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Abstract

Peroxidation of membranes and lipoproteins converts “inert” phospholipids into a plethora of

oxidatively modified phospholipids (oxPL) that can act as signaling molecules. In this review, we

will discuss four major classes of oxPL: mildly oxygenated phospholipids, phospholipids with

oxidatively truncated acyl chains, phospholipids with cyclized acyl chains, and phospholipids that

have been oxidatively N-modified on their headgroups by reactive lipid species. For each class of

oxPL we will review the chemical mechanisms of their formation, the evidence for their formation

in biological samples, the biological activities and signaling pathways associated with them, and

the catabolic pathways for their elimination. We will end by briefly highlighting some of the

critical questions that remain about the role of oxPL in physiology and disease.
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1. Introduction

A number of excellent reviews on various aspects of oxidatively modified phospholipids

(oxPL) have been previously published (Aldrovandi and O’Donnell, 2013; Bochkov et al.,

2010; Salomon, 2012; Spickett and Dever, 2005). However, the field of oxPL continues to

rapidly evolve and new signaling pathways and new mechanism of action for oxPL have

been discovered. We will especially highlight the newest class of oxPL, the oxidatively N-

modified phospholipids. Our review will primarily focus on studies where authentic

synthetic compounds have been used to elucidate the biological effects of oxPL, rather than

studies using uncharacterized mixtures of oxidized compounds such as oxidized 1-

palmitoyl-2-arachidonyl-sn-glycero-3-phosphocholine (oxPAPC). Our feeling is that
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rigorous elucidation of signaling pathways requires authentic, synthetized oxPL and

structure-activity relationship studies rather than undefined mixtures where overlapping

activities confound the results.

1.1 Nomenclature for oxPL

Before proceeding, it may also be worthwhile to explain our use of nomenclature and

abbreviations in this review. Use of the full IUPAC name for lipids is always unbearably

cumbersome and different authors have used a wide variety of trivial names and

abbreviations to label various oxPL in their work. Any label must convey sufficient

structural detail about the oxPL for the reader to easily make comparisons with other oxPL

while remaining as simple to remember as possible. In mammalian cells,

glycerophospholipids including phosphatidylcholine (PC), phosphatidylethanolamine (PE),

phosphatidylserine (PS), and phosphatidylinositol (PI) generally carry polyunsaturated fatty

acids (PUFA) esterified at the sn-2 position and saturated or monounsaturated fatty acids

esterified at the the sn-1 position. Thus, because generally only the sn-2 groups is

oxidatively modified, we will abbreviate oxPL products using only their modified sn-2

group hyphenated to the parent phospholipid from which it derives (e.g. 1-acyl-2-(15-

hydroxyeicosatetraenoate)-sn-glycero-3-phosphoethanolamine will be abbreviated as 15-

HETE-PE). For consistency, we will do this even in the case of oxPL commonly abbreviated

with their sn-1 palmitate moiety (e.g. we will use OV-PC to designate 1-palmitoyl-2-(5-

oxovaleroyl)- sn-glycero-3-phosphocholine rather than POVPC). We note that most

structure activity relationship studies on oxPL have only utilized palmitate at the sn-1

position, yet those that have explored effects of changing the sn-1 group from palmitate to

other common acyl chains such as oleate or stearate typically find little differences, so that

this simplification seems justified. The exception to sn-1 moieties are alkylacyl

phospholipids, so we will abbreviate alkylacyl PC as platelet-activating factor analogs (e.g.

1-O-alkyl-2- butanoyl -sn-glycero-phosphocholine will be referred to as butanoyl-PAF), and

plasmalogens (alkenylacyl PE) as pPE (e.g. HETE-pPE). A significant part of this review

focuses on the newest class of oxPL, the oxidatively N-modified phospholipids. To avoid

confusion with sn-2 modifications, these will be abbreviated with the letter N proceeding the

aldehyde modifying the phospholipid headgroup. Therefore, intact PE where its headgroup

has been N-modified by isolevuglandin (IsoLG) will be designated as N-IsoLG-PE, while

arachidonyl-PE where its sn-2 O-acyl chain has undergone oxygenation and cyclization to

form IsoLG will be designated as IsoLG-PE.

1.2 Initiation of peroxidation and formation of four classes of oxPL

Peroxidation of PUFA can occur both enzymatically (e.g. by lipoxygenases) or non-

enzymatically via reactive oxygen species (e.g. hydroxyl radicals) generated by oxidases

such as myeloperoxidase, NADPH oxidases, or xanthine oxidases or by environmental

sources such as cigarette smoke, pollution, radiation, or UV exposure. Whatever the source

of initiating radical, lipid peroxidation occurs via abstraction of a bis-allylic hydrogen from

a PUFA by a radical species and then subsequent reaction of molecular oxygen with the

resulting carbon-centered lipid radical to form a lipid peroxyl radical (Fig 1). Enzyme-

catalyzed peroxidation typically generates only a single enantiomer of one specific

regioisomer of lipid peroxide. For instance, peroxidation of arachidonyl-PC by 15-
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lipoxygenase (15-LOX) generates 15S-hydroperoxyeicosatetraenoate-PC (15S-HPETE-PC).

In contrast, non-enzymatic peroxidation generates racemic mixtures with multiple regio- and

stereo-isomers. Thus, non-enzymatic peroxidation of arachidonyl-PC generates both the R-

and S- enantiomers of 5-HPETE-PC, 8-HPETE-PC, 9-HPETE-PC, 11-HPETE-PC, 12-

HPETE-PC, and 15-HPETE-PC (Fig 1). Non-enzymatic peroxidation of linoleoyl-PC

generates both the R- and S- enantiomers of 9-HPODE-PE and 13-HPODE-PC (Fig 2).

Each of these phospholipid hydroperoxides (PL-OOH) can go on to form a wide range of

secondary products with the yield of each of these secondary products depending on

variables within the local environment such as other lipid species present, the redox status of

the cells or surrounding tissue, and the availability of hydrogen donors such as vitamin E.

Given the number of oxPL species that can be generated, it is helpful to group them based

on structural similarities. For the purposes of this review, we will group oxPL into four

major classes: i) mildly oxygenated oxPL (e.g. 15-HETE-PE), ii) oxPL with oxidatively

truncated sn-2 acyl chains (e.g. OV-PC), iii) oxPL with cyclized acyl chains (e.g. 15-F2-

IsoP-PE), and the newly discovered class of oxidatively N-modified phospholipids (Fig 3).

This fourth class of oxPL forms when reactive lipid species, including those from the first

three classes of oxPL, react with the primary amines found in the head groups of PE, pPE,

and PS. For each class of oxPL we will examine the biochemical pathway of their formation,

evidence for their formation in biological samples, their biological activities and signaling

pathways, and their metabolism. As will be seen, biological activities of one oxPL class can

overlap with other classes. In some cases, sufficient structure-activity relationship studies

have been carried out to understand how this occurs, but often these sorts of studies are still

lacking.

2. Class I: Mildly oxygenated oxPL

2.1 Chemical mechanisms for formation of mildly oxygenated oxPL

Addition of oxygen to PUFA generates peroxyl-, hydroxyl-, keto-, and epoxy-fatty acids.

The most stable of these are the hydroxyl fatty acids, with hydroxylated arachidonate being

designated as hydroxyeicosatetraenoate (HETE) and hydroxylated linoleate being

designated as hydroxyoctadecaenoate (HODE). Formation of mildly oxygenated oxPL

occurs via three mechanisms in vivo (Fig 4): i) direct enzymatic oxygenation of the

phospholipid via lipoxygenases, ii) enzymatic oxygenation of a free fatty acid by

lipoxygenases or cytochrome P450 enzymes with subsequent esterified into a

lysophospholipids, and iii) non-enzymatic oxygenation of the phospholipid via reactive

oxygen species. The first two mechanisms generate specific stereoisomers of mildly

oxygenated phospholipids, while the third generates a series of stereo- and regio-isomers of

these same mildly oxygenated phospholipids.

Many lipoxygenases (LOX), including human 15-LOX, its murine equivalent 12/15-LOX,

and soybean 15- LOX can directly utilize phospholipids including PE and plasmalogens

(pPE) as substrates, thus generating the phospholipid with hydroxylated fatty acids at the

sn-2 position(PL-OOH) (Maskrey et al., 2007; Morgan et al., 2009). Glutathione peroxidase

is then hypothesized to convert the peroxyl group to a hydroxyl group (PL-OH) forming

HETE-PE and HODE-PE (Aldrovandi and O’Donnell, 2013). Treatment of IL-4 induced
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human monocytes with ionophore activates 15-LOX activity and generates four major

species of 15S-HETE modified phospholipids: three 15-HETE pPE and one 15-HETE-PE

(Maskrey et al., 2007). Less than 5% of the hydroxylated phospholipid was 15-HETE-PC,

and no significant amounts of oxygenated PG, PS, or PI were found. Activation of human

bronchial epithelial cells with IL-13 also leads to expression of 15-LOX and increased levels

of 15-HETE-PE (Zhao et al., 2009).

How mammalian 15-LOX selectively oxygenates PE species within cells is unknown but

this finding suggests an evolutionarily optimized signaling pathway, rather than non-specific

oxygenation. That 15-HETE-PE forms in human monocytes via direct oxygenation of PE by

15-LOX was shown by the absence of [18O]15-HPETE-PE when monocytes were activated

in the presence of H2
18O (Maskrey et al., 2007). If re-esterification of 15-HETE was a major

pathway in these cells, 50% of the 15-HETE-PE formed would have been [18O] labeled, as

free arachidonate formed by PLA2 in the presence of H2
18O has one of the two carboxyl

oxygens [18O] labeled, so that subsequent oxygenation would generate [18O]15-HETE and

then half of any re-esterified 15-HETE would still contain this [18O] label. Furthermore,

adding exogenous [18O]15-HETE did not result in the formation of [18O]15-HETE-PE in

monocytes. Of note, murine macrophages express 12/15-LOX and 12-HETE-PE was

generated after activation of wild-type murine macrophages with calcium ionophore, but not

after activation of macrophages derived from 12/15-LOX null mice (Morgan et al., 2009).

The 12-HETE-PE was also shown not to contain [18O] label, demonstrating that the 12/15-

LOX of mice also directly oxygenated PE.

After formation of HETE-PE, the enzyme 15-prostaglandin dehydrogenase converts these

products to their keto-analogs (15-KETE-PE) (Hammond et al., 2012). Thus, ionophore

stimulated human monocytes form the four 15-KETE-PE species analogous to their four 15-

HETE-PE species and murine macrophages form the12-KETE-PE species analogous to their

12-HETE-PE species. KETE-PE readily react with nucleophiles such as thiol moiety of

glutathione.

In contrast to the 15-HETE-PE and 12-HETE-PE formed in monocyte/macrophages by

direct oxygenation of PE species, 12-HETE-PE and 12-HETE-PC formed in platelets

activated by thrombin appear to form from the re-esterification of 12-HETE into these

phospholipids (Thomas et al., 2010). Thus, activation of platelets in the presence of H2
18O

leads to 40–50% of 12-HETE-PE and 12-HETE-PC carrying the 18O label. Furthermore,

recombinant platelet 12-LOX is unable to oxidize PE. However, addition of exogenous 12-

HETE to platelets does not result in esterification of the 12-HETE, suggesting there is very

tight coupling between AA oxygenation and re-esterification. The enzyme(s) responsible for

HETE re-esterification have not yet been identified, but presumably include a fatty acid

CoA synthetase that generates HETE-CoA and then an acyltransferase that links the HETE-

CoA to lysophospholipids.

Cytochrome P450 monoxygenases (e.g. CYP2C and CYP2J) can also add a single oxygen to

specific double bonds of arachidonic acid to form four regioisomers of epoxy

eicosatetraenoic acids (EET) (Spector and Norris, 2007) (Fig 5). Epoxy-fatty acid are

rapidly converted to dihydroxy-fatty acids (e.g. diHETE) by the action of soluble epoxide
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hydrolase. 90% of EET circulating in plasma are esterified to phospholipids including PC,

PE, and PI (Karara et al., 1992). Chiral chromatography of these phospholipid esterified

EET demonstrated that 68–84% of each EET regioisomer was of a single enantiomer,

suggesting enzymatic oxygenation. EET are preferentially incorporated into PE > PC > PI >

PS (Bernstrom et al., 1992). Rat liver homogenates failed to directly oxygenate

phospholipids, but rapidly incorporated radiolabeled free EET into CoA derivatives and then

into lysophospholipids (Karara et al., 1992). The acyl CoA synthase and O-acyl transferase

responsible for the esterification of EET has not yet been identified.

While PL-OOH are the primary products of lipid peroxidation by non-enzymatic

mechanisms, PL-OOH are converted to alkoxyl radicals in the presence of reducing metals

such as iron. These alkoxyl radicals then either abstract an hydrogen from an adjacent donor

to form hydroxyl-fatty acids or react with their own double bonds to form epoxy-fatty acids.

