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SUMMARY

Ferroptosis, a newly emerged form of regulated necrotic cell death, has been demonstrated to play
an important role in multiple diseases including cancer, neurodegeneration, and ischemic organ
injury. Mounting evidence also suggests its potential physiological function in tumor suppression
and immunity. Execution of ferroptosis is driven by iron-dependent phospholipid peroxidation.
As such, metabolism of biological lipids regulates ferroptosis via controlling phospholipid
peroxidation, as well as various other cellular processes relevant to phospholipid peroxidation.

In this review, we will provide a comprehensive analysis by focusing on how lipid metabolism
impacts the initiation, propagation, and termination of phospholipid peroxidation, how multiple
signal transduction pathways communicate with ferroptosis via modulating lipid metabolism, and
how such intimate crosstalk of ferroptosis with lipid metabolism and related signaling pathways
can be exploited for the development of rational therapeutic strategies.

Abstract

In this review, Liang et al. describe the recent development on the pivotal role of lipid metabolism,
as well as various signaling pathways that modulate lipid metabolism, in ferroptosis; they also
highlight some unanswered questions in the field and suggest potential ferroptosis induction-based
cancer therapeutic strategies.

INTRODUCTION

Programmed cell death, such as apoptosis, plays important physiological and pathological
roles (Bedoui et al., 2020; Green, 2019; Kist and Vucic, 2021). There are other modes of
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programmed or regulated cell death distinct from apoptosis mechanistically and functionally
(Green, 2019; Kist and Vucic, 2021). Among them, ferroptosis is a death process driven

by iron-dependent phospholipid (PL) peroxidation (Jiang et al., 2021). Conceptually,
ferroptosis can be considered as a byproduct of cellular metabolism: oxygen and iron are
essential drivers of metabolism, leading to the production of reactive species (ROS) as an
inevitable byproduct; if a specific class of ROS, phospholipid peroxides (PLOOH), cannot
be neutralized efficiently and thus accumulate to disrupt plasma membrane integrity, cells
will succumb to ferroptotic death (Figure 1). In the cell, the substrates of PL peroxidation
are PLs containing polyunsaturated fatty acyl (PUFA) chains at the sn2 position; in presence
of bioactive iron, PUFA-PLs can be converted to PLOOH through both enzymatic and
non-enzymatic lipid peroxidation reactions. Since all mammalian cells contain certain levels
of PUFA-PLs and bioactive iron, specific surveillance or protection mechanisms need to be
in place to protect them from unwanted ferroptosis (Figure 1). The canonical surveillance
mechanism is mediated by glutathione peroxidase-4 (GPX4), the only mammalian enzyme
known to catalyze the reduction of phospholipid hydroperoxides into phospholipid alcohols
(Seiler et al., 2008; Ursini et al., 1982). There are also GPX4-independent mechanisms that
can mitigate ferroptosis. For example, enzymes such as FSP1, GCH1, and DHODH produce
metabolites possessing free radical-trapping activity (Bersuker et al., 2019; Doll et al., 2019;
Kraft et al., 2020; Mao et al., 2021; Soula et al., 2020), which can terminate the Fenton
radical chain reaction and prevent the amplification of lipid peroxidation.

Unsurprisingly, the decision of ferroptosis is determined by which of these cellular
processes — PL peroxidation or ferroptosis surveillance — can overcome the other. While

PL peroxidation can be considered a specific process of lipid metabolism, various ferroptosis
surveillance mechanisms have also been shown to be highly regulated by cellular lipids and
lipid metabolism (discussed later). Therefore, cellular lipids and lipid metabolism play a
central role for the regulation of ferroptosis.

Among the various classes of cellular lipids, phospholipids (PLs), along with sphingolipids
and cholesterol, are major components of cellular membranes. The chemical diversity of
PLs arises from combinations of two fatty acyl chains (designated 17 and sn.2) and

the head group. The snZ position tends to be occupied by saturated fatty acids (SFA)

or monounsaturated fatty acids (MUFA), while the sn2 position can be a SFA, MUFA,

or PUFA. Membrane lipid composition is highly diverse among organisms, cell types,
organelles, and even membrane subdomains, and is dynamically regulated (reviewed in
(Harayama and Riezman, 2018)). Generally, SFA-PLs make cell membranes more rigid,
while PLs with a higher degree of unsaturation render membranes more pliable. PL content
is regulated by multiple mechanisms, including the synthesis, uptake, storage, release,

and beta oxidation of fatty acids, as well as by PL synthesis and PL remodeling process
known as the Lands’ Cycle (Snaebjornsson et al., 2020) (Figure 2). Intriguingly, although
increasing PUFA-PL content in the cell membrane can fulfill numerous cellular functions
through improving the fluidity of the cell, it also increases the intrinsic susceptibility to
ferroptosis (PUFA-PLs are the substrates of PL peroxidation) (Doll et al., 2017; Kagan et
al., 2017). Under physiological conditions, such alteration of ferroptosis susceptibility is
likely under close regulation; but this same property might be exploited therapeutically for
the treatment of human diseases such as cancer. In this review, we will discuss in detail
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the myriad roles lipids play in ferroptosis, especially how lipid metabolism dynamically
regulates the balance of cellular function and ferroptosis surveillance, and how cellular
signaling pathways intersect with lipid metabolism to regulate ferroptosis, in the contexts of
normal biology and disease.

PHOSPHOLIPID PEROXIDATION

As the committing event of ferroptosis, PL peroxidation occurs in three steps: initiation,
propagation, and termination (Figure 3). The peroxidation of fatty acyl chains of PLs

is facilitated by a bisallylic group (-CH=CH-CH,—CH=CH-) due to the weak bonds
connecting the hydrogens in the central methylene group. These bonds are weak enough that
a strong oxidant can cleave it, forming a radical. For this reason, PUFA-PLs, which contain
bisallylic groups in PUFA chains, are most susceptible to oxidation. Due to the surrounding
double bonds, the radical can be isomerized to a more thermodynamically favorable state:

a conjugated diene (Figure 3A). Finally, the radical reacts with molecular oxygen to form a
hydroperoxide. Lipid peroxidation can be propagated when one lipid radical reacts with the
methylene hydrogen in another bisallylic group on a nearby lipid. Interestingly, it appears
that multiple bisallylic groups within a single fatty acid chain can also propagate lipid
peroxidation (Else and Kraffe, 2015). Finally, termination occurs when the propagation can
no longer continue, either when there are no more available lipid substrates, or when cellular
antioxidants reduce the oxidized lipids.

