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SUMMARY

It is common to think about and depict biological processes as being governed by fixed pathways
with specific components interconnected by concrete positive and negative interactions. However,
these models may fail to effectively capture the regulation of cell biological processes that are
driven by chemical mechanisms that do not rely absolutely on specific metabolites or proteins.
Here, we illustrate how ferroptosis, a non-apoptotic cell death mechanism with emerging links to
disease, may be best understood as a highly flexible mechanism that can be executed and regulated
by many functionally related metabolites and proteins. The inherent plasticity of ferroptosis has
implications for how to define and study this mechanism in healthy and diseased cells and
organisms.

eTOC:

Ferroptosis is a non-apoptotic cell death modality that is difficult to represent as a single
biochemical pathway. Dixon and Pratt suggest that ferroptosis is best conceived and represented
as a highly flexible mechanism where diverse metabolites, proteins and other molecules can
contribute to ferroptosis regulation in a highly interchangeable manner.
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Introduction

How we conceive biological processes influences how we think about and investigate
them. Advances in molecular genetics during the 201" century fostered an understanding

of gene regulation in terms of defined networks of elements interconnected by positive and
negative regulatory relationshipsl-2. Meanwhile, biochemical analyses identified numerous
enzyme/substrate relationships and protein-protein interactions®4. Blending these elements,
it is typical to represent the molecular pathways that govern different cellular processes as
networks of binary and non-quantitative on/off interactions, with the line between genetics,
biochemistry and cell biology often blurred, and the restrictions of printed text appearing to
carve a particular mechanism in stone (Figure 1).

Cell death is an important process necessary for normal development and homeostasis in
many organisms. Apoptosis, necroptosis, pyroptosis, and ferroptosis are different forms

of cell death, each activated in unique circumstances®. Ferroptosis is of growing interest
because it contributes to disease pathology and because it might be possible to activate
this mechanism to selectively kill cancer cells®. The defining feature of ferroptosis is the
accumulation of membrane lipid peroxides to toxic levels’-. This accumulation eventually
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alters the physical integrity of the plasma membrane and triggers osmolytic processes that
burst the cell®. Endogenous and synthetic lipophilic radical trapping antioxidants (RTAs)
such as vitamin E and ferrostatin-1 can prevent lipid peroxide accumulation and inhibit
ferroptosis but not other forms of cell death, offering a unique operational definition of this
process’ 10,

The study of ferroptosis may be reaching an inflection point. A decade of investigation has
yielded numerous insights. However, it is proving difficult to define a single ferroptosis
mechanism?L, The translation of basic findings to clinical practice also appears to be slow.
Here, we argue that one explanation for these surprising facts is that ferroptosis does

not follow the classic pathway logic that we have come to expect from studying other
mechanisms. This in turn likely contributes to confusion about what ferroptosis is and how
to characterize and manipulate this process in vivo. We propose that there is no universal
ferroptosis pathway that can be defined to the level of specific individual metabolites and
proteins. Instead, we propose new ways to think about ferroptosis as a highly flexible
mechanism involving a constellation of related biochemical mechanisms. We hope this
conception will stimulate new lines of basic research and aid translation of these findings.

Understanding ferroptosis: fixed pathway or flexible mechanism?

Lipid peroxidation per se is not synonymous with ferroptosis. Lipid peroxidation inevitably
occurs at a basal rate in the membranes of mammalian cells'2. When lipid peroxidation
exceeds some unknown threshold at the plasma membranel1:13.14 this physical barrier
between the inside and outside of the cell becomes irreversibly permeabilized and
ferroptosis is said to have occurred. Dozens of metabolites and proteins contribute to

the toxic accumulation of membrane lipid peroxides, including those involved in redox
metabolism, iron homeostasis, lipid metabolism, signal transduction, and transcription®.
Multiple organelles, including lysosomes, endoplasmic reticulum, the Golgi apparatus, and
mitochondria, may contribute to the lipid peroxidation process®. An attempt to present

key elements of the ferroptosis mechanism in a traditional manner is shown in Figure

2A. Beyond the extensive literature on the subject®, it is challenging to conceive of and
depict ferroptosis as a single pathway for at least two fundamental reasons. First, many
different metabolites and proteins seem sufficient to initiate or regulate ferroptosis, without
any being necessary. Second, some metabolites and proteins influence ferroptosis sensitivity
very differently (or not at all) depending on the type of cell and how ferroptosis is induced.

To address these challenges, we propose a view of ferroptosis that dispenses with fixed
pathways and instead emphasizes flexibility, interchangeability, and mechanistic coherence
at a level of abstraction beyond specific individual metabolites or proteins. We define a

core mechanism that executes ferroptosis, a set of inner defenses that protect cells against
ferroptosis, and a broader regulatory penumbra that influences ferroptosis sensitivity by
modulating the core mechanism or the inner defenses (Figure 2B). The ferroptosis core
mechanism is the process of membrane lipid peroxidation, which involves a series of
chemical reactions between oxidizable lipids, O2 and iron. The inner defenses comprise
enzymes, cofactors, and metabolites that guard against this toxic accumulation of membrane
lipid peroxides. The regulatory penumbra includes signaling and metabolic pathways that
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impinge upon the core mechanism and/or the inner defenses to alter ferroptosis sensitivity
positively or negatively, often in a context-specific manner. Below, we will elaborate on key
elements of this model and provide evidence for flexibility at each level.