For instance, exposure of red blood cells to tert-butylhydroperoxide (tBuOOH) generates

HETE-PE, HETE-PC, and HETE-PS, along with EET-PE, EET-PC, and EET-PS(Nakamura

et al., 1997). Incubation of PC containing-liposome with xanthine oxidase and acetaldehyde

(to generate hydrogen peroxide) leads to extensive formation of HPETE-PC and HETE-PC

(measured as methyl esters after methanolic saponification) (Porter and Lehman, 1982).

Interestingly, oxidation of red blood cells with xanthine oxidase/hypoxanthine/Fe3+ (which

primarily generates •OH radicals) resulted in extensive fragmentation of the phospholipids

rather than mildly oxygenated phospholipids (Kawai et al., 1999). Incubation of plasma with

activated neutrophils (to release myeloperoxidase) leads to extensive formation of HETE-

and HODE-containing phospholipids, while neutrophil from patients with defective

myeloperoxidase does not (Zhang et al., 2002).

2.2 Formation of mildly oxygenated oxPL in biological samples

Although increased lipid peroxidation has been demonstrated in many disease states, there

are very few studies that have specifically measure mildly oxygenated oxPL in vivo. The

most commonly used methods such as xylenol orange for lipid peroxides or base hydrolysis

prior to mass spectral analysis for HETE and HODE do not distinguish between oxygenated

PUFA esterified to phospholipids versus those esterified to cholesterol or triglycerides. For

this reason, while studies have shown increased levels plasma of HETE, HODE, or EET in

non-alcoholic fatty liver disease (Feldstein et al., 2010), coronary artery disease (Shishehbor

et al., 2006), and asthma (Chu et al., 2002; Zhao et al., 2009), and these increases are likely

the result of increases in mildly oxygenated phospholipids, this cannot be stated with

absolute certainty.

However, some studies have directly monitored specific oxygenated phospholipids by mass

spectrometry or have separated lipids into specific phospholipid classes and then performed

base hydrolysis to identify specific oxygenated fatty acids present. For instance,

phospholipid esterified EET are found in endothelium, kidney, liver, and plasma

lipoproteins (Spector and Norris, 2007) and these esterified EET are rapidly released upon

exposure to agonist (Spector et al., 2004). More recently, thioglycollate challenge of mice

showed that levels of HETE-PE levels in peritoneal exudates increased nearly 10-fold by 7

days after challenge, in contrast with 15-LOX null mice that had barely detectable levels of
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HETE-PE (Uderhardt et al., 2012). 15-KETE-PE levels are significantly increased in the

bronchoalveolar lavage fluid of patients with cystic fibrosis (Hammond et al., 2012). Future

studies using these mass spectrometry methods will be helpful in accessing the conditions

where mildly oxygenated versus highly oxidized oxPL are formed, their relative

concentrations, and the underlying processes that lead to changes in their levels.

2.3 Molecular targets, signaling pathways, and biological activities of mildly oxygenated
oxPL

2.3.1 Regulation of immunogenic response to apoptotic cells—HETE-PE is a

key regulator of immunogenic responses to apoptotic cells because it binds to a critically

important cell adhesion protein, milk fat globule-EGF factor 8 protein (MFG-E8). MFG-E8

facilitates the interaction of phagocytes with apoptotic cells by interacting with these two

different cell types via its two distinct binding domains and thereby acting as a bridge

between these cells. One domain of MFG-E8 binds to PS (which is usually displayed on the

outer leaflet of plasma membrane of cells only during apoptosis), while the other domain

binds to αvβ3 and αvβ5 integrins on phagocytes (Aziz et al., 2011). Uderhardt et al showed

that PE oxygenated by 15-LOX outcompetes PS for binding to MFG-E8 (Uderhardt et al.,

2012). Because resident macrophages normally express 12/15-LOX and thus HETE-PE,

they are able to sequester MFG-E8 away from non-resident, inflammatory monocytes. This

ensures that phagocytosis of apoptotic cells is carried out by resident macrophages rather

than by non-resident, inflammatory monocytes. This non-immunogenic disposal by resident

macrophages maintains self-tolerance. Resident macrophages of mice lacking 12/15-LOX

fail to take up apoptotic cells, which allows their uptake by inflammatory macrophage and

leads to the development of autoimmune disease (Uderhardt et al., 2012).

Oxidized PS, consisting primarily of H(P)ETE-PS, was also reported to have better binding

affinity for MFG-E8 than unoxygenated PS (Borisenko et al., 2004), suggesting that

oxidized PS may also be an important MFG-E8 ligand. However, when Tyurin et al

performed protein lipid overlay to identify receptors that interacted with oxidized PS, they

found no enhancement of binding of MFG-E8 to oxidized PS compared to PS (Tyurin et al.,

2014). Instead, they found that the receptors that bound with somewhat higher affinity to

oxidized PS compared to PS included brain-specific angiogenesis inhibitor-1 and growth

arrest specific-6. Of interest, they found that incubation of apoptotic cells with the secreted

form of PAF-AH, which hydrolyzes a wide variety of oxPL species generated in apoptotic

cells but not native PL species, suppressed phagocytosis of apoptotic cells by macrophages

(Tyurin et al., 2014). This finding strongly implicates the participation of oxPL in the

phagocytosis of apoptotic cells.

2.3.2 Activation of ERK signaling—The ERK signaling cascade is not active under

basal conditions because the initiating kinase, Raf-1, is bound to PE binding protein 1

(PEBP1), also known as Raf-1 Kinase inhibitor protein. When released from PEBP1, Raf-1

can then phosphorylate its downstream substrates such as MEK-1 (Odabaei et al., 2004). 15-

HETE-PE appears to activate ERK signaling by binding PEBP1, allowing the release of

Raf-1 (Zhao et al., 2011). Activation of 15-LOX in human bronchial epithelial cells by

treatment with IL-13 increases both 15-HETE-PE levels and ERK phosphorylation. Adding
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15-HETE-PE is sufficient to displace Raf-1 from PEBP1 and to increase ERK

phosphorylation. These findings suggest that activation of 15-LOX causes oxygenation of

the PE bound to PEBP1, which leads to the release of Raf-1 from inhibition by PEBP1

(Zhao et al., 2011). The structure-activity relationship for oxPL binding to PEBP1 has not

yet been fully explored, and merits further investigation. For instance, does activation of

other lipoxygenases to form 12-HETE-PE or 5-HETE-PC also lead to PEBP1 binding and

induction of ERK signaling or can other oxPL also bind to PEBP1?

The IL-13/LOX/PEBP1/ERK pathway may be relevant to IL-13 signaling in asthma. IL-13

induces the expression of mucins (MUC), particularly MUC5AC (Zhao et al., 2009).

MUC5AC is one of the most abundant mucin expressed in airway epithelium, and is

overexpressed in asthmatic epithelium (Morcillo and Cortijo, 2006; Thornton et al., 2008;

Turner and Jones, 2009). 15-LOX expression levels in bronchial epithelium correlate with

asthma severity (Zhao et al., 2009). Furthermore, inhibition of 15-LOX in human bronchial

epithelial cells blocks synthesis of 15-HETE-PE in response to IL-13 and also the expression

of MUC5AC. Addition of 15-HETE can partially restore MUC5AC expression during 15-

LOX inhibition (Zhao et al., 2009). Whether 15-HETE-PE interactions with PEBP1 plays a

direct role in IL-13 induced mucous expression and asthma needs further study.

2.3.3 Platelet aggregation—12-HETE-PE and 12-HETE-PC stimulate coagulation by

facilitating the generation of thrombin. Cleavage of prothrombin requires formation of a

negatively charged surface (previously thought to be primarily due to externalization of PS)

that allows coagulation factors to bind. Interestingly, oxygenation of arachidonate by 12-

LOX and esterification in PE to form 12-HETE-PE leads to its externalization in platelets

(Thomas et al., 2010). Liposomes containing synthetic 12-HETE-PC (synthetic 12-HETE-

PE was not available) dramatically increased thrombin generation when incubated with

platelets. The mechanism underlying this increased production was not determined, nor

whether 15-HETE-PC (or 15-HETE-PE) could also induce thrombin generation.

Oxygenation of phospholipids might increase the total negative charge of the membrane

because the presence of the hydroxyl group may force the acyl chain that is normally buried

in the bilayer to rise to the aquaeous interface and in so doing, may force the negatively

charged phosphate group to also be more exposed on the surface. More study on the effects

of these mildly oxygenated phospholipids on membrane conformation and charge is clearly

needed.

2.3.4. Inhibition of LPS signaling—At relatively high concentrations (IC50 ~30 uM),

HETE-PC can inhibit LPS induced E-selectin expression. However, this activity appear to

be far less potent than other oxPL generated by oxidation of arachidonyl-PE, -PC, -PG, or –

PS, where less than 1 μM was required (von Schlieffen et al., 2009). Thus, it seems unlikely

that this is an important activity of HETE-PC.

2.3.5. PPARγ—Both HETE-PE and its oxidized counterpart KETE-PE are weak agonists

of PPARγ (Hammond et al., 2012), a property they share with many other lipids and lipid

metabolites (Wahli and Michalik, 2012). Incubation with either 2.5 μM 15-KETE-PE or 15-

HETE-PE induced PPRE reporter constructs and the expression of PPARγ regulated genes

such as CD36 in monocyte/macrophage (Hammond et al., 2012). However, because 15-
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HETE is also a ligand for PPARγ, it is unclear if this is a direct effect of the oxygenated PE

or if there is hydrolysis of the esterified HETE and KETE to generate the active unesterified

form.

2.3.6. L-type calcium channel—Phospholipids containing EET potently inhibit the L-

type calcium channel (Chen et al., 1999). The exact mechanism of this activity is not known,

and all four EET regioisomers have similar effects, so that changes in membrane

conformation have been posited to drive this inhibition (Spector and Norris, 2007).

2.4. Metabolism of mildly oxygenated oxPL

To some extent, the formation of HETE- and KETE-phospholipid by glutathione peroxidase

and 15-prostaglandin dehydrogenase represents metabolism of HPETE-phospholipids.

However, it is unclear what the final fates of these mildly oxygenated oxPL are. Presumably,

they are cleaved from the phospholipid by PLA2, perhaps including platelet-activating factor

acetylhydrolases (PAF-AH) and then undergo beta-oxidation either in the mitochondria or

peroxisome. Given their apparent importance in regulating apoptosis and platelet activation,

further elucidation of their metabolism seems critical.

3. Class II: Oxidatively truncated oxPL

3.1 Chemical mechanisms for formation of oxidatively truncated oxPL

Although PL-OOH are the primary products of lipid peroxidation, the generation of lipid

peroxyl radicals readily allows a series of reactions that result in fragmentation of the acyl

chain. This fragmentation typically generates two complementary products: a fragmented

acyl chain that remains esterified to the phospholipid (a truncated oxPL) and a fragmented

alkyl or alkenal chain that can diffuse (Fig 6). Both fragments are biologically important.

This section will focus on the truncated phospholipid, while the section on N-oxidative

modified PL will discuss what happens with the fragmented alkenal that modifies proteins,

PE, and other primary amines.

The most abundant forms of truncated oxPL generated by lipid peroxidation have shortened

sn-2 acyl chains one carbon less in length than the first double bond in the parent,

unoxidized lipid or shortened sn-2 acyl chain of the same length as the carbon of the first

double bond and a ω-hydroxy, -aldehyde, or -carboxylate groups (Tanaka et al., 1994;

Tanaka et al., 1993; Tanaka et al., 1995) (Fig 7). A number of different mechanisms have

been invoked to rationalize fragmentation of lipid hydroperoxides to these products and their

reciprocal alkanyl chains. These include β-scission, Hock rearrangement, formation of

diepoxy carbinyls, and peroxyl dimers. Even with highly reductionist in vitro systems, there

is still great uncertainty about the relative contribution of each of these particular chemical

pathways.

3.1.1. beta-scission—Formation of truncated oxPL with shortened acyl chains lacking

omega;-oxo groups is most easily rationalized by β-scission. This requires formation of an

alkoxyl radical from the PL-OOH as previously described for the formation of PL-OH. But

in this case, a concerted radical reaction of the alkoxyl radical with its neighboring carbons

forms a conjugated aldehyde while fragmenting the adjacent carbon-carbon bond, leaving a
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carbon centered alkyl radical (Fig 8). This radical then abstracts an hydrogen from another

PUFA or other hydrogen donor to form a stable alkane. If the initial PL-OOH species is 5-

HPETE-PC, then the β-scission products are hexadecatetraenal and butanoyl-PC. If 15-

HPETE-PC is formed instead, then the β-scission products are pentane and 15-

oxopentadecatetraenoate-PC. The formation of pentane from β-scission of arachidonate and

linoleate peroxides and ethane from EPA and DHA peroxides is the basis of using exhaled

pentane and ethane as biomarkers of in vivo lipid peroxidation (Dillard et al., 1977; Knutson

et al., 2000).

