ferroptosis inhibitors, acts both as a
radical-trapping agent and an unusual iron chelator (Dixon et al. 2012; Zilka et al., 2017;
Miotto et al. 2020). Specific chemical modulators of ferroptosis also empowered preclinical
and clinical studies that aim to target this pathway for therapeutic benefits.

Ferroptosis in physiology

There is still a gap in our understanding of the physiological role of ferroptosis. On one
hand, GPX4-/- mice are embryonically lethal (Britsch et al., 2015; Imai et al., 2003),
suggesting that protecting against ferroptosis is critical for mammalian development. On the
other hand, ferroptotic cell death per seis not known to be directly involved in
developmental processes, and systemic ferroptosis inhibition with liproxstatin-1
administration in adult mice for an extended time period did not result in apparent adverse
effects (Devisscher et al., 2018; Friedmann Angeli et al., 2014).Nonetheless, ferroptosis
plays important roles in defending against pathogens in both animals and plants. For
instance, lipid peroxidation and ferroptosis are used to guard against Plasmodium infection
in mice (Kain et al., 2020), which is suppressed by erastin treatment. In plants, ferroptosis is
activated in the blast fungus Magnaporthe oryzae during rice development (Dangol et al.,
2019; Shen et al., 2019). Ferroptosis-like cell death also takes place in Arabidopsis thaliana
in response to environmental stress such as heat-shock (Distéfano et al., 2017).

In addition to fending off parasites, ferroptosis is also important for defending against
tumorigenesis. Two key tumor suppressor proteins, p53 (7P53) (Jiang et al., 2015) and
BAP1 (Zhang et al., 2018a), independently suppress SLC7A11 expression. SLC7A11
downregulation significantly increases the susceptibility to ferroptosis in nascent neoplastic
cells, thus keeping tumorigenesis in check. Importantly, GPX4+/- mice survive longer than
GPX4+/+ mice, apparently due to delayed lymphoma, a common malignancy in aging mice.
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This finding supports a role for GPX4 insufficiency-induced ferroptosis in suppressing
spontaneous oncogenesis (Ran et al., 2007). A second form of tumor suppression occurs in
the context of CD8+ cytotoxic T lymphocyte (CTL)-mediated tumor killing in mouse
melanoma models (Wang et al., 2019), where CTLs reactivated by immune checkpoint
blockers trigger ferroptotic cell death in the tumor cells and evoke tumor regression.

Ferroptosis in pathology

Ferroptosis is implicated in multiple human degenerative diseases characterized by
dysregulated cell death. Several vital organs, including the kidney, brain, liver, heart, and
lung, appear to be highly susceptible to ferroptosis under pathological conditions. This is
likely due to the increased PUFA-lipid contents in cells from the brain, kidney, and heart
(Harayama and Riezman, 2018), frequent iron overload in the liver (Wang et al., 2017), or
the well-oxygenated microenvironment in the lung. In addition to tissue intrinsic factors, the
form of tissue damage appears to be common denominators for increased risk of ferroptosis.
Recently characterized, ferroptosis-relevant pathologies include:

1. Ischemia/reperfusion injury (IR1), traumatic tissue injury, and hemorrhagic
stroke. IRI-triggered ferroptosis is reported in the kidney (Friedmann Angeli et
al., 2014; Huang et al., 2019; Su et al., 2019), liver (Carlson et al., 2016; Yamada
et al., 2020), intestine (Li et al., 2019), brain (Guan et al., 2019), and heart (Fang
etal., 2019). The efficacy of anti-ferroptosis agents in protecting acute kidney
injury is demonstrated by several FDA-approved drugs, including rifampicin,
promethazine, omeprazole, indole-3-carbinol, carvedilol, propranolol, estradiol,
and thyroid hormones that exhibit lipid peroxyl radical-scavenging activities
(Mishima et al., 2019), in addition to liproxstatin-1 (Friedmann Angeli et al.,
2014). Moreover, ferroptosis also contributes to traumatic brain injury (TBI),
stroke (Alim et al., 2019; Wenzel et al., 2017), and seizure-induced hippocampal
damage (Mao et al., 2019). Notably, IRI, TBI, and stroke share features of abrupt
blood-supply blockade, which may activate hypoxia response initially, reprogram
cellular lipid metabolism, and induce a burst in oxidative stress levels following
re-oxygenation in the tissue. Uncontrolled iron release to the circulation during
hemolysis may also contribute to ferroptosis in normal and non-nucleated cells
such as platelets (NaveenKumar et al., 2018). Together, the involvement of
ferroptosis in IRI and traumatic injury-induced tissue damage is likely a general
mechanism, and testing the protective role of ferroptosis inhibitory agents in
these settings merits further investigation.