The ferroptosis core mechanism

Ferroptosis induction.—Ferroptosis requires — and is defined by — the overwhelming
accumulation of lipid peroxides. Lipid peroxidation is a radical-mediated chain reaction that
leads to the incorporation of molecular oxygen (02) into lipids'® (Figure 2C). This process
first involves the formation of a carbon-centered lipid radical on a polyunsaturated fatty
acid (PUFA) acyl chain, such as those found in membrane phospholipids. The lipid radical
then combines with O2 to yield a lipidperoxyl radical. The lipidperoxyl radical carries on
the chain reaction by abstracting an H-atom from another lipid. Once the first H-atom is
abstracted, the chain reaction can “auto-initiate” by reaction of a product lipid peroxide with
labile (reduced) iron or iron-containing enzymes, to form a lipid-derived alkoxyl radical,
which can continue the process by abstracting an H-atom from a neighboring PUFA chain
(Figure 2B). In principle, once started by an initiating species, no further intervention

is required to sustain the chain reaction. Direct interference with this lipid peroxidation
mechanism by feeding cells deuterated (i.e., less-oxidizable) PUFAs is sufficient to prevent
ferroptosis?®.

Lipid peroxidation may be initiated in several ways and here we encounter the first

evidence of mechanistic flexibility. Hydroxyl radical (HO®), formed from the reaction
between hydrogen peroxide (H205) and labile (reduced) iron (the Fenton reaction), has
been widely invoked as a lipid peroxidation-initiating species!’. The more persistent
hydroperoxyl radical (HOO®), the conjugate acid of superoxide (pKa ~ 5), may also

serve as an initiating species for lipid peroxidation!®. Indeed, 02®-/HOO® is formed in

the vicinity of membrane phospholipids by multiple sources, including NAD(P)H oxidase
(NOX) enzymes, oxidoreductases (e.g., POR, CYB5R1), and the mitochondrial electron
transport chain (ETC). However, disrupting these individual enzymes, or disabling the entire
mitochondrial ETC, has effects on ferroptosis that vary considerably between cells and
contexts, from almost complete inhibition of cell death to minimal or no effect’11.19-23 |t is
conceivable that each enzyme is sufficient to initiate ferroptosis, with none being necessary,
and different configurations working in concert to initiate lipid peroxidation in different
settings.

In addition to spontaneous chemical reactions, lipid peroxidation can be catalyzed in a regio-
and stereospecific manner by lipoxygenase (LOX) enzymes16. A complex of LOX15 with
PE binding protein 1 (PEBP1) promotes ferroptosis in some disease contexts16:24, However,
genetic disruption of Alox15in mice does not suppress ferroptosis in tissues where the

key anti-ferroptosis enzyme Gpx4 (see below) has been deleted?®. In human cancer cells,
expression of the p53 tumor suppressor protein may sensitize cancer cells to ferroptosis
through a mechanism that requires LOX12, but this is not universal?® (see below). Moreover,
human cell lines that do not express any detectable LOX protein remain susceptible

to ferroptosis, and transient overexpression of individual LOX enzymes only modestly
sensitizes to this lethal process2’. Thus, while LOX-catalyzed lipid peroxidation can initiate
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or perhaps accelerate lipid peroxidation, no single LOX enzyme appears necessary for
ferroptosis in all cases.

The role of lipids in ferroptosis.—Peroxidation of PUFA-containing phospholipids
(PUFA-PLs), as a class, may be a universal feature of ferroptosis and necessary for lethal
membrane permeabilization. Mammalian cells contain dozens of distinct PUFA-PL species
that vary by the nature of the head group and by the length and degree of unsaturation

of the acyl chains?®. PUFA-phosphatidylethanolamines (PUFA-PESs) represent an important
target of oxidation during ferroptosis in fibroblasts, especially those PE species acylated
with 20:4 (i.e., an acyl chain with 20 carbons and 4 double bonds) or 22:4 PUFAs?°.
However, oxidation of PUFA-containing phosphatidylinositols is predominant in other cells
undergoing ferroptosis®. The loss of many PUFA-PEs, PUFA-phosphatidylcholines (PCs),
and other diacyl phospholipids is also observed during ferroptosis and may be linked to

cell death11:14:30.31 The oxidation of PUFA-containing ether-linked phospholipids (i.e.,
plasmalogens), which are distinct from diacyl phospholipids, may also drive ferroptosis

in some — but not all — systems!1:32-35_ There is also evidence that ferroptosis-insensitive
cells can sometimes be rendered ferroptosis-sensitive by incubation with any of several
different PUFA free fatty acids?1:36, and that different individual PUFA species alone may
be sufficient to induce ferroptosis33:36:37_ In sum, there may be no single PUFA-PL species
whose oxidation is necessary for ferroptosis.

