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ARTICLE INFO ABSTRACT

Keywords: Ferroptosis (FPT) is a form of cell death due to missed control of membrane lipid peroxidation (LPO). According
cell death to the axiomatic definition of non-accidental cell death, LPO takes place in a scenario of altered homeostasis.
ferroptosis FPT, differently from apoptosis, occurs in the absence of any known specific genetically encoded death pathway
218334 or specific agonist, and thus must be rated as a regulated, although not “programmed”, death pathway. It follows

that LPO is under a homeostatic metabolic control and is only permitted when indispensable constraints are
satisfied and the antiperoxidant machinery collapses.

The activity of the selenoperoxidase Glutathione Peroxidase 4 (GPx4) is the cornerstone of the antiperoxidant
defence. Converging evidence on both mechanism of LPO and GPx4 enzymology indicates that LPO is initiated
by alkoxyl radicals produced by ferrous iron from the hydroperoxide derivatives of lipids (LOOH), traces of
which are the unavoidable drawback of aerobic metabolism. FPT takes place when a threshold has been ex-
ceeded. This occurs when the major conditions are satisfied: i) oxygen metabolism leading to the continuous
formation of traces of LOOH from phospholipid-containing polyunsaturated fatty acids; ii) missed enzymatic
reduction of LOOH; iii) availability of ferrous iron from the labile iron pool.

Although the effectors impacting on homeostasis and leading to FPT in physiological conditions are not
known, from the available knowledge on LPO and GPx4 enzymology we propose that it is aerobic life itself that,
while supporting bioenergetics, is also a critical requisite of FPT. Yet, when the homeostatic control of the steady
state between LOOH formation and reduction is lost, LPO is activated and FPT is executed.

Lipid hydroperoxide
Lipid peroxidation
Oxygen toxicity
Selenium

1. Introduction sluggishness, due to incompatibility between the ground spin status of

molecular oxygen and the reduced carbon of organic compounds [2].

Following the historical distinction between “accidental” and
“regulated” cell death, a continuously growing list of regulated cell
death (RCD) routines had been compiled. Agonists, inhibitors, meta-
bolic pathways and genetic regulation of different forms of non-acci-
dental cell death have been identified and classified by the
Nomenclature Committee of Cell Death. Ferroptosis (FPT) is a newly
described form of regulated cell death, defined as the result of missing
or insufficient activity of the selenoperoxidase Glutathione Peroxidase 4
(GPx4), which causes a specific form of cell death operated by mem-
brane lipid peroxidation (LPO) [1].

Introducing the concept of FPT, we recall the fundamental axiom of
oxygen metabolism and toxicity stating that the high thermodynamic
oxidative potential of molecular oxygen is mitigated by the kinetic

To get fire, a spark is used to provide the energy exceeding the high
energetic barrier of the transition state of the reaction between oxygen
and fuel. In the case of the biological reactions of oxygen, the spin re-
striction can be bypassed at low temperature, when molecular oxygen
interacts —accepting a single electron-with free radicals or transition
metals [3]. Thus, the membrane damaging LPO, although thermo-
dynamically favorable, is kinetically controlled and can only initiate
when the spin barrier of oxygen is circumvented.

Oxidative damage has been for decades the leitmotif of studies on
accidental free radical damage associated to spontaneous or experi-
mental diseases. The remarkable insight, recently brought by the dis-
covery of FPT, is framed in the notion that LPO is proposed today as a
“regulated” event.

Abbreviations: ACSLs, Acyl-CoA synthetases; Aox-OH, Phenolic antioxidant; CoQH, reduced Coenzyme Q; Cys,, Cys disulfide; DTD, DT-Diaphorase; EAA, Glutamate
transporter; FPT, Ferroptosis; FST, Ferrostatin-1; GCL, y-Glu-Cys Ligase; GGT, y-glutamyl Transpeptidase; GPx4, Glutathione Peroxidase 4; L', lipid carbon-centered
radical; LIP, labile iron pool; LO", lipid alkoxy radical; LOO’, lipid hydroperoxyl radical; LOOH, lipid hydroperoxide; LOX, lipoxygenase; LPO, lipid peroxidation;
NOX, NADPH oxidase; PHGPx, Phospholipid Hydroperoxide Glutathione Peroxidase; RCD, regulated cell death; Mrp/Abcc, Multidrug Resistance-Associated Proteins;
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Fig. 1. Connection between oxygen metabolism, lipid hydroperoxides and
ferroptosis.

The scheme summarizes the description on constraints and events linking
oxygen metabolism to cell death. During aerobic metabolism traces of lipid
hydroperoxides (LOOH) are continuously produced in membranes. The che-
mical steps are: i) formation of free radicals from oxygen metabolism (HO';
HO,") operating an H abstraction from a polyunsaturated lipid; ii) O, addition
to the carbon-centered radical of the lipid; iii) H addition to the lipid hydro-
peroxyl radical, yielding LOOH. LOOH in the membranes, possibly multiplied
by lipoxygenases (LOXs), are continuously reduced to the corresponding hy-
droxy derivatives (LOH) by GPx4. This reaction competes with initiation of
membrane LPO by ferrous iron. Membranes containing LOH are repaired, while
lipid peroxidation executes FPT.

LPO has been identified as the executor of FPT from the results
obtained by pharmacologic manipulations leading to either GSH de-
pletion or GPx4 inhibition in cells [4,5]. These results agree with the
earlier observations that whole gene deletion of GPx4 is embryonically
lethal [6], and, in the adult or in a specific tissue, its depletion results in
specific cell death phenotypes [7-13].

This set of evidence supports the notion that FPT is not the outcome
of a death pathway sparked by a specific agonist, but, rather, a kind of
distortion of the integrated mechanisms controlling oxygen metabolism
and toxicity. The implicit fall-out is that these mechanisms must be
continuously operating for keeping low the steady state between reac-
tions permitting and inhibiting LPO.

In this review, we will critically discuss the specific aspects and the
constraints of the relationship between GPx4 activity, LPO and FPT as
schematically outlined in Fig. 1.