3.1.2. Hock rearrangement—The formation of shortened sn-2 acyl with omega;-oxo

groups is most easily rationalized by “Hock rearrangement”. Here, the conjugated alkyl

chain of the initial PL-OOH undergoes alkyl chain migration to form an intermediate

hemiacetal and then hydrolysis, leaving two fragmented aldehydes as products (Fig 9).

Under oxidizing conditions, the aldehydes are converted to carboxylates. Thus, Hock

rearrangement of 5-HpETE-PC first generates PC with a 5-oxovaleroyl at the sn-2 position

(OV-PC), which then oxidizes to generate a glutaryl group at the sn-2 position (glutaryl-PC).

Alternatively, OV-PC can be reduced by aldose reductase to form 5-hydroxyvaleroyl-PC

(HV-PC). Hock rearrangement of 9-HPODE-PC forms PC with azeaolyl group at the sn-2

position (az-PC).

By itself, the Hock rearrangement does not explain the formation of γ-ketoalkenoates and

their reduced analogs such as γ-hydroxyalkenoates, γ-ketoalkenals, and γ-hydroxyalkenals

that are commonly found with lipid peroxidation. However, the formation of these

compounds can be rationalized by a second peroxidation step for aldehydic fragments with

double bonds at the γ-position. Presumably, these behave very similarly to the 1,4-

pentadienes of PUFA, so that a radical can abstract a hydrogen at the beta position, with

molecular oxygen then rapidly reacting with the resulting carbon-center radical to generate

γ-peroxy-alkenals that then form either γ-hydroxy-alkenals or γ-keto-alkenals (Fig 10).

These aldehydes easily oxidize to form their analogous alkenoates. Thus, Hock

rearrangement of 8-HPETE-PC could first give 8-oxo-octenoyl-PC, which then peroxidizes

to form 5-keto-8-oxo-oct-6-enoate-PC (KOOA-PC) and 5-hydroxy-8-oxo-oct-6-enoate-PC

(HOOA-PC) and then these aldehydes easily oxidize to form 5-keto-6-octendioate-PC

(KOdiA-PC) and 5-hydroxy-6-octendioate-PC (HOdiA-PC). The analogous reactions for

13-HPODE-PC could give rise to 9-keto-12-oxo-10-dodecenoate-PC (KODA-PC) and 9-

hydroxy-12-oxo-10-dodecenoate-PC (HODA-PC) that then are easily oxidized to 9-keto-10-

dodecendioate-PC (KDdiA-PC) and 9-hydroxy-10-dodecendioate-PC (HDdiA-PC).

3.1.3. Diepoxycarbinyl intermediates—As an alternative to formation of γ-

hydroxyalkenoates by secondary peroxidation of Hock rearrangement products, Gu and

Salomon proposed a mechanism where fragmentation occurs via formation of a diepoxy

carbinyl intermediate (Fig 11). In this mechanism, alkoxyl radicals form then react with the

adjacent double bond to give an epoxide in two successive rounds. The resulting diepoxy

carbinyl can fragment in either direction to produce complementary aldehydic fragments,

one of which would always be a γ-ketoalkenal or γ-hydroxyalkenal (Gu and Salomon,

2012).
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3.1.4. Other potential mechanisms—While both of the mechanisms above can be used

to rationalize the formation of γ-hydroxyalkenals andγ-ketoalkenals like 4-hydroxynonenal

(HNE) and 4-oxo-nonenal (ONE), respectively, it is important to note that several other

mechanisms have been put forward for the formation of HNE. For instance, Schneider at al

presented evidence for the formation of peroxy dimers with subsequent fragmentation that

would account for both the formation of HNE and other oxidatively truncated PL such as

OV-PC (Schneider et al., 2008) (Fig 12).

3.2. Formation of oxidatively truncated oxPL in biological samples

Because the initial characterization of truncated oxPL was in oxLDL, characterization in

vivo has focused on their formation in models of atherosclerosis. OV-PC and glutaryl-PC

levels in aorta increase from about 20 ng/mg in rabbits fed a control diet to about 60 ng/mg

tissue in those fed a cholesterol-rich Western diet (Watson et al., 1997). Truncated oxPL

with ω-oxo groups (based on their ability to be derivatized by 9-(chloromethyl)anthracene,

their retention time on HPLC, and their ability to stimulate the PAF receptor) are higher in

plasma of elderly individuals compared to young adults, and in patients undergoing

cardiopulmonary bypass (Frey et al., 2000). Levels of truncated oxPL derived from

oxidation of arachidonyl-PC including HOOA-PC, KOOA-PC, HOdiA-PC, KOdiA-PC,

OV-PC, and glutaryl-PC are about 5-fold higher (1–3 ng/mg arachidonyl-PC) in aorta

isolated from aged WHHL rabbits with significant atherosclerotic lesion, compared to aorta

from young WHHL rabbits (Podrez et al., 2002a). Similar increases are found for truncated

oxPL from oxidized linoleoyl-PC such as HODA-PC, KODA-PC, HDdiA-PC, and KDdiA-

PC, while ON-PC and ND-PC reach about 5–10 ng/mg linoleoyl-PC (Podrez et al., 2002a).

In wild-type mice fed a normal chow diet, plasma concentrations of HOdiA-PC, KOdiA-PC,

KOOA-PC, HDdiA-PC, KDdiA-PC, HODA-PC, and KODA-PC range from 60 to 280 nM.

The plasma concentration of these oxPL are 3- to 7-fold higher in ApoE−/− mice fed a chow

diet and 10- to 30-fold higher in ApoE−/− mice fed a cholesterol-rich Western diet, so that

concentrations of KOdiA-PC and KODA-PC can reach 3.0 and 2.3μM, respectively (Podrez

et al., 2007). Feeding LDLR−/− mice a Western diet increases levels of these same truncated

oxPL by 4- to 6-fold compared those given a normal chow diet, so that levels of KOdiA-PC

and KODA-PC reached 2.2 μM and 1.4 μM, respectively. In zebrafish larvae fed a high

cholesterol diet, OV-PC and glutaryl-PC levels increased about 10-fold compared to

standard diet (Fang et al., 2010). These results support the notion that biological activities

which can be induced by low μM concentrations of these truncated oxPL are likely to be

important during early pathogenesis of atherosclerosis.

A number of other inflammatory stimuli can induce the formation of oxidatively truncated

oxPL, so that oxPL likely participates in feed-forward mechanism for inflammation. For

instance, treatment of endothelial cells with IL-1β increases the levels of OV-PC and

glutaryl-PC by 50% (Subbanagounder et al., 2002b). Exposure of human pneumocyte cell

lines (A549) to influenza A virus induces 2-fold increases in OV-PC and glutaryl-PC (Van

Lenten et al., 2004). Min mice are an animal model of human familial adenomatous

polyposis (FAP) and analysis of intestinal polyps from 10 and 20 week old Min mice

showed 2- to 6-fold increases in levels of ON-PC, Az-PC, OV-PC, and glutaryl-PC
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compared to wild-type mice (Ikeda et al., 2011). Treatment with TNFα increased levels of

AZ-PC in Jurkat cells about 3-fold (Latchoumycandane et al., 2012).

Exposure to light also increases formation of truncated oxPL. For instance, exposure of

human keratinocytes to UVB light increased levels of butanoyl-PAF and butenoyl-PAF

nearly 100-fold (Marathe et al., 2005). UVB light also generated az-PAF (Zhang et al.,

2005). Furthermore, UVB irradiation of fibroblast from mice deficient in xeroderma

pigmentosum type A DNA repair gene led to 2-fold higher levels butanoyl-PAF, OV-PAF,

and glutaryl-PAF (Yao et al., 2012). Exposure of dark adapted rats to physiological light for

even as little as 4 hours increased retinal concentration of OV-PC and glutaryl-PC, AZ-PC,

and ON-PC about 2-fold compared to rats without this light exposure (Sun et al., 2006). OV-

PC, glutaryl-PC, AZ-PC and ON-PC have also been detected in vitreous fluid obtained from

healthy elderly humans (Pollreisz et al., 2013).

γ-hydroxyalkenal-PC undergo spontaneous dehydration and cyclization to form furans.

Increased levels of these more stable furans were detected after experimental cerebral

infarction induced by ligation of a middle cerebral artery (Gao et al., 2006).

In addition to the mass spectrometry studies mentioned above, there are many other studies

that have used non-specific means of detection such as anti-oxidized phospholipid antibody

immunoreactivity to evaluate changes in truncated oxPL in various disease states. For

instance, using E06 to non-specifically measure oxPL, increased E06 immunoreactivity has

been reported in plasma of patients undergoing percutaneous coronary intervention

(Tsimikas et al., 2004), in BAL fluid of acid-treated mice (Imai et al., 2008), in BAL fluid of

H1N1 influenza A treated mice (Crowe et al., 2009), and with extent of coronary artery

disease (Tsimikas et al., 2005). Increased immunoreactivity of DLH3, another anti-oxPC

antibody, was found in liver specimens from humans with non-alcoholic steatohepatisis

(Ikura et al., 2006) and in macula of patients with age-related macular degeneration (Suzuki

et al., 2007). These measurements support the notion that lipid peroxidation occurs in these

disease conditions, but do not provide definitive evidence for any specific species.

3.3. Molecular targets, signaling pathways, and biological activities of truncated oxPL

3.3.1. PAF-like activity—Perhaps the earliest and best characterized activities of

oxidatively truncated oxPLs are as platelet-activating factor (PAF) receptor agonists.

Binding of authentic PAF (1-alkyl-2-acetyl-sn-glycero-3-phosphocholine) to this Gq-protein

coupled receptor activates PLC and PKC, eventually leading to cPLA2 activation and

subsequent prostaglandin synthesis. While named for its ability to activate platelets, the PAF

receptor is expressed in a wide range of leukocytes including polymorphonuclear leukocytes

(PMN) and monocytes, and activation of PAF receptor also induces adhesion of these

leukocytes to endothelial cells.

The first experiments that demonstrated oxPL could act via the PAF receptor were

performed by Smiley et al, who showed that oxidized arachidonyl-PC induced PMN

adhesion which could be blocked by PAF receptor antagonists (Smiley et al., 1991).

Subsequently, Patel et al demonstrated that exposure of endothelial cells to hydrogen

peroxide also resulted in the formation of membrane blebs that that potently activates the
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PAF receptor of PMN (Patel et al., 1992). Inhibition of PAF synthesis did not block

formation of PAF receptor agonists in these blebs yet these agonists were susceptible to

degradation by PAF-AH. Berliner et al had previously shown that a phospholipid component

of oxidized LDL stimulated monocyte binding to endothelial cells (Berliner et al., 1990;

Cushing et al., 1990). They later showed that this activity was susceptible to inhibition by

PAF receptor antagonist and to degradation by PAF-AH (Leitinger et al., 1997; Watson et

al., 1995). Importantly, the relevance of these in vitro findings was verified by studies using

intravital fluorescence microscopy and skinfold-chamber model in hamsters. These studies

showed that administration of PAF receptor inhibitors to hamsters blocked the ability of

injected oxLDL to induce leukocyte rolling and adhesion (Lehr et al., 1993).

In addition to the effect of oxPC on endothelial cells, Heery et al showed that oxLDL

induced smooth muscle proliferation, another key atherogenic action, as well as PMN

adhesion to gelatin (Heery et al., 1995). Both of these activities could be blocked by PAF

receptor antagonists and treatment with PAF-AH. In reversed phase HPLC, the activity of

oxLDL eluded after the retention time for authentic PAF but prior to the retention time for

unoxidized phospholipids, consistent with previous finding for the PAF-like activity of

oxidized PAPC. These phospholipid fractions were shown to stimulate arachidonic acid

release in CHO cells transfected with the PAF receptor, but not in non-transfected cells,

demonstrating they were authentic PAF receptor ligands (Heery et al., 1995).

During the studies to elucidate the PAF like activity of oxPL, parallel studies were

performed to isolate the active components. A key breakthrough were studies that showed

that the PAF-like activity isolated from oxLDL could not be degraded by PLA1, suggesting

that truncated alkylacyl phospholipids rather than diacyl phospholipids were responsible

(Marathe et al., 1999). This was consistent with the findings that oxidation of arachidonyl-

PAF generated PAF-like activity that was about 800-fold more potent than oxidation of

arachidonyl-PC. Subsequent mass spectrometric analysis of oxidized arachidonyl-PAF

showed that butanoyl-PAF and butenoyl-PAF are the most prominent phospholipids present

in the HPLC fractions with PAF-like activity. Synthetic butanoyl-PAF and butenoyl-PAF

are nearly as potent as authentic PAF (acetyl-PAF) at stimulating calcium release in

HEK293 cells transfected with the PAF receptor. The PAF like activity of oxLDL co-eluted

in HPLC with butanoyl-PAF and butenoyl-PAF, supporting the notion that these are major

PAF-like lipids in oxLDL (Marathe et al., 1999).

