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Abstract

Significance: The process of lipid peroxidation is emerging as an important mechanism that mediates the post-
translational modification of proteins. Through advanced analytical techniques, lipidomics is now emerging as a
critical factor in our understanding of the pathology of a broad range of diseases. Recent Advances: During
enzymatic or nonenzymatic lipid peroxidation, the simple structure of an unsaturated fatty acid is converted to
an oxylipidome, many members of which are electrophilic and form the reactive lipid species (RLS). This aspect
of lipid biology is particularly important, as it directly connects lipidomics with proteomics through the post-
translational modification of a sub-proteome in the cell. This arises, because the electrophilic members of the
oxylipidome react with proteins at nucleophilic amino-acid residues and so change their structure and function
to form electrophile-responsive proteomes (ERP). Critical Issues: Biological systems have relatively few but
well-defined and mechanistically distinct pro-oxidant pathways generating RLS. Defining the ERPs and the
mechanisms underlying their formation and action has been a major focus for the field of lipidomics and redox
signaling. Future Directions: We propose that a unique oxylipidome can be defined for specific oxidants and
will predict the biological responses through the reaction with proteins to form a specific ERP. In this review, we
will describe the ERPs that modulate antioxidant and anti-inflammatory protective pathways, including the
activation of Keap1/Nrf2 and the promotion of cell death through interactions with mitochondria. Antioxid.
Redox Signal. 17, 1580–1589.

Introduction

The oxidation of polyunsaturated fatty acids (PUFAs),
such as arachidonic acid, generates a broad range of ox-

idation products that have been used over several decades as
markers of oxidative stress (15, 62). Oxidized lipids are readily
generated in biological systems because of the availability of
PUFAs that are easily oxidized and the proximity to the sites
of formation of pro-oxidants by both controlled and uncon-
trolled mechanisms in cells. Many of the oxidized lipids are
electrophilic and are, therefore, capable of modifying nucle-
ophilic centers in the cell. We, therefore, call these oxidized
lipids the reactive lipid species (RLS). The reactions of RLS
include those with amino groups on lipids and DNA and a
broad range of amino-acid residues, most notably cysteine,
histidine, lysine, and arginine. RLS are biologically important,
because they modify proteins associated with signal trans-
duction (18, 51, 90), energy production (21), mitochondrial
respiration (33, 46), and cell death pathways (36, 42, 45, 89). At
low levels, many RLS play a role in cell signaling events
(16, 25, 91, 96) and in this case, control the formation of

reactive oxygen species (ROS)/reactive nitrogen species
(RNS) and have a protective role (5, 28, 37, 101). However, in
pathology, the role of RLS changes dramatically. For example,
oxidized lipids such as 4-hydroxy-trans-2-nonenal (HNE) and
isoprostanes are produced in the diseased heart and modify
proteins, thus inhibiting their normal function (54, 62, 79).

Indeed, the widespread detection of the products of lipid
peroxidation, from both enzymatic and nonenzymatic sour-
ces, in a broad range of pathological conditions has led to the
concept that RLS may also contribute to disease progression
(3, 14, 39, 55, 67). For example, in cardiovascular disease, the
underlying inflammatory process, which through regulation
of gene expression by nuclear factor kappa B (NFjB) can in-
crease cyclo-oxygenase (COX)-2 as well as PLA2, leads to
enhanced oxidation of fatty acids (88, 100). In ischemia-
reperfusion injury, hemolysis occurs, leading to an increase in
free-radical catalyzed lipid peroxidation due to the release of
hemoglobin and free heme (44, 47). In hemolytic anemias,
increased levels of RLS have been reported, and lower con-
centrations of the lipid radical scavenger Vitamin E are also
consistent with increased lipid peroxidation (1, 28, 44, 65, 69,
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86). Several factors in heart failure, including increases in ROS
from xanthine oxidase and the mitochondria, enhance the
oxidation of phospholipids (4, 61, 84, 92).

While it is then established that these pathological pro-
cesses are associated with lipid peroxidation, the mechanisms
through which they mediate biological effects are less clear.
More recently, these concepts have been further developed
to encompass the finding that low levels of RLS activate the
signal transduction pathways which control the levels of in-
tracellular antioxidants such as glutathione (GSH) and heme
oxygenase-1 (17, 28, 56, 71, 101). A contemporary view of lipid
peroxidation is that oxidized lipids can elicit different cellular
effects depending on the RLS present (the oxylipidome), their
concentrations, and, importantly, their reactivity with bio-
molecules, including lipids, DNA, and proteins (6, 38, 51, 63).
The focus of this review will be to discuss new concepts
through which the oxylipidome modulates biological func-
tions through the formation of electrophile-responsive pro-
teomes (ERP) in cells.