2. Tissue degeneration, particularly neurodegeneration. Ferroptosis is
implicated in neurodegenerative diseases including Alzheimer’s disease
(Hambright et al., 2017; Zhang et al., 2018b), Parkinson’s disease (Do Van et al.,
2016), Pelizaeus-Merzbacher Disease (Nobuta et al., 2019), Huntington’s
Disease (Skouta et al., 2014), and amyotrophic lateral sclerosis (ALS) (Devos et
al., 2019). The high susceptibility to ferroptosis in neurons and glial cells is
correlated with their high polyunsaturated lipid levels (Harayama and Riezman,
2018; Nobuta et al., 2019), although the triggering of cell death may be a
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cumulative event due to chronically reduced antioxidant capacity in these cells
(Maher, 2018).

3. Damage induced by specific chemicals or pathogens. For instance, nephrotic
folic acid over-dosing induces ferroptosis in renal nephrons (Linkermann et al.,
2014; Martin-Sanchez et al., 2017), whereas doxorubicin induces heart damage
that can be alleviated by the iron chelator dexrazoxane (Fang et al., 2019; Yu et
al., 2019). In the lung, ferroptosis of epithelial cells can be induced by smoke in
patients with chronic obstructive pulmonary disease (COPD) (Yoshida et al.,
2019), and by infection with Mycobacterium tuberculosis (Amaral et al., 2019)
or lipoxygenase-expressing Pseudomonas aeruginosa (Dar et al., 2018). Cigarette
smoke extract can induce ferroptosis in vascular smooth muscle cells as well
(Sampilvanjil et al., 2020). The list of ferroptosis-eliciting chemicals and
pathogens will likely expand.

Overall, ferroptosis is not only induced by pharmacological or genetic intervention, but also
occurs in tissues under a wide range of pathophysiological conditions, highlighting that
inhibiting ferroptosis could be beneficial for treating these diseases. In addition to the known
ferroptosis-relevant tissue malfunctions discussed above, lipid peroxidation and ferroptosis-
like events occur more broadly in other human diseases, such as atherosclerosis (Berliner
and Heinecke, 1996), diabetes mellitus (Davi et al., 2005), Alexander’s disease (Castellani et
al., 1998), inflammatory bowel disease (Achitei et al., 2013), prion disease (Brazier et al.,
2006; Milhavet et al., 2000), and chronic alcohol exposure (Shaw, 1989; Shaw et al., 1981).
Hence, a full understanding on the mechanisms of lipid peroxidation and ferroptos is has
tremendous translational value.

Ferroptosis in cancer

Cancer cell lines from several lineages exhibit intrinsic sensitivity to ferroptosis, including
clear-cell renal cell and ovarian carcinoma (Miess et al., 2018; Zou et al., 2019a), triple-
negative breast cancer (Doll et al., 2017), adrenocortical carcinomas (Belavgeni et al., 2019),
diffuse large B-cell lymphoma (Yang et al., 2014), and cancer cells from the liver (Louandre
etal., 2013; Sun et al., 2016), pancreas (Badgley et al., 2019), and colorectum (Singhal et
al., 2019). Moreover, susceptibility to ferroptosis can be acquired during cell state transitions
in cancer, such as the development of therapy resistance (Hangauer et al., 2017; Tsoi et al.,
2018; Viswanathan et al., 2017). Though the mechanisms underlying this sensitivity shift
remain to be fully established, inducing ferroptosis represents a potential avenue for
overcoming cancer-drug resistance.