Initiation and Propagation of PL Peroxidation

PL peroxidation can be initiated in cells both enzymatically and nonenzymatically.
Nonenzymatic peroxidation of lipids is catalyzed by redox active metals, particularly iron.
Within cells, iron is typically bound within a complex, such as heme (a prosthetic group

of numerous proteins, such as hemoglobin), iron-sulfur clusters (a cofactor for many
enzymes), and ferritin (a dedicated iron storage protein). A small amount of iron within
cells is not bound in such a way, called the labile iron pool. Labile iron is highly reactive,
particularly with hydrogen peroxide (H,O,). This reaction, known as the Fenton reaction,
cycles between ferrous (Fe2*) and ferric (Fe3*) ions, converting H,05 to either a hydroxide
ion (OH7) and a hydroxyl (HOe) radical or a proton and a peroxyl (HOQe) radical (Figure
3B). Both hydroxyl and peroxyl radicals can initiate lipid peroxidation. Like H,O,, PLOOH
can also undergo iron-catalyzed Fenton reaction, generating lipid hydroxyl radical PLOe and
lipid peroxyl radical PLOOe (Figure 3C). If PLOOH is formed and is not neutralized quickly
enough, it can propagate peroxidation to neighboring PUFA-PLs in the presence of labile
iron. As such, cellular processes resulting in an increase of the cellular labile iron pool,

such as autophagic degradation of ferritin (Gao et al., 2016; Hou et al., 2016), uptake of
transferrin (Gao et al., 2015), or inhibition of iron exporter ferroportin (Bao et al., 2021,
Chen et al., 2020; Geng et al., 2018) can all sensitize the cell to ferroptosis.

Multiple enzymes have been shown to drive lipid peroxidation. Importantly, these enzymes
are all iron-dependent. Lipoxygenases, a family of enzymes that are critical for several
signaling pathways and contains non-heme iron for their activity, directly catalyze the
formation of lipid radicals. In humans, lipoxygenases are named for their preferred oxidation
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site relative to arachidonic acid (AA) and differ in substrate selectivity (both target site and
substrate localization). For instance, ALOX5 converts AA into 5-HPETE, a precursor for
leukotrienes, a family of inflammatory signaling lipids. It should be noted that although the
enzymatic activity of ALOXs can sensitize cells to ferroptosis, they are not indispensable
due to the existence of other enzymatic and nonenzymatic mechanisms for PL peroxidation.
Furthermore, pharmacological inhibitors of ALOXs should be used with caution, as many
of them are strong radical trapping agents and thus inhibit ferroptosis independently of
ALOXs (Shah et al., 2018; Yang et al., 2016). Expression of ALOX genes is hardly
detectable in some of the commonly used cell lines in ferroptosis research (Ghandi et al.,
2019), suggesting a limited role of the ALOX family members in ferroptosis, likely only

in tissues expressing ALOXs. The ER-residing P450 oxidoreductase (POR), has also been
shown to be critical for the initiation of PL peroxidation and ferroptosis (Yan et al., 2021;
Zou et al., 2020b). The P450 system is a heme-containing enzyme family critical for the
metabolism and detoxification of many drugs, proteins, or xenobiotics via oxidation in the
endoplasmic reticulum (Pandey and Sproll, 2014). POR can donate electrons to a member
of the cytochrome p450 family (CYP), allowing the CYP to oxidize and metabolize another
molecule. CYP family members, particularly the CYP4A family, have been demonstrated
to directly oxidize arachidonic acid as a substrate (Schwartzman et al., 1990). While POR
expression is ubiquitous, expression of CYP isoforms is highly tissue-specific; for example,
many CYP4A isoforms are only expressed in the liver or kidney (Simpson, 1997). Recent
studies suggest that POR can enhance lipid peroxidation without affecting the lipidome

of cells, and that POR does not need CYP to induce ferroptosis. Instead, POR, as well

as another ER-residing oxidoreductase CYB5R1, directly generate H,O5 to induce lipid
peroxidation through the Fenton reaction (Yan et al., 2021). Importantly, unlike the tightly
regulated ALOX enzymes, POR is ubiquitously expressed, suggesting POR is a constitutive
catalyst for PL peroxidation.

of PL Peroxidation and Ferroptosis Surveillance

PL peroxidation can only propagate for so long; eventually, cells die of ferroptosis or survive
because the chain reaction will either run out of substrates, or something will stop it in its
tracks. GPX4 can catalyze the reduction of toxic PLOOH to a nontoxic PL alcohol (PLOH)
(Ursini et al., 1982), thus representing the canonical mode of ferroptosis surveillance (Figure
4). Inhibition of GPX4 enzymatic activity directly by targeting its selenocysteine site (YYang
et al., 2014), or indirectly through targeting the glutamate/cystine transporter system x.~ and
thus glutathione synthesis (Dixon et al., 2012) leads to the propagation of PL peroxidation,
the accumulation of PLOOH, and ferroptosis. GPX4 is an essential gene, as systemic GPX4
knockout is embryonic lethal in mice and conditional GPX4 knockout triggered diseases
such as acute renal failure, likely due to ferroptosis (Friedmann Angeli et al., 2014).

Besides enzymatic reduction of PLOOH by GPX4, lipophilic radical-trapping antioxidants
(RTA) can terminate the propagation of PL peroxidation, thus blocking ferroptosis caused
by GPX4 deficiency (Dixon et al., 2012). Recent studies indicate that various enzymes
inhibit ferroptosis by catalyzing the production of endogenous RTAs, representing another
surveillance mechanism (Figure 4). CoQ10 is an important component of the oxidative
phosphorylation machinery for its ability to carry two electrons, owing to its three redox
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states: ubiquinone (fully oxidized), semiquinone, and ubiquinol (fully reduced). CoQ10 is
highly lipophilic and can (in the ubiquinol form) act as a radical trapping agent. FSP1
(also known as AIFM2), a cytosolic NADH:ubiquinone oxidoreductase was identified as
having the capability of terminating PL peroxidation by generating ubiquinol (Bersuker et
al., 2019; Doll et al., 2019). FSP1 can also reduce a-tocopherol, likely through ubiquinol,
which may explain the strong anti-ferroptotic activity of FSP1 despite the relatively weak
biological activity of ubiquinol. Similarly, the mitochondrial protein DHODH has been
shown to inhibit ferroptosis by reducing ubiquinone to ubiquinol inside the mitochondrial
inner membrane (Mao et al., 2021). Tetrahydrobiopterin, also known as BH4, is another
endogenous RTA that acts similarly to a-tocopherol. Two CRISPR screens for novel
regulators of ferroptosis identified a handful of genes in the tetrahydrobiopterin synthesis
pathway, including GCH1, PTS, and SPR, for promoting survival upon GPX4 inhibition
(Kraft et al., 2020; Soula et al., 2020).

