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Hülya Bayır,3 and Valerian E. Kagan1,14,15

Abstract

Significance: Oxygenated polyunsaturated lipids are known to play multi-functional roles as essential signals
coordinating metabolism and physiology. Among them are well-studied eicosanoids and docosanoids that are
generated via phospholipase A2 hydrolysis of membrane phospholipids and subsequent oxygenation of free
polyunsaturated fatty acids (PUFA) by cyclooxygenases and lipoxygenases.
Recent Advances: There is an emerging understanding that oxygenated PUFA-phospholipids also represent a
rich signaling language with yet-to-be-deciphered details of the execution machinery—oxygenating enzymes,
regulators, and receptors. Both free and esterified oxygenated PUFA signals are generated in cells, and their
cross-talk and inter-conversion through the de-acylation/re-acylation reactions is not sufficiently explored.
Critical Issues: Here, we review recent data related to oxygenated phospholipids as important damage signals
that trigger programmed cell death pathways to eliminate irreparably injured cells and preserve the health of
multicellular environments. We discuss the mechanisms underlying the trans-membrane redistribution and
generation of oxygenated cardiolipins in mitochondria by cytochrome c as pro-apoptotic signals. We also
consider the role of oxygenated phosphatidylethanolamines as proximate pro-ferroptotic signals.
Future Directions: We highlight the importance of sequential processes of phospholipid oxygenation and
signaling in disease contexts as opportunities to use their regulatory mechanisms for the identification of new
therapeutic targets. Antioxid. Redox Signal. 29, 1333–1358.
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I. Introduction

Among the many meanings of Albert Einstein’s words
quoted in the title—from philosophical to moral, ethical,

and emotional—there is a particular one that constitutes the
subject of the current special issue and this work, focused on
the mechanisms and biological meaning of cell death.

A. Evolution of concepts in oxidative lipidomics

Lipid molecules represent one of the major constituents of
cells and tissues that are soluble in nonpolar organic solvents.
One of the major classes of lipids are phospholipids, which
have an amphiphilic nature—a combination of a polar water-
soluble head with a phosphate moiety and a water-insoluble
hydrophobic tail (most commonly two 14–20 carbons long
fatty acid chains) linked by glycerol—that allows them to
form biomembranes. The two most abundant types of phos-
pholipid molecules in membranes are phosphatidylcholine and
phosphatidylethanolamine (PE) complemented with several
minor constituents such as phosphatidylserine (PS), phospha-
tidic acid, phosphatidylglycerol, and diphosphatidylglycerols
(or cardiolipins, CL).

Self-assembly of amphiphilic (phospho)lipid molecules
into bilayers and semipermeable membrane encapsulation of
replicating macromolecules was essential for life from the
very early stages of its emergence on the surface of our planet
(111). Under anaerobic conditions and high temperatures
during that period, saturated and monounsaturated lipids
were optimal for building and maintaining the semi-fluid
state of membranes in single-cell organisms (35). However,
with planet cooling, the appearance of molecular oxygen, and
multicellularity, the importance of polyunsaturated lipids
surpassed a structural building block role and now includes
vital functions as communication molecules required for
coordination of multiple processes into spatiotemporally in-
tegrated and optimized forms of life (58).

Based on fossil records, there was a major change in the
propagation of life that abruptly occurred *600 million years
ago, when the oxygen content in the atmosphere became suf-
ficient for the maintenance of aerobic life (21). All land-based
mammals had access to sufficient nutrient resources judged by
their large body mass and fast growth rates they attained (99).
Archaeological data indicate that sufficiency of food enriched
in long-chain polyunsaturated fatty acids (LC-PUFA) was es-
sential for sustaining the large size, complexity of the modern
human brain. LC-PUFA were also essential for multi-

generational brain development, thus contributing to the advent
of Homo sapiens (60). Notably, contemporary evolutionary
models emphasize that proximity to marine, lacustrine, and
riverine sources of food and utilization of littoral resources with
high levels of LC-PUFA by Homo during the period 20–200
kya was critically important for the development of the human
brain (13). Today, dietary essential long-chain fatty acid resi-
dues (C20, C22) with four, five, and six double bonds remain
the most limiting nutrients for brain lipids and neural growth
(20, 22–24, 59). The reasons for the critical dependence of brain
development and functions on these LC-PUFA still remain
unknown. However, a popular concept that PUFA lipids are
essential for the maintenance of biomembranes fluidity is
generally accepted, in spite of the fact that oleic acid (C18:1)
residues are sufficient for keeping membranes fluid enough.

One of the important chemical propensities of polyunsatu-
rated lipids is their susceptibility toward oxygenation (39).
Enzymatically, these reactions are catalyzed by a host of mono-
and di-oxygenases yielding myriads of highly diversified and
versatile functions. Among these functions, signaling by oxy-
genated derivatives of free PUFA has attracted much attention
as regulators of intracellular metabolism and intercellular
communications (86). Numerous functions of octadecanoids,
eicosanoids, docosapentanoids, and docosahexanoids medi-
ated by their specialized receptors have been identified in
health and disease (27, 109, 115). Different phospholipids with
esterified PUFA-FA residues undergo hydrolysis by phospho-
lipases A—a rate-limiting enzymatic process that releases
PUFA for subsequent oxygenation steps catalyzed by one of
several enzymes such as cyclooxygenase, lipoxygenases (LO),
and cytochromes P450 (49, 78, 114, 124, 160). These concepts
peacefully accommodate current knowledge about important
lipid mediators and their precursors PUFA-phospholipids.

For a long time, oxygenation of PUFA residues of phos-
pholipids has been predominantly associated with struc-
tural organization of biomembranes, mostly in the context of
oxidative damage (165, 166). Initiated by the interest to
radiation-induced injury and free radicals produced during
radiolysis of water (8, 142), the chemical concepts of liquid
phase oxidation have been transferred to biology and gave
birth to new interdisciplinary fields of research—free radical
biology and medicine. For more than five decades, the con-
cepts of free radical-induced damage of membranes caused by
poorly controlled random free radical oxidation of polyun-
saturated phospholipids dominated the field and triggered
the high interest to small-molecule chemical scavengers of
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radicals, that is, antioxidants (28, 112, 149). A simple and
readily accepted concept of oxidative stress—a disbalance
of endogenous antioxidant/prooxidant systems in favor of
the latter—encouraged numerous, initially optimistic, studies
aimed at the compensation of endogenous antioxidant defi-
ciency in essentially all major human diseases and in aging
(55, 139, 140). Disappointingly, the enthusiasm associated
with the use of antioxidants did not withstand the rigorous
scrutiny of multiple clinical trials, which consistently dem-
onstrated the lack of therapeutic efficacy of exogenous natural
or chemically designed antioxidants (107, 108, 147, 150, 167).

B. LC-MS-based oxidative phospholipidomics:
a technological breakthrough

The new wave of interest in oxidative reactions of polyun-
saturated phospholipids paralleled the advancement of small-
molecule mass spectrometry (MS), associated with mild ioni-
zation, particularly electrospray, technologies (38). The dis-
covery of a remarkably rich and diverse (phospho)lipidome
and multiple signaling functions of phospholipids inspired re-
search in the field of MS-based oxidative phospholipidomics
(76, 121, 145). The enormous diversity of nonoxidized lipids is
sufficient to constitute a significant component of metabo-
lomics. Oxidative modification of PUFA lipids increases the

number of their molecular species by at least an order of
magnitude, thus making lipids dominant in the metabolome.
This is mainly due to positional distribution of several oxygen-
containing functionalities—hydroperoxy-, hydroxy-, oxo-, and
epoxy—after oxygenation of bis-allylic carbon atoms at dif-
ferent positions in the PUFA residues (27) as well as oxidative
truncation of the hydroperoxy-derivatives yielding the prod-
ucts with a shortened side chain (Fig. 1).