Additionally, several unique cancer cell states exhibit key features that resemble ferroptosis-
sensitive states. For instance, metastasis-initiating cells disseminated to distant organs
generally exhibit high levels of oxidative stress (Piskounova et al., 2015; Tasdogan et al.,
2020), and demand increased PUFAs to maintain stemness, motility, and intracellular
signaling (Zou et al., 2019b). One pathway of meeting the demand in PUFA lipids in brain
metastasis cells is to uptake free PUFASs secreted by astrocytes (Zou et al., 2019b). Whether
these cancer cells are sensitive to ferroptosis requires further characterization.
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On the other hand, other existing anti-cancer therapies may act partly by triggering
ferroptosis in the target cells, including sorafenib in liver cancer (Louandre et al., 2013),
artesunate in pancreatic cancer (Eling et al., 2015), and lapatinib in breast cancer cells (Ma
et al., 2016). lonizing radiation sensitizes cells to ferroptosis in cancer cells (Ye et al. 2020;
Lang et al. 2019; Lei et al. 2020) as well as during bone marrow transplantation (Zhang et
al., 2020). Ferroptosis is also an effector pathway for cancer immunotherapy (Wang et al.,
2019). Together, inducing ferroptosis in cancer represents a promising strategy to lower
tumor burden and overcome therapy resistance.

Mechanisms of ferroptosis evasion

Though inducing ferroptosis holds great potential in curbing the progression of human
cancers, many cancer cells are intrinsically resistant to ferroptosis induction. While three
rate-limiting factors are required to drive a ferroptosis-susceptible cell state, including
PUFA-based phospholipids (Doll et al., 2017; Kagan et al., 2017; Yang et al., 2016), reactive
iron (Gao et al., 2015), and cellular oxidants, reprogramming each of these metabolic
pathways marks the common routes to confer resistance to ferroptosis in cells (Figure 2):

1. Reducing polyunsaturated lipid levels. For instance, breast cancer cells
exhibiting lower expression levels of the PUFA-selective esterification enzyme,
acyl-CoA synthetase, long-chain family member 4 (ACSL4), are less susceptible
to ferroptosis induction (Doll et al., 2017). The expression of ACSL4 can also be
suppressed by a6p4 integrin-mediated Src and STAT3 pathway activation
(Brown et al., 2017).

Despite the clear contribution of PUFA-lipids to ferroptosis, how cells selectively
regulate PUFA-lipid levels is poorly understood. In renal cell carcinoma cells,
hypoxia-inducible factor 2-a (HIF-2a) positively and selectively regulates
PUFA-lipids by activating hypoxia-induced, lipid droplet-associated protein
(HILPDA) (Zou et al., 2019a) (Figure 2), although the biochemical basis for
HILPDA’s PUFA-selectivity remains unclear. The pro-ferroptosis role of HIF-2a
is recapitulated in colorectal cancers (Singhal et al., 2019). Considering the
complex physiological roles of polyunsaturated lipids, cells likely shape their
PUFA-lipidome by their intrinsic cell states and by responding to environmental
stimuli.

2. Restricting iron availability. For instance, mammary epithelial and breast
carcinoma cells can resist ferroptosis by restricting iron accessibility via
prominin 2 (PROM?2) up-regulation (Brown et al., 2019) (Figure 2), whereas
lung adenocarcinoma cells express high levels of iron-sulfur cluster biosynthesis
enzyme cysteine desulfurase (NFS1) to store iron into iron-responsive proteins,
therefore limiting iron required for lipid peroxidation (Alvarez et al., 2017).

3. Augmenting cellular antioxidant capacity and/or downregulating ROS
production. Cancer cells can replenish cellular ubiquinol by upregulating
apoptosis inducing factor, mitochondrion-associated, 2 (AIFM2, recently
renamed as ferroptosis suppressor protein 1, or FSP1) (Bersuker et al., 2019;
Doll et al., 2019), which leads to a ferroptosis-resistant state. Recently, AIFM2 is
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also shown to contribute to ferroptosis resistance via recruiting the endosomal
sorting complexes required for transport (ESCRT)-I11 machinery for membrane
repair (Dai et al. 2020). Alternatively, ALK, lymphoma cells resist lipid
peroxidation by shunting the cholesterol biosynthesis pathway towards
production of more squalene, a cellular intrinsic antioxidant (Garcia-Bermudez
et al., 2019). Additionally, the activation of the nuclear factor, erythroid 2-like 2
(NRF2, NFEZL2) antioxidant program is perhaps a general mechanism of
surviving under oxidative stress (Dodson et al., 2019; Sun et al., 2016). NRF2
activates a wide range of antioxidant enzymes and regulators, including
SLC7A11 (Dodson et al., 2019; Fan et al., 2017). Though less understood,
reducing the level of receptor-interacting serine/threonine-protein kinase 1
(RIPK1) results in glutathione up-regulation and resistance to necroptosis, a
programmed form of necrosis, and ferroptosis in fibroblasts from patients of
cleavage-resistant RIPK1-induced autoinflammatory syndrome (Tao et al., 2020).
Ferroptosis can also be suppressed via intercellular mechanisms involving the
cadherin-mediated neurofibromatosis type 2 (NF2) and Hippo pathway activation
(Wu et al., 2019).