The role of iron in ferroptosis.—Iron can cycle between various oxidation states,
donating or accepting electrons, thereby contributing to diverse redox reactions in the cell.
Iron can participate in the core mechanism in at least two different ways. Mammalian
cells contain a pool of intracellular iron (~10 uM) that is loosely coordinated to
physiological ligands — the so-called labile iron pool (LIP)38. The LIP can contribute

to spontaneous autoxidation and ferroptosis in some contexts3®, The NOX and LOX
enzymes that can help initiate lipid peroxidation (see above) also require iron or iron-
containing cofactors to function. A role for iron in the core mechanism appears universal,
although in principle other redox active metals like copper could conceivably generate
lipid peroxides that drive ferroptosis under some circumstances. Also notable is that
transcriptional and post-translational mechanisms respond dynamically to environmental
factors or genetic alterations to change intracellular iron abundance and thereby influence
ferroptosis sensitivity#%41, While iron is essential for ferroptosis in most or all cases, how
iron specifically contributes to lethal membrane lipid peroxidation may easily differ between
conditions.

The ferroptosis inner defenses

Several enzymes and metabolites function continuously to keep basal lipid peroxidation
from spiraling destructively out of control and leading to ferroptosis. The glutathione-
dependent phospholipid hydroperoxidase glutathione peroxidase 4 (GPX4) is a key
selenoenzyme that protects against ferroptosis by converting potentially toxic lipid peroxides
into non-toxic lipid alcohols*2=45. In mice, genetic inactivation of Gpx4 is sufficient to
cause rapid onset of ferroptosis in diverse tissues?>46, Likewise, humans born with severe
GPX4hypomorphic alleles suffer from debilitating developmental abnormalities that can
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be attributed to loss of control over membrane lipid peroxidation®’. For unclear reasons,
ferroptosis sensitivity varies by cell type and tissue. Thus, in mice a sub-set of GABAergic
interneurons in the brain are most sensitive to partial Gpx4 inactivation?3, while kidney
cells are destroyed first by post-natal Gpx4 deletion?®. In cultured cells, genetic GPX4
inactivation or covalent small molecule GPX4 inhibitors (e.g., RSL3, ML210) are potent
inducers of ferroptosis in most — but not all — cells#*$-52, GPX4 is a glutathione (GSH)-
dependent enzyme, and disruption of the system x;~ antiporter responsible for the uptake of
the GSH precursor cystine/cysteine (e.g., using the small molecule erastin) can also induce
ferroptosis®3.

Several non-peroxidase mechanisms operate in parallel to GPX4 to limit membrane

lipid peroxidation and prevent ferroptosis. These mechanisms are generally based on the
interception of propagating lipidperoxyl radicals by endogenous RTAs** (Figure 2A,C).
Here, beyond the fact that these systems operate in parallel to the GPX4-based mechanism,
we encounter further mechanistic flexibility whereby several different RTAs appear capable
of inhibiting membrane lipid peroxidation. The archetype cellular RTA is a-tocopherol, the
most active form of vitamin E. Following its reaction with a lipidperoxyl radical, vitamin E
can either combine with another lipidperoxyl radical or be regenerated by a water-soluble
reductant, such as ascorbate. The generation and regeneration of reduced RTAs can also be
enzyme-catalyzed. Ferroptosis suppressor protein 1 (FSP1) generates reduced forms of the
endogenous electron carriers coenzyme Q10 (CoQ1g) and vitamin K, which both possess
significant RTA activity52°556_ GTP cyclohydrolase | (GCH1) synthesizes a different

RTA, tetrahydrobiopterin (BH4), which can be regenerated following its RTA reactions

by dihydrofolate reductase31->7. FSP1 or GCH1 expression can render some cells highly
resistant to GPX4 inhibitors31:52:55, demonstrating the parallel nature of these mechanisms.
The expression of GPX4, FSP1, and other negative regulators of ferroptosis does not appear
to be correlated between cells®2. These redundant systems presumably act in concert to
inhibit ferroptosis, with individual contributions that vary between cells and conditions.

We note that inactivation of GPX4 and other inner defense enzymes cannot increase lipid
peroxidation and trigger ferroptosis if the core mechanism is incapable of generating
sufficient lipid peroxides to begin with. For example, cells lacking GPX4 activity can
survive and proliferate normally if an enzyme necessary for PUFA free fatty acid activation
and PUFA-PL synthesis, acyl-CoA synthetase long chain family member 4 (Acs/4),

is disrupted at the same time#8:58, Incubation of cells with any of several different
monounsaturated fatty acids (MUFA), which can displace more oxidizable PUFAs from
membrane PLs, can also prevent lipid peroxidation and ferroptosis in cells lacking GPX4
function14.16.59.60 Expression of the phospholipase PLPL9 (PLA2GB6) that cleaves oxidized
PUFA acyl chains from membrane phospholipids is also sufficient to inhibit ferroptosis,
even when GPX4 activity is lost81-63, In other words, the inner defenses are only needed to
prevent ferroptosis in situations where runaway activation of the core mechanism is a threat
in the first place: the inner defenses may not be needed to prevent ferroptosis when lipid
peroxidation does not occur at high rates.
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The ferroptosis regulatory penumbra