Generation of Oxylipidomes in Biological Systems

Lipid peroxidation in cells can occur through controlled
enzymatic pathways, including the lipoxygenase (LOX), COX
or cytochrome p450 enzymes (43, 57, 74, 83, 94). Some of these
enzymes are constitutive and contribute a low level of oxi-
dized lipids with a predominantly autocrine function, and
some are inducible and generate high levels of oxidized lipids
that exhibit both autocrine and paracrine functions. Non-
specific lipid peroxidation describes any oxidation process
that is not mediated by a controlled enzymatic mechanism.
Recent advances in mass spectrometry are overcoming diffi-
culties in defining the complete oxylipidome produced by
different mechanisms of lipid peroxidation, allowing for the
characterization of the regulatory oxylipidomes for COXs and
LOXs (27, 97). It has been established that the oxylipidome
generated by controlled enzymatic pathways (e.g., LOX and
COX) and nonspecific lipid peroxidation are distinct in two
important areas: (i) The isomers, for example, F2-isoprostanes,
generated from nonspecific lipid peroxidation, show little
stereospecificity. In contrast, the enzymatic mechanism of li-
pid peroxidation generates specific and limited numbers of
stereoisomers, for example, PGF2a and, hence, different oxy-
lipidomes (26, 32, 98). (ii) The nonspecific oxylipidome is
populated by RLS not formed by enzymatic mechanisms.
These include many aldehydes, as well as nitrated or chlori-
nated lipids formed by RNS or chlorine species, respectively (2,
24, 93, 99). Selected examples of the members of the oxylipi-
domes produced by nonspecific and specific lipid peroxidation
are shown in Figure 1. From the Venn diagram, it is obvious
that biological oxylipidomes are composed of varying pro-
portions of different RLS with distinct properties and reactiv-
ities as shown in Figure 2. From this, it is then a logical step to
propose that the biological effects arising from an oxylipidome
will be related to how the members are distributed among
these functionally distinct classes of lipid electrophiles.

The biological effects of RLS build on a considerable
amount of research that has defined the biological effects of a
candidate member of an oxylipidome in cells or more com-
plex animal models of a disease. Two typical, but structurally
distinct examples (Fig. 2) are the electrophilic lipid alde-
hydes HNE, a nonspecific lipid peroxidation product and the

cyclopentenone prostaglandin, 15-deoxy-D12,14-prostaglan-
din J2 (15d-PGJ2) (12, 72, 80). From such studies, some gen-
eralized conclusions of the biological outcomes associated
with specific and nonspecific lipid peroxidation have been
achieved, and these are outlined in Figure 3. The enzymatic
lipid peroxidation products can increase cytoprotective
pathways in the cell through modification of cysteine residues
in cell signaling proteins, such as the Keap1/nuclear factor-
erythroid 2 related factor (Nrf2) system (Fig. 4B) (40, 49, 51, 68,
85). In contrast, the nonenzymatic lipid peroxidation products
while also showing some cross-over activation of the same
cytoprotective pathways damage proteins, cause bioenergetic
dysfunction and depletion of cellular antioxidants, such as
GSH (52). This is partly due to the differential reactivity of

FIG. 1. Oxylipidomics: the formation of structurally diverse
reactive lipid species (RLS). (A) As can be seen in this Venn
diagram, the lipid peroxidation products formed depend on
the method of initiation. The black and white circles repre-
sent the oxylipidomes produced by nonenzymatic and en-
zymatic lipid peroxidation, respectively. While enzymatic
lipid peroxidation results in a relatively small oxylipidome
with a few key products, nonenzymatic lipid peroxidation
results in a larger, less specific oxylipidome. Some products,
including malondialdehyde, are common to both enzymatic
and nonenzymatic lipid peroxidation (shown as gray over-
lap). (B) Lipid peroxidation can be initiated by a number of
diverse mechanisms such as through enzymes, including cy-
clo-oxygenase (COX), lipoxygenase (LOX), and cytochrome
P450 (CYP). Nonenzymatic stimuli for lipid peroxidation in-
clude peroxynitrite (ONOO - , which in acid form breaks
down to the radicals NO2

� and �OH), hydroxyl radical (�OH),
lipid alkoxyl radical (LO�), lipid peroxyl radical (LOO�), and
myoglobin (Mb) or hemoglobin (Hb), which form ferryl rad-
ical species (Mb�/Hb�).