Our proposal is that the traces of hydroperoxide derivatives of lipids
(LOOH), unavoidably produced as a consequence of oxygen activation
during aerobic metabolism, are continuously reduced by GPx4 in the
presence of GSH. Not until the GPx4 reaction becomes limiting, ferrous
iron initiates LPO by LOOH decomposition, leading to cell death by
FPT. This features the Janus face of the oxygen molecule and highlights
the proposed notion of a threshold that is exceeded when not only the
indispensable constraints of LPO are fulfilled, and GPx4 activity is in-
sufficient.

2. Lipid autoxidation and peroxidation

Both terms, “autoxidation” and “peroxidation”, indicate the for-
mation of LOOH and their decomposition leading to a series of pro-
ducts, including reactive electrophiles. Although these terms are
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indifferently used in the scientific literature on oxidative degradation of
lipids, here we will refer to this semantic distinction solely to point out
the peculiar analogy and difference between the slow oxidative de-
gradation of organic matter, typically occurring in polymers, foods or
oils (autoxidation), and the rapidly progressing event, taking place in
biological membranes (lipid peroxidation). In both cases, indeed, the
sparking event is formation of free radicals from LOOH, while the most
remarkable difference between the two processes - autoxidation taking
place taking in days and peroxidation in minutes - is the kinetics of the
reactions producing radicals from LOOH, which paradoxically are both,
the initiators and the products of oxidative chain reactions.
Consistently, a major antioxidant mechanism, in both cases, is the re-
duction of LOOH, which integrates the well-known antioxidant effect of
free radical trapping.

The oxidative degradation of lipids is a free radical process en-
compassing three phases: i) formation of the first lipid radical initiating
the peroxidative chain reaction (initiation); ii) a peroxidative chain re-
action where remarkably the number of radicals remains constant
(propagation); and iii) arrest of the peroxidative chain reaction by ra-
dical-radical interaction (termination) [14].

LOOH is the indispensable precursor of free radicals competent for
the initiation of peroxidative chain reaction [15]. From LOOH, in-
itiating radicals are formed from the O-O bond either by the slow
molecule-assisted homolysis reaction, (fat autoxidation) [16], or by the
fast one-electron transfer reaction from transition metals (membrane
LPO) [15]. It is the enormous difference in the kinetics of the formation
of initiating radicals that mainly accounts for the difference between
rancidity of fats in foods and LPO in biological membranes.

In LOOH, the energy of the O-O bond, although insufficient to
support an uni-molecular decomposition, is compatible with a mole-
cule-assisted homolysis, favored by hydrogen bonding. A peculiar case
is that of homolysis of a LOOH operated by another LOOH (Eq (1)) [16]:

2 LOOH — LO" + LOO" + H,0 @

This reaction is critical for initiating autoxidation of fats in bulk
phase, but definitely much less important, if any, for initiating mem-
brane LPO. In membranes, initiation is operated by the electron transfer
from a reduced transition metal to a LOOH in a Fenton-like reaction,
producing the initiating alkoxy radical (LO") [15] (Eq (2)):

LOOH + Fe?* — LO" + Fe** + H,0 @)

These notions highlight the relevance, discussed in paragraph 3, of
the “first” LOOH in both autoxidation and LPO.

LO" either extracts a H from a neighbor lipid (L’H), forming a
carbon-centered radical (L"), (Eq (3)):

LO'+ I’'H — LOH + L” 3)

or, more likely, rearranges forming an epoxy group and a new
carbon-centered radical in the same fatty acid chain (Epoxy-L") [14].

The carbon-centered radicals (L or Epoxy-L’) reversibly add oxygen
forming a lipid hydroperoxyl radical (L’00"), (Eq (4)):

L” (or Epoxy-L) + O, <—— L’00" (or Epoxy-LOO") (©))

For simplicity, the evolution of the epoxy group will not be further
discussed.

From LOO’, LOOH is generated by an H transfer that stabilizes the
reversible oxygen addition. When H is donated by a methylenic carbon
of a divinyl methane moiety of an unsaturated fatty acid esterified in a
complex lipid, the newly formed L adds oxygen, thus propagating lipid
peroxidation (the number of radicals does not increase) (Eq (5)):

LOO" + I’'H — LOOH + L” ®)

Alternatively, the oxygen addition leading to LOO" can be stabilized
with a much higher rate constant by H donors such as tocopherols or
coenzymes Q that for this reaction are regarded as antioxidants (Aox-
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OH). Since the radical of the antioxidant (Aox-O") is not kinetically
competent for efficiently propagating peroxidative chain reaction [17],
the reaction preventing propagation is defined as “chain breaking” (Eq
(6)):

LOO" + Aox-OH — LOOH + Aox-O° 6)

The length of the peroxidative chain relies on membrane structure
and composition. In general, it is acknowledged being very short,
propagation being terminated by radical-radical interaction.

A typical arrest reaction, which results in a decreased number of
free radicals, is the disproportion of LOO" through the Russell me-
chanism (Eq (7)):

@

A hydroxyl and a keto derivative of fatty acid chain (LOH and L=0)
are produced, while molecular oxygen is released in an electronically
excited state that decays emitting a photon [18].

It is worth noting that the chain breaking reaction (Eq. (6)), al-
though limiting propagation, kinetically favors the formation of LOOH
from which, in the presence of Fe?*, the peroxidation-initiating species
LO’ is produced.

The description of the complex series of reactions producing a long
series of minor species is besides the scope of present discussion and has
been extensively reported [14].