Ferroptosis sensitivity is governed by a regulatory penumbra that influences the likelihood
that the core mechanism lethally breaches the inner defenses (Figure 2B). Any metabolite,
protein, pathway, or organelle that regulates the core mechanism or the inner defenses

has the potential to alter ferroptosis sensitivity and thereby contribute to the regulatory
penumbra in one setting or another. Hundreds of entities that can modulate ferroptosis
sensitivity by regulating what we are calling here the core mechanism and inner defenses
have been catalogued to date®4, including proteins that alter lipid or iron metabolism,
signaling cascades that modulate enzyme function, and transcriptional regulators that govern
the expression of these and other proteins. Upon close examination, many entities seem

to play flexible roles in ferroptosis regulation that are hard to square with a universal
ferroptosis mechanism?11:34.35.57.65.66_5ome specific examples are described, below.

Remarkably, different metabolites and proteins can have more or less of an effect on
ferroptosis sensitivity depending on how ferroptosis is triggered®’. For example, in cancer
cells, inhibition of mMRNA translation prevents ferroptosis triggered by system xc- inhibition
(i.e., cystine deprivation) but not by direct GPX4 inhibition”:67:68. One model is that
inhibition of MRNA translation specifically limits ferroptosis in response cystine deprivation
because it allows for intracellular cysteine to be diverted away from protein synthesis

and towards the synthesis of GSH that sustains downstream GPX4 activity5%.79, although
other explanations are possible. Adding further complexity, mutation-induced loss of
hematopoetic stem cells in vivo appears to be caused by reduced synthesis of anti-ferroptotic
proteins GPX4, SLC7A11, and proteins involved in iron storage’..

Context-specific effects are also observed with respect to the function of lipid metabolic
enzymes. Here, disruption of ACSL4 potently suppresses ferroptosis in response to direct
GPX4 inhibition but not in response to cystine deprivationl157, The mechanistic explanation
for this conditional effect is unclear. Direct GPX4 inhibition should inhibit only this enzyme.
By contrast, cystine deprivation will limit the synthesis of the GPX4 cofactor GSH, and

also prevent the synthesis of coenzyme A and iron/sulfur clusters, and elevate intracellular
glutamate levels, all of which may contribute to ferroptosis*?:72-75, Of note, ACSL4 is also
not required when ferroptosis is induced by photodynamic therapy or by the combination of
p53 expression and tert-butyl hydroperoxide26:76. Finally, LOX12 is essential for ferroptosis
triggered by p53 expression and exposure to tert-butyl hydroperoxide but dispensable for
ferroptosis induced by system xc~ inhibition or direct GPX4 inhibition25. Thus, different
lethal stimuli seem to require different configurations of the regulatory penumbra to
effectively engage the core mechanism and induce ferroptosis.

Some further illustrations of complexity in the ferroptosis regulatory penumbra concern
metabolites and pathways that appear to have highly distinct effects on ferroptosis regulation
depending on cell types or other circumstances.

NAD(P)H.—NAD(P)H is required for the generation of reduced endogenous RTAs, like
CoQ1q, and for the regeneration of GSH (from GSSG) used by GPX4 (Refs.31:52:55.57),
Indeed, NAD(P)H abundance generally correlates with ferroptosis resistance’’. However,
NAD(P)H also donates electrons to NOX and POR enzymes that can contribute to the
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initiation of lipid peroxidation. Furthermore, NAD(P)H may be needed for the synthesis

of more oxidizable longer chain PUFAs from shorter chain precursors. Thus, NAD(P)H
may both limit and promote ferroptosis (Figure 3A). Which effect dominates in one cell

or another may vary. Indeed, inhibition of NAD(P)H synthesis suppresses ferroptosis in
cells where NOX activity is important for ferroptosis initiation’ despite presumably also
decreasing the abundance of various reduced RTAs. From the point of view of ferroptosis
pathway construction, NAD(P)H synthesis presents additional complexity. NAD(P)H can be
synthesized by the oxidative pentose phosphate pathway (oxPPP), malic enzyme 1 (ME1),
and isocitrate dehydrogenase 1 (IDH1)78.79, These mechanisms are partially redundant, and
the relative contribution of each pathway to total NAD(P)H synthesis varies by cell’8:79,
Consequently, all three mechanisms are likely to contribute to the ferroptosis regulatory
penumbra in a cell-type specific way.