Yet another surprising GPX4-independent mechanism cells can use to defend against
ferroptosis is through nitric oxide (NO). NO is an important signaling molecule for a
number of cellular processes (Martinez-Ruiz et al., 2011) and is produced by nitric oxide
synthases (NOS), which are expressed in specific tissues and contexts. NO can react with
superoxide and form reactive nitrogen species (RNS), which can cause damage to lipids
and proteins, binding to transition metals or altering their structure by S-nitrosylating
cysteine residues (Gow et al., 2002). However, nitric oxide is also a potent RTA, and

NO concentrations as low as 30 nM can outcompete physiological pools of a-tocopherol,
around 20 uM (O’Donnell et al., 1997). Recent studies have identified role of NO in
ferroptosis. M1 macrophages, which express the iINOS member of the NOS family, have
elevated NO concentrations. Stimulation with lipopolysaccharide and IFN-y efficiently
suppressed ferroptosis in M1 macrophages, and knockdown of iNOS sensitized these cells to
RSL3-induced ferroptosis (Kapralov et al., 2020). Further studies found that elevated iNOS
activity in macrophages following infection with the bacteria P, aeruginosa could stave off
lipid peroxidation that damages airway epithelial cells (Dar et al., 2021). Another study
identified that the NO donor NOC 18 could inhibit ferroptosis through this mechanism as
well (Homma et al., 2021). Although NO appears to be a potent ferroptosis inhibitor in
certain contexts, this potential mechanism needs to be accessed cautiously because of the
damaging effects of reactive nitrogen species and myriad signaling roles of NO.

The reactions of RTAs with PL radicals are rather complicated and not fully understood, and
it is not clear how the remaining non-radical PLOOHSs or their by-products are detoxified,
especially when GPX4 activity is insufficient. Recently, Ca2*-independent phospholipase
A2p (iPLA2B) was identified as a suppressor of ferroptosis due to its ability to preferentially
remove oxidized fatty acyl chains of PLs (Beharier et al., 2020; Chen et al., 2021; Sun et al.,
2021). This potentially represents yet another surveillance mechanism in addition to those
mediated by GPX4 and RTAs (Figure 4). However, whether such a mechanism is sufficient
to protect cells from ferroptosis in the absence of the function of GPX4 and RTA-producing
enzymes is not clear.
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VERSATILE ROLES OF LIPIDS IN FERROPTOSIS

Polyunsaturated fatty acids

The composition of cellular membranes is an important determinant of whether a cell

will survive or die under ferroptosis-triggering conditions. As discussed, PUFA-PLs can
propagate lipid peroxidation, which is central to the execution of ferroptosis. In animal
cells, arachidonic acid (AA) is one of the most abundant PUFA species. As an w-6 fatty
acid, AA has a 20-carbon chain and 4 unsaturated bonds (termed 20:4). PLs with AA or
adrenic acid (AdA, 22:4) at the sn2 position have been identified as being particularly
sensitive to PL peroxidation, likely because both AA and AdA have two bisallylic groups.
In mammals, these species are preferentially oxidized over other PUFA-PLs, such as those
containing linoleic acid (LA, 18:2), which only has a single bisallylic group (Kagan et al.,
2017). However, LA supplementation can enhance ferroptosis in mammalian cells (Yang
et al., 2016), and Arabidopsis thaliana, which contains LA as its primary PUFA species,
can undergo ferroptosis under heat stress (Distéfano et al., 2017; He et al., 2020). Further,
docosahexanoic acid (22:6), a PUFA with three biallylic groups, may be more readily
oxidizable than AA or AdA, although it is less abundant in PLs in most tissues.

While AA is readily available to be absorbed from meat in the diet, it can also be produced
from LA, another w-6 PUFA, through a series of elongation and desaturation reactions. LA,
the primary PUFA obtained from plant food sources, can be converted to AA first by the
fatty acid desaturase FADS2, which converts LA to y-LA (18:3). ELOVLS5, a long chain
fatty acid elongase, is primarily responsible for the elongation of 18 carbon fatty acids to 20
carbons (Robichaud et al., 2018). ELOVLS5 converts y-LA to dihomo-y-LA (DGLA, 20:3).
Finally, FADS1 desaturates DGLA to AA (Figure 2). Conceivably, FADS1, FADS2, and
ELOVLS5 have all been identified as enhancers of ferroptosis (Lee et al., 2020b; Yamane et
al., 2021).

For a free fatty acid (FA) to be esterified into a PL, the fatty acid must first be linked

to Coenzyme A (CoA). The Acyl-CoA Synthetase Long Chain (ACSL) family of ligases
catalyze this reaction, in a substrate-specific manner (Figure 2). For example, in vitro
studies have identified AA and eicosapentanoic acid (20:5) as the primary substrates of
ACSL4 (Kang et al., 1997). Mice with an adipocyte-specific knockout of Acsl4 have a
sharp decrease in PLs containing arachidonic or docosapentanoic (22:5) fatty acid chains,
with a concomitant increase in LA (Killion et al., 2018). Unsurprisingly, ACSL4 is central
to ferroptosis (Dixon et al., 2015; Doll et al., 2017; Kagan et al., 2017). Loss of ACSL4
severely tempers ferroptotic cell death in many cell lines, but does not totally block
ferroptosis (Zou et al., 2020a), suggesting complementary mechanism(s) for the loss of
ACSLA4.

Loss of ACSL4 results in an increase in unesterified arachidonate. Although free AA is still
sensitive to peroxidation, such peroxidation is insufficient to induce ferroptosis. Therefore,
peroxidation of PLs but not of fatty acids appears to be crucial for ferroptosis (Kagan et

al., 2017). This highlights a limitation of one of the most important tools used in the field:
fluorescent probes of lipid peroxidation. Proxy measurements with probes such as BODIPY
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581/591 C11 are used widely to monitor PL peroxidation. However, this method cannot
distinguish PL peroxidation from peroxidation of fatty acids or other membrane lipids.

Fatty acyl-CoA can be esterified to the 572 position of a lysophospholipid (lysoPL),
resulting in a phospholipid (PL). This reaction is catalyzed by the lysophosphatidyl CoA
acyltransferases, or LPCAT family. As ACSLs, individual LPCAT family members have
different substrate preference (Kazachkov et al., 2008). LPCAT3 is primarily responsible
for esterifying AA into lysoPLs, and thus is also an important player in ferroptosis (Dixon
et al., 2015). Potential role of other LPCAT family members in ferroptosis has not been
systematically investigated.

Monounsaturated fatty acids

Unlike PUFAs, monounsaturated fatty acids (MUFAS) have been demonstrated to be potent
inhibitors of ferroptosis (Magtanong et al., 2019; Yang et al., 2016). In an ACSL3-dependent
manner, exogenous MUFAs were able to efficiently block ferroptosis and limit lipid
peroxidation at the plasma membrane. While this phenotype is quite clear, the underlying
mechanism has not been defined. One possible explanation is that MUFAs compete with
PUFAs for PL synthesis. However, this mechanism needs excessive amount of MUFASs over
PUFAs; it also suggests that saturated fatty acids (SFAs) would have similar inhibitory
activity, which is not the case. Another possibility is that exogenous MUFASs can restructure
lipid metabolism within the cell. Excess lipids can be stored in cells within specialized
organelles, lipid droplets, in the form of triacylglycerol (TAG), a particularly non-reactive
form of lipid (Figure 2). However, inhibition of DGAT1/2, the enzymes that convert fatty
acyl-CoA into TAG, was unable to restore cell death when oleic acid (18:1) was added to
cells (Magtanong et al., 2019). Therefore, how MUFAS inhibit ferroptosis remains to be an
important yet unanswered question.