NOe-mediated scavenging of lipid radicals. The nitroxygenation of
eicosatetraenoyl-phosphatidylethanolamine intermediates and oxidatively
truncated lipid species during ferroptosis was recently demonstrated in the
dynamic regulation of ferroptosis susceptibility in macrophages and microglia,
where NOe donors or inducible nitric oxide synthase (iNOS) expression induces
resistance of M2 macrophages to ferroptosis (Kapralov et al. 2020). The
involvement of the INOS/NOe pathway in ferroptosis regulation in other contexts
is worth future investigation.

Conclusions and Future Perspective

The last eight years mark an era of rapid progress in defining the biochemical basis of
ferroptosis, developing novel chemical tools, and identifying ferroptosis-relevant disease
contexts. To gain a full understanding on the mechanisms of this cell death modality, we
pose the following questions that we hope will stimulate the next phase of ferroptosis

research:

1.

What is the basis of lipid peroxidation? Lipid peroxidation can occur non-
enzymatically via autoxidation or enzymatically. While excessive non-enzymatic
lipid peroxidation can lead to membrane damage and nonspecific cell death,
whether this process is the dominating pathway to ferroptotic cell death in certain
contexts remains unclear, and future research is required to examine the relative
contribution of these two peroxidation mechanisms in ferroptosis.

On the other hand, the cellular enzymes involved in directly catalyzing lipid
peroxidation remain mysterious. Prior research largely focused on characterizing
the activity and specificity of lipoxygenases (encoded by arachidonate
lipoxygenases, or ALOXS), which are non-heme iron-containing dioxygenases
that catalyze dioxygenation of PUFASs in a stereo-and regio-specific manner
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(Kuhn et al. 2015). However, the direct involvement of lipoxygenases in
ferroptosis execution is recently questioned by the intrinsic radical trapping
activities of small-molecule lipoxygenase inhibitors, and by the limited ALOX
MRNA expression in a wide collection of ferroptosis-susceptible cancer cells
(Shah et al. 2018; Zou et al. 2020). Meanwhile, alternative enzymes including
cytochrome P450 oxidoreductase (POR) were identified as crucial and general
ferroptosis factors in multiple cancer lineages (Zou et al. 2020) (Figure 1). While
the POR redox partners that directly interact with PUFA-phospholipids remain
unclear, the context-specific contributions of lipoxygenases, POR, and other lipid
peroxidation mediators merit further investigation. Another relevant question is
the relative contribution of regioselective versus nonspecific lipid peroxidation in
ferroptosis.

What are the identities and properties of the death-executing molecules resulting
from PUFA-lipid peroxidation, and what types of membrane damage are
necessary/sufficient to cause cell death? One plausible mechanism is that death is
executed by the formation of adducts of electrophilic oxidatively truncated lipids
with one or more nucleophilic protein targets.

Avre all polyunsaturated lipids equal in initiating and propagating lipid
peroxidation? Prior studies suggest that arachidonic acid (C20:4)- or adrenic acid
(C22:4)-containing phosphatidylethanolamines (PE), but not
phosphatidylcholines (PC) with the same side chains, are responsible for
ferroptosis (Kagan et al., 2017). However, considering that PEs are largely
located on the inner leaflet (Yamaji-Hasegawa and Tsujimoto, 2006), whereas
PCs are most frequently on the outer leaflet of cellular membranes, it remains
unknown as to whether these distinctions result from differences in intrinsic
chemical reactivity or physical accessibility. Overall, within each lipid class, the
chemical and biological properties that may shape their ability to undergo
oxidation presumably include, but are not limited to chemical reactivity, cellular
abundances, subcellular distribution, membrane asymmetry, packing
conformation, and neighboring lipid environment.