About the role of endogenous free radical scavengers two recent
back to back papers reported the identification of a gene able to com-
plement GPx4 loss [19,20]. The product of this gene is the "Ferroptosis
Suppressor Protein 1" (FSP1), previously known as "Apoptosis Inducing
Factor Mitocondria Associated 2" (AiFM2). This protein, indeed, coin-
cides with the DT-Diaphorase (DTD) discovered in 1958 by Lars Ernster
[21], the oxidoreductase that reduces quinones to corresponding hy-
droquinones using either NADH or NADPH. Although the mechanism of
protection has not been conclusively unraveled, it has been proposed to
rely on the increased steady-state of the reduced Coenzyme Q (CoQH)
that scavenges LOO yielding LOOH (Eq (6)). However, this partially
conflicts with the above discussion about the role of LOOH as the
species producing LO". As a matter of fact, reduction of LOO" becomes
fully efficient in inhibiting LPO only when associated to reduction of
the LOOH produced [22]. To give an account for the effect of the in-
creased concentration of reduced CoQH by DTD, it seems more che-
mically sound the option that the anti-ferroptotic mechanism of CoQH
is scavenging of LO’", as recently proposed for Ferrostatin-1 (FST), the
paradigmatic synthetic antioxidant that inhibits FPT [23]. It is possible,
indeed, that, in vivo, the local concentration of CoQH in the membrane
could be sufficient to compete with a polyunsaturated lipid for the re-
action with LO", despite the limited kinetic advantage of phenolic an-
tioxidants in this reaction [24]. A similar mechanism can be evoked in
explaining, at least in part, the protection against FPT afforded by vi-
tamin E in the absence of GPx4, either in isolated cells or brain [25].

Interestingly, in the case of FST, the radical of the antioxidant,
generated upon the reaction with LO’, is regenerated back by Fe?*. It
follows that FST in the presence of ferrous iron operates a kind of
peroxidatic cycle where LOOH is reduced to LOH by two single electron
transitions (Fig. 2). The final antioxidant effect of FST is, therefore,
similar to that of GPx4, although, notably, the molecular mechanism is
distinct: two single electron transfer reactions vs one nucleophilic
substitution. What is relevant to point out here is that LPO, as well as
autoxidation, cannot proceed unless continuously re-initiated from
LOOH. Consistently, a major antioxidant mechanism in both cases is the
reduction of LOOH to LOH. The description and the major relevance of
the antioxidant “peroxidolytic mechanism” has been masterfully dis-
cussed by G. Scott [26]. He also had to acknowledge that “to many
biochemists and material technologists, ‘antioxidant’ is synonymous of
spin - trap”.

2100 — LOH + L=0 + O,
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Fig. 2. Antioxidant mechanism of GPx4 and Ferrostatin.

Both, GPx4 activity and Ferrostatin (FST), in the presence of ferrous iron reduce
LOOH to LOH and this prevents LPO initiation. The chemical mechanism is a
nucleophilic substitution in LOOH for GPx4, and one-electron transition to LO*
for FST. The proposed recycling of ferrostatin radical (FST") by Fe?* is indicated
[23].

3. How is the “first” LOOH required to initiate oxidative chain
reactions produced?

The energetic barrier of the reaction between molecular oxygen and
carbon, due to the ground electron status of carbon (singlet) and di-
oxygen (triplet), is escaped when either oxygen reacts with a free ra-
dical or it is reduced by an uneven number of electrons unveiling the
reactivity as free radical itself. The species produced by monovalent
reduction of molecular oxygen is the superoxide anion (0,).

The major biological sources of O, , are NADPH oxidases (NOXs)
[27], and mitochondria, which leak electrons from the transport chain
[28-30].

Superoxide anion is the precursor of the so called “reactive oxygen
species”, (ROS) as cumulatively indicated in cell biology studies, which
are endowed of both, toxic and physiological effects. The identification
of the radical species competent for abstracting H from a poly-
unsaturated fatty acid chain and thus producing the “first” LOOH, after
oxygen addition plus H transfer from a new lipid or an antioxidant, is
here synthetically worked-out, taking into account the chemical and
biochemical constraints of the reaction.

Superoxide anion is not a good oxidant [31], and thus indirect
pathways, producing the lipid carbon centered radical (L") that adds
molecular oxygen yielding LOO’, eventually stabilized as LOOH, must
be considered. What is known is that O, interacts with iron com-
plexes forming perferryl species, which have been proposed as com-
petent for generating the L', escaping the spin restriction [32]. Also,
0O, is reduced either spontaneously or enzymatically to hydrogen
peroxide and then, by Fenton chemistry, to hydroxyl radical (HO"). This
species is, indeed, by far the most potent oxidant produced by in-
complete reduction of oxygen, the role of which was defined in the
earliest studies on free radical in biology. HO" is a strong electrophile
and reacts at diffusion-limited rate with practically any biological
molecule. However, it is just this extremely elevated reaction rate that
makes unlikely the specific oxidation of a methylene carbon of a
polyunsaturated fatty acid of a phospholipid inserted in a membrane.
Another, often neglected, oxidant suitable for H abstraction, is the
protonated form of O, (i.e. HOy') also named per-hydroxyl or hydro-
peroxyl radical [30,33]. Against the relevance of this radical, there are
both, the extremely low concentration and presence of Superoxide
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Dismutases activities (SODs). Conversely, in favor, are the low pK,
value of O, (4.7 in aqueous solution [34]) that is compatible with the
protonation in the acidic environment of the cytosolic side of internal
mitochondrial membrane, and the fact that the non-charged HO,' is
expected to be a poor substrate of SODs, missing the electrostatic en-
zyme-substrate interaction [35].

In summary, although the nature of the species involved in the
formation of L in cell membrane evolving to the ‘first’ LOOH inside the
membrane is not rigorously defined, available data allow to safely as-
sume that the first critical event is O, production.

FPT descends from LPO and mitochondria have been proposed to
have a role in FPT [36], although this view has been also criticized
[37,38]. What we know is that a respiratory chain fully reduced by
respiratory control is a condition favoring electron leakage [29], that a-
keto-acid dehydrogenases are an even better source of O, in mi-
tochondria [39], that oxidation of a-ketoglutarate, produced by gluta-
minolysis, supports erastin-inducing FPT [40] and that the cytosolic
vital form of GPx4 is located in the somatic tissue mitochondria [41]
and/or contact sites between the inner and the outer membrane [42]. In
addition, while this article was under review, a paper appeared showing
that silencing of the dihydrolipoate dehydrogenase component of the
alpha ketoacid dehydrogenases protects FPT induced by cystine depri-
vation [43]. This evidence is strongly in favor with the role of these
mitochondrial enzymes in producing the species leading to LOOH
production and eventually FPT when GSH is limiting. The seemingly
solid conclusion is, therefore, that mitochondrial activity is competent
for the formation of the traces of LOOH from which LPO is initiated
when reduction by GPx4 is limiting.