The mTORC1 pathway.—The mechanistic target of rapamycin complex | (nTORC1)
pathway can influence ferroptosis sensitivity in different ways (Figure 3B). In cystine-
deprived fibrosarcoma cells, mTORCL activity promotes ferroptosis, possibly by diverting
cysteine away from GSH synthesis and towards cap-dependent mRNA translation’®. Thus,
genetic and pharmacological mMTORC1 inhibition suppresses ferroptosis. By contrast,

in renal carcinoma cells mTORCL1 inhibits ferroptosis by promoting GPX4 protein
expression®0. In yet other cell types, mTORC1 inhibits ferroptosis by boosting the synthesis
of anti-ferroptotic MUFA lipids8L. These three mechanisms of mTORC1- dependent
ferroptosis modulation are distinct, plausible, and contradictory. No universal role for
mTORCL is obvious, and one effect may dominate over another depending on the cell

or situation.

The p53 pathway.—The tumor suppressor p53 regulates diverse processes in the cell,
including redox metabolism®2. In some cancer cells, expression of wild-type p53 sensitizes
to ferroptosis induced by tert-butyl hydroperoxide (but not erastin or RSL3) by repressing
the expression of SLC7A11 (encoding the antiporter subunit of system xc-), which in turn
physically interacts with and inhibits LOX12 (Ref.26:83), Here, ferroptosis induction does
not require ACSL4 but is suppressed by treatment with the synthetic RTA ferrostatin-1,
implying that this combination (i.e., p53 expression + tert-butyl hydroperoxide treatment)
can access the core lethal mechanism. In other cancer cells, stabilization of wild-type

p53 suppresses ferroptosis through physical interaction with the protease DPP4 or by
transcriptional induction of COKN1A (p21), which can in turn inhibit GSH-dependent
nucleotide synthesis®486. Thus, p53 can seemingly either enhance or suppress ferroptosis
through distinct mechanisms (Figure 3C), possibly depending on how ferroptosis is initiated.
To add even greater complexity, in yet other cells p53 expression has little or no effect on
ferroptosis sensitivity87.

Autophagy.—Genetic screening and targeted studies suggest that autophagy or the more
specialized version, ferritinophagy, promotes ferroptosis by enhancing the supply of labile
iron within the cell88:89, This is also a plausible mechanism to promote activation of the
core mechanism and likely important in some cells. However, core autophagy genes are
rarely identified in large-scale ferroptosis genetic suppressor screens, and targeted deletion
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of key autophagy genes like A7G7 have no effect on ferroptosis in some cells!1.90, Whether
autophagy is strictly necessary for ferroptosis may be dependent on the cell type.

Summarizing ferroptosis mechanistic flexibility

The above observations illustrate the challenge of understanding and depicting ferroptosis
as a single mechanism. We have proposed above that this challenge can be met by
allowing for the possibility that ferroptosis is governed by a flexible constellation of
functionally interchangeable molecules (Figure 2B). We further envision that all cells fall
somewhere across two general axes that correspond with the abstract quantities of “total
lipid peroxidation susceptibility” and “total inner defense capacity”, which sum up the
direct and indirect contribution of these different molecules to enhancing or suppressing
the rate of lipid peroxidation in one setting (Figure 4A). In general, total lipid peroxidation
susceptibility may be dictated by factors such as the size of the labile iron pool, the
expression, localization and activity of NOX, LOX, POR, and mitochondrial enzymes,
O, availability, and the abundance of different PUFA-PL species. By contrast, total inner
defense capacity will reflect GSH abundance, GPX4 and FSP1 expression, CoQ1 levels,
and so on. The influence of any one metabolite, protein, or mechanism to either of these
quantities and the ultimate sensitivity of the cell to ferroptosis will depend on the cell

and the lethal trigger, as described above (Figure 4B). Only cells with the appropriate
configuration of high total lipid peroxidation susceptibility and low total inner defense
capacity will succumb to ferroptosis. Expressing total lipid peroxidation susceptibility
and total inner defense capacity quantitatively using chemical rate equations may help to
conceive of this mechanism more formally (see Box item 1).

The position of individual cells on the two-dimensional map of total lipid peroxidation
susceptibility and total inner defense capacity can be shifted by treatments or conditions
that alter either the lipid peroxidation susceptibility or total inner defense capacity, such

as inhibitor treatment or alterations in gene expression (Figure 4C). In vivo, cells are

likely to traverse this two-dimensional landscape in different directions in a dynamic
manner, resulting in the gain or loss of ferroptosis sensitivity in space and/or over time.

For example, this may occur in response to gene induction (e.g., NRF2 overexpression)®2,
cell state changes (e.g., epithelial-to-mesenchymal transition)92, or exposure to an altered
environment (e.g., metastatic cancer cell transit transit through MUFA-rich lymph fluid)>®
(Figure 4D). The position of a cell on this map will also be relative to the inducing stimulus,
as different stimuli appear to trigger ferroptosis in ways that only converge at the level of the
core membrane lipid peroxidation mechanism11.57,

Implications of the model for our understanding of ferroptosis

Thinking about ferroptosis as a flexible mechanism responsive to many inputs may have
important implications for how we study this process and apply basic findings to medicine.