ELECTROPHILIC REDOX SIGNALING AND PROTEOMICS 1581

http://online.liebertpub.com/action/showImage?doi=10.1089/ars.2012.4523&iName=master.img-000.jpg&w=238&h=296


oxidized lipids that are nonenzymatically produced. Highly
RLS such as isoketals, isofurans, and aldehydes (such as 4-
oxo-2-nonenal) are formed by free-radical catalyzed lipid
peroxidation and unlike softer electrophiles, these react with
amino acids other than cysteine and are, therefore, less specific.
It is important to note that if the concentrations of the enzy-
matic lipid peroxidation products are increased beyond the
physiological levels, then they induce the same pathological
responses as the nonspecific lipid peroxidation products (49).

The Relationship Between the Oxylipidome and ERPs

An important and technically challenging problem has
been the identification of the relationship between the oxyli-
pidome and the protein targets (the ERP) through which a
biological response can be initiated. As noted earlier, the
structurally different RLS result in a range of electrophilicities
that changes their reactivity with the nucleophilic amino-acid
residues in proteins. For example, the aldehyde HNE is a re-
active electrophile forming adducts with histidine, cysteine,
and lysine residues (34), whereas a cyclopentenone 15d-PGJ2

is more selective for protein cysteine residues (51, 78, 81).
From this, we hypothesize that the proteins modified by any
complex oxylipidome will be both a property of the mecha-
nism of lipid peroxidation and the nucleophilic proteome to
which they are exposed. The implication of this hypothesis is
that the Venn diagram in Figure 1 should map onto a corre-
sponding ERP, as shown in Figure 5. In this scheme, we show
several enzymatic and nonenzymatic pathways that can lead
to lipid peroxidation in biological membranes, in this case, the

mitochondrion (Fig. 5A). The oxidation reaction leads to dis-
tinct oxylipidomes (a–e) which will be composed of different
RLS that are then exposed to a proteome containing reactive
nucleophilic amino-acid residues. This results in different
ERPs that we have represented as 3 hypothetical different
protein spot patterns for RLS-protein adducts a, b, and c. In
Figure 5B, the putative relationship between ERP-a, b, and c
with regard to biological responses is illustrated. The physi-
ological/cytoprotective ERP-a can be ascribed to cysteine
modification, whereas ERP-c is dominated by protein damage
and bioenergetic dysfunction. ERP-b is an intermediate state
in which the cytoprotective and cytotoxic pathways are in
tension and is the arena in which therapeutic intervention
could result in maximum benefit.

Due to the importance of thiol modification in redox sig-
naling, many studies have focused on the role of cysteine
modification in eliciting the effects of various electrophiles.
While the modification of a cysteine can lead to pathological
effects if, for example, this amino acid is a part of the active site

FIG. 2. Products of enzymatic and nonenzymatic lipid
peroxidation. Products of enzymatic and nonenzymatic lipid
peroxidation are different. While enzymatic lipid peroxida-
tion forms electrophilic species (*denotes reactive carbon)
such as the cyclopentenone prostaglandins as well as elec-
trophilic fatty acids (EFOX), nonenzymatic lipid peroxidation
results in the formation of a more diverse set of electrophiles
including, but not limited to, small aldehydes, isoketals, and
isoprostanes. Structures shown are examples of products
formed during these two types of lipid peroxidation.