4. Role of lipoxygenases

Besides the above mechanisms, LOOH can be produced also by some
dioxygenase homologs, namely lipoxygenases (LOXs) [44]. Evidence
has been produced for their role in FPT [45,46], and thus, since anti-
oxidants suppress LOXs activity [47], a relevant question emerges
whether FPT inhibition by antioxidants could be due to LOXs inhibition
[48]. Against there is the observation that ferrostatin and liprostatin 1,
the two paradigmatic FPT inhibitors, are poor inhibitors of 12/15 LOX
but excellent inhibitors of LPO, instead [49]. Nevertheless, the issue of a
possible control of LOXs by Vitamin E could be of physiological re-
levance. Antioxidant analogs of Vitamin E inhibit LOXs activity and the
acknowledged mechanism is scavenging of a free radical intermediate
of the catalytic cycle [47]. However, it has been reported that the most
specific inhibitor of 12/15 LOX is tocotrienol-containing the un-
saturated phytic chain [50], and that esterified derivatives of toco-
pherol inhibit 12/15 LOX in spite the absence of the redox moiety [46].
This addresses a possible role of the side chain of vitamin E, besides the
redox properties of the chromanol ring. In this view, LOXs inhibition
should be due, at least in part, to the competition for the active site
between the tocopherol side chain and the fatty acid chain substrate.
Unfortunately, this non-canonic, innovative evidence is mainly sup-
ported by molecular modeling and requires a further in deep validation.

Thus, at the present level of knowledge, it can be safely concluded
that tocopherol dampens LOXs activity just by operating a radical
trapping reaction on the active site.

A possibly relevant aspect of LOXs impact on LPO and FPT is the
activation of these enzymes by LOOH and thus the control by GPx4.
This interesting observation emerged from studies on the function of
12/15 LOX. This enzyme has a role in the final maturation of re-
ticulocytes [51]. It forms LOOH from intact phospholipids and this is
the critical event priming the destruction of mitochondria in the last
phase of differentiation of reticulocytes into red blood cells [52], in-
dicating that mitochondria LPO is a physiological event in red blood
cell maturation. The detailed mechanism of the controlled activation of
12/15 LOX in reticulocytes is still unclear, besides the fact that the
catalytic iron in the active site must be kept in the ferric form. What it
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has been demonstrated is that, in sub-mitochondrial particles, GPx4
inhibits 12/15 LOX activity by reducing LOOH that, by oxidizing the
catalytic iron, act as indispensable activators [53]. Consistent with this
function, is the evidence of oxidative damage and severe anemia caused
by GPx4 silencing in erythropoietic cells [54] when peroxidation, not
kept under the necessary control, widens. Hence, it appears conceivable
that LOOH also have a role in activating LOXs, and that by this me-
chanism LPO is enhanced. This further confirms the notion that the
whole series of oxidative events on membrane phospholipids is con-
trolled by GPx4.

In summary, the emerging view is that LOXs are better enhancers
than indispensable agonists of FPT. Consistently, in animals lacking
alox15, the gene expressing the isoform active on intact phospholipids
[55], fail to complement the embryo lethality due to inactive GPx4
expression [56].

5. From microsomal lipid peroxidation to GPx4

The rancidity of fats, a typical consequence of autoxidation, was
known from antiquity, and carpenters and painters used oxidation-
polymerized linseed oil for centuries. The first scientific description
dates back to early XIX century when Théodore de Saussure provided
manometric and gravimetric evidence for the spontaneous addition of
oxygen to walnut oil [57]. Since then, the process of oxidative de-
gradation, and the procedures to prevent it, attracted the attention
primarily of rubber chemists and food technologists. The observation in
1963 by P. Hochstein and L. Ernster of a very fast oxygen consumption
rate in a suspension of rat liver microsomes exposed to NADPH and ADP
while seeking for an oxidative phosphorylation pathway, was attributed
to an unforeseen extremely fast and massive oxidative degradation of
membrane lipids [58]. The discovery of microsomal LPO had, in our
opinion, the main merit of bridging the gap between fat rancidity and a
biological event, i.e. between autoxidation and peroxidation according
to the semantic distinction presented in paragraph 2.

The features of the microsomal lipid peroxidation were soon iden-
tified. Traces of iron complexed by the phosphates of ADP, and kept
reduced by electrons flowing through the microsomal electron trans-
port chain from the reduced pyridine nucleotide, were indispensable
activators. Soon it was observed that NADPH and the microsomal
electron transport chain could be replaced by other sources of electrons,
such as ascorbate [59].

The wishful thinking that LPO could be relevant in human diseases
inspired a long series of studies addressed to understand the basic
mechanism of LPO and the biological or pharmacological mechanisms
to prevent it. In the late seventies we also stepped, by a coincidence, on
LPO and this prompted studies that led to the discovery of GPx4. While
addressing the microsomal HMG-CoA reductase activity, we noticed a
rotten-like smell emanated by the reaction mixture: a clear evidence of
peroxidation. The mixture indeed contained, among other reagents,
microsomes, adenine nucleotides and NADPH. The hit that mostly
drove us toward the discovery of GPx4, was the report by P. McCay that
liver cytosol, in the presence of GSH, inhibits LPO [60]. Adopting a
typical biochemical approach, we purified the protein accounting for
this GSH-dependent anti-peroxidant effect. This “Peroxidation In-
hibiting Protein” [61], was named “Phospholipid Hydroperoxide Glu-
tathione Peroxidase” (PHGPx) when the enzymatic activity on oxidized
membrane phospholipid was characterized [62]. Notably, the PHGPx
activity was not shared with the previously known glutathione perox-
idase, known today as GPx1. PHGPx was later systematically renamed
GPx4, after the description of the corresponding gene [63] and the
identification of other GPx homologs. However, how the suffix 4 ori-
ginated, is unclear.