The extent that other truncated oxPL besides butanoyl-PAF and butenoyl-PAF contribute to

the PAF-like activity of oxidized lipoproteins and membranes is not fully resolved. The

oxidation of arachidonyl-PAF present in LDL generates both OV-PAF via Hock

rearrangement and butanoyl-PAF and butenoyl-PAF via β-scission. The original studies by

the McIntyre lab demonstrated that synthetic OV-PC (generated by ozonolysis of PAPC)

activated PMN adhesion to gelatin and that this adhesion is blocked by PAF receptor

antagonists (Smiley et al., 1991). Ozonolysis of arachidonyl-PAF also generates potent

PAF-like activity, so butanoyl-PAF and butenoyl-PAF seem unlikely to entirely account for

the PAF-like activity of oxLDL.
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Although relatively few studies have used the more active OV-PAF, a number of studies

have used the commercially available OV-PC to examine the contribution of these species

and activation of the PAF receptor to atherosclerosis. OV-PC induces monocyte adhesion to

endothelial cells and this effect can be inhibited by PAF receptor antagonists

(Subbanagounder et al., 1999). OV-PC binds to PAF receptor expressed on macrophages

and induces calcium mobilization (Pegorier et al., 2006). OV-PC also induces inflammatory

gene expression in monocytes, but authentic PAF can only induce expression of a subset of

these genes suggesting that OV-PC also interacts with other receptors (Pegorier et al., 2006).

OV-PC induces bone-marrow derived stem cell migration that is blocked by PAF receptor

specific antagonists or RNAi depletion of PAF receptor (Shin et al., 2011). These effects on

migration depend on induction of Kruppel-like factor 4.

During studies to identify the active species of PAF-like lipids in oxLDL, various alkylacyl

precursors were oxidized to determine which of these could give rise to PAF receptor

agonists (Marathe et al., 1999). While oxidation of arachidonyl-PAF gave robust PAF

receptor agonist activity as expected, it was surprising to find that oxidation of linoleoyl-

PAF also gave strong PAF agonist activity. This result raised that possibility that AZ-PAF

might also be a PAF receptor agonist, because octanoyl-PAF, the other major fragmentation

product of linoleoyl-PAF, does not agonize the PAF receptor. Subsequently, Gopfert et al

showed that 10 μM OV-PC, glutaryl-PC, and AZ-PC could all stimulate shape-change in

platelets, but that they reported that these effects were not blocked by the PAF receptor

antagonist WEB2086 (Gopfert et al., 2005). However, when Chen et al examined the effects

of submicromolar concentrations of AZ-PAF on platelet activation, they found that 200 nM

AZ-PAF activated calcium in platelets and that 100 nM AZ-PAF synergistically activated

platelets induced with suboptimal concentrations of thrombin, ADP, or collagen (Chen et al.,

2009a). The activity of this submicromolar AZ-PAF was blocked by PAF receptor

antagonists (Chen et al., 2009a). Thus, the PAF receptor activity of AZ-PL appear to

absolutely require an O-alkyl chain at sn-1, unlike OV-PL where OV-PC can activate the

PAF receptor, though with substantially less potency than OV-PAF.

3.3.2. PPARα and PPARγ—During studies of oxLDL activation of monocytes, it

became apparent that authentic PAF could not mimic all of the effects of oxLDL. Because

these effects were most strongly induced by oxidized linoleoyl-PAF, AZ-PAF was used to

identify this additional receptor. A candidate receptor approach eventually identified PPARγ

as the receptor, with AZ-PAF potently (100 nM) inducing PPRE-reporter expression when

PPARγ is heterologously expressed (Davies et al., 2001). Furthermore, AZ-PAF induces

expression of CD36, a PPARγ responsive genes. Direct binding of AZ-PAF to recombinant

PPARγ potently (Kd 40 nM) displaces a radiolabeled PPARγ agonist (BRL49653).

Interestingly, anti-CD36 antibodies block the uptake of AZ-PAF by monocytes, suggesting

that AZ-PAF is a CD36 ligand and that induction of CD36 and PPARγ expression by AZ-

PAF induce a feed-forward mechanism (Davies et al., 2001). Further studies found that both

the PPARγ agonist rosiglitazone and AZ-PAF induce COX-2 expression in monocytes,

which increased their ability to secrete PGE2 (Pontsler et al., 2002). It should be noted that

this effect contrasts with the ability of various PPARγ agonists to inhibit inflammatory

signaling in macrophages induced by IFNγ, phorbol ester, or LPS (Inoue et al., 2000; Jiang
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et al., 1998; Ricote et al., 1998). The reason for this paradox is not fully understand, but is in

keeping with the observation that truncated oxPL are functionally partial agonists of

inflammation, so that by themselves they induce modest inflammatory effects while they

suppress inflammatory effects when combined with full agonists.

In contrast to AZ-PC which activates PPARγ, the shorter oxPL such as OV-PC and glutaryl-

PC activate PPARα (Lee et al., 2000). For instance, treatment with 5 ug/mL OV-PC or 2.5

ug/mL glutaryl-PC induced about a 3-fold increase in PPRE reporter expression in

endothelial cells, which primarily express PPARα, rather than PPARγ. Similarly, OV-PC

and glutaryl-PC induce PPAR reporter expression in CV-1 cells transiently transfected with

PPARα, but not PPARδ or PPARγ Finally, endothelial cells derived from PPARα−/− mice

failed to synthesize IL-8 and MCP-1 in response to oxidized arachidonyl-PC or oxLDL (Lee

et al., 2000). It is worth noting that others who have examined the PPARα dependent

activation of endothelial cells by oxLDL and oxPL found that this activity was partially

blocked by the PLA2 inhibitor (Delerive et al., 2000). This finding was interpreted to

indicate that it was unesterified oxidized lipids rather than the oxPL that were the active

PPARα ligands, although an alternative interpretation is that the required activation of PLA2

is downstream of the initial PPARα binding and activation.

3.3.3. Scavenger receptors CD36 and SR-BI—The scavenger receptors SR-BI and

CD36 play important roles in the transfer of lipids from lipoproteins to peripheral cells, in

macrophage cell signaling, and in formation of foam cells. Both SR-BI and CD36 bind

oxLDL with high affinity (Endemann et al., 1993; Gillotte-Taylor et al., 2001). Because of

the importance of CD36 for the uptake of oxLDL and formation of foam cells, Podrey et al

performed a series of elegant studies to identify oxPL species bound by CD36. These studies

revealed that γ-ketoalkenoate-PC are critically important CD36 ligands for generation of

foam cells (Podrez et al., 2002a; Podrez et al., 2002b).

Myeloperoxidase driven oxidation of liposomes produced eight major species with high

affinity to CD36 binding (Podrez et al., 2002b). Isolation and characterization of these oxPL

showed each had an α,β unsaturated aldehyde or carboxylate at the ω-terminus of the

fragmented chain and a γ-hydroxyl- or γ-keto- group (e.g. KOdiA-PC). They then performed

structure activity relationship studies to access the structural requirements for CD36 binding

using competition experiments with radiolabeled oxLDL (Table 1).

They found that the truncated oxPC with esterified γ-ketoalkenoates at sn-2 (e.g. KDdiA-PC

and KOdiA-PC) were the most potent competitors for CD36 binding. Replacing the ω-

carboxylate with an ω-aldehyde reduced potency 1.5-fold. Replacing the γ-keto group with a

γ-hydroxy group reduced potency three to seven-fold (Podrez et al., 2002b). PC esterified

with ω-aldehydes lacking both the γ-functional group and double bond (e.g. OV-PC) can

compete for oxLDL binding but are even less potent (Boullier et al., 2005; Podrez et al.,

2002b). Nevertheless, OV-PC signaling via CD36 was reported to play an important role in

inflammatory corneal neovascularization (Mwaikambo et al., 2006). HPETE-PC and

HPODE-PC and the non-esterifed γ-hydroxyalkenal failed to effectively compete for CD36

binding as did cholesterol esterified analogs (Podrez et al., 2002b).
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Subsequent work showed that these γ-ketoalkenoate-PC and their analogs form “lipid

whiskers” on the surface of membranes, with the truncated acyl chain sticking out of the

membrane bilayer to be recognized by CD36 (Greenberg et al., 2008). CD36 was essential

for uptake of liposomes with these truncated oxPC and addition of these oxPC to cholesterol

containing lipoparticles drove accumulation of cholesterol and formation of foam cells in

mouse perioteneal macrophages derived from wild-type, but not CD36−/− mice (Podrez et

al., 2002a).

In addition to binding to CD36, γ-ketoalkenoate-PC and its reduced analogs also bind with

high affinity to SR-BI (Ashraf et al., 2008). KOOA-PC markedly inhibited uptake of

radiolabeled oxLDL by SR-BI expressing CHO cells. Furthermore, small unilamellar

vesicles constituted with KDdiA-PC bound to these SR-BI expressing CHO cells, while

vesicles lacking KDdiA-PC failed to bind. KDdiA-PC and KOdiA-PC bind with high

affinity to recombinant SRBI and potently inhibited HDL uptake by SR-BI expressing cells

including hepatocytes. In addition to γ-ketoalkenoate-PC, OV-PC also competes with

oxLDL for binding to SR-BI (Gillotte-Taylor et al., 2001).

The ability of γ-ketoalkenoate-PC and other truncated oxPL to bind SR-BI has been

interpreted as likely to promote atherogenesis, since SR-BI binding to HDL is critical to

reversal cholesterol effux, so that competition for efflux would potentially lead to peripheral

cholesterol accumulation. However, it is worth considering that SR-BI mediated clearance

of oxidized lipoproteins may dramatically reduce the levels of these proinflammatory

particles, which may be more important for protecting against the atherosclerosis.

3.3.4. Inflammatory responses including adhesion and cytokine secretion—
One of the earliest identified bioactivities for truncated oxPL was the ability to activate

endothelial cell interactions with leukocytes. OV-PC and glutaryl-PC both induce

endothelial cell activation, expression of proinflammatory cytokines, and binding of

monocytes, while only glutaryl-PC induces PMN adhesion to endothelium (Leitinger et al.,

1999; Subbanagounder et al., 1999). These truncated oxPL are present in membrane vesicles

released from activated cells and apoptotic blebs which stimulate endothelial cell activation

(Huber et al., 2002). The mechanism by which OV-PC and glutaryl-PC induce endothelial

cell activation and monocyte adhesion differs. Endothelial activation by OV-PC, but not

glutaryl-PC, can be inhibited by PAF receptor antagonists (Subbanagounder et al., 1999).

OV-PC induces monocyte adhesion by inducing surface expression of the fibronectin

connecting segment-1 domain (Leitinger et al., 1999), while glutaryl-PC induces E-selectin

and VCAM-1 expression. OV-PC induces cAMP-mediated pathways suggesting agonism of

Gs coupled receptor(s), while glutaryl-PC induces chloride ion conductance. Subsequent

experiments showed that OV-PC activates endothelial R-Ras downstream of cAMP

activation, which in turn activates PI3-kinase (Cole et al., 2003).

Of great interest are recent studies that suggest that the OV-PC metabolite 5-

hydroxyvaleroyl-PC (HV-PC) induces cytokine expression in macrophages, rather than OV-

PC itself (Vladykovskaya et al., 2011). HV-PC is 100-fold more potent in inducing cytokine

expression than OV-PC. HV-PC forms by aldose reductase-mediated reduction of the

aldehyde group and OV-PC fails to induce cytokine expression in macrophages lacking
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aldose reductase. Treatment with the aldose reductase inhibitor tolrestat also blocks OV-PC

induction of cytokine expression (Vladykovskaya et al., 2011).

Similar to OV-PC and glutaryl-PC, at least one γ-ketoalkenoate-PC analog (HOOA-PC) is

known to activate monocyte binding to endothelial cells and endothelial expression of

MCP-1 and IL-8 expression (Subbanagounder et al., 2002a). The ability of other γ-

ketoalkenoate-PC analogs to activate endothelial cells in this manner has not been tested.

3.3.5. Binding to TLR4 co-activators and inhibition of LPS signaling—OV-PC

and glutaryl-PC were the first oxidatively truncated oxPL shown to exert inhibitory effects

on LPS signaling, but this is now recognized as a common feature of many oxPL. Because

both oxPL and LPS activate TLR signaling, the inhibition of LPS signaling by oxPL initially

appears paradoxical. However, this effect is consistent with a paradigm where oxPL are high

affinity, partial agonists for components of the TLR signaling pathway, so that weak

activation of TLR signaling by oxPL inhibits the far more robust activation of this signaling

by LPS.