Where is lipid peroxidation initiated in the cell, and what is the structural basis
supporting initiation? Several organelles including endoplasmic reticulum
(Kagan et al., 2017), mitochondria (Gao et al., 2019), and lysosome (Gao et al.,
2018; Torii et al., 2016) have been implicated in ferroptosis. Although lipid
peroxidation likely spreads among organelles rapidly, the precise contributions of
each of these organelles and their sequence of events remain unclear.

What are the physiological roles of ferroptosis? Though ferroptosis appears to be
dispensable for mammalian early development, the roles of ferroptosis in tissue
homeostasis, neuronal network formation and maintenance, learning and
memory, immunity, and normal aging in adult life await to be fully examined.

It remains largely unknown whether acquired resistance to ferroptosis would
occur in cancer patients who are exposed to ferroptosis-inducing agents.
Considering the high relapse rate after treatment with most targeted therapies and
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the metabolic plasticity of cancer cells, ferroptosis resistance will likely emerge
as well. What are the molecular paths to acquired ferroptosis resistance? What
will the the rapeutic options be for these patients? If the involvement of
ferroptosis in cytotoxic T cell-mediated tumor killing (Wang et al., 2019) is
generalizable to many other cancer types besides melanoma, adopting a
ferroptosis-resistant state in cancer cells may attenuate the efficacy of
immunotherapy. Hence, understanding the mechanisms of acquired ferroptosis
resistance /7 vivo has important therapeutic value.

In addition to these mechanistic questions, several therapeutic challenges remain before the
power of ferroptosis-targeted strategies can be harnessed fully to benefit human health:

1.

Small molecule ferroptosis inducers that are more potent and suitable for /n vivo
use are urgently needed. Imidazole ketone erastin (IKE) prepared as
nanoparticles and cyst(e)inase, an engineered enzyme, have been reported to
have promise, with appreciable activity in mouse tumor models (Zhang et al.,
2019; Badgley et al., 2020). Among the GPX4 inhibitors, ML210 and its
derivatives including JKE-1674 emerged as the most selective covalent inhibitors
of GPX4 (Eaton et al.,2020) (Figure 1), although the current compounds exhibit
poor or imperfect pharmacological properties when administered to animal
models /n vivo.

If a bioavailable ferroptosis inducer becomes available, what will the therapeutic
window and toxicity profile be in humans? Based on mouse and limited human
genetic results, it is possible that toxicities will emerge in tissues like the kidney,
liver, and central nervous system. Thorough pharmacological analyses are
required to evaluate the timing and extent of drug-induced toxicities, and to
assess whether these toxicities can be mitigated by optimizing drug dosing and
scheduling. Furthermore, better molecular markers that are predictive of
ferroptosis sensitivity /n vivo are needed to assist in stratifying patients for their
likelihood of responding to ferroptosis-modulating agents.

Efficacious, bioavailable ferroptosis inhibitors targeting novel elements of
ferroptosis biology are needed. Several categories of ferroptosis inhibitors that
target different segments of the lipid peroxidation cascade have been developed:
lipophilic RTAs including liproxstatin (Friedmann Angeli et al., 2014),
ferrostatin (Dixon et al., 2012; Skouta et al., 2014) and analogs (Devisscher et
al., 2018; Hofmans et al., 2016), monounsaturated fatty acids that displace
PUFAs from phospholipids (Magtanong et al., 2019), inhibitors of PUFA-lipid
biosynthetic enzymes such as ACSL4 (Doll et al., 2017), and selenium
supplementation which augments GPX4 protein expression (Alim et al., 2019).
Despite the report that no toxicities have been seen with chronic ferroptosis
inhibition in mice to date (Devisscher et al., 2018; Friedmann Angeli et al.,
2014), it seems likely that toxicities will emerge in humans undergoing
ferroptosis preventive therapies. The physiological effects of long-term lipid
peroxidation blockade in humans remain to be characterized, and strategies
designed to be tissue-specific may be needed. Furthermore, while current ACSL4
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inhibitors such as thiazolidinediones are also PPAR- -y agonists and likely will
exhibit off-target effects (Doll et al., 2017), the use of ferrostatin and liproxstatin
in vivo has been limited by their pharmacokinetic properties (Devisscher et al.,
2018; Hofmans et al., 2016). Future research is required to develop ferroptosis
inhibitors that are compatible with clinical use.