In our early experiments, we already observed that neither SODs,
nor H,0, removing enzymes inhibit membrane LPO. This draw our
attention to traces of membrane LOOH as the indispensable species for
initiating LPO.
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Combining this set of evidence with the known chemistry of lipid
peroxidation, it clearly emerges that a unique and specific “activator” of
FPT does not exist, and that the initiation of LPO relies on insufficient
GPx4 activity only. In this perspective, formation of LOOH in mem-
branes emerges as a continuous unavoidable constraint related to oxi-
dative metabolism operating in aerobic life. The lesson from these in
vitro studies is that, in microsomes, membrane LPO, instead of being
“activated”, is rather “not sufficiently inhibited”. This concept indeed,
could be extended today to the most popular FPT.

The series of studies on GPx4 and LPO also disclosed a critical
reason why selenium is indispensable to life. GPx4 indeed, is a vital
enzyme and even the substitution of sulfur for selenium in mice GPx4, is
incompatible with life, despite the fact that the recombinant sulfur-
containing mutant catalyzes the same reaction and is expressed at much
higher level [64]. This is due, besides the kinetic advantage of the wild
type enzyme [65] to a much higher oxidative stability of the latter vs.
the cysteine-containing variant [66].

6. The products of lipid peroxidation and ferroptosis

The occurrence of LPO leading to FPT, although inferred a priori
from the missed anti-peroxidant activity of GPx4, is still far from being
evaluated with rigorous quantitative precision.

In the early studies on LPO, which were carried out on lipid dis-
persions or subcellular fractions, the analytical procedures were bor-
rowed from oil and food analysis. Diene conjugation, colorimetric de-
termination of malondialdehyde or titration of hydroperoxides have
been measured for decades. In our experience, none of these procedures
is sensitive and precise enough for studies at cellular level, such as FPT.
Here, only tiny amount of malondialdehyde in fact can be measured
[67], and oxygenated species derived from phospholipids are hardly
detectable only by sophisticated MS procedure [68].

In the majority of cell biology studies, the evidence of ongoing
membrane LPO was inferred, instead, by measuring the oxidation of the
probe C11-BodiPy 581/591 [69]. This probe monitors the formation of
oxygen-centered lipid radicals in cells, taking advantage of insertion in
the membrane due to the lipophilic tail, and excitation and emission in
the non-toxic visible range. The signal produced by fluorescence
emission of oxidized C11-Bodipy is therefore bona fide acknowledged
today as the evidence of ongoing membrane LPO in cells.

An elegant, although not quantitative, proof of the link between
LPO and FPT has been produced by the observation that cells loaded
with deuterated fatty acids become more resistant to FPT, due to the
isotopic effect [45]. Additionally, a chemoproteomic study showed that
during FPT several proteins are carbonylated by hydroxynonenal, the
product of LPO [70] a specific unsaturated hydroxyaldehyde first de-
scribed in detail in 1984 [71,72].

In conclusion, although a precise quantitative evidence of LPO in
FPT is still missing, the link between the two phenomena is convincing.
Yet, whether either a specific oxidized lipids is involved or, instead, it is
a mixture of LPO products that impairs specific vital functions remains
undefined. Future oxy-lipidomic procedures are expected to bring a
major contribution in this respect, when the sensitivity of the MS
analysis and computational data processing will be further im-
plemented.

7. Role of glutathione

GSH, the reducing substrate of GPx4 activity, is indispensable for
preventing FPT. Consistently, GSH is indispensable for life as the si-
lencing of y-Glu-Cys ligase (GCL), the rate-limiting enzyme of GSH
synthesis, is lethal [73,74]. Cell death is seemingly due to LPO, al-
though other mechanisms limiting the maintenance of vital homeostasis
are also possible.

More generally, the relationship between GSH redox status and
regulated cell death —originally cumulatively referred to as apoptosis-
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attracted a huge number of studies focusing the alleged, although never
fully revealed, relationship between “oxidative stress” and cell death
[75,76].

The straightforward impact of GSH levels on FPT emerged from the
use of erastin, a compound that, by lowering the intracellular level of
GSH activates, in sensitive cells, a form of death morphologically
identical to that induced by missing GPx4 [37].

Cellular GSH concentration is maintained by a complex homeostatic
mechanism where the steady-state concentration is under kinetic con-
trol of specific enzymatic reactions [77].

GSH concentration is controlled by the rate of oxidation, conjuga-
tion, extrusion, uptake of thiol containing precursors and re-synthesis.
Intracellular reduction rate of GSSG, instead, seems of relatively minor
relevance as suggested by the observation that absence of glutathione
reductase produces a mild phenotype in animals, revealed only as in-
creased sensitivity to oxidative challenges [78].

7.1. Role of Nrf2

GSH biosynthesis is under the control of Nrf2, the key regulator of
the cellular response against “stress”, which is switched on by electro-
philes [79]. These, by interacting with the nucleophilic Cys residues of
the adaptor protein Keapl, which facilitates Nrf2 ubiquitination, allow
the newly synthesized transcription factor to escape ubiquitination and
thus to transit to the nucleus. Here, after combining with other proteins,
Nrf2 promotes transcription of target antioxidant genes [80], among
which there are the catalytic and the regulatory subunits of GCL. This
mechanism emerges as a feed-back control of the nucleophilic tone
activated by electrophiles. However, Nrf2 not only activates GSH bio-
synthesis, but also primes the expression of the multidrug resistance-
associated proteins (Mrp/Abcc), competent for exporting of GSH-con-
jugates, GSSG and GSH itself [75,81,82]. In this respect, Nrf2 activa-
tion, by decreasing intracellular GSH, at least under specific experi-
mental conditions, could also sensitize cells to FPT. In support to this, it
has been reported that silencing of Mrp/Abcc increases GSH con-
centration while overexpression, increasing extrusion, is associated
with cell death [75].