Depicting ferroptosis.—The core lipid peroxidation mechanism requires iron, O,, and
PUFA-PLs. The inner defenses comprise a series of enzymes and metabolites, including
GPX4, FSP1, and CoQ10. ACSL4, p53, NRF2, mitochondria and other pathways and
organelles lying in the regulatory penumbra alter ferroptosis sensitivity, either by impinging
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on the total lipid peroxidation susceptibility and/or the total inner defense capacity of the
cell (Figure 2B). In short, anything in the cell that contributes to the core mechanism or
inner defenses can alter ferroptosis sensitivity in a quantitative manner, and this will vary
for different cells, conditions, and lethal triggers (Figure 4B). By contrast, depictions of a
ferroptosis pathway that simply recapitulates known metabolic, signaling and transcriptional
regulatory machinery of the cell in a fixed manner (e.g., Figure 2A) cannot easily account
for contradictory and context-dependent effects of different molecules, and may have less
value in helping to understand this mechanism.

The ferroptosis phenotype as a discovery tool.—Ferroptosis sensitivity is dictated
by many elements of the intracellular metabolic and signaling network. Ferroptosis can
therefore be used to help discover and study a broad swath of fundamental biology that

may be important for cell function beyond ferroptosis. For example, ferroptosis can be used
as a phenotypic readout to help elucidate mechanisms relating to NADPH sensing®3, lipid
metabolic®4, cell-cell communication®®, CoQ10 transport®, selenoprotein translation*2, and
protein sequence editing®, among other things. Using ferroptosis to probe fundamental
mechanisms around iron, lipid, and redox metabolism is likely to remain fruitful in the years
ahead.

Modulating ferroptosis to treat disease.—Ferroptosis contributes to acute and
chronic pathologies in the brain, kidney, heart, and other tissues, and may also be a

good target for new cancer therapies®. However, the flexible nature of ferroptosis means
that findings from one system may not automatically apply elsewhere. This may in part
underlie the seemingly slow translation of basic findings. Thinking about ferroptosis as
described above leads to a refined view of how to target this pathway therapeutically.

To prevent ferroptosis, the most plausible approach is to directly reduce the total lipid
peroxidation susceptibility and/or increase the total inner defense capacity of the cell,
thereby inhibiting the core membrane lipid peroxidation mechanism. One approach would
be to remove key components necessary for engagement of the core mechanism (e.g., iron,
using iron chelators). Another and perhaps less toxic approach is to enhance the total inner
defense capacity of the cell through the addition of synthetic RTAs, peroxidase mimics,

or other agents, some of which have already shown promise in pre-clinical models for a
range of diseases’+25:67.97-100 (Fjgure 2C, 4C). The flexible nature of the inner defenses
and regulatory penumbra suggest that specific targets in these regions might need to be
approached with caution as they could act redundantly or in a manner that is very tissue-
and/or lethal trigger-specific.

Inducing ferroptosis for cancer treatment may be more difficult. It is possible to imagine
increasing the total lipid peroxidation susceptibility of the cell and/or decreasing the

total inner defense capacity of the cell. For example, dietary treatment with PUFAs may
directly engage the core lipid peroxidation mechanism36:37. Small molecule inhibitors of
key inner defense enzymes like GPX4 or FSP1 could also be optimized into anti-cancer
agents®>101, Here, targets in the regulatory penumbra involved in iron or lipid metabolism,
or that control the expression of key inner defense enzymes, could also be envisioned

as potential targets. However, even within the same broad tumor type there are highly
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heterogeneous responses to the induction of ferroptosis02-103 and the ability of isogenic
tumor cells to adopt different epigenetic states with unique ferroptosis sensitivity profiles

is concerning®2104-106 |ndeed, diverse metabolites and proteins can impinge upon the core
mechanism and inner defenses to reduce the rate of lipid peroxide initiation and thereby
cause resistance to ferroptosis!416:59.65.66.90 |dentifying individual tumors with a stable and
favorable combination of high total lipid peroxidation susceptibility and/or low the total
inner defense capacity will be challenging yet essential (for a quantitative representation of
this challenge, see Box 2).

Molecular markers of ferroptosis.—Having molecules or other readouts that uniquely
indicate when a cell may be sensitive to or is undergoing ferroptosis would be highly valued
to study this process and monitor responses in vivo®107 High levels of lipid peroxide
accumulation are the defining characteristic of ferroptosis itself and in relation to other
forms of cell death®. Oxidized PUFA-PLs or their derivatives (e.g., 4-hydroxynonenal) may
therefore be the most characteristic marker of this process. However, lipid peroxides are
generated at some level under physiological conditions2 and it remains unclear at what
threshold lipid peroxidation is associated with ferroptotic cell death in vivo. Moreover,
dozens of different oxidized lipid species are generated during ferroptosis2®, and these

may vary between cells depending on the starting lipid content, the predominant initiating
mechanism, and other factors. Although progress is being made towards defining other cell
biological and molecular markers that are modulated in cells undergoing ferroptosis108.109,
it is possible that no marker will be entirely specific to ferroptosis and generalizable
between conditions. For example, expression of the marker gene CHACZ, sometimes used
in ferroptosis studies®, is strongly induced by cystine deprivationl’, but also by other
amino acid deprivation conditions that do not induce ferroptosis'10. Moreover, in the same
cells CHACI is induced by cystine deprivation but not by another canonical ferroptosis
trigger: direct GPX4 inhibitionl’. It will probably be important to validate candidate markers
for each setting where ferroptosis is thought to take place, with functional inhibition of

cell death by synthetic RTAs or other agents remaining the ultimate proof that ferroptosis
occurred.