In spite of the huge variety of the oxygenated (phospho)lipids
in terms of the molecular speciation, their absolute amounts are
usually very low, on the order of 0.1–3.0 mol% of total non-
oxidized phospholipids. Thus, identification and quantitative
characterization of LC-MS-based protocols of phospholipid
oxidation products is challenging, particularly in a nontargeted
approach aimed at maximizing detection of all diversified
species for subsequent identification of those that are associated
with a particular function of interest. In spite of significant
technical difficulties, partly also caused by the lack of standards
for the majority of individual oxidized phospholipids, their
semi-quantitative comparative analysis permits obtaining
valuable and biologically interpretable data. The analytical task
becomes much easier when targeted quantification of a partial
list (‘‘inclusion list’’) of oxygenated phospholipids is required.
Finally, it should be mentioned that many of the oxygenated
phospholipid species are highly electrophilic and can readily

FIG. 1. Enzymatic catalysis of oxidation of two polyunsaturated phospholipids, resulting in the signal formation.
(A) 15-LO catalyzes oxidation of AA-PE to yield ferroptotic death signals. AA-OOH-PE is produced as the primary molecular
product that can be subsequently reduced to respective hydroxy-derivatives or converted into epoxy-, oxo-, or oxidatively
truncated electrophilic products with shortened side chains. (B) cyt c/CL peroxidase complex oxidizes linoleic acid residue in
hetero-acylated CL to yield linoleoyl hydroperoxy-CL, hydroxy-, epoxy-, oxo-, or oxidatively truncated electrophilic products
with shortened side chains. 15-LO, 15-lipoxygenases; AA-PE, arachidonoyl-phosphatidylethanolamine; AA-OOH-PE, 15-
hydroperoxy-AA-PE; CL, cardiolipin; cyt c, cytochrome c. To see this illustration in color, the reader is referred to the web
version of this article at www.liebertpub.com/ars
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form adducts by reacting with nucleophilic sites of proteins (33,
159). These adducts may represent the most functionally im-
portant products whose formation is responsible for the sig-
naling effects. Thus, the new direction of research and
technology advancement demands the development of oxida-
tive proteo-lipidomics (17, 101, 144). Obviously, technological
difficulties of this endeavor may be even greater due to multi-
plicity and even a greater variety of covalent complexes of
myriads of electrophilic phospholipid oxidation products with
thousands of target proteins.

II. Different Signaling Pathways for Nonoxidized
and Oxidized CLs in Mitochondria

The presence of life-sustaining atmospheric oxygen con-
tent in the atmosphere for the maintenance of aerobic life
based on fossil records occurred *600 million years ago.
This created a new universal intracellular instrument organ-
elle, mitochondria, and caused significant changes in the forms
of life (21). As a thermodynamically open system of eu-
karyotic cells—from protozoan to mammals—mitochondria
produce and exchange energy, metabolites, and information.
They are filled with the machinery for oxidative metabolic
reactions coupled with electrochemical generation of mem-
brane potential and leading to the production and preservation
of energy in the form of ATP (18, 36, 143). (18, 36, 143). In
addition to being the major powerhouse of cells, mitochondria

also act as a regulatory hub and are involved in the coordi-
nation of multiple intra- and extracellular processes and in
controlling cell death (41). Interestingly, many regulatory
functions of mitochondria are associated with their unique and
asymmetrically distributed phospholipid, CL (122) (Fig. 2).

Chemically, CLs represent an unusual dimeric molecule
with an anionic doubly charged (with two phosphate groups)
polar head and a highly hydrophobic body with four fatty
acyls linked via glycerol moieties. In contrast to other
phospholipids, CLs are synthesized exclusively in mito-
chondria (56, 98,128) by CL synthase on the matrix side of
the inner mitochondrial membranes (IMM) (131) and can
undergo subsequent postsynthetic remodeling (129, 130).
The remodeling process is believed to generate homo-
acylated—with four identical fatty acid residues, most
commonly C18:2—CL species in some tissues (heart, skel-
etal muscles, liver) (56, 113, 123, 132), in contrast to highly
diversified hetero-acylated CLs in most tissues, particularly
in the brain (12, 81, 154). Overall, the majority of CL species
in mammalian cells contain one or more PUFA and, hence,
are readily oxidizable (92, 125).

III. Externalization of Nonoxidized CL Signals
Elimination of Damaged Mitochondria

Electron transport and other redox functions of the mito-
chondrial respiratory chain and enzymatic machinery are

FIG. 2. Schema illustrating the signaling mechanisms for externalized and oxidized CL in mitochondria, extra-
mitochondrial and extra-cellular compartments. Damage to mitochondria resulting in IMM depolarization triggers the
process of CL externalization to the mitochondrial surface whereby CL is recognized by one of the major components of the
autophageal machinery, LC3. This process of CL redistribution from the IMM to the OMM and binding of CL with LC3 initiates
mitophagy of injured mitochondria, and it is important for the mitochondrial quality control. Successful removal of damaged
mitochondria serves a pro-survival function and maintains normal cell metabolism. If mitochondrial injury exceeds the reparative
capacities of a given cell (e.g., excessive DNA damage), redistribution of CLs to the OMM creates conditions for its interaction with
an intermembrane space hemoprotein, cyt c to yield a complex with a peroxidase catalytic competence toward PUFA-CL. CLox
acts as a pro-apoptotic signal facilitating release of cyt c from mitochondria into the cytosol, thus designating a point of no-return in
the execution of the intrinsic apoptotic program. Damaged mitochondria and/or their fragments with externalized CL and CLox are
recognized by CD36-driven mechanisms of professional phagocytes, thus leading to their elimination by macrophages. Ex-
ternalized CL (and CLox) may also interact with the MD2/TLR4 system on the surface of macrophages, leading to silencing of
cytokine production and immune-paralysis. CL, cardiolipin; CLox, oxidized CL; IMM, inner mitochondrial membranes; LC3, light
chain 3; MD2, myeloid differentiation protein 2; OMM, outer mitochondrial membrane; PUFA, polyunsaturated fatty acids; TLR4,
toll-like receptor 4. To see this illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/ars
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conducive of one-electron transfer reactions, including the
reduction of molecular oxygen and thus generating super-
oxide anion-radicals and H2O2 (91). Discoordination of these
reactions may lead to excessive production of reactive oxy-
gen species (ROS), potentially leading to injury of the af-
fected mitochondria, and other intra- and extracellular
targets. To avoid the calamitous consequences of these redox
misfortunes, a mitochondria-specific type of autophagy, mi-
tophagy, is usually activated to eliminate the dysfunctional
organelles, thus representing a pro-survival mechanism (51,
174). Notably, mitochondrial membrane depolarization
caused by the excessive production of ROS is not the only
trigger of mitophagy. In particular, superoxide anion radicals,
one electron reduction product of oxygen, are not effective
modifiers of mitochondrial membranes. However, their dis-
mutation product—formed spontaneously or catalytically
wih the participation of Mn-SOD—H2O2 may act as a source
of oxidizing equivalents for the peroxidase function. In this
regard, cytochrome c (cyt c)/CL complex may play a role of
a very potent membrane modifier that is specific for CL
oxidation (77, 79).

Oxidation of CL is associated with the loss of membrane
potential in mitochondria (141). For example, treatment of cells
with protonophoric uncouplers, such as carbonyl cyanide-p-
trifluoromethoxyphenylhydrazone (FCCP), also initiates mi-
tophagy of depolarized mitochondria (16). Importantly in the
context of this work, these pro-mitophageal stimuli cause a
collapse of mitochondrial asymmetry of CL confinement to
the IMM and trigger its redistribution to the outer mito-
chondrial membrane (OMM) and externalization to the
surface whereby the unusual phospholipid is recognized by
microtubule-associated protein 1 light chain 3 (LC3)
(Fig. 2), one of the major components of the autophageal
equipment of cells (16). The recognized signal with the
attached cargo stimulates the inclusion of the damaged
mitochondria in the autophagosome for further digestion
and elimination. Binding with LC3 is mostly driven by
electrostatic interactions of positively charged basic patches

of the protein, particularly N-terminal residues R10 and R11,
with two CL’s negatively charged phosphate groups (16).
Although the presence of all four acyls in CL is essential for
its binding to LC3, the overall mitophagy process does not
display any preference for individual fatty acid residues.
The mitophageal signaling by externalized CL is not asso-
ciated with the oxidation of the PUFA residues in the
phospholipid (15, 16, 72).

The central event in mitophageal signaling by CLs is the
collapse of its membrane asymmetry and redistribution from
the IMM to the OMM. The complete network of enzymatic
mechanisms fulfilling this function remains enigmatic. Given
that CLs are synthesized on the inner leaflet of the IMM and
interact with LC3 after their appearance on the outer leaflet
of the OMM, one can envision the necessity of three dis-
crete translocations: within the IMM, between the IMM and
OMM, and within the OMM (Fig. 3). As CL molecules in-
clude a bulky hydrophobic body and a doubly charged head,
the travel through and in between two membrane surfaces is
associated with significant energetic expenditures.