3. More effective and accessible biomarkers for reporting ferroptosis occurrence in
patients and biological samples are needed. At the moment, functional assays
utilizing ferroptosis inhibitors are required to establish whether certain cell death
events involve the ferroptosis cascade, precluding the utility of this strategy in
humans or tissue samples. Previously proposed biomarkers include prostaglandin
E synthase 2 (P7TGS2) and ChaC glutathione-specific gamma-
glutamylcyclotransferase 1 (CHACI) mRNA induction (Dixon et al., 2014; Yang
et al., 2014). However, due to the lack of a clear understanding on the molecular
relationship and a robust correlation between these genes and ferroptosis, the
utility of these markers in the clinic is limited. Immunostaining analysis of 4-
hydroxynonenal (4-HNE), a lipid peroxidation byproduct, offers a useful
approximation of lipid peroxidation (Paradis et al., 1997; Riahi et al., 2010);
nonetheless, the poor stability of 4-HNE in tissues and low sensitivity of the
assay preclude this method from broader usage. Meanwhile, advances in redox
phospholipidomics may enable more direct detection of lipid peroxidation in
body fluids and tissue biopsy (Kagan et al., 2017, 2019).

With the resolution of these issues, we will have a clearer understanding on how cells cope
with lipid peroxidation and survive under oxidative stress in pathophysiological conditions,
and we will be closer to having novel ferroptosis-targeted therapies. Moreover, considering
the various environmental stressors cells face in a complex organism, additional metabolic
cascades that impact the state and fate of cells, like the peroxidation of polyunsaturated
lipids described here, are likely to be discovered.
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Figure 1. Chemical basis of lipid peroxidation and ferroptosis.
Abbreviations: GPX4, glutathione peroxidase 4; L-H, symbol for polyunsaturated lipids; Vit.

E, vitamin E; Lip-1, liproxstatin-1; Fer-1, ferrostatin-1; IKE, imidazole ketone erastin; DFO,
deferoxamine; BSO, L-Buthionine-(S,/)-Sulfoximine; GSH, reduced glutathione.

Cell Chem Biol. Author manuscript; available in PMC 2021 April 16.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Zou and Schreiber Page 19

PUFA supplementation MUFA supplementation

membrane

AIFM2/FSP1------ - repair

Free PUFAs ESCRT-IlI

ACSL4 | | Free MUFA CoQ,, / ubiquinol Fecruitment
LPCAT3

cellular membrane

PUFA-phospholipids LU Lieid hydroperoxides/ | <02 jene
T Ll rad'?_' Spec'is\

HILPDA KEAP1 antioxidative GPX4 NO-
1 enzymes *
HIF-2a NRF2 T iNOS

selenocysteine

Fe(ll)

PROM2

. Se supplementation
upregulation

Fe(ll)

Figure 2. Mechanisms mediating ferroptosis sensitivity and resistance in cells.
Red: genes, metabolites, and methods that increase cellular sensitivity to ferroptosis. Green,

genes, metabolites, and methods that decrease cellular sensitivity to ferroptosis.
Abbreviations: PUFA, polyunsaturated fatty acids; MUFA, monounsaturated fatty acids;
PROM2, Prominin2; AIFM2/FSP1, apoptosis inducing factor, mitochondrion-associated, 2
(recently renamed as ferroptosis suppressor protein 1); HILPDA, hypoxia-induced, lipid
droplet associated protein; HIF-2a, hypoxia-inducible factor 2a; ACSL4, acyl-CoA
synthetase, long-chain family member 4; LPCAT3, lysophosphatidylcholine acyltransferase
3; ESCRT, endosomal sorting complexes required for transport machinery; iNOS, inducible
nitric oxide synthase.
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