LPS invokes proinflammatory signaling by binding to soluble MD-2 and then forming a

complex with the extracellular domain of the membrane spanning pattern recognition

receptor TLR4 (Fig 13) (Kumar et al., 2011). These TLR4-MD-2 complexes can signal by

both CD14 dependent and CD14-independent mechanisms, with LPS-binding protein (LBP)

assisting in extracting LPS and presenting it to these complexes. Park et al showed that

when LPS binds to MD-2 and TLR4, five of the six acyl chains of LPS are buried within the

large hydrophobic pocket of MD-2, with the remaining acyl chain and the glucosamine

backbone interacting with both the surface of MD-2 and the TLR4 dimer to form a signaling

complex (Park et al., 2009). Bacterial lipopeptides can also interact with the hydrophobic

pockets of TLR2/TLR1 and TLR2/TLR6 heterodimers to activate similar signaling cascades

(Manavalan et al., 2011).

The induction of cytokine expression by OV-PC and other oxPL can be blocked by ablation

of TLR2 and TLR4 (Imai et al., 2008; Kadl et al., 2011; Miller et al., 2005; Walton et al.,

2003) consistent with their being TLR agonists. The formation of oxPL and subsequent

activation of TLR4 by these oxPL has been identified as a key pathway mediating acid- and

viral-induced acute lung injury (Imai et al., 2008).

While OV-PC and other oxPL directly induce endothelial cell activation, they paradoxically

also inhibit bacterial lipopolysaccharide (LPS) induced expression of E-selectin by

endothelial cells, as well as subsequent PMN binding to this activated endothelium

(Leitinger et al., 1999). A key aspect to understanding this effect are studies showing that

high concentrations (30 μM and higher) of OV-PC and glutaryl-PC effectively compete with

LPS for binding to LBP and CD14 (Bochkov et al., 2002; von Schlieffen et al., 2009) as

well as MD-2 (Erridge et al., 2008). Unlike LPS, which is full agonist of TLR signaling,

OV-PC and other oxPL are only partial agonists of TLR signaling, so that the net effect of

coincubation of OV-PC and LPS is inhibition of LPS signaling (Bochkov et al., 2002;

Erridge et al., 2008; Erridge et al., 2007) (Fig 12).
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Walton et al found that γ-ketoalkenoate-PL including KOdiA-PC, KOdiA-PE, KHdiA-PE,

KDdiA-PE, and HDdiA-PE were more potent than OV-PC or glutaryl-PC at inhibiting LPS

induced IL-8 expression by endothelial cells (Walton et al., 2006). Kim et al found that

KOdiA-PC competed with LPS for binding to MD-2, rather than CD14 or LBP (Kim et al.,

2013). Additionally, they found that KOdiA-PC prevented LPS from inducing macrophages

to express TNF, IFN-beta, and COX-2 and that an inhibitor of acid sphingomyelinase

blocked KOdiA-PC’s effects.

3.3.6. SMC proliferation and migration—In atherogenesis, vascular smooth muscle

cells (SMC) undergo phenotypic switching from differentiated SMC to proliferating SMC

showing down-regulation of differentiation marker genes and enhanced capacity for

migration. Exposing cultured SMC to oxLDL produces this phenotypic switching and

proliferation, and this effect can be blocked by PAF receptor antagonists (Heery et al.,

1995). Subsequent characterization of the active components in oxLDL revealed that OV-

PC, but not glutaryl-PC, induces this proliferation of SMC (Chatterjee et al., 2004). OV-PC

reduces connexin 43 (Cx43) levels, but both OV-PC and glutary-PC increase Cx43

phosphorylation, which is thought to be an important step in SMC proliferation (Johnstone

et al., 2009). Treatment of SMC with OV-PC stimulates the activity of UDP-

galactose:glucosylceramide galactosyltransferase (GalT-2) and the formation of

lactosylceramide which leads to activation of p44 MAP kinase (Chatterjee et al., 2004). At

high concentrations (~30 μM or higher), both OV-PC and glutary-PC inhibited expression of

SMC differentiation markers such as actin and myosin heavy chain via their activation of

Kruppel-like transcription factor 4 (KLF4) (Pidkovka et al., 2007). Induction of KLF4 was

dependent on OV-PC induced phosphorylation of ERK1/2 and Elk-1, with Elk-1 physically

interacting with KLF4 (Yoshida et al., 2008). KLF4 also interacts with histone deacetylase 5

(HDAC5) to recruit it to histone H4 of the actin promoter (Yoshida et al., 2008). OV-PC

activation of KLF4 also induces expression of extracellular matrix proteins including type

VIII collagen, Col8a1 (Cherepanova et al., 2009).

Both OV-PC and glutaryl-PC invoke calcium entry into proliferating SMC, leading to their

migration, and this effect is inhibited by antibodies to transient receptor potential cation

channel 5 (TRPC5) and TRPC1 (Al-Shawaf et al., 2010). OV-PC and glutaryl-PC could also

invoke calcium currents in HEK293 cells overexpressing TRPC5 but not TRPM2 or

TRPM3. The effects of glutaryl-PC and OV-PC on depended on G(i/o)proteins, which is

interesting given that other effects of these lipids appear to result from agonism of Gq- and

Gs-coupled receptors (Al-Shawaf et al., 2010)

3.3.7. ER stress response, ceramide formation, and apoptosis—When AZ-PAF

is given at μM concentrations, rather than the nM concentration needed for PAF receptor or

PPARγ activity, it displays strong apoptotic effects (Chen et al., 2007). The acyl analog AZ-

PC is about half as potent as AZ-PAF. Exogenously administered AZ-PAF rapidly

internalizes to the mitochondria and depolarizes their membrane through the action of Bid

(Chen et al., 2009b; Chen et al., 2007). The transfer of exogenous AZ-PAF or AZ-PC to

intracellular compartments is dependent on the action of TMEM30a and reducing levels of

this transporter markedly reduces induction of apoptosis (Chen et al., 2011). Once in the
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mitochondria, AZ-PAF induces the release of cytochrome c and apoptosis-inducing factor,

which activates caspase 3 and 9 and directly leads to apoptosis.(Chen et al., 2009b; Chen et

al., 2007). The formation of AZ-PC appears to be part of the physiological pathways for

inducing apoptosis, as TNFα strongly induces formation of AZ-PC in Jurkat cells, and

overexpression of either gluthathione peroxidase-4 or PAF-AH2 suppresses both the

formation of AZ-PC and markedly inhibits the ability to TNF to induce apoptosis

(Latchoumycandane et al., 2012).

When given at extremely high concentrations (50 μM or greater) both OV-PC and glutaryl-

PC begin to have significant effects on the viability of cultured cells. The effect of these two

oxPL may be mediated by different pathways. Because OV-PC contains an aldehydic

moiety, it can react with lysine residues of protein. Proteins modified by lipid aldehydes

often partially unfold and aggregate and thereby activate the endoplasmic recticulum (ER)

stress response. The ER stress response activates three downstream pathways (PERK, IRE1,

and ATF6), which halts general protein synthesis and increases expression of the ER

chaperone protein BiP/Grp78 and proteases so that unfolded and damaged protein can be

cleared from the cell (Lai et al., 2007). Prolonged activation of these pathways initiates

apoptosis, thereby preventing the damaged cells from altering function of adjacent cells.

Exposure of endothelial cells to oxPAPC results in upregulation of genes represented of the

ER stress response (Gargalovic et al., 2006a; Gargalovic et al., 2006b), but the exact lipids

responsible for these effects have not yet been identified. What has been shown is that

exposure of isolated mouse cardiac myocytes cells to 50 μM OV-PC increases ER stress

response markers including phosphorylated PERK and eIF2alpha, as well as higher levels of

ATF3 (Keith et al., 2009). In contrast, the reduced metabolite of OV-PC (HV-PC) fails to

induce these effects, supporting the importance of the aldehyde moiety for this effect.

Overexpression of aldose reductase, which metabolizes OV-PC to HV-PC, reduced markers

of ER stress response in cardiac myocytes of mice subjected to ischemia-reperfusion.

Structure-activity relationship studies examining the potency of OV-PC versus other

aldehydic oxPL for induction of ER stress signaling have not been performed. These seem

critical given the relatively weak potency of OV-PC and its relatively weak reactivity with

primary amines. As will be discussed in the section on class III oxPL, EI-PC is far more

potent than OV-PC at inducing markers of ER stress and is also more reactive, leading to

speculation that potency may be a function of reactivity.

While glutaryl-PC cannot react with proteins in a similar manner as OV-PC, at 50 μM both

OV-PC and glutaryl-PC induce apoptosis in cultured SMC (Fruhwirth et al., 2006; Loidl et

al., 2003). These effects were abolished in the presence of high levels of serum, due to

hydrolysis of OV-PC and glutaryl-PC. The apoptotic effects of OV-PC and glutaryl-PC in

SMC appear to result from their ability to induce formation of ceramide via

sphingomyelinases (Loidl et al., 2003). OV-PC and glutaryl-PC also induce apoptosis in

macrophages, with OV-PAF and glutaryl-PAF showing no greater potency, so that these

effects do not appear to be dependent on agonism of the PAF receptor (Stemmer et al.,

2012). In macrophages, induction of ceramide formation by OV-PC and glutaryl-PC occurs

by the activity of both acid sphingomyelinase and ceramide synthetase (Halasiddappa et al.,

2013; Stemmer et al., 2012). In neurons, OV-PC induces apoptosis by producing ceramide

via neutral sphingomyelinase rather than acid sphingomyelinase (Qin et al., 2009).
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KOdiA-PC and KDdiA-PC both synergize with submaximal concentration of thapsigargin

to induce ER stress responses and apoptosis in macrophages, and this was dependent on

CD36 (Seimon et al., 2010).

3.3.8. Targets of HDL anti-inflammatory activity—High density lipoprotein (HDL)

has at least three anti-atherogenic effects: its capacity for reverse cholesterol transport, its

capacity to inhibit inflammatory responses induced by oxLDL and LPS, and its capacity to

inhibit oxidation. ApoAI is the major protein of HDL and has been shown to contribute to

all three of these properties. ApoAI consists of multiple repeats of amphipathic helices of

similar sequence. Short therapeutic peptides based on the consensus sequence of these

helices have been developed and have shown strong anti-atherogenic effects in animal

models. These ApoAI mimetic peptides bind with high affinity to OV-PC and glutaryl-PC

(Van Lenten et al., 2008). KOdiA-PC and KDdiA-PC bound with even higher affinity than

AZ-PC or glutaryl-PC (Epand et al., 2009). While ApoAI is the major protein of HDL, there

are many other minor components that have been shown to have anti-inflammatory effects

including apoJ. Interestingly, ApoJ also adopts an amphipathic helical structure in liposomes

and binds with high affinity to micelles with even a low percentage of KOdiA-PC (Mishra et

al., 2011). These results suggest that the anti-atherogenic effects of HDL results in part from

binding of these various amphipathic helical proteins to γ-ketoalkenoate-PC.

3.4. Metabolism

3.4.1. PAF-AH—Perhaps the most important mechanism for metabolism of oxidatively

truncated oxPL is the hydrolysis of the oxidatively modified sn-2 chain by PAF

acetylhydrolases. The initial PAF acetylhydrolase enzyme that was characterized was the

activity secreted by macrophages that circulates on plasma lipoproteins (plasma PAF-AH)

and is also referred to as lipoprotein-associated PLA2 (Hakkinen et al., 1999; Ostermann et

al., 1989; Stafforini, 2009; Stafforini et al., 1989; Stafforini et al., 1990). Structure-activity

relationship studies with plasma PAF-AH found that in addition to authentic PAF, it also

degraded truncated oxPL generated by oxidation of arachidonyl-PC (Stremler et al., 1989).

The efficiency of plasma PAF-AH for hydrolysis of 1-alkyl-2-acyl-PC dropped dramatically

when the sn-2 acyl chain was 5 carbons or longer.

Addition of an ω-oxo group to the acyl chain allowed PAF-AH to efficiently hydrolyze acyl

chains up to 9 carbons long. While other oxPL such as IsoP-PL and PL-OOH can be

hydrolyzed by this enzyme, the catalytic efficiency for these longer oxPL is much lower

(Davis et al., 2008; Kriska et al., 2007; Stafforini et al., 2006). Plasma PAF-AH destroys the

PAF-like activity of oxPAPC (Stremler et al., 1989), as well as endothelial and smooth

muscle cell activating activity of oxLDL (Heery et al., 1995; Watson et al., 1995).

Plasma PAF-AH expression is increased by inflammatory stimuli, presumably as a

mechanism to counteract the resulting increase in oxPL (Shi et al., 2007; Wu et al., 2004).

Because of this, increased levels of PAF-AH correlate with increased risk for coronary

artery disease (Caslake and Packard, 2005; Dada et al., 2002; Packard et al., 2000; Zheng et

al., 2012). Increased PAF-AH levels may be pathogenic because they increase lysoPC levels

(Shi et al., 2007). On the other hand, humans with inactivating polymorphisms in PAF-AH
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have increased severity of a number of disease associated with oxPL including asthma,

cardiovascular disease, and stroke (Stafforini, 2009). Furthermore, a number of animal

studies that overexpressed human PAF-AH in vivo for therapeutic benefit showed efficacy

including in atherosclerosis (Hase et al., 2002; Quarck et al., 2001), diabetes (Lee et al.,

1999), paw edema and pleurisy (Tjoelker et al., 1995), necrotizing enterocolitis (Caplan et

al., 1997), acute pancreatitis (Bedirli et al., 2004), anaphylactic shock (Fukuda et al., 2000),

and sepsis (Gomes et al., 2006).