FIG. 3. The effects of lipid peroxidation on cell function.
Both positive and negative effects of lipid peroxidation
products have been reported in the literature. During pa-
thology, nonenzymatic sources of lipid peroxidation, in-
cluding various oxidants and heme proteins, can increase the
RLS involved in damaging cellular proteins, depleting anti-
oxidants (e.g., glutathione), and inducing mitochondrial
dysfunction. The net effect is toxicity and death of the cell.
On the other hand, physiological lipid peroxidation occurs
mainly through enzymatically controlled mechanisms and
can be involved in the resolution of inflammation (through
modification of inhibitor of nuclear factor kappa-B kinase
subunit beta, for example), increase in cellular antioxidants
through nuclear factor-erythroid 2 related factor (Nrf2)/
Keap1, and cytoprotection. The overall effect of these phys-
iological mediators is the preservation of normal tissue and
protection from secondary stressors.
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of an enzyme, then it is becoming increasingly appreciated
that the modification of thiol residues can lead to physiolog-
ical cell signaling (Fig. 5B). Interestingly, recent studies have
demonstrated that the complete thiol-reactive ERP in a cell
can be defined using two different, biotin-tagged electrophiles,
PEO-IAB (biotinyl-iodoacetamidyl-3, 6-dioxaoctanediamine)
and BMCC (1-biotinamido-4-(4¢[maleimidoethylcyclohexane]-
carboxamido) butane) with a specificity for reactions with
cysteine residues (16). Approximately 500 cytosolic and nu-
clear proteins were modified, and of these, only 14% were
modified by both electrophiles. This suggests that even within
the population of electrophiles that react with cysteine resi-
dues there are subpopulations of differing selectivity. In a
separate experiment, a distinct mitochondrial ERP was also
identified. These data support the concept that the modifi-
cation of proteomes by electrophiles is selective depending
on both the electrophile and the local environment in which
the reactive protein nucleophiles are located (16). It is im-
portant to note that these studies using thiol-specific re-
agents at high concentrations identify the thiol ERP which
will be distinct from the ERP generated by more reactive
electrophilic lipids.

The Cytoprotective ERP

A low-abundance thiol proteome, which controls redox
signaling pathways and leads to cytoprotection in the cell, is
activated by electrophiles (11, 13, 41, 77). The pathways have a
common target in a low pKa reactive cysteine residue con-
trolling the activity of a regulatory cell signaling molecule
(13, 37). Members of this ERP include Keap1, which regulates
the transcription of antioxidant enzymes, the heat shock
family, which control protein folding, and the NFjB system,
which regulates the transcription of pro-inflammatory pro-
teins (37, 77). Interestingly, recent studies also suggest that
the Nrf2 transcription factor coregulates the autophagy
pathway, and electrophilic signaling may also be important
in handling oxidatively damaged or aggregated proteins or
organelles (75, 76).

Perhaps the best understood electrophile sensor in the cell
is Keap1 (29, 59). This protein expresses an array of thiol
sensors that detect electrophiles and other thiol reactive
molecules differentially (59). The Keap1/Nrf2 pathway is
activated by electrophilic lipid oxidation products, and com-
plex oxylipidomes such as oxidized low-density lipoprotein

FIG. 4. Modification of protein tar-
gets determines whether cellular
response leads to physiological
changes or pathology. The proteomes
modified by RLS determines cellular
fate. Two examples are the modifica-
tion of Keap1, which leads to in-
creased antioxidant production (a
protective mechanism) and the modi-
fication of the 20S proteasome, leading
to the inhibition of proteasomal activ-
ity (detrimental effect). (A) Usually,
Keap1 and Nrf2 are bound in the cy-
tosol. However, on oxidation of key
thiol residues on Keap1 by electro-
philes or other species, Keap1 releases
Nrf2. The transcription factor, Nrf2
then translocates to the nucleus and
binds the electrophile response ele-
ment (EpRE), leading to the tran-
scription of genes involved in
antioxidant defenses within the cell.
(B) Usually, the 20S proteasome is re-
sponsible for degrading oxidized pro-
teins to peptides that can be used
within the cell for new protein syn-
thesis. However, on modification of
key sites, the chymotryptic and tryptic
activity of the proteasome is inhibited
and leads to decreased activity of the
proteasome. Proteasomal inhibition
results in the build-up of proteins
usually targeted to this degradation
pathway, which can contribute to
pathology.
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(19, 50, 51, 56). The molecular mechanism for the transcrip-
tional regulation of antioxidant enzymes is mediated, in part,
through the dissociation of the transcription factor Nrf2 from
its cytoplasmic binding protein Keap1 and binding to the
electrophile response element or antioxidant response element
(51, 66) as shown in Figure 4B. The control of cell signaling
requires a reversal mechanism that prevents permanent acti-
vation. In the case of electrophilic signaling, the covalent
modification of protein thiols by electrophiles is reversed by
the proteasomal degradation of the modified protein (35, 58).
Another interesting feature of electrophile signaling is that the
formation of a covalent bond between the RLS and a signaling
protein allows the accumulation of a signal over time (68).
This finding reconciles the long-standing problem in the
electrophile signaling field that the free forms of RLS are in-
variably found at low concentrations in biological systems
and below that required to initiate the same signaling path-
ways with a pure electrophile in cell cultures. Thus, in the case
of the ERP, there is a ‘‘covalent advantage’’ to signaling
through the covalent modification of the nucleophilic protein
target (17, 68). Since, in the model we propose (Fig. 5) the cell
responds to an ERP, the accumulation of a covalent adduct

offers an additional level of regulation. This could occur
through modulating the composition of the ERP through
differential proteasomal-dependent degradation of members
of the proteome.