Ether-linked phospholipids

Recent research has demonstrated that the sn2 position of the lipid is not the only
determinant of sensitivity to ferroptosis. The snZ fatty acid, typically an SFA, can be
linked to the glycerol moiety either via an ester linkage (as the sn2 fatty acid) or via an
ether linkage. Ether-linked PLs, though less common in animals than the ester-linked PLs,
comprise a significant percentage of the PL pool. While most PLs are wholly produced

at the endoplasmic reticulum, ether-linked PLs start in the peroxisome (Dean and Lodhi,
2018). Recently, a CRISPR-Cas9 screen identified multiple peroxisomal genes involved in
the ether lipid synthesis pathway as promoters of ferroptosis (Zou et al., 2020a). This is
the first evidence suggesting that the sn fatty acyl chains can also influence ferroptosis
sensitivity. Importantly, this suggests that two separate synthesis pathways converge on PL
production to control ferroptosis. In support of this, ACSL4 knockout further suppressed
sensitivity to ferroptosis over individual knockout of genes involved in peroxisomal ether PL
synthesis.

A subclass of ether PLs called plasmalogens are identifiable by a vinyl ether linkage. After
the ether linkage is complete, the nascent PL is shuttled to the endoplasmic reticulum,
where the sn2lipid is added. An additional step catalyzed by PEDSL1 (also known
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as TMEM189) desaturates the first C-C bond after the ether group, creating the vinyl
ether (Werner et al., 2020). This vinyl ether moiety may be critical; it may function

as an antioxidant that can halt the propagation step of lipid peroxidation (Sindelar et
al., 1999). Zou et al did not observe a difference with or without PEDS1. However, a
later study reported that although the peroxisomal synthesis of ether lipids was critical
for ferroptosis, PEDS1-dependent plasmalogen synthesis suppressed ferroptosis (Cui et
al., 2021). These contradiction warrants further investigation to reconcile the seemingly
paradoxical regulation of ferroptosis by PEDS1 and plasmalogens.

Cholesterol (Ch) is another essential lipid component of mammalian membranes and is
required to maintain membrane integrity, fluidity, and membrane microstructures. Most
mammalian cells obtain cholesterol via both endogenous synthesis and exogenous uptake
(Figure 2). Ch is synthesized through the mevalonate pathway, which generates its precursor
squalene via a series of isoprenoid intermediates: isopentenyl pyrophosphate (IPP), geranyl-
PP, and farnesyl-PP. IPP is also required for protein prenylation, CoQ10 and Dolichol
synthesis (reviewed in (Snaebjornsson et al., 2020)). The mevalonate pathway has been
suggested to affect ferroptosis in three distinct ways: (1) As a selenoprotein, GPX4 synthesis
requires a unique selenocysteine tRNA (Sec-tRNA). IPP regulates Sec-tRNA maturation
through adenosine isopentenylation at position 37 (iA), and therefore is required for GPX4
synthesis (Warner et al., 2000). (2) The radical trapping antioxidant CoQ10 is produced by
conjugating ten isoprene units from IPP to a hydroxybenzoic acid backbone, thus inhibition
of mevalonate pathway will decrease CoQ synthesis (Littarru and Langsjoen, 2007). (3)
Some metabolic intermediates in the cholesterol synthesis pathway can act as RTAs
(Garcia-Bermudez et al., 2019). Indeed, due to the unique connection of the mevalonate
pathway to GPX4 and CoQ10, inhibiting HMGCR, a rate limiting enzyme in mevalonate
pathway, can induce ferroptosis in some cancer cells (Viswanathan et al., 2017). Further,

it was shown recently that 7-dehydrocholesterol reductase (DHCR7), which catalyzes the
final step in distal cholesterol biosynthesis, played an unexpected pro-survival function
against ferroptosis (Angeli et al., 2021). Inhibition of DHCRY7 leads to the accumulation

of 7-dehydrocholesterol (7-DHC), which has superior reactivity towards peroxyl radicals.
Similarly, another study showed that loss of squalene monooxygenase (SQLE), a rate-
limiting enzyme in the cholesterol biosynthetic pathway, leads to the accumulation of
squalene and confers protection against ferroptosis in cholesterol auxotrophic cells (Garcia-
Bermudez et al., 2019).

Interestingly, Ch is susceptible to peroxidation to generate various Ch-OOH products,

and GPX4 is also capable of reducing Ch-OOH to Ch-OH (Thomas et al., 1990). In

theory, in the presence of iron, Ch-OOH can propagate peroxidation to adjacent lipids,
presumably including PUFA-PLs (reviewed in (Girotti and Korytowski, 2019)). As such,

a highly relevant question is, how is Ch peroxidation induced and can it lead to

ferroptosis? Furthermore, Ch and its metabolites can act as signaling molecules in the
tumor microenvironment (TME) and have been reported to regulate cancer cell ferroptosis.
Ch in the TME upregulates CD36 (encoding the fatty acid transporter) expression in tumor-
infiltrating CD8™ T cells. Consequently, CD36-mediated uptake of fatty acids induces lipid
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peroxidation and ferroptosis, leading to the exhaustion of CD8* T cells and impairment of
antitumor functionality, which could be reversed by blocking CD36 or inhibiting ferroptosis
(Ma et al., 2021). 27-hydroxycholesterol (27HC) is the most abundant oxysterol in the
plasma membrane and blood. Long-term treatment of estrogen receptor (ER)-negative breast
cancer cells with 27HC selects for more aggressive cells that exhibit elevated cellular

uptake of lipids or increased lipid biosynthesis (Liu et al., 2021). However, this will also
increase cellular dependence on GPX4 to suppress ferroptosis in the 27HC-resistant cells,

as GPX4 knockdown can attenuate the enhanced tumorigenic and metastatic activity of
27HC-resistant cells (Liu et al., 2021).

LIPID METABOLISM AND FERROPTOSIS

The composition of cellular lipids is dynamically regulated to fulfill various cellular
functions. While a given cellular function may require a specific lipid composition, the same
lipid composition might also make the cell more vulnerable to certain stressors. Therefore,
cells may employ sophisticated mechanisms to sense and modulate PL composition
(reviewed in (Harayama and Riezman, 2018)). An example relevant to this review: as PUFA-
PLs make cell membranes more flexible, they facilitate processes that involve frequent
membrane bending and change of morphology, such as endocytosis and cell migration;
however, excessive PUFA-PLs predispose the cell to ferroptosis. Therefore, cells respond

to elevated PUFAs by altering relevant lipid metabolism, such as increasing saturated
phosphatidylcholine (PC) synthesis. Indeed, lipid metabolism can profoundly affect PL
composition by adjusting the balance between MUFA-PL and PUFA-PL, thus impacting

the susceptibility of the cell to ferroptosis. Lipid metabolism controls PL composition
through two major mechanisms: (1) modulating the supply of FA through synthesis, uptake,
storage, and B oxidation; (2) the expression and regulation of enzymes in PL synthesis and
remodeling.