In addition to the plasma form of PAF-AH, there are two intracellular forms of PAF-AH.

The intracellular type II PAF-AH (PAF-AH2) shows 41% sequence similarity to the plasma

PAF-AH, while intracellular type I PAF-AH is a trimeric protein with no sequence

similarity (Hattori et al., 1996). PAF-AH2 shows similar substrate specificity to plasma

PAF-AH (Min et al., 2001). PAF-AH2 translocates from the cytoplasm to membranes after

exposure to oxidants and overexpression of PAF-AH2 inhibits oxidant induced cell death

(Matsuzawa et al., 1997). PAF-AH2−/− mice develop normally, however, they have a

delayed recovery in response to carbon tetrachloride mediated hepatic injury (Kono et al.,

2008). Fibroblasts derived from these mice are also much more sensitive to tert-

butylhydroperoxide induce cytotoxicity (Kono et al., 2008). Worms where PAF-AH2 is

deleted show morphogenesis defects and epithelial organization defects (Inoue et al., 2004).

3.4.2. Aldo-keto Reductases—A very important step in metabolism of aldehydic

truncated oxPL is the reduction of the aldehyde moiety to the stable, non-reactive hydroxyl

moiety. The enzymes that catalyze this reaction are aldo-keto reductases (AKR) (Srivastava

et al., 2004). Structure-activity relationship studies with various aldo-reductase found that

OV-PC is reduced by AKR1A and AKR1B family members, but not by AKR6 and AKR7

family members (Spite et al., 2007). AKR1B also reduces ON-PC. AKR1A4 most

efficiently reduces γ-hydroxy-alkenal-PC. The importance of this reduction is demonstrated

by the effects of inhibitors of AKR, which increase atherosclerotic lesion size (Srivastava et

al., 2009).

3.4.3. Paraoxonase—ApoE−/− mice lacking paraoxonase-1 (PON1−/−) have increased

levels of OV-PC and glutaryl-PC in their IDL and LDL fractions, along with greater lesion

size (Shih et al., 2000). Furthermore, endothelial cells derived from PON1−/− mice are more

susceptible to cell death induced by oxLDL than those derived from wild-type mice (Garcia-

Heredia et al., 2013). Purified PON1 hydrolyzed ON-PC and OV-PC and inhibited their

ability to induce monocyte binding to endothelial cells (Ahmed et al., 2003). However, the

interpretation of these studies is somewhat clouded by the discovery that PON1 isolated

from HDL typically co-purifies with PAF-AH and that recombinant PON1 lacks the ability

to hydrolyze oxPL (Kriska et al., 2007). Nevertheless, in rabbits fed a high-fat diet and then

subjected to balloon injury, virus-mediated transgenic overexpression of PON1 led to

decreased oxidative stress, LOX-1 accumulation in aorta, and reduced intimal thickening

(Miyoshi et al., 2007). Thus, the presence of PON1 appears to be important in metabolizing

truncated oxPL, whether or not it directly participates in their hydrolysis.

3.4.4. Transport of truncated oxPL—Although hydrolysis of circulating oxPL by

plasma PAF-AH helps to reduce plasma levels of oxidatively truncated oxPL, recent
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experiment have shown that cellular uptake of circulating oxPL plays the most important

role in the short circulation time of these oxPL (t1/2 < 30 secs)(Liu et al., 2011). Because this

transport mechanism can be saturated, too rapid accumulation of oxPL or inhibition of

transport by other substrates may lead to marked increases in circulating levels of oxPL. The

specific enzymes involved in uptake of circulating oxPL transport have not been determined.

However, Liu et al showed that siRNA against TMEM30a significantly slowed uptake of

labeled oxPL by endothelial cells in culture (Liu et al., 2011), suggesting that this

transmembrane protein may be a key player in this activity.

4. Class III: oxPL with cyclized acyl chains

4.1. Chemical mechanisms for formation of cyclized oxPL

4.1.1. Isoprostanes and isolevuglandin-PL—Formation of a phospholipid peroxyl

radical when the peroxidized fatty acid contains at least three double bonds (e.g.

arachidonate) has the potential to form a bicyclic endoperoxide. The first step in the

formation of the bicyclic endoperoxide is 5-exo-cyclization to form a 1,2-dioxolanyl radical

(Fig 14). This cyclization helps bring the two halves of the acyl chain into juxtaposition and

allows the radical to react in trans with a double bond to form a cyclopentane ring. The

resulting carbon center radical undergoes delocalization and then rapidly reacts with any

available molecular oxygen to form a peroxide. In the presence of iron this peroxide

undergoes scission to form the hydroxyl radical and then a stable hydroxyl group.

Alternatively, the peroxide can react with an adjacent double bond to form an epoxide.

Bicyclic endoperoxides with an additional hydroxyl group on the acyl chain are given the

trivial name of H-type isoprostanes, based on their structural similarity to prostaglandin H2.

A subscript after the H is added to designate the number of double bonds in the esterified

isoprostane (IsoP). To designate the precise regioisomer, the carbon number of the hydroxyl

group is added prior to ring designation. Thus, the oxidation of arachidonyl-PC generates

four regioisomers of bicyclic endoperoxides: 5-H2-IsoP-PC, 8-H2-IsoP-PC, 12-H2-IsoP-PC

and 15-H2-IsoP (Fig 15).

Bicyclic endoperoxides are quite unstable and the endoperoxide ring quickly opens to form

more stable products (Fig 14). Fragmentation of the oxygen-oxygen bond of the

endoperoxide ring forms F-, D-, and E- type IsoP, with F-type being the most stable (Fig

14). For this reason, F2-IsoP-PL are widely used as markers of lipid peroxidation in vivo. D-

and E-type IsoP can rapidly dehydrate to form J- and A-type IsoP, respectively. These

cyclopentone IsoP can react via Michael addition with cellular thiols like cysteine to form

thiol adducts. The epoxy analog of each of these IsoP can also form, with 5,6-epoxy-E2-

IsoP-PC (EI-PC) being the most commonly studied.

Fragmentation of the carbon-carbon bond of the endoperoxide ring, rather than its oxygen-

oxygen bond, forms γ-ketoaldehydes given the trivial name of isolevuglandins (IsoLG) or

isoketals. To correspond to the prostaglandin literature, IsoLG with the ketone on the same

side as the carboxylate are designated as E-type IsoLG, while those with the ketone on the

opposite side from the carboxylate are designated D-type IsoLG. Thus a total of 8 IsoLG

regioisomers are formed by peroxidation of arachidonyl-PC. These γ-ketoaldehydes react
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nearly instantaneously with any nearby primary amines to form pyrrole adducts. The

reaction of esterified IsoLG with the ethanolamine headgroup of PE will be discussed more

extensively in section 5.1.3.

4.1.2. Diepoxyalchohol-PC, Isofuran-PC, and serial cyclic endoperoxide-PC—
There are alternative chemical pathways for the 1,2-dioxolanyl radical besides formation of

the bicyclic endoperoxide. For instance, rather than the carbon centered radical reacting in

trans with a juxtaposed double bond, it can instead react with the endoperoxide to form two

epoxide rings, and then react with molecular oxygen to form a diepoxyalcohol (Fig 14).

These diepoxyalcohols have also been postulated to be the primary precursor of the

isofurans (IsoF) (Jahn et al., 2008). This mechanism is as an alternative to the original

mechanisms proposed for IsoF formation (Fessel et al., 2002). Another alternative pathway

for the 1,2-dioxolanyl radical, if it includes appropriately positioned additional double

bonds, is the addition of molecular oxygen to form serial cyclic endoperoxides (Fig 14).

4.2. Formation of oxPL with cyclized acyl chains in biological samples

Measurement of unesterified 15-F2-IsoP by GC/MS after derivatization is one of the most

widely used methods to assess lipid peroxidation in vivo. Often this method also indirectly

measures esterified 15-F2-IsoP because samples are treated with base or phospholipases to

convert the esterified 15-F2-IsoP to unesterified 15-F2-IsoP. Other isomers, such as 5-F2-

IsoP, have also occasionally been used for these measurements. Physiological and

pathological conditions where esterified 15-F2-IsoP increase have been cataloged in

numerous reviews and include cardiovascular diseases, neurodegenerative diseases, obesity,

aging, cancer, exposure to industrial chemicals and radiation, and many other stressors

(Basu, 2008; Davies and Roberts, 2011; Jahn et al., 2008; Milatovic and Aschner, 2009;

Milne et al., 2005b; Milne et al., 2011; Roberts et al., 2005). While the standard base

hydrolysis method cannot distinguish between PL-, cholesterol-, and triglyceride-esterified

IsoP, what studies that have been done to elucidate the donor of the esterified suggest that

phospholipids are the primary carriers of IsoP. Direct measurement of 15-F2-IsoP-PC and –

PE have been performed in a limited number of cases (Kayganich-Harrison et al., 1993; Yin

et al., 2009). It should also be noted that while plasma measurements of F2-IsoP typically

measure only the unesterified 15-F2-IsoP, there is generally reasonable correlation between

plasma esterified 15-F2-IsoP and plasma unesterified 15-F2-IsoP. In plasma, HDL is the

major lipoprotein carrier of both free and esterified 15-F2-IsoP and this is likely to be due at

least in part to the ability of ApoAI to facilitate transfer of oxPL from tissue to HDL.

Although it is anticipated that 5,6-epoxy-E2-IsoP (EI-PC) would be formed proportionately

to F2-IsoP-PC, there is very little data on its formation in vivo. A biologically active oxPL

with m/z 828.6 was originally identified in oxPAPC and the aortic levels of this unidentified

oxPL was shown to increase in mice fed an atherogenic diet (Watson et al., 1997).

Subsequently, the oxPL in oxPAPC with m/z 828.6 was characterized as EI-PC (Watson et

al., 1999). The only other published report specifically measuring epoxy-isoprostane in vivo

appears to be one showing that EI-PC accumulates in macrophages infected with the leprosy

causing bacteria (Cruz et al., 2008). While the E06 antibody commonly used as marker of

oxPL formation in vivo does recognize EI-PC (Watson et al., 1997), this is also true of many
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other oxPL, so increased levels of E06 binding in disease is not definitive evidence for

increased levels of EI-PC.

Like other members of the IsoP family, levels of esterified IsoLG would be anticipated to

rise under the same conditions as for esterified 15-F2-IsoP; however, because of their

reactivity, IsoLG cannot be measured in their unreacted state in vivo. Instead, esterified

IsoLG are measured as their pyrrole, lactam, and hydroxylactam adducts to proteins, PE, and

DNA. As with 15-F2-IsoP, these adducts are almost always measured after base hydrolysis.

Thus, while phospholipids are assumed to be the primary donors for esterified IsoLG

adducts, this cannot be claimed with absolute certainty. Increased IsoLG-protein adducts

have been found in atherosclerosis, myocardial infarction, end stage renal disease, industrial

chemical exposure, hyperoxia, allergic inflammation, experimental sepsis, ethanol ingestion,

glaucoma, and bright light exposure (Brame et al., 2004; Charvet et al., 2013b; Davies et al.,

2004; Fukuda et al., 2005; Govindarajan et al., 2008; Poliakov et al., 2004; Roychowdhury

et al., 2009; Salomon et al., 2000; Talati et al., 2006). Evidence for modification of PE by

esterified IsoLG will be discussed in section 5.2.

Very little in vivo data is available about the formation of esterified diepoxy alcohols, IsoF,

or serial cyclic endoperoxides. Esterified IsoF are increased in post-mortem substantia nigra

taken from patients with Parkinson’s disease compared to aged-matched controls (Fessel et

al., 2003). Esterified IsoF also form in the liver after carbon tetrachloride poisoning (Song et

al., 2008). Plasma levels of unesterified IsoF, which likely reflect at least to some extent

changes in esterified IsoF in tissue, are elevated in age-related macular degeneration, severe

sepsis, mercury exposure, acute kidney injury, and preterm resuscitation (Alkazemi et al.,

2013; Billings et al., 2011; Brantley et al., 2012; Montine et al., 2004; Vento et al., 2009;

Ware et al., 2011).

4.3. Biological activities and signaling pathways of cyclized oxPL

Little is known about the activity of 15-F2-IsoP-PC or 15-F2-IsoP-PE because of the

difficulty in synthesizing large amounts of these compounds. While 15-F2-IsoP-PL can

obviously serve as a precursor to generate 15-F2-IsoP, it seems reasonable to speculate that

15-F2-IsoP-PL may also have unique activities not dependent on their hydrolysis.

Nevertheless, there are currently no published studies that we are aware of that have used

synthetic 15-F2-IsoP-PL (or any other F2-IsoP-PL regioisomer) to access such bioactivity.