An interesting possibility which is now emerging is that the
mitochondrion serves as a generator of low levels of endog-
enous RLS that contributes to the phenomenon of retrograde
signaling in which the mitochondrion communicates with the
nucleus. In support of this concept, cell signaling mediated
by the promotion of mitochondrial ROS is inhibited by mi-
tochondrially targeted, lipid radical scavengers, suggesting
that mitochondrial hydrogen peroxide can be transduced to a
lipid-derived electrophilic signal (9, 95). In endothelial cells, it
has recently been shown that the Keap1/Nrf2 induction
by 15d-PGJ2 of the antioxidant enzyme heme oxygenase-1
requires the participation of the mitochondria and that Keap1
can be tethered to the mitochondrion (53, 73). A critical cell
signaling pathway involved in cardioprotection is known as
ischemic preconditioning. The finding is that brief periods of
mild ischemia result in protection of the heart from a more
severe ischemic episode. A recent study has shown that
electrophilic nitroalkenes are formed in the mitochondria and

FIG. 5. The proteomes modified by
oxylipidome. (A) Lipid peroxidation can
be initiated by a number of diverse
mechanisms such as Mb, inducible nitric
oxide synthase (iNOS), and COX, as
shown here. Since each initiating mecha-
nism has distinct attributes, this results in
a family of oxylipidomes (a–c). In a spe-
cific cell type, the oxylipidome then in-
teracts with the nucleophilic proteome to
generate a cell and oxylipidome-specific
electrophile responsive proteome re-
presented as the spot patterns on 2D gels.
(B) Just as the RLS produced are diverse
in nature (Fig. 1), the proteomes modified
differ depending on physiological and
pathological stressors, here represented as
a Venn diagram. Importantly, while soft
electrophiles produced in physiology are
more likely to react with soft nucleophiles
such as cysteine, more reactive species are
produced by free-radical oxidation of
polyunsaturated fatty acids in disease.
These highly reactive species can react
with other nucleophilic amino acids, in-
cluding histidine (His) and lysine. The net
effect on cell function depends on the
specificity of the modification. While the
modification of cysteine residues can lead
to redox signaling as well as sometimes
detrimental effects (e.g., if Cys is in the
active site of an enzyme), the modification
of lysine and histidine residues primarily
causes protein damage, leading to events
such as bioenergetic dysfunction, inflam-
mation, protein aggregation (due to cross-
links), and inhibition of the proteasome.
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are cardioprotective (64). The molecular targets are still un-
clear but appear to involve mild uncoupling.

The Cytotoxic ERP

Defining the targets of electrophiles in cells that promote
cell death has been more challenging, as this typically requires
much more reactive electrophiles at high concentrations. In-
terestingly, more reactive electrophiles, such as HNE, have
been shown to modify and inhibit the function of the pro-
teasome, removing one key mechanism of degrading proteins
modified by these electrophiles (22, 23). This modification
is one key example of a detrimental modification by RLS
(Fig. 4B) and demonstrates a means whereby low concentra-
tions of an electrophile could result in prolonged dysfunction
due to the inability to remove modified proteins.