FA Synthesis

SFA and MUFA can be synthesized de novo in the cell. Briefly, acetyl CoA is carboxylated
to form malonyl CoA by acetyl CoA carboxylase (ACC), then malonyl-CoA is further
converted to palmitic acid, an SFA, by fatty acid synthase (FASN). Palmitoyl-CoA or
stearoyl-CoA can then be desaturated by SCD1 to form palmitoleic acid and oleic acid,
both MUFAs, respectively. Expression of ACC, FASN and SCD1 are under the control of
the transcription factors LXR and the sterol regulatory element-binding protein-1 (SREBP1)
(Snaebjornsson et al., 2020). ACC, FASN and SCD1 are overexpressed in some cancer cells
which are dependent on FA synthesis for energy. Knockdown of SREBP1 or SCD1 will
sensitize cancer cells to ferroptosis (Tesfay et al., 2019; Yi et al., 2020). Unlike SFA or
MUFA, long chain w-3 or w-6 PUFASs cannot be synthesized de novo by mammalian cells.
As a result, upregulated lipid synthesis increases MUFA-PL contents and tends to confer
resistance to ferroptosis. Mammals require the essential PUFAs alinolenic acid (ALA,;
18:3n-3) and linoleic acid (LA; 18:2n-6) through diet, and can then synthesize other long
chain PUFAs through a chain of desaturation and elongation reactions (using malonyl-CoA
as a source of carbon) that are catalyzed by various desaturase (FADS1/2) and elongation
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enzymes (e.g., ELOVLD5) (Figure 2). FADS1, FADS2, and ELOVLS5 have all been identified
as enhancers of ferroptosis (Lee et al., 2020b).

Dietary FA is another important source of FA pool, especially for cells deficient of lipid
synthesis. Free FA or lipoprotein are absorbed through CD36, FA transport proteins (FATPS)
and FA-binding proteins (FABPs) (Nagarajan et al., 2021). The content of dietary FAs
(MUFA vs PUFA) significantly affects the cellular pool of FAs, which ultimately changes
the cellular profiles of PL and sensitivity to ferroptosis. Melanoma cells metastasized via
blood vessels have been shown to be sensitive to ferroptosis, and administration of a
ferroptosis inhibitor significantly enhanced metastasis of these cells through the vasculature
(Ubellacker et al., 2020). Intriguingly, these melanoma cells absorbed MUFA-enriched
lipoproteins from the lymphatic vessel, reshaping the plasma membrane to have elevated
MUFA-PLs and protecting the cells from ferroptosis (Ubellacker et al., 2020).

In some instances, lipid uptake can promote PUFA content and ferroptosis sensitivity in the
cell. For example, CD36-mediated fatty acid uptake promotes ferroptosis in both B1 and
marginal zone B (MZB) cells (Muri et al., 2019) as well as in tumor-infiltrating CD8* T
cells, which negatively regulates antitumor immunity (Ma et al., 2021). Supplementation

of w-3 or w-6 PUFAS was reported to selectively induce ferroptosis in cancer cells under
ambient acidosis (Dierge et al., 2021). Acidic pH promotes autocrine TGFp2 signaling,
which induces CD36 to facilitate FA uptake and stimulates the formation of lipid droplets.
Upon exceeding the buffering capacity of triglyceride storage into lipid droplets, w-3

and w-6 PUFA peroxidation led to cytotoxic effects, exacerbated in the presence of
diacylglycerol acyltransferase inhibitors, which inhibit lipid droplet formation. A long-chain
w-3 PUFA-rich diet significantly delayed mouse tumor growth compared with a MUFA-rich
diet, an effect further accentuated by administration of DGAT inhibitors or ferroptosis
inducers (Dierge et al., 2021). Since dietary PUFA shapes PL profiles in both cancer cells
and immune cells, further studies are required to test whether dietary PUFA is complement
to pharmacological approaches to inhibit tumor growth by ferroptosis.

Beta-oxidation

Beta-oxidation is generally believed to have a suppressive effect on ferroptosis by decreasing
the availability of unesterified PUFAs. Acyl-CoA is linked to carnitine, a reaction catalyzed
by carnitine palmitoyltransferase 1 (CPT1), allowing it to enter the mitochondria through
carnitine-acylcarnitine translocase (CACT). Acyl-CoA is released from carnitine by CPT2 in
the mitochondria, allowing it to enter the beta-oxidation cycle. A molecule of acetyl-CoA

is released each cycle as two carbons are cleaved from the acyl chain (cleavage occurs at

the beta carbon). An additional step is required for some cycles when unsaturated fatty acids
are reduced, because these bonds must be saturated prior to oxidation. 2,4-dienoyl-CoA-
reductase 1 (DECR1) is the rate limiting enzyme for PUFA reduction, as it catalyzes this
step in the mitochondria (Figure 2). In human prostate cancer (PCa), beta-oxidation is the
main bioenergetic pathway and a promising therapeutic vulnerability. DECR1 is frequently
overexpressed in PCa tissues and is associated with poor survival. DECR1 knockout induces
ER stress and sensitizes castration resistant-PCa cells to ferroptosis /n vitro and in vivo,
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and inhibition of beta-oxidation enhanced ferroptosis in cancer cells (Blomme et al., 2020;
Nassar et al., 2020).

Phospholipid synthesis and remodeling

Ferroptosis sensitivity is not only influenced by enzymes catalyzing FA synthesis, but also
by enzymes that catalyze the esterification of FAs into PLs. The enzymes ACSL3 and
ACSL4 were shown to regulate the composition of PLs and ferroptosis sensitivity due to
their distinct substrate preference towards MUFAs and PUFAs, respectively. Activated FAs
are incorporated into sn-2 position of glycerol backbone through two distinct pathways: the
de novo synthesis pathway and remodeling pathway. In the de novo synthesis pathway,
acyl-CoA and glycerol-3-phosphate (a byproduct of glycolysis) are combined to form
lysophosphatidic acid. Another acyl-CoA, typically a MUFA-CoA or PUFA-COA, is
esterified by lysophosphatidic acid acyltransferases (LPAATS, also known as AGPATS)

to form phosphatidic acid. Phosphatidic acid is converted to diacylglycerol (DAG) by a
phosphatidyl phosphatase, known as Lipin in mammals. DAG can either be converted