Ironically, although the synthesis of 5,6-epoxy-E2-IsoP-PC (EI-PC) is even more

challenging than the synthesis of 15-F2-IsoP-PC, far more is known about the biological

activity of EI-PC because the UCLA group that discovered it was willing and able to invest

sufficient time and resources to develop robust methods for its synthesis (Jung et al., 2005;

Jung et al., 2008).

Like 15-F2-IsoP-PC, the difficulty of synthesizing IsoLG-PC or IsoLG-PE isomers has made

it difficult to directly ascertain the biological activity of the esterified forms of IsoLG.

Unlike 15-F2-IsoP, however, much of the effect of unesterified IsoLG on protein function

appears to be dependent on its ability to modify lysine residues, rather than the precise

chemical composition of the side chains. This conclusion is drawn from experiments where

IsoLG analogs lacking the side chains (e.g. 4-oxo-pentanal), or that are esterified (e.g.
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methyl-IsoLG) invoke similar effects as IsoLG itself. Thus, it seems reasonable to speculate

that IsoLG-PC and IsoLG-PE may invoke at least some, if not most, of the same effects on

proteins as unesterified IsoLG.

4.3.1. Thromboxane A2 receptor: smooth muscle cell contraction and platelet
activation—Unesterified 15-F2-IsoP and 15-E2-IsoP are potent vasoconstrictors with 100

nM being sufficient to induce this effect, which can be blocked by thromboxane A2 (TxA2)

receptor (TP) antagonists(Cracowski et al., 2001; Hoffman et al., 1997; Mohler et al., 1996;

Morrow et al., 1994; Mueed et al., 2008; Wagner et al., 1997). Similarly, unesterified 15-F2-

IsoP induces smooth muscle cell contraction and bronchoconstriction in the lung and this

effect is blocked by TP antagonists (Bernareggi et al., 1998). In hepatic stellate cells,

unesterified 15-F2-IsoP induces cell proliferation and collagen synthesis and these effects

are also block by TP antagonists (Gardi et al., 2008). In these same cells, 15-F2-IsoP induces

IP3 formation, decreases cAMP levels, and activates ERK, p38MAPK, and JNK (Acquaviva

et al., 2013). Treatment of platelet rich plasma 15-F2-IsoP induces platelet expression of P-

selectin and TxA2 synthesis (Spinelli et al., 2013).

Because 15-F2-IsoP and 15-E2-IsoP induce TxA2 synthesis, the ability of TP antagonists to

block their effects does not imply they are direct TP agonists. Nevertheless, studies do

indicate that 15-F2-IsoP directly binds TP (Kd 57 nM) and activates TP with the Phe196

residue of TP being critical for this activation by 15-F2-IsoP, but not for other agonists such

as TxA2(Khasawneh et al., 2008). Interestingly, 15-F2-IsoP appears to activate TPα/TPβ

heterodimers better than either homodimer (Wilson et al., 2007). Several other F2-IsoP

regio- and stereo-isomers, including 12-F2-IsoP are able to evoke vasoconstriction, but 5-F2-

IsoP stereoisomers are relatively poor activators (Hou et al., 2004).

Very low concentrations of 15-E2-IsoLG (1 nM) potentiates the activation of platelets and

TxA2 synthesis induced by sub-threshold concentrations of collagen (Bernoud-Hubac et al.,

2009). Whether this activity is mediated by TP has not been evaluated. 15-E2-IsoLG induced

p38MAPK activation and cPLA2 activity. Platelet potentiation was blocked by the aldehyde

scavenger pyridoxamine, indicating that 15-E2-IsoLG modification of either a protein target

or of PE was responsible for this effect. Because N-IsoLG-PE activates p38MAPK in

endothelial cells, a primary role for N-IsoLG-PE seems likely. Platelet potentiation was also

blocked by the PLA2 inhibitor AACOCF3, consistent with arachidonic acid release and

TxA2 synthesis participating in the potentiation by 15-E2-IsoLG.

4.3.2. EP2 receptor: activation of endothelial cells, cytokine secretion and
monocyte adhesion—EI-PC activates endothelial cells to display adhesion molecules

and secrete cytokines, facilitating the binding of monocytes (Watson et al., 1997; Watson et

al., 1999). Interestingly, other regioisomers of EI-PC including 8,9-, 11,12-, and 14,15-EI-

PC epoxy-E2-isoprostane-PC also induced IL-8 and MCP-1 secretion, as did their

dehydrated epoxy-A2-isoprostane-PC analogs, and all of these analogs were more potent

than OV-PC and glutaryl-PC (Subbanagounder et al., 2002b). EI-PC elicits this activation

via cAMP mediated responses including R-Ras activation and PI3-Kinase activity (Cole et

al., 2003). Therefore, Li et al screened EI-PC against candidate Gs-coupled receptors

expressed in HEK293 cells. Among these candidate Gs-coupled receptors, 5,6-EI-PC was
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found to potently activate PGE2 receptor sub-type 2 (EP2) (EC50 109 nM), while OV-PC

did not (Li et al., 2006). In comparison, the EC50for PGE2 itself is 31 nM. EI-PC also

competes with PGE2 for binding to EP2 and the DP/EP1/EP2 antagonist AH6809 blocks the

ability of EI-PC to induce IL-10 in monocytes. The selective EP2 agonist butaprost induces

monocyte binding to endothelium in a similar manner as EI-PC. Thus EI-PC appears to be

an authentic EP2 agonist and activation of EP2 likely accounts for many of its activities in

endothelium and monocytes.

15-F2-IsoP may also act via EP2, but the evidence is more ambiguous. There have been a

number of reports suggesting that there are additional receptors for 15-F2-IsoP besides TP

(Fukunaga et al., 1993; Fukunaga et al., 1995; Fukunaga et al., 1997). In the pulmonary

vasculature, 15-E2-IsoP was able to induce contraction even in the presence of TP

antagonists, and this non-TP dependent signaling could be blocked by the DP/EP1/EP2

antagonist AH 6809 (Janssen and Tazzeo, 2002). 15-E2-IsoP induced airway smooth muscle

contraction could also be inhibited by AH 6809 as well as by EP4 antagonists (Clarke et al.,

2005). Similarly, at high concentrations (30 μM) 15-F2-IsoP inhibits potassium-

depolarization-evoked release of aspartate from retinae and again this effect is attenuated by

AH 6809 (Opere et al., 2005). 5-F2-IsoP also attenuates this release, but this is blocked by

EP1 and EP4 antagonists (Jamil et al., 2012). Examination of high affinity binding sites for

15-F2-IsoP in platelets identified a second binding site which signals through increasing

cAMP, but this binding site did not appear to be any of the known prostanoid receptors such

as EP, DP, or IP (Khasawneh et al., 2008).

15-E2-IsoLG also induces monocyte binding to endothelial cells (EC50 ~5 μM) (Guo et al.,

2011). As will be discussed in subsequent section on N-modified phospholipid, this effect

appears to be mediated via reaction of 15-E2-IsoLG with PE to form N-IsoLG-PE, rather

than directly by 15-E2-IsoLG itself or by modification of protein. Currently, there is no

direct evidence that N-IsoLG-PE acts via EP2 or other prostanoid receptors. A very early

report on the effects of the dehydration product of 15-E2-IsoLG suggested that it competed

with PGE2 for binding to a receptor that induced uterine contraction (Foreman and Solomon,

1992; Foreman et al., 1987), but uterine contractions appear to be mediated by EP1 and EP3,

rather than EP2(Lebel et al., 2004).

4.3.3. Endothelial barrier function and ER stress response—Physiologically

relevant concentrations (~1 μM) of EI-PC enhance endothelial barrier function and can

reverse the effects of OV-PC (Birukova et al., 2013). EI-PC markedly increases VE-

cadherin expression, which likely accounts for its effects on barrier function. Treatment of

endothelial cells with modest concentrations of EI-PC (1.2 μM) induces ER stress responses

such as increased ATF3 mRNA (Gharavi et al., 2007). EI-PC is one of the components of

oxPAPC (among many other oxPL) and treatment of endothelial cells with oxPAPC alters

expression of >1000 genes, including those of the ER stress response such as ATF4 and

XBP1 (Gargalovic et al., 2006b). The relationships between EI-PC, ER stress response

induced by oxPAPC, and endothelial cell activation need to be more rigorously defined.

The effect of unesterified 15-E2-IsoLG on endothelial cell barrier function has been

examined by intrahemispherical injection and measurement of blood brain barrier function
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by Evans Blue dye. 15-E2-IsoLG markedly worsens barrier function, being more potent than

PGE2 at inducing leak of Evans blue dye. 100 nmol 15-E2-IsoLG was sufficient to induce

visible necrosis (Schmidley et al., 1992).

4.3.4. Inhibition of dendritic cell function and T cell activation—Appropriate

antigen presentation to T cells and the ensuing immunogenic responses requires

differentiation of dendritic cells, which is marked by increased expression of CD1. Exposure

to oxLDL suppresses CD1 expression, so that the accumulation of EI-PC in the dendritic

cells of leprous individuals led Cruz et al to examine the effects of EI-PC on dendritic cell

differentiation and function (Cruz et al., 2008). They found that EI-PC inhibited expression

of CD1 but not MHC class II. Pretreatment of dendritic cells with 600 nM EI-PC almost

entirely blocked their ability to induce T-cell activation, as measured by IFNγ secretion. EI-

PC also blocked TLR1/2 ligand induced IL-12 secretion and CYP27b1 expression but

enhanced IL-10 secretion (Cruz et al., 2008).

4.3.5. PPARα activation—Modest levels (1 to 2 μM) of both epoxy-E2-IsoP-PC and

epoxy-A2-IsoP-PC induced 5 to 15 fold increases in PPARα activity, suggesting these were

potent ligands for the PPARα (Subbanagounder et al., 2002b).

4.3.6. Other receptors and signaling mechanisms for IsoP—12-F2-IsoP activates

the FP receptor of human cilary bodies, which may be important in intraocular pressure

(Kunapuli et al., 1997). 15-F2-IsoP induces expression of lectinlike oxidized LDL receptor-1

in trophoblast cells, along with subsequent uptake of LDL by these cells (Halvorsen et al.,

2001). 15-A2-IsoP invokes anti-inflammatory effects at high concentrations, which may be

due to its ability to modify IKK leading to NFκB inhibition (Lappas et al., 2007).

ApoAI binds and extracts oxPL from tissue, which may account for the finding that HDL is

the major carrier of IsoP-PC in circulation (Proudfoot et al., 2009). The ApoAI mimetic

peptide L-4F binds to EI-PC with far greater affinity (Kd 10 pM) than it does to OV-PC (Kd

3.6 nM) or KOdiA-PC (Kd 1.6 nM)(Van Lenten et al., 2008). Gharavi et al found that HDL

inhibits the ability of EI-PC to induce IL-8 and LDL receptor mRNA expression by

endothelium (Gharavi et al., 2007). HDL also inhibits the ability of EI-PC to induce ER

stress response. Interestingly, HDL fails to inhibit the ability of EI-PC to induce redox genes

such as heme oxygenase-1 and heat shock protein A1A and this appears to be because HDL

fails to inhibit NRF-2 activation by EI-PC (Gharavi et al., 2007). The mechanisms

accounting for this differential effect is not currently understood.

4.3.7. Induction of cell death: inhibition of proteasome function and
mitochondrial respiration—One of the earliest observations about the effects of IsoLG

was their ability to induce cell death. As mentioned previously, even low concentrations of

15-E2-IsoLG induced necrosis in the brain (Schmidley et al., 1992). 15-E2-IsoLG also

potently induces cell death in fibroblasts (LC50 = 230 nM) and neurons (LC50=670 nM)

(Davies et al., 2002; Murthi et al., 1993). Interestingly, IsoLG modification of neurotoxic

peptides, such as amyloid beta1-42, further increases their toxicity (Boutaud et al., 2006). A

number of mechanisms may underlie this cytotoxicity including inhibition of proteasomal

degradation (Davies et al., 2002), endoplasmic recticulum stress (Guo et al., 2011), and
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inhibition of mitochondrial respiration and subsequent induction of mitochondrial swelling

and cytochrome c release (Stavrovskaya et al., 2010).

Inhibition of proteasomal degradation induces accumulation of protein aggregates and cell

death. The ability of IsoLG to induce crosslinking and aggregation of proteins, led to

exploration of their effects on the ability of the proteasome to degrade modified proteins.

Modification of a model unfolded protein with equimolar IsoLG led to significantly reduced

hydrolysis by the 20S proteasome, while modification of this same protein with 10 molar

equivalents of IsoLG led to complete inhibition of its degradation by the 20 S proteasome

(Davies et al., 2002). IsoLG modification of other proteolytic enzymes, such as calpain-1

also inhibits their activity and renders them resistant to proteasomal degradation so that they

accumulate in cells (Govindarajan et al., 2008). IsoLG-modified protein inhibits degradation

of unmodified protein as well (Davies et al., 2002). Presumably this inhibition results from

the non-degradable IsoLG-modified protein remaining within the barrel of the proteasome,

blocking access by other target proteins to the protease sites. Accumulation of various

proteins would then trigger ER stress and apoptotic cell death.