Cumulatively, while it is largely accepted that Nrf2 activation, by
priming GSH synthesis, increases the nucleophilic tone in the frame of a
protective, anti-stress function, it is not clear whether also the GSSG/
GSH extrusion, promoted by Nrf2 activation, could also modulate
sensitivity to FPT. In this context, it is relevant to mention that the
seldom reported observations describing GPx4 as a Nrf2 target, al-
though theoretically conceivable, should be considered with caution.
The GPx4 promoter(s) indeed do not contain Nrf2 sites and systematic
studies addressing the issue are missing.

It is reasonable, therefore, to conclude that the final effect of Nrf2
on FPT is still incompletely defined if not still frankly ambiguous.

7.2. Uptake of Cys and role of y-glutamyl transpeptidase

The Cys required for GSH biosynthesis comes from diet. Besides Cys
and its disulfide (Cys,) the extracellular milieu also contains GSH and
GSSG extruded from the cells via the Mrp/Abcc [75]. Both, Cys and
GSH are rapidly oxidized in the extracellular environment, yielding
cystine (Cys,) and GSSG. The canonical pathway of amino acid uptake
from glutathione, starts with the reaction of y-glutamyl transpeptidase
(GGT), an enzyme facing the outer layer of cell membrane [77]. By
hydrolyzing glutamate from GSH or GSSG, di- or tetra-peptides con-
taining Gly and Cys or 2Gly and Cys, are formed, respectively. The
peptide bonds of these peptides are immediately hydrolyzed by a
peptidase releasing Gly, Cys and Cys,. Uptake of Cys and Cys, takes
place via the specific AA transporter and the X.~ antiport, respectively
(see paragraph 7.3).

In the cycle described several years ago by Meister, the glutamate of
extracellular GSH is transferred by GGT to amino acids and the y-
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Fig. 3. Recycling of GSSG.

GSSG is extruded via the Mrp/Abcc transporter and hydrolyzed by GGT and a dipeptidase (DP) to Gly, Glu and Cys; contributing to the extracellular amino acid pool.
Gly and Glu are taken up by the specific amino acid transporters (AT and AT?) and Cyss is reversibly exchanged with Glu by the X.~ transporter. In the classical
Meister cycle (grey, on the right) GGT transpeptidase activity catalyzes the binding of Cys, to Glu forming yGlu-Cys, that is imported by the y-glutamyl-amino acid
transporter (AT>). This transferase component of GGT, which is not indispensable to the process, is debated and reported here for historical completeness only. For
simplicity, oxidations and reductions of different thiols and disulfides are not specifically indicated.

glutamyl amino acids are eventually imported [83].

The relevance of the transpeptidase activity of GGT and the y-glu-
tamyl amino acid transporter has been recently questioned and evi-
dence is available that the enzyme, despite the name, solely complies
with the hydrolase activity [84,85]. Although the question remains
open, we can safely conclude that GGT, irrespective of the issue of
transpeptidase activity relevance, as hydrolase makes available Cys and
Cys, derived from GSH or GSSG for uptake, for which the above
transport systems are indispensable. A synthetic outline of the recycling
of GSSG is summarized in Fig. 3.

7.3. Role of cystine and the X~ transporter

The relative relevance of distinct pathways providing Cys for GSH
synthesis from extra cellular precursors has never been comparatively
analyzed in detail, thus supporting the assumption that large differ-
ences might exist in different cells and tissues.

The Cys,/Glu antiporter system X.~ has been by far the most ex-
haustively investigated [86]. This descends from a practical issue too,
since cultured cells practically exclusively rely on high levels of Cys, in
culture media. The other main reason of the focus on X.~ is its irre-
versible inhibition by erastin, a compound first used to disclose the
features of FPT. Consequently, inhibiting X.~ by erastin became a
paradigmatic experimental tool for inducing FPT.

Yet, being a bidirectional transporter, flow direction is controlled by
substrate concentration, where the differential intra- and extra-cellular
concentration of Glu and Cys, drives the fluxes. Since Glu can enter by
its own transporter (EAA), a cycle can be envisaged, where a continuous
uptake via EAA provides Glu that is exported via the X.~ antiporter
system, thus supporting cellular Cys, uptake (Fig. 3).

Yet, although the activity of the system X.~ is usually acknowl-
edged promoting GSH biosynthesis, it can also impair it, an effect
particularly relevant in neurons. The most relevant pathophysiological
condition where X.~ proved relevant in favoring cell death in fact, is
Glu neurotoxicity [87]. This neuronal form of death, named “oxytosis”
several decades ago, is primed by extracellular Glu and it is, indeed,
largely overlapping FPT in encompassing GSH depletion, oxidative
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stress, LOXs activation, and calcium influx [88]. The high concentration
of extracellular Glu, in fact inverts the flow direction so that Cys, is
extruded.

It has been recently reported that the gene encoding for the tumor
suppressor protein p53, (TP53) sensitizes cells to FPT by down-reg-
ulating SLC7A11, the light chain subunit of the X.™ transporter [89].
Consistently, SLC7A11 overexpression decreases the sensitivity of cells
to FPT [90]. On the other hand, it has been also reported that stabili-
zation of p53 by upregulating p21 has a pro-survival effect, instead
[91]. This preserves GSH concentration and delays the induction of
FPT, indicating that the p53-p21 may also help cancer cells to cope with
metabolic stress induced by Cys, depletion [89]. This set of evidence
discloses an unexpected mechanism descending from the activation of
the gene TP53, although further studies are required for discriminating
among seemingly contradictory results.

7.4. Role of protein turnover

Cys available for GSH synthesis can also derive from intra-lysosomal
protein degradation. Following proteolysis, the specific Cys, transporter
cystinosin releases Cys, in the cytosol. Interestingly, in humans, a de-
fect of this transporter yields a specific pathology known as cystionosis,
where Cys, crystallize within lysosomes [92]. A relevance of this
pathway on FPT regulation has never been specifically addressed.