Currently, only one of the proteins involved in the CL transfer
between the IMM and OMM has been identified—a mito-
chondrial isoform of nucleoside-diphosphate kinase D (NDPK-
D) (Fig. 4) (74, 134). A well-known function of the enzyme is
the transfer of phosphate groups between different nucleosides
such as ATP>GDP, thus providing a pool of available GTP for
mitochondrial GTPases (e.g., OPA1) (134). NDPK-D has been
known to bind and transfer CLs between donor and acceptor
liposomes (87). More detailed studies including LC-MS-based
identification of molecular species of CLs in the IMM and on
the mitochondrial surface revealed engagement of the hex-
americ protein in the process of CL externalization (74, 133).
The CL-binding site includes R90 as the mutated protein product
R90A lacked the binding and transporting capacity (74). Com-
putational assessments of ligand binding energies suggest that
the affinity of NDPK-D for CL is relatively low. This may be
an important mechanism to preclude ‘‘excessive’’ sensitivity
to fluctuations of free CL content in the IMM. The CL-

FIG. 3. A model of interaction of microtubule-associated-protein-1-LC3 with CL integrated into the lipid bilayer.
Model of a bilayer made up of DOPC (shown as gray surface) and CL molecules are illustrated as pink spheres, with head-
groups colored orange. The protein LC3 is shown at different intervals (t = 0, 30 and 50 ns). At t = 0 ns, the van-der Waal’s
surface of the protein is shown; at t = 30 ns, the secondary structures are shown in ribbon diagram, enclosed within the van-
der-Waal’s surface; and at t = 50 ns, the residues interacting with CL (R10 and R11) are highlighted in space-filling repre-
sentation. The inset shows details of a single CL molecule with acyl chains in pink and the head-group in orange. The details
of the LC3-CL interactions are available in Chu et al. (16). DOPC, 1,2-dioleoyl-sn-glycero-3-phosphocholine. To see this
illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/ars

OXYGENATED PHOSPHOLIPIDS IN PROGRAMMED CELL DEATH 1337



dependent NDPK-D-mediated pathway, thus, may be an ef-
fective pro-survival factor, and in a number of episodes injury
alternative signaling machineries may be triggered.

Several distinct receptors participating in the mitophageal
process have been characterized (50). Among them are a
ubiquitin-binding domain that localizes them to Parkin-
ubiquitinylated mitochondria, including p62/SQSTM1,
NBR1, and optineurin whereby Parkin binds AMBRA1 to
localize it at the OMM. Another group of mitophagy receptors
operates by engaging Bnip3, its homologue Bnip3L/Nix,
FUNDC1, and Bcl2L13 (50). These mitophagy receptors
have transmembrane domains that constitutively localize to
the OMM. It is possible that CL externalization may be in-
volved, at least in part, in realization of these alternative
processes for maintenance of mitochondrial and cell health. In
lieu of this, it is tempting to speculate that the recruitment and
redistribution of some of these molecules into mitochondria
(e.g., PINK1) may be associated with the presence of exter-
nalized CL on the mitochondrial surface. Finally, it is worth
noting that CL externalization in mammalian mitochondria
may reflect a more ancient mechanism that is also employed
by prokaryotes. Indeed, in interactions of gram-negative
bacteria with the target/host cells, bacteria externalize their
CLs from the inner membranes to the surface (25).

IV. CL Oxidation Signals Apoptosis

Successful and effective elimination of damaged mito-
chondria via mitophagy may be sufficient for the protection

of the injured cell from the risk of continuously spreading
of damage. However, the failure of the cell to cope with
the accumulating damage and (geno)toxicity via activation
of repair processes, including DNA repair, necessitates the
next elimination step—initiation of apoptosis, commonly
via activation of p53-dependent mechanisms operating via
mitochondria-dependent pathways (10, 85). This ‘‘sacrifi-
cial’’ behavior is particularly important for the protection of
the entire cell community from possible release of dangerous
factors, leading to uncontrolled spreading of the toxic impact.

When mitochondrial CLs are no longer confined to the
IMM and have re-distributed into the OMM, they have es-
sentially unlimited access to the intermembrane space com-
ponents, including a mobile electron carrier, the small
hemoprotein cyt c (126). Usually, the latter shuttles electrons
between respiratory complexes III and IV, a function to
which it is ideally adapted due to full occupancy of its co-
ordination bonds (54, 169). Indeed, hexa-coordinated ar-
rangement of the heme-iron in cyt c—with tetra-coordination
by the heme and two axial ligands, Met80 and His18—precludes
its unwanted capacities for a peroxidase-like catalysis.

Readily available CLs bind cyt c and change its coordi-
nation state by loosening heme-Fe-S bonding with Met80,
thereby permitting the access for the pro-oxidant small
molecules, such as H2O2, to act as a source of oxidizing
equivalents and induce peroxidase competence of cyt c (6,
11, 100, 105). Radical migration from the porphyrine ring of
the heme, typical for the peroxidase catalysis mechanism,
occurs also in the cyt c/CL complexes whereby the formation

FIG. 4. A model illustrating different stages of externalization of CL from the IMM to the OMM, including the CL
transfer through the intermembrane space by NDPK-D. Hexameric complexes of NDPK-D consist of monomers
colored in six different colors. Shown also are R90-containing sites involved in binding of CLs. Model of a bilayer made up
of DOPC (shown as gray surface) and CL molecules are illustrated as pink spheres, with head-groups colored orange. The
van-der-Waal’s surface of hexameric protein NDPK is shown in the IMM at different positions. The conserved arginine
residues implicated in binding of CL are labeled and highlighted in the leftmost hexamer (134). The asymmetry in the CL
distribution in IMM and OMM is indicated by highlighting the CL, with its higher content in IMM versus OMM, before
release of CL from the CL-NDPK complex (rightmost hexamer). NDPK-D, nucleoside-diphosphate kinase D; PE, phos-
phatidylethanolamine. To see this illustration in color, the reader is referred to the web version of this article at www
.liebertpub.com/ars
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of oxo-ferryl species (Fe4+ = O) takes place at the expense of
the electron withdrawal predominantly from its proximity to
the heme-Fe, Tyr67 (77, 80). The targets for the enzymatic
oxidative attack by the peroxidase activity of cyt c/CL
complex are PUFA residues of CLs (77). Accumulation of
oxygenated forms of CL (CLox) in the OMM facilitates the
release of cyt c from mitochondria into the cytosol, defining a
point of no return in the apoptotic program (Fig. 5, left panel).
Given recent evidence that formation of cyt c/CL complexes
is important for the OMM permeabilization and the release of
the hemoprotein from mitochondria into the cytosol (82), it is
possible that CL oxidation facilitates this process.

The participation and essentiality of selective CL oxida-
tion as a required mitochondrial stage of intrinsic apoptotic
program has been demonstrated for many different types of
wild-type cells. As expected, genetic manipulations causing
deficiency of either CL-synthase as well as the entire cyt c or
mutation of its Tyr67 residue suppressed the apoptotic re-
sponses (5, 9, 62, 95, 97). Moreover, in several in vivo models
with characteristic massive apoptotic death, such as hyper-
oxia in mice, inhalation exposure to single-walled carbon
nanotube in mice, total body irradiation (TBI) in mice, and
traumatic brain injury in ‘‘pediatric’’ rats—the accumulation
of CL oxidation products has been confirmed by quantitative
LC-MS-based oxidative lipidomics analysis (12, 65, 153,
156, 158).

The importance of CLox accumulation as a pathogenic
mechanism has been confirmed by the protective effects of
several mitochondria-targeted inhibitors of CL oxidation

(7, 37, 66, 69, 119, 148). Among them, a series of newly
developed electron scavengers (XJB-5-125, XJB-5-131, JP4-
039) capable of preventing the formation of H2O2 as a source
of oxidizing equivalents for the cyt c/CL catalyzed reactions
were very effective (Fig. 6) (37, 66, 119). Another group of
effective regulators includes imidazole-substituted fatty ac-
ids whereby strong liganding of the imidazole group with the
heme-Fe prevented its further participation in the catalysis of
the peroxidase CL oxidation (Fig. 6) and protected against
radiation-induced apoptosis in vivo (7).