into a triacylglycerol (TAG) by the DGAT proteins or be linked to a phospholipid head
group (Figure 2). In the PL remodeling pathway (Lands’ cycle), phospholipase A2 (PLA,)
hydrolyzes acyl chains at the sn7-2 position of PLs, generating a 1-acyl-lysoPL, which

then can be re-acylated by lysoPL acyltransferases (LPLATS) (Figures 2, 4). As individual
LPAAT or LPLAT enzymes differ in their preference for FA substrates and lysoPL targets,
this process thus generates diverse PL species. LPCAT3 (LysoPC acyltransferase 3),

and AGPAT3 (1-acylglycerol-3-phosphate O-acyltransferase 3, also called LPAAT3), were
shown to promote ferroptosis (Dixon et al., 2015). Both enzymes prefer PUFA-COA as

a substrate and sensitize cancer cells to ferroptosis by increasing the proportion of PUFA-
PLs. Interestingly, LPCAT3 is essential for SREBP1 maturation in hepatocytes. LPCAT3
depletion reduced PUFA-phosphatidyl choline (PC) and impaired SREBP1 maturation
(Rong et al., 2017). Further study is required to better understand the substrate preferences
of LPLATSs, and whether any of them are uniquely important for the incorporation of
MUFAs into PLs.

Lipid storage and release

Cellular FAs can be stored in lipid droplets in the form of TAG (Figure 2). When it is
needed, FA can be released from lipid droplets through lipolysis, a process mediated by
lipases or by lipophagy, the autophagic degradation of lipid droplets (Cohen, 2018). The
relationship between lipid droplets and ferroptosis is complicated, and context appears to
play an important role. For example, PUFAs can be redirected from PLs to lipid droplets
in the form of PUFA-TAG, which will prevent PUFA oxidation on the membrane and thus
make the cell less vulnerable to ferroptosis. Indeed, it has been reported that lipid droplets
protect drosophila glial cell niche and neural stem cells from damaging PUFA peroxidation
(Bailey et al., 2015). Conversely, PUFA-TAG can serve as a source of PUFA for PUFA-PL
synthesis. For example, in clear cell renal cell carcinoma (ccRCC), which typically have a
high basal level of lipid droplets, it was shown that PUFAs are enriched in both PLs and
lipid droplets (Zou et al., 2019); in hepatocytes, it was reported that selective degradation
of lipid droplets by RAB7A-related lipophagy increases the production of free FAs for
subsequent lipid peroxidation and ferroptosis (Bai et al., 2019). Further, it is intriguing to
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ask whether MUFA-TAGS can interconvert with MUFA-PLs and therefore inhibit ferroptosis
under some circumstance. ccRCC cells amass MUFAs (particularly oleic acid) in the form
of TAG and stored them within lipid droplets when there is abundant supply of exogenous
lipids and/or oxygen. However, once extracellular lipids and oxygen become limiting, oleic
acid is released and incorporated into PLs (Ackerman et al., 2018). This explains, at least
partially, how hypoxia inhibit ferroptosis through PL remodeling in ccRCC.

FERROPTOSIS, LIPID METABOLISM, AND CANCER SIGNALING

Given the central role of lipids and lipid metabolism in ferroptosis, it is conceivable

that signaling pathways that directly or indirectly modulate lipid metabolism may exert
important function in ferroptosis. Although ferroptosis has been associated with multiple
diseases, including cancer, neurodegeneration, and ischemic organ injury (see (Jiang et

al., 2021) as a recent review), the signaling pathways governing lipid metabolism and
ferroptosis have only been extensively studied in cancer. As discussed below, oncogenic
mutations of these pathways may enhance the synthesis of MUFA-PLs or PUFA-PLs, among
other relevant alterations, making cancer cells more resistant or sensitive to ferroptosis
induction (Figure 5). Therefore, therapeutic approaches can be designed accordingly to
specifically induce cancer cell ferroptosis.

PI3K-AKT-mTOR pathway

mTOR is a central signaling hub responsible for myriad processes within the cell, including
protein synthesis, transcription, and the cell cycle, and it is an important target for cancer
therapy (Guertin and Sabatini, 2007). Lipogenesis is an important function of the PI3K-
AKT-mTOR axis, and it supports the growth of cancer cells (Porstmann et al., 2008).
mMTORC1 activates the transcription factor SREBP1, a master regulator of lipogenesis
through transcriptional control over multiple lipogenic factors. Included in this is SCD1,
which converts SFAs into MUFASs. Recently, it was found that cancer cells with activating
mutations to P/IK3CA, which encodes the catalytic subunit p110a of PI3K, or deleterious
mutations to PTEN (which counteracts the activity of PI3K) develop potent resistance

to ferroptosis due to SREBP1-dependent SCD1 upregulation (Vi et al., 2020). Notably,
mTORC1 was also shown to regulate ferroptosis through the promotion of GPX4 synthesis
(Zhang et al., 2021). Further, pharmacological inhibition of PI3K, AKT, or mTORC1

all sensitized these cells to ferroptosis, suggesting a novel combination therapy for the
treatment of cancers harboring oncogenic activation of PI3K-AKT-mTOR pathway (Yi et al.,
2020; Zhang et al., 2021).

In addition to oncogenic PI3K-mTOR signaling, cancer cells may acquire SCD1-

mediated ferroptosis suppression through other mutations. For example, ~10% of lung
adenocarcinoma patients present mutations in both LKB1 and KEAPL. These patients have
a remarkably poor prognosis (Shen et al., 2019). KEAP1 is an inhibitor of the master
antioxidant transcription factor, NRF2, which can also upregulate SCD1 expression. It

was reported recently that lung tumors with mutations in LKB1 and KEAP1 develop

a strong dependence on SCD1 activity (Wohlhieter et al., 2020). Therefore, in cancers
harboring either PI3K-mTOR activation or LKB1/KEAP1 inactivation, therapies of same
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mechanism might be effective: a combination of ferroptosis induction with pharmacological
agents leading to SCD1 inhibition either directly (SCD1 inhibitor) or indirectly (PI3K/AKT/
mTORC1 inhibitors).