The activation of key signaling pathways involving cell
death has been reported for electrophilic lipids, including p53
(42). Not surprisingly, the mitochondria have emerged as a
potential mediator of these effects. The release of cytochrome c
from the organelle is one of the key steps in apoptosis and is
regulated by the interaction of cytochrome c with cardiolipin.
Oxidation and the formation of RLS have been shown to be a
key step in the apoptotic cascade (39). Experiments with
candidate lipid electrophiles have identified some of the key
steps in the cytotoxic responses to electrophiles. Not surpris-
ingly, HNE has featured prominently in these studies and has
been shown to induce bioenergetic dysfunction, mitochon-
drial ROS in both isolated mitochondrial and cells (10, 31).
There are multiple targets in the mitochondrion that could be
contributing to bioenergetic function, and we would propose
that it is the composite ERP which determines the overall
bioenergetic dysfunction. For example, in a cellular setting,
we have observed an increased proton leak that indicates
damage to the ion transport or integrity of the inner mito-
chondrial membrane and decreased maximal respiration
which is consistent with modification of the respiratory chain
(31, 82). An interesting example of RLS-induced mitochon-
drial dysfunction occurs on exposure of cells to free heme. We
have recently shown that the oxidant hemin increases lipid
peroxidation and inhibits mitochondrial function in endo-
thelial cells (30). The modification of proteins by RLS and
alterations of mitochondrial function are attenuated by a-
tocopherol, suggesting an important contribution by lipid
peroxidation and inducing mitophagy (30). Indeed, the lipid
peroxidation product HNE has been shown as modifying
both complexes III and IV, and promoting uncoupling in
isolated mitochondria (7, 8).

The permeability transition pore in the mitochondria is a
complex multi-component channel intimately involved in
both necrotic and apoptotic cell death (48). The regulation of
the pore is highly dependent on thiol modification and can be
modulated by RLS (60). For example, the exposure of mito-
chondria to cyclopentenone, 15d-PGJ2, results in a complex
ERP associated with increased sensitivity to the mitochond-
rially induced permeability transition.

The mitochondrion may be a key integrating center for
electrophile-dependent redox cell signaling because of the
high pH in the mitochondrial matrix. This results in mito-
chondrial protein thiols being present in the thiolate form,
which is more reactive with electrophiles. As discussed in the
previous section, the localized production of mitochondrial

ROS could control the production of endogenous electro-
philes for cell signaling. Exogenous electrophilic lipids have
also been shown to localize with the mitochondrion and
modify proteins in this subcellular compartment.

Taken together, these data strongly support the concept
that the mitochondrial ERP may predominantly promote pro-
death signaling, whereas the cytosolic signaling pathways
are cytoprotective, albeit with some cross-talk with the
mitochondrion. To test this, we have taken the electrophile
15d-PGJ2 and synthesized a mitochondrial derivative (mito-
15d-PGJ2). When compared with the native 15d-PGJ2, we
found mito-15d-PGJ2 that was essentially incapable of inducing
the Keap1/Nrf2 pathway and promoted bioenergetic dys-
function and apoptotic cell death (20). These data suggest that
the ERPs are susceptible to pharmacological manipulation, and
this will allow the differential control of cell signaling.

Summary

An important concept that has emerged in our under-
standing of oxidative stress in disease is that RLS modify the
function of proteomes, not just single targets (70, 87, 93)
(Fig. 5). Despite the success generated by the newer technol-
ogies capable of defining the oxylipidome, the resulting rich
datasets are overwhelming the capacity of investigators to
interpret this information. Further understanding of how
oxylipidomics can explain biological effects will require the
development of new bioinformatics platforms that integrate
the data from lipidomics, protein modification, cell signaling,
and cellular responses. This will be essential to address a key
basic mechanistic question in redox biology: How does lipid
peroxidation contribute to the pathophysiology of disease? In
this review, we proposed a new paradigm which encom-
passes the fact that while lipid peroxidation is a consistent
feature of multiple disease processes, the abundant literature
in this area of redox biology reveals multiple protein targets
(ERPs) that could elicit the biological response in question.
The new concept is that it is the integrated behavior of the
whole proteome which is responsible, not any given protein
target in isolation, and this can be revealed through emerg-
ing technologies capable of integrating the bioinformatics
datasets that relate oxylipidome with the ERPs and biologi-
cal effects.
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15d-PGJ2¼ 15-deoxy-D12;14-prostaglandin J2
COX¼ cyclo-oxygenase

EpRE¼ electrophile response element
ERP¼ electrophile-responsive proteome
GSH¼ glutathione

Hb¼hemoglobin
HNE¼ 4-hydroxy-trans-2-nonenal
iNOS¼ inducible nitric oxide synthase

Keap-1¼ kelch-like erythroid cell derived protein
with CNC homology (ECH)–associated
protein–1

LOX¼ lipoxygenase
Mb¼myoglobin

NFjB¼nuclear factor kappa b
NO¼nitric oxide

Nrf2¼nuclear factor-erythroid 2 related factor
ONOO� ¼peroxynitrite

PUFA¼polyunsaturated fatty acid
RLS¼ reactive lipid species
RNS¼ reactive nitrogen species
ROS¼ reactive oxygen species
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