As an enzymatic oxidation reaction, cyt c catalyzed oxi-
dation of PUFA CLs is expected to display specificity toward
different molecular species of phospholipids. Assessments
of the specificity are complicated by the multiplicity of the
products formed concomitantly in several reactions of CL
oxidation during the same incubation, even in relatively
simple biochemical systems (Fig. 7).

The evaluation of the CL oxidation specificity is difficult in
cultured cells and even more complex in animal tissues,
where a heterogeneous cell population such as inflammatory
cells and professional phagocytes affect specific pro-oxidant
features of the microenvironment and also clear injured and
dying cells. Amazingly, in spite of all these potentially strong
confounding factors, features of remarkable selectivity in the
molecular speciation of CL oxidation products can be re-
vealed. For example, after traumatic brain injury, oxidation
products in hetero-acylated CL species containing C22:6,
C20:4, and C18:2 residues were detected. The rules of random
chemical oxidation predict that the most polyunsaturated FA

FIG. 5. A schema illustrating the generation of apoptotic and ferroptotic cell death signals from CL (left) and PEs
(right). Apoptotic signals, mono-oxygenated species of LA-CL, are formed in mitochondria in the cyt c/CL-driven reaction.
Ferroptotic cell death signals, hydroperoxy-arachidonoyl/adrenoyl PE species (AA-OOH-PE/AdA-OOH-PE) are formed in
the endoplasmic reticulum in the 15-LO-driven reaction. Also shown are metabolic pathways involved in the formation of
acyl-CoA derivatives of free fatty acids and their subsequent esterification into PE and oxygenation of the phospholipid. The
inhibitors of different stages of the process—Triacsin C for ACSL4, ML351 and PD146176 for 15-LO, as well as RSL3 and
Ebselen for GPX4—are also presented. GPX4 is central to the regulation of the reduction of AA(AdA)-OOH-PE to the
respective hydroxy-derivatives. LA, linoleic acid. To see this illustration in color, the reader is referred to the web version of
this article at www.liebertpub.com/ars
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residues should be preferred oxidation substrates. Instead,
C18:2 residues were found to undergo preferential oxidation
within the same CL molecule whereby C20:4 and C22:6
species remained nonoxidized (96).

Similarly, in the lung of animals exposed to hyperoxia, c-
irradiation, as well as inhaled carbon nanotubes, C18:2 res-
idues were the major targets of oxidation whereas more
chemically susceptible polyunsaturated residues displayed
lower levels of oxidative modification (153, 156, 157).
Overall, the available results lead to a conclusion that strict
control of enzymatic processes rather than stochastic che-
mical reactions governs apoptosis-associated CL oxidation.

Among the numerous oxidation products, oxygenated CLs
with one to eight added oxygen atoms are commonly de-
tectable during LC-MS-based oxidative lipidomics analysis
(65, 155). Aside from the enzymologic issues related to the
mechanisms of cyt c catalyzed reactions, the important
question is the relevance of the individual products to the
execution of the apoptotic program. Indeed, although only
*10 molecular species of CLox are found in the brain of
normal rats, the elevated levels and more than 150 new ox-

ygenated CLox species can be detected after brain trauma
(65). Which of these multiple and diversified species of CLox
are directly involved in the execution of an apoptotic pro-
gram? Bioinformatics combined with the newly developed
opto-lipidomics approach identified four molecular species
of CLox that were persistently associated and common to
several cases of apoptosis, when induced in different types of
cells and tissues by different stimuli (96). All four of them
contained mono-oxygenated C18:2 species, whose structural
identity remains to be confirmed. Assuming that the in-
volvement of CLox in the release of cyt c from mitochondria
into the cytosol may be mediated by their interactions with
one or more proteins in the OMM, one can speculate that
electrophilic oxo- or epoxy-derivatives are likely candidates.
Further oxidative lipidomics work, particularly based on the
application of the new generation of more sensitive high mass
accuracy instrumentation (e.g., a Tribrid� Fusion� Lu-
mos� mass spectrometer; ThermoFisher Scientific), may
help in resolving these important questions.

V. PS Oxidation Signals Phagocytic Clearance
of Apoptotic Cells

Our previous work has shown that execution of an apo-
ptotic program in a variety of cell lines by different intrinsic
pro-apoptotic stimuli resulted in selective oxidation of PS in
plasma membrane [reviewed in Refs. (70, 71, 73)]. Further,
we demonstrated that PS oxidation is important for its ex-
ternalization on the cell surface. We also showed that PS
species with docosahexaenoic fatty acid in sn-2 position were
oxidized during apoptosis (152, 156). Notably, oxygenated
PS molecules exposed on the surface of apoptotic cells are
better recognized by professional phagocytes, which results
in a more effective engulfment and digestion of apoptotic
cells. Thus, not only PS (127, 136) but also oxidized species
of PS act as universal ‘‘eat-me’’ signals (151).

VI. Oxidized PEs Signal Ferroptosis

The broad regulatory functions of oxygenated polyun-
saturated lipids also include involvement in impaired
metabolism and disease. In these situations, oxygenated
polyunsaturated lipids potentially represent a source of
endogenously generated hydrophobic electrophilic car-
bonyl compounds—aldehydes, ketones, and epoxides—
capable of covalently reacting with essential nucleophilic
sites in proteins, causing their post-translational modifica-
tions that can act as diversified signals or initiators of
pathophysiological events (138, 161, 163). These second-
ary reactive lipid electrophiles are generated from the
common hydroperoxy-precursors, the primary molecular
products of lipid peroxidation reactions. Therefore, control
of the hydroperoxy-lipids is operated by the key intracellular
redox regulatory system—thiols—and their discoordination
leads to ferroptosis, a nonapoptotic, iron-dependent form of
regulated cell death (43).

Several nonspecific fluorescence-based assays are com-
monly used to reveal the possible connection of ferroptosis
with lipid peroxidation (40, 94). Although they all clearly
indicate that the process of lipid peroxidation is somehow
involved in the execution of ferroptotic program, the real
acting products—their identity, structure, and amounts—until
recently remained unknown (29, 173). Several lipid-related

FIG. 6. A schema illustrating protective effects of
mitochondria-targeted inhibitors of cyt c driven CL
oxidation. The nitroxide group of an electron scavenger,
XJB-5-131, prevents the formation of O2

� and H2O2. The
latter is required as a source of oxidizing equivalents for the
cyt c/CL catalyzed Cl oxidation. Liganding by imidazole-
substituted oleic acid conjugated with a cationic TPP-group
(for mitochondrial targeting) of the heme-Fe of cyt c pre-
vents the participation of the enzymatic complex in the
catalysis of CL oxidation. To see this illustration in color,
the reader is referred to the web version of this article at
www.liebertpub.com/ars
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FIG. 7. LC-MS identification of oxygenated TLCL species formed by the peroxidase activity of cyt c/CL complex in
the presence of H2O2. TLCL (25 lM) was incubated in the presence of cyt c (5 lM) in 25 mM HEPES buffer pH 7.4
containing 100 lM DTPA. TLCL oxidation products were analyzed by normal-phase LC-MS by using a Q-Exactive mass
spectrometer (ThermoFisher Scientific) (155). Shown are full spectra of oxygenated and nonoxygenated (inset) TLCL
species (A). MS/MS analysis revealed the presence of TLCL species with one (B), two (C), three (D), four (E), and five (F)
oxygens. MS/MS, mass spectrometry; TLCL, tetra-linoleyl-CL. To see this illustration in color, the reader is referred to the
web version of this article at www.liebertpub.com/ars
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specific features of ferroptosis have been discovered: (i) defi-
ciency/inactivation of the phospholipid hydroperoxides (PL-
OOH) metabolizing enzyme, GPX4 (40, 173); (ii) sensitivity
to iron chelators (29); (iii) rescue by LC-PUFA (arachidonic
acid residue) specific acyl-CoA synthase (ACSL4) (30) and
lysophospholipid acyl transferase 3 (LPCAT3) (30, 32); and
(iv) suppression by vitamin E and other lipophilic antioxidants
(29, 40). The sensitivity of the ferroptotic outcomes to the
earlier mentioned factors has been established on a significant
number of different genetically (30, 32) and pharmacologi-
cally manipulated cancer (29) and normal cell lines (Fig. 8).
These facts not only clearly indicate that the process of lipid
peroxidation is central and specific to the execution of fer-
roptosis (29, 172, 173) but also suggest that representatives of
one or more classes of phospholipids are the proximate pro-
ferroptotic agents.