Concluding thoughts

Based on the evidence presented here, we propose three principles of ferroptosis regulation
to foster debate and guide future experimentation: (i) there is no single universal ferroptosis
pathway; (ii) many different metabolites and proteins are individually sufficient to initiate,
promote and regulate ferroptosis, with none being necessary; and (iii) ferroptosis sensitivity
can be altered by many signaling and transcriptional networks in the cell. Thus, we have
argued that a general understanding and depiction of the ferroptosis mechanism can only
be made at a level of abstraction beyond individual metabolites and proteins. Approaches
that emphasize mechanistic flexibility over rigidity, and eventually quantitation of diverse
metabolites and reaction rates over static nodes in a pathway diagram, may be most useful
(Figure 2B, 4D and Box 1,2).

Moving from a fixed model of ferroptosis to one that encompasses a more flexible
constellation of possible effectors could help think about the large number of related yet
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not identical ferroptosis mechanisms that seem to exist in different cells and in response
to different triggers. Carefully defining these different mechanisms will be important,

but their potential lack of generalizability may need to be more widely acknowledged.
Viewing ferroptosis in a highly flexible way may make it easier, conceptually, to integrate
findings from diverse organisms where a variety of “ferroptosis-like” processes have been
identified33.111-113 gimilarities and differences between ferroptosis and other forms of
oxidative cell death (e.g., oxeiptosis)11* in mammalian systems may also be easier to
specify. The new concepts elaborated here may also encourage efforts to develop new
quantitative models of ferroptosis. Pursuing this line of thinking may also stimulate efforts
to re-think how best to successfully translate our burgeoning basic knowledge into effective
therapies targeting this process in disease.
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Box 1.
Towards a quantitative model of ferroptosis susceptibility.

Total lipid peroxidation susceptibility and total inner defense capacity can in principle
be quantified using standard rate equations for lipid peroxidationl1®. Viewing ferroptosis
sensitivity in this way is conceptually useful because it provides a formal basis to
understand how changes in lipid composition may modulate sensitivity to, as well as

the rate of, ferroptosis. The Kinetic expression associated with the radical chain reaction
associated with lipid peroxidation is shown in Eq 1.

d[LOOH] _ k[LHJ/R,

The rate at which the process occurs is a function of the concentration of the lipid

([LH]) and the rate constant for its reaction with propagating lipidperoxyl radicals(k,).
This rate law is generally associated with a single oxidizable lipid. However, replacing
k,[LH] with a series >k, [LH,], where x represents each relevant lipid species, would yield
a corresponding expression for a lipid mixture. In practice, solving this equation for a
cell — or even a sub-cellular compartment is a Herculean task: information regarding

the concentrations of all possible oxidizable lipids, exact k, values, and termination rate
constants (k) for lipids found in a biological membrane are sparse — not to mention that
there are multiple independent (i.e. physically-separated) membrane systems throughout
the cell! Nonetheless, this formalism helps us grasp key mechanistic points. Any
biochemical mechanism that can contribute to a pool of oxidizable lipid (LH) will impact
the [LH] concentration term, and this could vary substantially between cells or contexts
without altering the fundamental rate equation. The rate of chain initiation R, also helps
interpret the role of the inner defenses and regulatory penumbra in dictating ferroptosis
sensitivity. R, is characteristic of a single reaction in simple chemical systems!16.
However, in the cell, there are multiple potential radical initiators. Virtually any reaction
X that may result in the formation of a lipid-based radical can contribute toRr,, that is:

R = =R, including those catalyzed by NOX, P450, or other enzymes. Also, since the
lipid peroxidation products can decompose to yield initiating radicals, GPX4 is key to
reducing R, by minimizing hydroperoxide concentration available for auto-initiation.
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Box 2.
Modelling overall ferroptosis sensitivity.

In addition to suppressingR;,, components of the inner defenses can interfere with
propagation of lipid peroxidation by acting as RTAs. When peroxidation of a single
lipid takes place in the presence of an RTA, the kinetics reflect the competition for a
propagating lipidperoxyl radical between the oxidizable lipids and the RTA, as in Eq 2.

d[LOOH]  k,[LH]R,
dt " nk,,[RTA]