7.5. Role of the transulfuration pathway

By the transulfuration pathway methionine is converted to homo-
cysteine which is transformed to cystathionine and finally Cys [93].
Regulation by S-adenosylmethionine suggests that the major role of the
transulfuration pathway is balancing methionine or homocysteine de-
gradation with methionine availability, rather than Cys biosynthesis.
Apparently, synthesis of Cys by the transulfuration pathway can be
viewed as the vehicle for sulfur conversion to sulfate and taurine end
products [94]. Yet, in experiments seeking for genetic suppressors of
FPT it was shown that when cysteinyl-tRNA synthetase was knocked
down, the transulfuration pathway is activated, thus protecting against
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FPT induced by system Xc~ inhibitors [95,96]. This complies with a
possible role of the transulfuration pathway in coping with GSH
synthesis needed to decrease sensitivity to FPT, at least in some cell
types.

In conclusion, although GSH depletion is the widely used experi-
mental procedure for inducing FPT, the sensitivity is largely different in
distinct cell lines and distinct metabolic conditions. The basic question,
therefore, about the role of GSH depletion as positive agonist of FPT
under physiological conditions must be rated as highly likely, although
conclusive evidence about mechanisms is far from being positively
achieved.

8. Role of iron

Iron has an indispensable function in LPO, and it is the cellular pool
of redox-active free Fe>* —i.e. the so called “labile iron pool” (LIP) [97]
- having the key role of initiating LPO from LOOH.

Iron is ingested with food and is continuously recycled among tis-
sues, leaving the organism only by bleeding, or by cell loss from in-
testine or skin. Intracellular concentration and biological availability of
iron is carefully controlled, resulting from the rates of uptake, utiliza-
tion, protein turnover, storage and export. Cellular uptake occurs via
the transferrin receptor (TfR) at least in the most studied hematopoietic
cells, while in the non-hematopoietic cells the routes of uptake are
much less clearly defined [98]. TfR takes up transferrin (Tf) carrying
Fe®* from plasma by clathrin-mediated endocytosis. In the endosome, a
proton pump allows releasing Fe**, while iron-free Tf, losing affinity
for the TfR, is freed and recycled together with the TfR. Inside the
endosome, Fe®* is reduced to Fe?*, transferred to cytosol by the di-
valent metal transporter-1 (DMT1), and associated to LIP. Heme oxy-
genase-1 (HO1), by releasing Fe?>* from heme catabolism, also con-
tributes to LIP iron content. Here Fe®*, besides operating a
translational homeostatic control of the proteins of iron metabolism via
the assembly of Fe-S clusters in iron regulatory proteins (IRP) [99], is
either utilized in other biosynthetic pathways, which may require mi-
tochondria import by mitoferrin, or sequestered in the cytoplasm by
ferritin in the Fe>* form. Also ferritinophagy, therefore, releases iron
[100]. Consistently, recent reports indicate that increased iron by either
HO1 activity, or ferritinophagy, or increased expression of the TfR,
sensitizes cells to death by FPT [40,101,102]. Interestingly, a report
indicating that in the cardiomyopathy induced by doxorubicin and
ischemia-reperfusion, Nrf2 activation primes the expression of HO1,
which, by releasing iron, primes FPT [103], further highlights the
ambiguous role of this transcription factor in the context of ferroptosis.

In conclusion, in the frame of the complex metabolic regulation, the
dimension of the cytosolic LIP emerges as a possible regulator of FPT.
However, while it is unquestionable that traces of iron are indis-
pensable to FPT, whether a sudden increase of the amount of available
reduced iron could be a physiological agonist priming FPO is hard to
establish and seems rather unlikely.

9. Role of PUFAs in membrane phospholipids

As outlined above, LPO requires polyunsaturated phospholipids (see
paragraph 2). It can be anticipated, therefore, that phospholipid PUFA
content is a major indispensable constraint of FPT.

In cells, long chain free fatty acids (FFA) are trapped and channeled
to the different metabolic pathways upon activation by acyl-CoA syn-
thetases (ACSLs). Mammalian cells are endowed of five homologs of
these enzymes, which select FFA, although specificity is not strict
[104]. Specifically, ACSL4 exhibits a well-documented preference for
arachidonic acid and other w-6 fatty acids, thus controlling membrane
phospholipid fatty acid composition [68,105]. Based on this, it is not
surprising that ACSL4 impacts on cell sensitivity to FPT [68,106]. In-
terestingly, mouse embryonal fibroblasts devoid of wild type GPx4, but
expressing the homozygous Cys mutant, display a reduced ACSL4
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expression. This is suggestive of a compensatory mechanism activated
to decrease cell sensitivity to LPO of in the absence of an efficient LOOH
reduction [64].

10. Transcriptional and translational regulation of GPx4
expression

GPx4 activity is obviously regulated by selenium availability.
Besides its intrinsic role in enzyme catalysis, Se affects the level of the
different isoforms of the tRNAS®"15¢¢ [107] and, for some glutathione
peroxidases, which in this respect are the most studied among seleno-
proteins, also mRNA stability [108]. In addition, the 3’ UTR of the
mRNA encoding for selenoproteins, which is indispensable in recoding
the UGA termination codon for selenocysteine insertion, also modulates
Sec incorporation efficiency at the translational level [109]. These
mechanisms account for the non-uniform supply of Sec to selenopro-
teins (also called hierarchy). Solid evidence converges to the notion
that GPx4 ranks among the highest in the hierarchy, which means that,
following selenium deprivation, GPx4 mRNA generally remains rather
stable [110]. Yet, cultured cells usually lack of a useful source of sele-
nium, and the supply of nanomolar amount of NaSeOj3 to the culture
medium, increases, depending on the cell type, up to 50% GPx4 protein
expression and activity [111], [unpublished]. This probably mostly
occurs by a translational effect, and accounts for the identification of Se
availability as a constraint of sensitivity to FPT [112].