Deciphering the nature of the proximate oxygenated
lipid signals came from the use of the combination of LC-MS-
based global oxidative phospholipidomics with reverse genet-
ics, bioinformatics, and systems biology (75). It was established
that only one class of phospholipids, PE, undergoes oxidation in
the ER-associated compartments with the specificity toward two
fatty acyls—arachidonoyl (AA) and adrenoyl (AdA). Suppres-
sion of AA or AdA esterification into PE by knocking out the
expression of acyl-CoA synthase 4 (specific for AA) or inhibi-
tion of this enzymatic activity by Triacsin C led to strong pro-
tections against ferroptosis, thus confirming that blockade of
synthesis of AA-/AdA–PE precursors represented a specific
anti-ferroptotic rescue pathway (32).

It was further found that LO, particularly 15-LO, were
mostly responsible for the generation of doubly and triply
oxygenated PE species, which act as death signals. Notably,
the 15-LO-mediated production of oxygenated PE derivatives
occurred through attack on the phospholipid molecules rather
than on free AA or AdA, with subsequent re-esterification
of the hydroperoxy-fatty acids. Creation of GPX4 deficiency

achieved through either genetic deletion or chemical inacti-
vation (e.g., by RSL3) or depletion of GSH (e.g., by Erastin)
as a source of reducing equivalents (29, 173) was abso-
lutely necessary for ferroptosis induction, thus providing
further evidence for the primary role of AA-OOH-PE and
AdA-OOH-PE in the process (Fig. 5, right panel).

Thus, two metabolic pathways—lipid oxidation by 15-LO
and reduction of the oxygenation products by GPX4—are
tightly coordinated to generate vitally important oxygenated
lipid signals with multiple physiological functions (64, 88,
135, 137). Dis-engagement of this system, particularly
through the ablation of GPX4, results in the disturbed regu-
lation of the production of electrophilic lipid mediators, thus
necessitating the elimination of the impaired cell through the
ferroptotic death mechanism.

In line with the complex multistage mechanism of the
generation of ferroptotic signals, many small-molecule reg-
ulators can be used to control this pathway: (i) LO inhibitors
(baicalein, ML351, PD146176), (ii) iron chelators preventing
integration of Fe into LO; (iii) regulators of PUFA-PE bio-
synthesis and remodeling (e.g., inhibitors of ACSL4 like
Triacsin C and LPCAT3 like thimerosal) (44); (iv) mimics of
glutathione peroxidases, including GPX4 (e.g., Ebselen)
(146); and (v) precursors of GSH (like N-acetyl-cysteine,
NAC) (4). Interestingly, members of the vitamin E family—
tocopherols and particularly tocotrienols—turned to be very
effective in inhibiting LO as the generator of death signals,
thus pointing to a new physiological role of vitamin E (75).
Clearly, each of these regulators can be only effective if it
compensates for a specific metabolic pathway deficiency in
the biosynthesis of ferroptotic death signals.

Implicit in the name of this type of cell death, ferroptosis is
an iron-dependent process. The exact role of iron, however,
in the overall chain of reactions is still unclear. Although LO
enzymes are involved in the generation of essential lipid
peroxidation-derived death signals, it is conceivable that they

FIG. 8. Effect of different fer-
roptosis inhibitors—ferrostatin
(FER), ebselen (a GPX mimic),
and triacsin C (Acls4 inhibitor)—
on RSL3-induced ferroptosis in
MLE (A) and (B) HK2 cells. MLE
cells: (RSL3: 1 lM, Ebselen: 5 lM;
FER: 0.1 lM and triascin C: 5 lM).
HK2 cells: (RSL3: 200 nM, Ebse-
len: 4 lM, and FER: 0.2 lM).
*p < 0.05 versus control. #p < 0.05
versus RSL3. Data are mean – SD.,
n = 3. HK2, human kidney epithe-
lial; MLE, mouse lung epithelial;
SD, standard deviation. To see this
illustration in color, the reader is
referred to the web version of this
article at www.liebertpub.com/ars
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are not unique as either enzymatic or nonenzymatic mecha-
nisms that can trigger ferroptosis (31, 40, 75, 172, 176). There
is a common opinion—although poorly substantiated by
experimental data—that free iron (that can be scavenged by
high-affinity chelators) may be mostly responsible for the
pro-ferroptotic lipid peroxidation (176). It is also presumed
that Fenton/Haber-Weiss chemistry (84, 175) leading to
hydroxyl radical formation—rather than strictly regulated
enzymatic peroxidation—is mostly accountable for the gen-
eration and emanation of hydroperoxy-lipids. Although the
participation of nonenzymatic mechanisms in the production

of these products cannot be fully excluded, the stochastic
nature of these chemical reactions makes it very unlikely
and essentially incompatible with the high specificity of the
major pro-ferroptotic signals—15-hydroperoxy-AA/AdA-
PE. Based on the partial identification of the pro-ferroptotic
signals such as 15-hydroperoxy-AA-PE (15-HpETE-PE), it
is likely that 15-LO, including both of its isoforms—15-LO1
and 15-LO2 (75)—define the specificity of lipid-driven death
pathways in different tissues. It is also possible that other
Fe-containing proteins, including hemoproteins and other rep-
resentatives of the LO family, may act as important contributors

FIG. 9. Radiation-induced injury of the ileum 1, 3, and 5 days after TBI of mice. C57BL/6NTac adult female mice
were irradiated to the LD50/30 dose of 9.25 Gy TBI, and 12 h before sacrifice lavaged with 200 nm fluorescent beads (green).
All procedures were preapproved and performed according to the protocols established by the Institutional Animal Care and
Use Committee of the University of Pittsburgh. Samples were fixed, sectioned, and stained to show cellular apoptosis. (A),
(D), and (G) are low power large area montages of entire bowel sections; (B), (E), and (H) are the inset panels from (A),
(D), and (G); (C), (F), and (I) are the insets from (B), (E), and (H). In control animals (not shown), apoptosis is very rare
and limited to epithelia in the villus apex. As can be seen from these image sequences, there is a clear and quantitative
increase in the number of apoptotic cells (red) with time after irradiation. In addition, there is a coincident and concomitant
increase in the number of particles escaping the luminal space into the adventitia and beyond. In (A) (1 day after
irradiation), it can be seen that apoptosis is rare, limited to the epithelium (B) and primarily to the apex of the villus (C).
Green particles do not escape the lumen of the ileum. In (D) (3 days after irradiation), it can be seen that although there is
some increase in apical apoptosis, it is now continuous throughout the length of the villus, and also present within the cells
of the serosa and adventitia (E). Further, as there is some collapse of villi, there is escape of beads from the lumen into the
serosa (F). In (G) (5 days after irradiation), apoptosis is ubiquitous and villi structure is largely lost. Further, there is
extensive penetration of beads into the serosa and adventitia as the ileum wall is compromised. All vertical columns are at
the same magnification and defined in panels (A–C). TBI, total body irradiation. To see this illustration in color, the reader
is referred to the web version of this article at www.liebertpub.com/ars
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to tissue-specific mechanisms of ferroptosis. Therefore, it is
interesting to consider the relationships of LO-generated
products released from different types of diverse cell types
as regulators of several oxygenated lipid mediators in the
context of their possible putative involvement in ferroptosis
in vivo.

VII. Signaling by Free and Esterified Oxygenated Lipids
in Acute Radiation Injury as an Inflammatory Disease:
Sequential Engagement of Different Programmed
Cell Death Pathways

TBI causes radiolysis of water—the most abundant com-
ponent of our body in cells, extracellular compartments, and
biological fluids (57). The reactive intermediates of this

process—reducing and oxidizing radicals—randomly attack
different components of cells although with different bio-
logical consequences largely defined by the uniqueness of
modified molecules (89). Although aqueous radicals can di-
rectly interact with proteins, lipids, and carbohydrates, these
reactions do not represent totally irreparable events and may
be effectively repaired through standard catabolic and met-
abolic processes. In contrast, accumulation of single- and
double-strand breaks in DNA beyond the capacity of the
repair systems generates ‘‘danger’’ signals (117, 118). These
danger signals produced in hematopoetic cells of bone mar-
row and epithelial cells of the small intestine—occurring
early after the radiation exposure—trigger the mitochondrial
mechanisms of intrinsic apoptosis, thus leading to elimina-
tion of cells—carriers of genotoxic materials (117, 118).