LKB1-AMPK pathway

Ferroptosis is tightly tied to cellular metabolism, and thus it may not be a surprise that
AMPK, a major sensor of cellular energy stress, has been reported to play a role in
suppressing ferroptosis (Lee et al., 2020a; Li et al., 2020). AMPK is activated upon the
reduction of ATP and elevation of AMP in the cell. One of AMPK’s many roles is to shut
down anabolic processes; in this capacity, AMPK had a profound effect on lipid metabolism.
AMPK phosphorylates and inhibits activity of ACC1 (acetyl CoA carboxylase 1) and ACC2
(Fullerton et al., 2013), which convert acetyl-CoA into malonyl-CoA and are crucial in de
novo lipogenesis by fatty acid synthase (FASN). Moreover, ACC2 suppresses fatty acid
oxidation through inhibiting CPT1 (Abu-Elheiga et al., 2001). Therefore, activation of
AMPK will simultaneously suppress fatty acid synthesis and increases fatty acid oxidation.
It has been shown that both activation of AMPK and inhibition of ACC or FASN could
efficiently block ferroptosis (Lee et al., 2020a; Li et al., 2020), and that LKB1/STK11, a
tumor suppressor and protein kinase that activates AMPK , could also inhibit ferroptosis (Li
et al., 2020). Intriguingly, mammals cannot produce PUFAs through de novo lipogenesis.
Why then does inhibition of ACC-FASN pathway and downstream SFA/MUFA synthesis
suppress ferroptosis? Through untargeted lipidomic analysis, Lee, et al. showed that
activation of AMPK led to an overall decrease of fatty acids (including SFA, MUFA,

PUFA, and various PLs), and AMPK knockout led to overall increase of fatty acids in

the cell. One possible mechanism proposed by Lee, et al. is that malonyl-CoA (which is
produced by ACC) was not only required in SFA/MUFA synthesis but was also required

in the elongation step of long chain PUFA synthesis, e.g., from y-linolenic acid (C18:3) to
DGLA (20:3). Another possible mechanism is that decreased fatty acid oxidation by AMPK
inhibition leads to an overall increase of fatty acid abundance, including PUFA and PUFA-
PL. Alternatively, could it be that a protein involved in ferroptosis requires palmitoylation,
or do SFAs play any active role in ferroptosis? These questions warrant further investigation.
Lastly, evidence suggests the therapeutic efficacy of AMPK activation for many types of
cancer (Kishton et al., 2016; Li et al., 2015; Sengupta et al., 2007), thus it will be of interest
to determine whether combined induction of AMPK activation and ferroptosis is an effective
therapy.

E-cadherin-Hippo-YAP/TAZ pathway

The Hippo pathway senses cell-cell contacts and is activated as cells begin to butt up
against one another, activating a signaling cascade to inhibit the activity of protooncogenic
transcriptional co-activators YAP and TAZ (Piccolo et al., 2014). At least one of the ways
Hippo senses cell-cell contact is through the adhesion protein E-cadherin. Knockout of
E-cadherin or inactivation of Hippo pathway all sensitized these densely cultured cells to
ferroptosis (Wu et al., 2019). Overexpression of constitutively active YAP or TAZ mutants
could also sensitize these cells to ferroptosis (Wu et al., 2019; Yang et al., 2019). It appears
that there are multiple effectors downstream of YAP and TAZ responsible for the increase
in sensitivity to ferroptosis, including transferrin receptor, NADPH oxidases NOX2 and
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NOX4, and ACSL4 (Wu et al., 2019; Yang et al., 2019; Yang et al., 2020). This may result
in an overall ferroptosis-sensitive cell state. Transferrin receptor imports labile iron to the
cell, NOX2/4 generate ROS, and ACSL4 mediates the synthesis of PUFA-PLs. Together,
they provide the kindling, fuel, and match for ferroptosis. Importantly, as loss of function
mutations of the Hippo pathway is a strong malignant event rending cancer cells resistant
to common therapies, increased ferroptosis susceptibility caused by these same mutants
suggests that these mutants can be used as biomarkers to predict the responsiveness of
cancers to ferroptosis-inducing treatments.

Notably, although E-cadherin is a bona fide tumor suppressor in cancers including gastric
and breast lobular carcinoma and whose loss of function has been considered as a critical
step in metastasis (Berx et al., 1995; Liu and Chu, 2014; Schmalhofer et al., 2009), a

recent study showed that in breast ductal carcinoma, loss of E-cadherin may be instead

an obstacle for metastasis: circulating cancer cells lacking E-cadherin had higher levels of
ROS and formed fewer metastatic sites (Padmanaban et al., 2019). It is enticing to speculate
that the function of E-cadherin in suppressing ferroptosis is behind this phenomenon, a
therapeutically relevant scenario easily testable.

VHL-HIF pathway

A great deal of research has been conducted on the role of ferroptosis in ischemia-
reperfusion injury, and mounting evidence suggests that the inhibition of ferroptosis can
improve outcomes in ischemic stroke, heart attack, and acute kidney injury (Gao et al.,
2015; Guan et al., 2019; Linkermann et al., 2014). This is likely due to the massive burst of
ROS that occurs with reperfusion, fueling uncontrollable lipid peroxidation and killing cells.
However, less attention has been paid to the molecular mechanisms surrounding ferroptosis
in hypoxic cells. Lipid metabolism under hypoxia is substantially altered to accommodate
the oxygen-poor environment (Munir et al., 2019). One of these changes is the accumulation
of lipid droplets, which are organelles storing excessive lipids primarily in the form of very
non-reactive neutral lipids: triacylglycerol and cholesterol esters.

Lipid droplets are abundant not only in various normal tissues or cell types such as
adipocytes and hepatocytes, but also in certain cancers, such as clear cell renal cell
carcinoma (ccRCC). ccRCC is a form of kidney cancer identifiable by the presence of large
lipid droplets. This is a result of a high rate of mutation to VHL, a tumor suppressor that
suppresses stability of the hypoxia inducible factors 1 and 2 alpha (HIF1/2a). Constitutive
activation of HIF1/2a alters a plethora of cellular processes, including metabolism of sugar
and lipids. VHL mutation has been reported to enhance sensitivity to ferroptosis through
the alterations to lipid storage (Miess et al., 2018). Moreover, HIF2a. was found to increase
incorporation of PUFAs into triacylglycerols and phospholipids through direct upregulation
of HILPDA, a lipid droplet associated protein. HILPDA can bind and inhibit adipose
triglyceride lipase, a protein responsible for breaking down triacylglycerols and appears

to stimulate the specific conversion of PUFA-linked TAGs to PLs (Zou et al., 2019). HIF1la
has also been identified as an enhancer of ferroptosis through epigenetic suppression of
SCD1 (Jiang et al., 2017). However, HIF1a also suppressed FADS2, which promotes the
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desaturation of linoleic acid into arachidonic acid. Therefore, the impact of hypoxia on lipid
metabolism and ferroptosis is complex and likely to be context dependent.

CONCLUDING REMARKS

In recent years, we have witnessed substantial progress in ferroptosis research, including

the understanding of the mechanisms and pathological functions of this unique form

of cell death. Although lipid metabolism and related signaling pathways have been
established as central players of ferroptosis, even in this specific territory, many fundamental
questions remain to be answered and will be the focus of future investigation. To name

a few: First, as distribution and metabolism of various lipid species have exquisite tissue
specificity, investigation of their interplay with ferroptosis in a tissue-specific manner holds
better opportunity for the identification of novel physiological function of ferroptosis.