Besides Se availability, other mechanisms regulating GPx4 expres-
sion are ill defined. At the level of gene transcription, the fact that three
different proteins can be synthesized from gpx4, due to the presence of
multiple transcriptional starts, yielding the mitochondrial (m-), nuclear
(n-) and cytosolic (c-) GPx4, renders the issue of gene regulation ex-
tremely complex [113]. Yet, reverse genetics indicates that only the c-
GPx4 isoform is indispensable for embryo survival [41] and seemingly
for preventing FPT. The m- and n-forms, instead, are apparently just
connected to male fertility [114] and sperm chromatin condensation
[115] respectively. According to Imai et al. [116], the specific promoter
of the vital c-GPx4 is located after the transcriptional start for the m-
form and is apparently further regulated by a stretch of sequences up-
stream. Interestingly, it is devoid of a classical TATA box, suggesting
that c-GPx4 is a housekeeping enzyme, the expression of which is
seemingly under the control of general transcription factors such as
SP1, NF-Y and AP2 [117], this latter, notably, stressing the role of this
isoform in embryonic development. In addition, in CaCo2 cells, a
combined CREB and C/EBP (CRE) element located in the upstream
region seems necessary for full promoter activation during differentia-
tion [118]. Available information on the issue of gpx4 expression reg-
ulation has been exquisitely summarized in a recent review [119].

Yet, it can be concluded that present knowledge fails to provide hits
on the option that FPT is regulated by a sudden shift in GPx4 expres-
sion. Just the simplistic view stands, indicating that higher GPx4 ex-
pression leads to higher resistance to FPT inducing stimuli.

11. Inactivation of GPx4

FPT was identified as a novel form of RCD by screening cancer-
specific drug candidates whose suggested molecular mechanism was
inhibition of cellular GPx4 activity.

The observation that, in vitro, 1S, 3R-RSL3 does not inhibit purified
GPx4 was an intriguing, unexpected evidence [120]. Since inhibition
required cytosol, presence of an “inhibition permitting activity” was
postulated and the protein accounting for it purified. This protein,
14.3.3¢, interacts with GPx4 and permits the alkylation of the Sec
moiety at the active site, thus reasonably playing a scaffold function.
Following GPx4 alkylation, the protein-protein interaction is lost. A
notable corollary of this mechanism is the presence of a functional
thiol-disulfide switch in 14.3.3¢ which allows the “inhibition permitting
activity” only when reduced. The existence of such a sophisticated
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mechanism would be suggestive of a physiological role of 14.3.3¢ in
FPT beyond just permitting GPx4 inhibition by a synthetic drug. What
emerges is a possible feed-back pathway where the more oxidizing
environment decreases the sensitivity of GPx4 to inactivation.

All together, these observations further contribute to frame GPx4
activity and FPT in a scenario of a regulated cell death and will en-
courage the search for the physiological species of which 1S, 3R-RSL3
could be a pharmacologic mimetic.

12. Conclusions and perspectives

Congruence between enzymology and cell biology is a desirable
achievement for the accurate understanding of a (patho)physiological
event. This is the case of GPx4, first described in vitro as a unique anti-
peroxidant, fully characterized enzyme, and re-discovered decades later
as the controller of survival or death operated by FPT. It was known
from decades that missing GPx4 activity leads to LPO, and what ad-
ditionally we learned today is that this has a major impact in neuro-
degenerative diseases, kidney failure, metabolic diseases, ischemia-re-
perfusion, sepsis and immunological cell killing. Furthermore, the
function of GPx4 as critical controller of LPO did also open an inter-
esting window for drug targeting aimed to innovative cancer therapies.

Although descriptions of the specific cellular phenotypes produced
by missing GPx4 activity contributed to defining a novel form of
regulated cell death, the precise, final mechanism linking LPO to cell
death is still obscure. It is not known, indeed, whether it is a specific
peroxidation product or the perturbation of membrane order and
structure that generates the irreversible loss of homeostatic control
executing the death sentence.

From the enzymology of GPx4, the biochemistry of LPO and the
features of FPT, we can safely conclude that cells are susceptible to FPT
when a convergence is fulfilled between necessary, although not suffi-
cient, constraints:

1) presence of polyunsaturated fatty acids in membrane phospholipids;

2) continuous formation of traces of LOOH, produced as byproduct of
oxygen activation associated to oxidative metabolism, and possibly
multiplied by LOXs activity;

3) availability of traces of ferrous iron in a complexed form compatible
with the reaction with LOOH.

Critical is the notion that the above necessary constraints can lead to
FPT only when GPx4 activity is missing or insufficient. This corrobo-
rates the proposal that FPT is indispensably activated when the
threshold of anti-peroxidant capacity, facing the continuous oxidative
challenge produced by ongoing metabolism, is overcame.

Some considerations about the alleged inactivation of GPx4 are
suggested by basic enzymology and protein chemistry. What we know is
that:

i) GPx4 content and activity do not correlate in different tissues, in
agreement with the presence of inactive or less active protein [121];

ii) the Sec moiety of GPx1, and by analogy of GPx4, is prone to beta
cleavage forming dehydroalanine (DHA) under conditions of an
endogenous oxidative stress [122] or when linked to bulky residues
and oxidized to selenoxide [123];

iii) in the absence of GSH, the catalytic Sec of GPx4 forms seleneny-
lamide that evolves to DHA during proteolysis, when tertiary
structure is lost [66];

iv) GPx4 inhibition by the electrophile 1S, 3R-RSL3 indispensably re-
quires the scaffold protein 14.3.3e seemingly operating a con-
formational switch on GPx4 [120].

This set of heterogeneous information converge to the challenging
hypothesis that GPx4 could be functionally inactivated by beta-clea-
vage of its selenium moiety under oxidizing conditions and in the
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absence of GSH, a reaction possibly assisted by a conformational shift.

A condition of extremely low GSH concentration is the final phase of
spermatogenesis when m-GPx4, by oxidizing as alternative substrate
protein thiols, builds up the mitochondrial capsule where it remains co-
polymerized [124]. We could wonder, therefore, why spermatozoa do
not massively die of FPT while building up mitochondrial capsule. An
intriguing explanation is suggested by the fact that the major cardio-
lipin species in spermatozoa contains four residues of palmitic acid
[125], fully resistant to LPO. A case, to our knowledge, unique in
biology, consistent with the role of mitochondria and cardiolipin in FPT
[126,127].

In conclusion, at the present level of knowledge, FPT emerges as a
form of cell death due to missed homeostatic control between mi-
tochondrial aerobic metabolism, associated to energy demand, and
capability to deal with the unavoidable “collateral damage”.
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