FIG. 10. Large volume scan-
ning of mouse ileum 1 and 7 days
after TBI. Mice expressing GFP
within neutrophils were irradiated
(9.25 Gy) and sacrificed at 1 and
7 days after irradiation. The ileum
was harvested, fixed in 4% para-
formaldehyde, and placed in clear-
ing solution (CUBIC1) for a week.
The samples were then mounted
in a prototype high-speed ribbon
scanning system, and the entire il-
eum volumes were captured. (A) is
a three-dimensional projection of
the entire thickness of the ileum
1 day after irradiation. There is a
small amount of autofluorescence
from the blood vessels. Peyer’s
patches [e.g., insets denoted (B,C)]
have abundant neutrophils associ-
ated with the patch. When the same
patches are imaged as optical sec-
tions, it can be seen that cells are
limited to the periphery of the
structure (B, C). Further, it can be
seen that villus structure (in com-
mon with A) is well maintained [in
cross-section in (D) and longitudi-
nal section (E)]; however, there are
abundant bright spots (denoting
neutrophils) within these structures.
(F) is an equivalent sample to (A),
the autofluorescent material within
the lumen is murine chow. The
notable features of the sample are
the progression from healthy tissue
to a complete absence of structure.
Neutrophils are still present (G);
however, the villi, serosa, and most
of the adventitia are lost from the
tissue. At this point, the ileum is
extremely fragile and about to fail
completely (H). Scale bars: 1 mm.
To see this illustration in color, the
reader is referred to the web version
of this article at www.liebertpub
.com/ars
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FIG. 11. Analysis of PE molecular species in the ileum of mice exposed to TBI. C57BL/6NTac mice were exposed to
TBI at a dose of 9.5 Gy. After that, mice were sacrificed, ileum was isolated, lipids were extracted, and detailed normal-
phase LC-MS/MS analysis of PE molecular species was performed (75). Analysis of nonoxidized PE metabolites revealed
115 molecular species of PE, 58 of which were confirmed by fragmentation and MS/MS analysis (Table 1). Analysis of LC-
MS data was performed by using software package Compound Discoverer� (ThermoFisher Scientific). Typical full
spectrum of PE obtained from the mouse ileum (A). Scatter plot of changes in the levels of nonoxygenated (upper panels)
and oxygenated (lower panels) PE species (log2 [fold-change] vs. significance -log10 [p-value] [n = 4]) (B). The number of
PE oxygenated species detected in mouse ileum after TBI are shown in (C). PE, phosphatidylethanolamine. To see this
illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/ars
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These initial events—although happening on a relatively
small scale—are remarkably important. This is because the
elimination of the primary sensitive cells directly injured by
radiation awakens very strong responses of the innate im-
mune system whose capacity to kill the neighboring cells
within the microenvironment exceeds the chemical modify-
ing potency of the initial radiation-induced intermediates of
water radiolysis. Massive production of potent oxidants by
activated neutrophils (predominantly hypochlorous acid) and
macrophages (mostly peroxynitrite and hydroxyl radicals)
causes substantial collateral damage by injurious modifica-
tion of innocent by-stander cells. Engagement of these sec-
ondary target cells magnifies the innate immune response
and, hence, propagates the initial direct radiation effect, thus
initiating a vicious cycle of massive and delayed cell death
(90, 103). Notably, the secondary death pathways are not
limited to apoptosis but include other types of programmed
death, such as necroptosis and ferroptosis (61).

Another enhancing cascade, breach of the intestinal epi-
thelial barrier, designates the transition from ‘‘sterile’’ to

infectious inflammation, ultimately leading to sepsis and
multiple organ failure and thus worsening the overall prog-
nosis and decreasing survival (46, 48). In spite of the
calamitous nature of radiation inflammatory disease, its se-
quential development with characteristic phases and domi-
nating cell death pathways gives an encouraging promise for
multiple therapeutic approaches within the newly developed
concept of precision medicine—accurately timed application
of specific regulators targeting selective pathogenic mecha-
nisms and pathways. Of course, the application of the prin-
ciples of precision medicine necessitates the profound
understanding of the mechanisms involved, particularly
specific signals regulating recruitment, activation, and guid-
ance of inflammatory cells to maximize their effectiveness in
eliminating radiation-induced damage with minimal effects
of ‘‘friendly fire’’ (170).

Among the major regulators of immune responses are dif-
ferent eicosanoids and docosanoids, as well as cytokines (14, 26,
27, 67, 171). Although experimental and clinical applications of
cytokine analysis have been substantially improved over the

Table 1. Phosphatidylethanolamine Molecular Species of Mouse Ileum

m/z Di-acyl-PE Alkyl-PE Alkenyl-PE

714.5079 16:0/18:2
716.5236 16:0/18:1
722.5130 p16:0/20:4
724.5287 o16:0/20:4
726.5443 p18:0/18:2
728.5600 o18:0/18:2; o18:1/18:1
730.5756 o18:0/18:1
736.4923 16:1/20:4
738.5079 18:2/18:2; 16:0/20:4
742.5392 18:0/18:2
744.5549 18:0/18:1
746.5705 18:0/18:0
746.5130 o16:1/22:6 p16:0/22:6
750.5443 o18:0/20:5; o16:0/22:5 p18:0/20:4
752.5600 o18:0/20:4; o16:0/22:4
756.5913 o18:0/20:2
762.5079 18:2/20:4; 18:1/20:5; 16:0/22:6
764.5236 18:1/20:4; 18:0/20:5; 16:0/22:5
766.5392 18:0/20:4; 16:0/22:4
768.5549 20:1/18:2; 18:0/20:3
774.5443 p18:0/22:6
776.5600 o18:0/22:6 p18:0/22:5
778.5756 p20:0/20:4; p18:0/22:4
780.5913 o20:0/20:4; o18:0/22:4
784.6226 o18:0/22:2
786.5079 20:4/20:4; 18:2/22:6
790.5392 20:2/20:4; 18:0/22:6
792.5549 20:1/20:4; 18:0/22:5
798.6018 22:0/18:2
802.5756 p20:0/22:6
804.5913 o20:0/22:6
806.6069 p20:0/22:4; p18:0/24:4
808.6226 o18:0/24:4
820.5862 22:1/20:4; 20:1/22:4
822.6018 22:0/20:4
846.6018 24:2/20:4
848.6175 24:1/20:4
850.6331 24:0/20:4

PE, phosphatidylethanolamine.
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past decade, the complexity of eiocosanoid and docosanoid
signaling systems is much greater and lacks the necessary level
of understanding. This particularly relates to esterification/de-
esterification processes that may act via entirely different
mechanisms and receptor systems (3, 83).

LC-MS analysis can provide unique information on the
production of the most essential lipid mediators in free and
esterified forms. This relates to the eicosanoids leukotriene
B4 (LTB4) and hepoxilin A3 (HXA3)—the major regulators
of neutrophil recruitment and penetration through the epi-
thelium/mucosal layers when encountering bacterial patho-
gens (104, 106).

To illustrate some of the new opportunities offered by the
LC-MS-based oxidative lipidomics in linking the prototypi-
cal radiation-induced responses with the production of es-
terified and nonesterified oxygenated lipid signals, we will
consider the effects of a lethal dose of TBI (9.5 Gy) on
damage to the ileum. The initial massive epithelial apoptosis
is followed by the accumulation of activated neutrophils,
where their dysregulated migration through the epithelium
and ‘‘discharge’’ of reactive oxidizing intermediates leads to
disintegration and breach of the epithelial barrier (Figs. 9 and
10). Phospholipidomic assessments of nonoxidized PE me-
tabolites revealed 115 molecular species of PE based on ac-
curate mass analysis (Fig. 11 and Table 1). In the ileum, high
levels of oxidizable PUFA acyls—linoleic (C18:2), arachi-
donic (C20:4), eicosapentaenoic (C20:5), adrenic (C22:4),
docosapentaenoic (C22:5), and docosahexaenoic (C22:6)—
are esterified into diversified PE species (Table 1). Accord-
ingly, MS/MS analysis identified di-oxygenated signals of PE
with HXA3 esterified into sn-2 position (PEp16:0/HXA3;
PEp18:0/HXA3) (Fig. 12A). Early after TBI (day 1), a sig-
nificant decrease of doubly-oxygenated PE species (Fig. 12B)
was accompanied by the accumulation of both lyso-PE (LPE)
(Fig. 13A) and free HXA3 (Fig. 13B). This suggests the in-
volvement of 12-LO in the radiation-induced responses

whereby a direct attack on AA-PE substrate and oxygenation
of the phospholipid is likely followed by hydrolysis of the
oxygenated product to yield free HXA3 and lyso-PE. Further,
a fourfold accumulation of LTB4—an eicosanoid that is
synthetized by 5-LO in neutrophils and is involved in in-
flammatory response—was also observed (Fig. 13C).