This is obviously important, considering that a physiological role for ferroptosis, if any,

has not been defined. Second and technically, fluorescent probes widely used for the
measurement of lipid peroxidation cannot distinguish peroxidation of phospholipids versus
free fatty acids, a major technical hurdle in the field. Therefore, there is an urgent need

to develop new technology to accurately measure phospholipid peroxidation in cells,

or to make mass spectrometry-based method more feasible for routine measurement

of the cellular (oxi)lipidome. A lipidomics-based approach is advantageous as it can
determine the specific identity of oxidized phospholipids (head groups), helping to answer

a pressing question in the field: whether ferroptosis is triggered by the peroxidation of
certain specific phospholipids (phosphatidylethanolamine, instead of other phospholipids) as
suggested previously (Kagan et al., 2017); and if so, what are the mechanisms underlying
the selectivity of peroxidation and the role of these specific oxidized phospholipids in
ferroptosis. Related and conceptually important, although phospholipid peroxidation has
been considered the ultimate executioner and point of no-return of ferroptosis, it is formally
possible that there exists a specific molecular mediator downstream of phospholipid
peroxidation (such a mechanism can explain why phosphatidyl ethanolamine peroxidation
might be specifically crucial for ferroptosis (Kagan et al., 2017)). If so, this specific
molecule might be used as a precise biomarker for ferroptosis in vivo and in patient samples,
better than all currently used markers that cannot unambiguously distinguish ferroptosis
from certain other cellular events such as general oxidative stress. Therapeutically, we
foresee that further mechanistic dissection of the role of lipid metabolism and related
signaling in ferroptosis will nominate novel drug targets, biomarkers, and therapeutic
strategies — ferroptosis inducers as single agents or in combination with other targeted
agents for cancer treatment, and ferroptosis inhibitors as potential agents for the treatment of
neurodegeneration and ischemic organ injuries.
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Figure 1. A summary of ferroptosis.
The figure shows the core features of ferroptosis, including metabolic production of PUFA-

PLs, which are the substrates of phospholipid peroxidation; iron-dependent reactions leading
to the initiation and propagation of phospholipid peroxidation; and surveillance mechanisms
that can keep phospholipid peroxidation in check.
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Figure 2. Lipid metabolic pathways across different cellular compartments.
Fatty acids can either be taken up by the cell, through transporters including CD36 or the

FATP family, or synthesized de novo from glucose via conversion to acetyl-CoA. Acetyl-
CoA can be used for cholesterol synthesis via the mevalonate pathway or for the production
or extension of new fatty acids. The ACSL enzymes ligate coenzyme A to fatty acids

for elongation, beta oxidation, ether lipid synthesis, triglyceride synthesis, or phospholipid
synthesis. Phospholipids are transported to the membrane, where they can then be remodeled
by the Lands’ cycle.

ACAT, acetyl-CoA acetyltransferase; HMGCS, hydroxymethylglutaryl-CoA synthase;
HMGCR, hydroxymethylglutaryl-CoA reductase; SQLE, squalene monooxygenase; 7-
DHC, 7-dehydrocholesterol; DHCR7, 7-dehydrocholesterol reductase; LDLR, low density
lipoprotein receptor; CD36, fatty acid translocase; FATP, fatty acid transport protein; ACLY,
ATP-citrate lyase; ACC, acetyl-CoA carboxylase; FASN, fatty acid synthase; PA, palmitic
acid; SA, stearic acid; OA, oleic acid; LA, linoleic acid; AA, arachidonic acid; ACSL, acyl-
CoA synthetase, long chain; ELOVL, elongation of very long chain fatty acid protein; SCD,
stearoyl-CoA desaturase; FADS, fatty acid desaturase; CPT1, carnitine palmitoyltransferase
1; CACT, carnitine-acylcarnitine translocase; ACAD, acyl-CoA dehydrogenase; DECRL,
2,4-dienoyl-CoA reductase 1; ECH, enoyl-CoA hydratase; HADH, hydroxyacyl-CoA
dehydrogenase; PISD, phosphatidylserine decarboxylase proenzyme; GPAT, glycerol-3-
phosphate acyltransferase; AGPAT, acylglycerol-3-phosphate O-acyltransferase; DGAT,
diacylglycerol acyltransferase; C/EPT, choline/ethanolamine phosphotransferase; PE,
phosphatidylethanolamine, PC, phosphatidylcholine; PSS, phosphatidylserine synthase;
PEDS1, plasmanylethanolamine desaturase 1; FARL, fatty acyl-CoA reductase 1;

GNPAT, glyceronephosphate O-acyltransferase; DHAP, dihydroxyacetone phosphate;
AGPS, alkylglycerone phosphate synthase.
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Figure 3. Lipid peroxidation.
(A) An example phospholipid with a PUFA chain in the sn2 position can be oxidized at

the encircled position, either enzymatically or non-enzymatically. The resulting radical can
be isomerized to a more energetically favorable conformation and react with molecular
oxygen, forming a peroxyl radical. This radical can then react with another PUFA chain,
creating another radical on that chain and forming a hydroperoxide. (B) The basic Fenton
reaction. Iron can shift between the ferrous and ferric states, and both transition states can
react with hydrogen peroxide to generate a radical. (C) The Fenton reaction can also utilize
phospholipid hydroperoxides as substrates. The phospholipid radicals formed by this process
can react with other PUFASs to propagate a chain reaction of oxidation.
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Figure 4. Ferroptosis surveillance.
Ferroptosis is a death process driven by iron-dependent phospholipid peroxidation. The

canonical ferroptosis surveillance mechanism is mediated by GPX4, which catalyzes the
reduction of lipid peroxides into lipid alcohols. In parallel, enzymes such as FSP1,
DHODH, GCHL1, and NOS2, which produce metabolites with free radical-trapping activity
to terminate the phospholipid Fenton reaction, are classified as the second surveillance
mechanism. PUFA-PLs render cells more prone to ferroptosis, whereas MUFAS, likely
though MUFA-PLs, can inhibit ferroptosis. As such, the balance between MUFA-PLs and
PUFA-PLs may determine the susceptibility of the cell to ferroptosis. The balance between
MUFA-PLs and PUFA-PLs is dictated by the supply and activation of MUFAs and PUFAs,
as well as by the PL remodeling process (Lands’ cycle). These processes in combination
form another potential mechanism for ferroptosis surveillance.
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Figure 5. Selected ferroptosis-regulatory signaling pathways.
Lipid metabolism is a complex process regulated by many signaling pathways, and the

activation or suppression of these pathways can therefore modulate sensitivity to ferroptosis.
The pathways outlined here, not meant to be exhaustive, are a sampling of some of those
regulating ferroptosis. Question marks indicate processes that have not been clearly defined
mechanistically. For example, it is unclear how HILPDA selectively releases PUFA from
lipid droplets, how exactly MUFAs efficiently block ferroptosis, or the exact mechanism
underlying how inhibition of ACC (and thus de novo lipogenesis) can inhibit ferroptosis.
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