@

While lipids contribute to the numerator via the sum of

the series X(k,[LH,]) = k, [LH,] + &, ,[LH,] + ...k, [LH,] (Box 1), RTAS

contribute to the denominator via the sum of the series

(ki [RTAX,]) = mikion |[RTA| + 1ok, o[RTA,] + ...nkim [RTAx]. Here, nand ki, are the
radical-trapping stoichiometries and reactivities for each RTA. Using this kinetic
competition as a fundamental consideration that determines whether a cell lives or dies
by ferroptosis, one could quantify the relative contribution of different biochemical
pathways on ferroptosis sensitivity by changing the numerator or denominator of Eq 2.
Very simply, this ratio reflects the total lipid peroxidation susceptibility and total inner
defense capacity of the cell. Thus, enzymes that can increase oxidizable PUFA-PLs
(e.g., ACSL4) impact the numerator via individual LH concentration terms; pathways
that increase the availability of RTAs (e.g., biosynthetic pathways, such as the GCH1-
controlled BH4 pathway) impact the denominator via individual RTA concentration
terms. Pathways that modulate radical generation impact the numeratorRr;; pathways
that modulate the regeneration of RTAs (e.g., FSP1, DHFR) impact the denominator
via individual stoichiometry terms n. Different cells or contexts may involve different
contributions from individual elements to dictate the overall ferroptosis sensitivity.
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The regulation of biological processes is often conceived and summarized using pathway

maps. In these maps, individual elements like proteins and metabolites are represented

as colored shapes and connections between elements are depicted by positive (arrow) or
negative (T bar) interactions. Here, different shapes and colors are used to indicate different
notional types of molecules. The strength and importance of individual connections are not

easily captured or specified in such maps.
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A traditional conception of ferroptosis as a single fixed mechanism
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Figure 2. Old and new representations of ferroptosis.
(A) Several key elements of the ferroptosis mechanism, depicted using a traditional pathway

map. This pathway map encompasses far less than is known about ferroptosis. Some key
inputs are also not easily captured in this map due to conflicting evidence in the literature.
This map also contains substantial redundancy, which makes it difficult to intuit how
inhibition or activation of any one element modulates ferroptosis. Key small molecule
inducers of ferroptosis are indicated in red. NOX: NAD(P)H oxidase, LOX: lipoxygenase,
CI/CHII: complex | and complex 111 of the mitochondrial electron transport chain. POR:
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NAD(P)H-cytochrome P450 reductase. Notional peroxidized phospholipid acyl chains are
denoted in red; purple indicates termination of the phospholipid peroxidation process.

(B) A new depiction of ferroptosis as a flexible mechanism involving a constellation of
related biochemical mechanisms. The core mechanism of lipid peroxidation (magenta)
involves iron, and different configurations of oxidizable lipids and lipid peroxidation
initiating reactions and enzymes. The core lipid peroxidation mechanism is surrounded by
several biochemically distinct inner defense mechanisms (blue). The core mechanism and
the inner defenses are in turn modulated by a regulatory penumbra that may encompass
dozens or hundreds of regulatory inputs, only some of which are depicted here (green).

(C) Mechanistic details of the core lipid peroxidation mechanism, illustrating the processes
of (auto)initiation, propagation, and termination of the chain reaction. Key points of
intervention by radical trapping antioxidants (RTAS), peroxidase mimics, and iron chelators,
are indicated.
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Figure 3. Examples of complexity and contradiction in ferroptosisregulation.
(A) Several different enzymes and pathways can contribute redundantly to synthesis of

the reducing agent NAD(P)H, including the oxidative pentose phosphate pathway (oxPPP),
malic enzyme 1 (ME1), and isocitrate dehydrogenase 1 (IDH1). NAD(P)H is used by
enzymes that both promote and inhibit ferroptosis.

(B) Mechanistic target of rapamycin complex 1 (mTORC1) can regulate ferroptosis both
positively and negatively through effects on the expression of glutathione peroxidase 4
(GPX4) or sterol response element binding protein 1 (SREBP1), or by diverting cysteine
flux into protein synthesis that competes with the synthesis of glutathione.

(C) The p53 transcription factor can inhibit ferroptosis through transcriptional induction
of CDKN1A or interaction with the dipeptidyl peptidase 4 (DPP4). P53 can also induce
ferroptosis through transcriptional repression of SLC7A11; SLC7A11 protein can inhibit
LOX12 activity through direct interaction.
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Figure 4. Visualizing the contribution of different moleculesto ferroptosis.

(A) The total inner defense capacity and total lipid peroxidation susceptibility of the cell can
be influenced by many metabolites and proteins, some of which are listed here. The relative
contribution of each molecule to ferroptosis sensitivity will vary between contexts.

(B) Quadrant diagram summarizing four different possible states in which a cell may exist.
Cells with low total inner defense capacity and high total lipid peroxidation susceptibility
with be most sensitive to ferroptosis. The boundaries between these states are likely to be
fluid.

(C) Different treatments, such as iron chelation, or overexpression of GPX4, will reduce
ferroptosis sensitivity by lowering total lipid peroxidation susceptibility or increasing total
inner defense capacity.
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(D) Cells may exist in different states of ferroptosis sensitivity and resistance over time, for
example due to induction of NRF2, epithelial-to-mesenchymal transition (EMT), or transit
in the body through a lymph fluid rich in monounsaturated fatty acids.
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