Radiation-induced lipid oxygenation responses were also
accompanied by typical changes in the levels of cytokines
and chemokines participating in the recruitment and regula-
tion of neutrophils (Fig. 13D). Thus, radiation-triggered re-
sponses include a series of sequential reactions associated
with the recruitment and guidance of neutrophils to and
within the inflammation site (Fig. 9). The detailed charac-
terization of PE oxidation products as potential sources of
important lipid mediators—along with the detailed time
course of cytokine formation—may be important for the
development of mechanism-based targeted and ‘‘personal-
ized’’ therapeutic approaches.

Concomitantly with these processes of phospholipid oxy-
genation and hydrolysis—leading to the release of ‘‘free’’
signaling lipid mediators—accumulation of esterified oxy-
genated phospholipids associated with different types of
programmed cell death occurred. Cyt c catalyzed oxidation of
CL and 15-LO catalyzed oxidation of AA-PE were also
triggered, resulting in the production of pro-apoptotic and
pro-ferroptotic signals, respectively (156, 157) (Fig. 14).
Fragmentation patterns of PE species from the ileum showed
that 18 molecular species contained arachidonic acid (20:4)—
potential precursors of ferroptotic death signals. Robustly in-
creased levels of PEox were detected at 5 days postirradiation
(Fig. 14). Overall, 27 oxygenated PEs were revealed by oxi-
dative phosholipidomics, of which doubly oxygenated PEs
represented the most abundant derivatives, in terms of both
the number of species (Fig. 11) and their contents (Fig. 14A).
Structural analysis revealed 14 doubly oxygenated spe-
cies of PE versus 2 mono-, 6 tri-, and 5 four- oxygenated

FIG. 12. Identification of
HXA3 esterified into PE in
the ileum of mice after TBI.
MS/MS spectrum of PE mo-
lecular species with m/z
754.58 (A) and structural
formulas of HXA3-PE spe-
cies (A, insets). HXA3-PE
species originated from
PEp16:0/20:4 and PEp18:0/
20:4 after the addition of two
oxygens. The level of HXA3-
PE in the ileum of naı̈ve mice
and mice exposed to TBI (9.5
Gy) (B). The data on the
contents of esterified PE in
the ileum of irradiated mice
were obtained by detailed
LC-MS/MS analysis (75).
Data are mean – SD, n = 4.
To see this illustration in
color, the reader is referred to
the web version of this article
at www.liebertpub.com/ars
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FIG. 13. Accumulation of PEox hydrolysis products and lipid mediators in the ileum of mice exposed to TBI (9.5
Gy). LPE species and oxygenated free fatty acids were analyzed by normal-phase and reverse-phase LC-MS, respectively,
by using a Q-Exactive mass spectrometer (ThermoFisher Scientific). Accumulation of total LPE (A, left panel) and LPE
molecular species (A, right panel) in the ileum of naı̈ve mice (blue) and irradiated mice (1 day after irradiation, red). Data
are mean – SD, n = 4. The content of free HXA3 in the ileum of naive mice (blue) and irradiated mice (1 day after irradiation,
red), (B, left panel). Data are mean – SD, n = 4. MS/MS spectrum of molecular ion with m/z 334.22 at HXA3 retention time
(B, right panel). Characteristic HXA3 fragments formed during MS/MS analysis (m/z 127, m/z 151, m/z 179 and m/z 183)
are shown in red. Accumulation of free HXA3 in the ileum of irradiated mice might be due to hydrolysis of PE-HXA3

species by phospholipase A2 and liberation HXA3 from the sn-2 position of PE. Notably, the LPE species originated from
alkenyl and alkyl PE species. The content of free LTB4 in the ileum of naive mice (blue) and irradiated mice (1 day after
irradiation, red). Data are mean – SD, n = 5 (C, left panel). MS/MS spectrum of the molecular ion with m/z 334.22 at LTB4

retention time (C, right panel). Characteristic LTB4 fragment formed during MS/MS analysis (m/z 195) is shown in red.
Cytokine production in the ileum of irradiated mice (D). Cytokine production was by Luminex immunoassays run on the
intestine for each group (n = 4–5 each data point) at serial time points at days 0 (before irradiation), 1, 2, 3, 4, 5, 6, or 7 after
TBI. Shown are ‘‘heat maps’’ for three proteins (RANTES that plays an important role in the recruitment of neutrophils to
the inflammatory sites), KC (a homolog of a neutrophil recruiting human pro-inflammatory cytokine, IL-8) along with
MCP1 (a monocyte chemoattractant protein 1). LPE, lyso-phosphatidylethanolamine species; LTB4, leukotriene B4. To see
this illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/ars
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FIG. 14. Accumulation of PE
oxygenated species in the ileum
of mice exposed to TBI (9.5 Gy).
The contents of mono-, di-, tri-, and
tetra-oxygenated PE species in the
ileum of naive mice and mice ex-
posed to TBI (A). The ileum lipids
were analyzed by normal-phase
LC-MS by using a Q-Exactive
mass spectrometer using software
package Compound Discoverer
(ThermoFisher Scientific) with an
in-house generated analysis work-
flow and oxidized phospholipid da-
tabase. Data are mean – SD, n = 5,
*p < 0.05 versus naive (0 day) non-
irradiated mice. Note: The elevated
levels of oxygenated PE species in
the ileum were detected on days 4–7
after exposure irradiation. The sig-
nificant level of PE-18:0/20:4-OOH,
a ferroptotic cell death signal, was
detected in the ileum on day 5 after
irradiation (B). Data are mean – SD,
n = 5. To see this illustration in
color, the reader is referred to the
web version of this article at www
.liebertpub.com/ars

FIG. 15. A schema illustrating the TBI-induced signaling pathways as well as the formation and metabolic con-
versions of lipid mediators and their targets in the intestinal epithelium. (A) Production of chemotactic lipid mediator,
LTB4, and its appearance in the circulation is essential for the recruitment of polymorphonuclear leukocytes (PMNs) to the
site of damage. (B) Intestinal epithelial cells generate free and esterified forms of HXA3. MRP2 that is highly expressed at
the apical surface of the intestinal epithelia pumps out free HXA3 that acts as a signal for neutrophils guiding their
movements through the mucosal layer (1). (C) Finally, the formation of AA-OOH-PE triggers ferroptotic death of epithelial
cells. MRP2, multidrug resistance-associated protein 2. To see this illustration in color, the reader is referred to the web
version of this article at www.liebertpub.com/ars

1349



PE species. Among doubly oxygenated PE species, PE
containing doubly oxygenated arachidonic acid (PE38:4-
OOH), a ferroptotic death signal, predominantly accumu-
lated in the ileum on day 5 after irradiation (Fig. 14B).

Overall, these data illustrate the complexity of lipid me-
diator metabolism and lipid mediator signaling triggered
by TBI in a radiosensitive tissue (Fig. 15). Further insights
into the generation and steady-state levels of these prod-
ucts may lead to identification of reliable indicators of
c-irradiation-induced responses in vivo as important targets
for the discovery and development of radioprotectors and
radiosensitizers.

VIII. Concluding Remarks

Aerobic multicellular life has enormously benefited from
the emergence of PUFA lipids, due to at least two remark-
able new propensities: (i) adaptive capacities to fine-tune
lipid bilayer modifications to maximize the effectiveness of
the membrane proteins, and (ii) elaborate an extraordinary
rich language including millions of naive and oxida-
tively modified lipid molecules as words-signals. With re-
gards to oxygenated, such as octadecanoids, eicosanoids,
docosapenta- and docosahexanoids, numerous meaningful
lipid mediators and their receptors controlling major func-
tions of cells and tissues have been identified. In contrast,
oxygenated PUFA esterified into phospholipid molecules
have been mostly associated with oxidative stress, damage,
and disease conditions and only recently emerged as impor-
tant regulators of normal physiological processes. Of course,
free PUFA and PUFA phospholipids may be closely linked
via effective inter-conversions by reacylation and hydroly-
sis enzymatic reactions, respectively, as has been recently
demonstrated for oxidized forms of mitochondrial oxygen-
ated CLs (155). However, the most common pathways for the
production of free PUFA lipid mediators are realized via
initial hydrolysis of PUFA phospholipids by phospholipases
A2 followed by subsequent enzymatic oxygenation reactions
(110). Both direct oxygenation of PUFA phospholipids
and esterification of oxygenated-free PUFA into phospho-
lipids have been described as metabolic pathways generating

meaningful signals (3, 52, 53). The significance and impor-
tance of these two different forms of oxygenated lipids in
multiple specific functions are the subjects of active research.

Although oxygenated phospholipids have been considered
important sources of lipid mediators, the signaling by oxy-
genated PUFA-containing neutral lipids, particularly of
triacyl and diacyl-glycerols, is an emerging new direction of
oxidative lipidomics research (2, 63, 102, 116). Notably,
aberrant oxidative metabolism of fatty acids commonly re-
sults in the accumulation of lipid droplets that may contain
highly oxidizable PUFA-containing neutral lipids (102). The
disturbances in neutral lipid metabolism may occur in many
diversified conditions with their specific pathophysiological
significance and mechanisms. For example, the profiles and
activity of placental enzymes, receptors, and transporters
defining the balance between free and esterified PUFAs de-
termine the extent of maternal lipid transfer to the fetus
strongly affecting the fetal fat accretion (45). In cancer,
dysregulated lipid metabolism may be accountable for the
distorted surveillance mechanisms and suppressed functions
of immune cells over the growing tumor (42, 164). Recently,
the important role of oxygenated neutral lipids—PUFA
triacylglycerols and free PUFA—in the inhibited processing
and cross-presentation of tumor antigens to T cells by den-
dritic cells and the complex relationships of the latter with
myeloid-derived suppressor cells has been documented (120)
(Figs. 16 and 17).

Uninterrupted and effective exchange of information be-
tween different types of cells in the microenvironment is
integral to the maintenance of normal tissue homeostasis. The
danger signals that are generated by the multicellular com-
munities inform the irreparable injury of a particular cell, and
they lead to its elimination through one of multiple specific
programmed cell death pathways—in line with the principle
presented in the title of this work: ‘‘Only a life lived for others
is worth living.’’ More than a dozen of these programs and the
respective types of cell death have been identified and asso-
ciated with specific features of cellular injury (19, 34, 47, 68,
93, 162, 168). Here, we focused on two pathways—apoptosis
and ferroptosis—and demonstrated a very high specificity of
phospholipid signaling by oxygenated species of CLs and

FIG. 16. A schema illustrat-
ing interactions of MDSC with
dendritic cells in cancer. High
pro-oxidant capacity of MDSC gen-
erates reactive oxygen species, and
it triggers lipid oxidation and cell
death. MDSC oxygenated lipids
are taken up by DC where they are
deposited in lipid droplets and dis-
turb the process of antigen cross-
presentation. DC, dendritic cells;
MDSC, myeloid-derived suppres-
sor cells. To see this illustration in
color, the reader is referred to the
web version of this article at www
.liebertpub.com/ars
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PEs, respectively. Although the identification of these oxy-
genated lipid signals is an important step achieved through
oxidative lipidomics, the molecular mechanisms of their
action leading to specific features of cell membrane damage
and penultimate executions of apoptotic and ferroptotic
programs are still unclear.

A quantitative comparison of the lost PUFA PLs and
detectable steady-state concentrations of PL oxidation
products suggests that the latter represent only a fraction of
the former. What is the fate of the ‘‘disappeared’’ oxygen-
ated PLs? One of the possible explanations is that they form
adducts, with the proteins, as has been discovered for
electrophilic-free oxygenated PUFA products. For the
electrophiles formed from free PUFA, some of the protein
targets have been identified by LC-MS-based redox pro-
teomics (2, 17). To the best of our knowledge, this has not

been accomplished for the electrophiles produced from
oxidatively modified (truncated) PLs. It is likely that one of
the major reasons is their remarkable diversification mini-
mizing hopes for success. Identification of only three oxy-
genated CLs and four oxygenated PEs as biomarkers of
apoptotic and ferroptotic death signals, respectively, nar-
rows the search for the potential modified proteins—the
targets of covalent modification by the oxidatively truncated
electrophiles derived from these CLox and PEox precursors.

Although the number of potential nucleophile-rich targets
may be quite large, the knowledge obtained through global
oxidative lipidomics combined with the specific conditions
for triggering these two programs of cell demise creates op-
timistic prognosis for the next move toward oxidative lipo-
proteomic identification of the ultimate executors of cell
death programs.

FIG. 17. An example illustrating possi-
ble signaling roles of tryacylglycerol oxi-
dation products (oxidatively truncated
species) in mouse DCs grown in the
presence of tumor explant supernatants.
(A) A schema illustrating the major path-
ways leading to the formation of oxidatively
truncated products from triacylglycerols
containing 9-hydroperoxy-linoleic acid. (B)
DC grown in TES accumulate higher levels
of oxidatively truncated TAG than DC
grown CM. Typical LC-MS spectra of TAG
obtained from dendritic cells grown in CM
(control CM) (a) and dendritic cells grown
in TES (EL4 murine tumor cells) (b). Scatter
plot of changes in the levels of TAG species
in DC exposed to TES EL4 murine tumor
cells (log2 [fold-change] vs. significance
-log10 [p-value]) (n = 3) (c). The amount of
various oxidatively truncated TAG molecu-
lar species containing 9-ONA in control
dendritic cells and dendritic cells treated
with TES (d). The data present as mean –
SD, n = 3, *p = 0.023 and **p = 0.006 versus
control. MS/MS analysis revealed the pres-
ence of truncated TAGs at m/z 738.6242, m/
z 766.6557, and m/z 792.6870 containing
oxidatively truncated (9-ONA)—16:0/16:1/
9-ONA; C16:0/C18:1/9-ONA; and C18:1/
C18:1/9-ONA, in dendritic cells exposed to
TES. 9-ONA, 9-oxo-nonanoic acid; CM,
complete media; Lp-PLA2, lipoprotein
phospholipase A2; TAG, triacylglycerols;
TES, tumor explant supernatant. To see this
illustration in color, the reader is referred
to the web version of this article at www
.liebertpub.com/ars
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Abbreviations Used

15-LO¼ 15-lipoxygenases
9-ONA¼ 9-oxo-nonanoic acid

AA-OOH-PE¼ 15-hydroperoxy-AA-PE
AA-PE¼ arachidonoyl-phosphatidylethanolamine

CL¼ cardiolipin
CLox¼ oxidized CL

CM¼ complete media
cyt c¼ cytochrome c

DC¼ dendritic cells
DOPC¼ 1,2-dioleoyl-sn-glycero-3-phosphocholine

HK2¼ human kidney epithelial
IMM¼ inner mitochondrial membranes

LA¼ linoleic acid
LC3¼ light chain 3

LC-PUFA¼ long-chain polyunsaturated fatty acid
LO¼ lipoxygenases

LPCAT3¼ lysophospholipid acyl transferase 3
LPE¼ lyso-phosphatidylethanolamine species

Lp-PLA2¼ lipoprotein phospholipase A2

LTB4¼ leukotriene B4

MD2¼myeloid differentiation protein 2
MDSC¼myeloid-derived suppressor cells

MLE¼mouse lung epithelial
MRP2¼multidrug resistance-associated

protein 2
MS¼mass spectrometry

NDPK-D¼ nucleoside-diphosphate kinase D
OMM¼ outer mitochondrial membrane

PE¼ phosphatidylethanolamine
PS¼ phosphatidylserine

PUFA¼ polyunsaturated fatty acids
ROS¼ reactive oxygen species

SD¼ standard deviation
TAG¼ triacylglycerols
TBI¼ total body irradiation
TES¼ tumor explant supernatant

TLCL¼ tetra-linoleyl-CL
TLR4¼ toll-like receptor 4
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