The physiological relevance of IsoLG mediated inhibition of proteasomal degradation is

currently unclear. IsoLG-modified proteins accumulate in glaucomatous trabecular

meshwork, particularly in astrocytes, and the inhibition of proteasomal degradation by

IsoLG has therefore been postulated to contribute to glaucoma pathology (Govindarajan et

al., 2009; Govindarajan et al., 2008). Proteasome activity is markedly decreased in

Alzheimer’s disease and appears to contribute to neuronal loss in the disease (Cecarini et al.,

2007; Keller et al., 2000; Lopez Salon et al., 2003). IsoLG and their analogous

docosahexaenoic acid analogs, neuroketals, accumulate in the brains of Alzheimer’s patients

and in animal models of neurodegeneration, so that they may contribute to this loss of

proteasomal activity (Davies et al., 2011; Zagol-Ikapitte et al., 2005). Currently, one of the

best methods to assess the contribution of IsoLG and other amine-directed reactive

aldehydes to disease is the use of selective aldehyde scavengers such as pyridoxamine,

pentylpyridoxamine, and salicylamine that prevent IsoLG modification of proteins

(Amarnath et al., 2004; Davies et al., 2006a; Zagol-Ikapitte et al., 2010a; Zagol-Ikapitte et

al., 2010b). It is therefore interesting to note that treatment with salicylamine blocked the

age-related loss of working memory in a mouse model of Alzheimer’s disease (Davies et al.,

2011). The effects of the aldehyde scavenger on proteasomal activity was not assessed in

these mice, so the exact relationship between accumulation of IsoLG-modified proteins,

changes in proteasomal activity, neurodegeneration, and loss of working memory needs to

be more fully elucidated.

In addition to proteasomal inhibition, another mechanism whereby IsoLG may induce cell

death is by their effects on mitochondrial respiration. 15-E2-IsoLG dose dependently (EC50

1.6 μM) potentiates mitochondrial swelling induced by calcium (Stavrovskaya et al., 2010).

15-E2-IsoLG activates other aspects of mitochondrial driven cell death pathway, such as

inhibition of respiration, induction of the mitochondrial permeability transition, and

cytochrome c release. Inhibition of the permeability transition by cyclosporin A blocked 15-

E2-IsoLG induced mitochondrial swelling but not cytochrome c release. Cytochrome c

release appears to be driven by direct IsoLG modification, as IsoLG modified cytochrome c
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bound to mitochondria with much poorer affinity than unmodified cytochrome c

(Stavrovskaya et al., 2010). Further studies are needed to assess the contribution of IsoLG

induced changes in mitochondrial function and to more fully elucidate the relationship

between mitochondrial function and IsoLG mediated cell death. Studies examining the

effect of aldehyde scavengers should be particularly helpful in this regard.

4.3.8. Inhibition of ion channels—Modification of ion channels by IsoLG and IsoLG-

PL may be important in the proarrhythmic effects of oxidative injury. Proteins modified by

IsoLG accumulate in the epicardial border zone of the heart after infarction, in the same

region where alterations in Na+ and K+ channel activity lead to development of ventricular

arrhythmia (Boyden et al., 2007; Fukuda et al., 2005). 15-E2-IsoLG inhibited inward K+

rectifying current in an atrial tumor myocyte cell line, AT-1 (IC50 2.2 μM), (Brame et al.,

2004). Interestingly, maximal inhibition only occurred after 60 minutes, which is consistent

with the time course of crosslink formation, suggesting that crosslinking of the K+ channel

was required for its inhibition. Furthermore, both the activating and deactivating currents

were inhibited, suggesting total loss of K+ channel function, rather than selective inhibition.

15-E2-IsoLG modification also potentiated inactivation of sodium current in myocytes

(HL-1) and in HEK293 heterologously expressing Nav1.5 (Fukuda et al., 2005). In contrast

to the K+ channel, IsoLG modification had no effect on the activation phase of Nav1.5.

Treating Nav1.5 expressing cells with oxidants also potentiated inactivation of sodium

current and several lines of evidence implicate IsoLG as the primary active agent in

oxidative stress induced Nav1.5 inactivation. First, while oxidant treatment of Nav1.5

expressing cells generates many oxPL products including IsoLG protein adducts, HNE, and

15-F2-IsoP, neither 15-F2-IsoP nor HNE could mimic the effect of synthetic IsoLG on

Nav1.5 (Fukuda et al., 2005). Additionally, both IsoLG and oxidant induced Nav1.5

inactivation could be blocked by salicylamine and pentylpyridoxamine, which readily

scavenge IsoLG but not HNE (Nakajima et al., 2010). Oxidation of Nav1.5 expressing cells

leads to direct lipid modification of Nav1.5 and salicylamine blocks this modification

(Nakajima et al., 2010). These studies support the proposed working model where

myocardial infarction generates IsoLG that subsequently modifies Nav1.5, causing it to

more readily inactivate and therefore resulting in arrhythmia (Boyden et al., 2007). Current

studies are underway to examine the effect of aldehyde scavengers such as salicylamine and

pentylpyridoxamine on infarction induced ventricular arrhythmias.

4.3.9. Inhibition of sterol metabolism: CYP27A1 modification—Cholesterol

homeostasis in an important aspect of many cells, and the mitochondrial cytochrome P450

enzyme CYP27A1 functions to eliminate cytotoxic 7-ketocholesterol from cells including

the retina. Deficiencies in CYP27A1 cause cerebrotendinous xanthomatosis and mice

lacking CYP27A1 have focal cholesterol deposits in their retina and faulty vascularization

(Omarova et al., 2012). Exposure to light leads to oxidative post-translational modification

of CYP27A1 in retina, but not brain, which is likely due to light induced peroxidation of

PUFA. These observations led Charvet et al to characterize post-translational modification

of CYP27A1 in the retina, and they demonstrated that specific lysine residues of CYP27A1

are modified by IsoLG (Charvet et al., 2011). Furthermore, they demonstrated that
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modification of CYP27A1 by 12-E2-IsoLG markedly inhibits its activity and pinpointed the

exact Lys residues responsible. In particular, they showed that substituting Arg for Lys-358

protected against IsoLG mediated loss of function (Charvet et al., 2013a). Most recently,

they demonstrated that the aldehyde scavenger pyridoxamine blocked bright light induced

formation of IsoLG-protein adducts in the retina and the development of abnormal

mitochondrial morphology and autofluorescence in these retina (Charvet et al., 2013b).

4.4. Metabolism

To date, the primary known metabolic enzyme for cyclized oxPL is PAF-acetylhydrolase

(PAF-AH). Although these cyclized oxPL are not as good of substrates for hydrolysis as

oxidatively truncated oxPL, they are still readily hydrolyzed by recombinant plasma PAF-

AH (Stafforini et al., 2006). In mice lacking the intracellular type II PAF-AH (PAF-AH2−/−

mice), carbon tetrachloride treatment markedly elevated PC esterified levels of 15-F2-IsoP,

suggesting that this enzyme is also critical for their hydrolysis (Kono et al., 2008). It is not

clear if esterified IsoLG that covalently modify proteins are substrates for PAF-AHs. It is of

interest that the initial imine adduct formed during carbon tetrachloride exposure is almost

entirely the esterified form, while later evolving adducts are unesterified, raising the

possiblility that they are hydrolyzed by PAF-AH to some extent (Brame et al., 2004).

After formation of unesterified IsoP, the metabolism of IsoP is similar to that of

prostaglandins with dehydrogenation and beta-oxidation except that dinor-metabolites,

rather than tetranor-metabolites are formed (Awad et al., 1993; Chiabrando et al., 1999;

Milne et al., 2005a). These dinor-metabolites are readily detected in the urine by GC/MS

and LC/MS methodologies (Davies et al., 2006b; Morales et al., 2001; Morrow et al., 1999).

5. Class IV: Oxidatively N-modified phospholipids (PL)

5.1. Chemical mechanisms of N-modification of phospholipids

The first three classes of oxPL all include some species of reactive lipids. For instance, class

I oxPL includes15-KETE-PE, class II oxPL includes OV-PC and KOdiA-PC as well as the

complementary diffusable hydroxyalkenals formed during fragmentation. Class III oxPL

include the extremely reactive IsoLG-phospholipids as well as EI-PC. Additional sources of

lipid aldehydes include long-chain unsaturated aldehydes formed during oxidation of

plasmalogens and malondialdehyde (MDA) formed both by lipid peroxidation and by

thromboxane synthesis.

Lipid aldehydes (and ketones) react with primary amines to form imine adducts or in the

case of α,β-unsaturated lipid aldehydes, to form both imine adducts and Michael adducts

(Fig 16). Two groups of glycerophospholipids, PE and PS, are ready targets for reaction

with lipid aldehydes because their headgroups sport primary amines. In contrast, PC with its

quaternary amine does not react with lipid aldehydes. PI lacks primary amines, so it is also

not a ready target for lipid aldehyde modification.

5.1.1. PE modified by 4-hydroxyalkenals: N-HNE-PE, N-HHE-PE, and N-HDDE-
PE—4-hydroxy-2E-nonenal (HNE) is perhaps the most intensively studied of the reactive

lipid aldehydes. Increased levels of HNE protein adduct have been detected in many
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degenerative diseases. While HNE preferentially undergoes Michael addition with the

cysteine residues of protein, it also reacts with the lysine residues of proteins via Michael

addition and imine formation (Nadkarni and Sayre, 1995). The ability of HNE to react with

lysine in vivo raised the possibility it would also react with other primary amines in vivo

such as PE and PS.

In 1986, Esterbauer et al found that HNE formed fluorescent chromophores with

phospholipids (Esterbauer et al., 1986). Later, Guichardant et al chemically characterized the

reaction of HNE with PE and PS. Under their experimental conditions, they found that the

major product of reaction with PE was the Michael adduct, while the imine and pyrrole

adducts were formed to a lesser extent (Guichardant et al., 1998). When reacting HNE with

PS, the only product they detected was the Michael adduct, probably due to the poor

accessibility of the amine in PS (Fig 17).

Besides HNE, other hydroxyalkenals derived from n-3 fatty acids including 4-hydroxy-2E-

hexenal HHE) and 4-hydroxydodeca-(2E,6Z)-dienal (HDDE) also modify PE, generating

both Michael adducts and Schiff bases. The reactivity of hydroxyalkenal to PE is

proportional to the hydrophobicity of the alkenal, with HHDE > HNE> HHE. Interestingly,

all these hydroxyalkenals favor modification of plasmalogen PE over other PEs (Bacot et al.,

2003).

5.1.2. Acrolein modified PE—Although not as reactive as hydroxyalkenals and

ketoalkenals, acrolein and other α,β-unsaturated lipid aldehyde without these γ-functional

groups still react with primary amines via Michael addition and imine bonds (Esterbauer et

al., 1991). Characterization of acrolein-modified lysine demonstrated that lysine formed

Schiff base or 1,4-Michael adducts with one acrolein molecule first, followed by a 1,4-

Michael addition of a second acrolein. The compound was further cyclized under aldol

condensation to form Nα-acetyl-Nε-(3-methylpyridinium)lysine N-MP-Lys or N ε-(3-

formyl-3,4-dehydropiperidino)lysine (N-FDP-Lys) (Furuhata et al., 2003; Uchida et al.,

1998) (Fig 18). Berry and Murphy investigated acrolein reactions with PE and they found

only N-FDP-PE and not the imine adduct or its secondary product N-MP-PE (Zemski Berry

and Murphy, 2007). Of course, this does not exclude the possibility that such adducts might

form under different conditions.

5.1.3. IsoLG modified PE—Bernoud-Hubac et al characterized the reaction of 15-E2-

IsoLG with PE and found that IsoLG covalently modifies PE with greater reactivity than

HNE (Bernoud-Hubac et al., 2004). Using LC-MS/MS, they detected an initial imine adduct

that rapidly evolved into more stable pyrrole species including lactam and hydroxylactam.

Formation of the hydroxylactam species predominates during t-butylhydroperoxide

catalyzed peroxidation of PL (Guo et al., 2012). These findings are consistent with lysine

modification by IsoLG where reaction of IsoLG first forms a hemiaminal adduct, which is

either directly dehydrated to Schiff base or first cyclized to pyrrolidine and then dehydrated

to pyrrole (Fig 19). Like HNE, IsoLG can also modify PS, but does so with extremely poor

yield. Of great importance was the recent discovery that exogenous addition of IsoLG to

cells results in more PE modification than protein modification (Sullivan et al., 2010),

despite the high reactivity of IsoLG for lysines (Brame et al., 1999). This suggests that many
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of the effects of IsoLG previously attributed to modification of protein may in fact be due to

its ability to modify PE.

5.1.4. Malondialdehyde (MDA) modified PE—MDA is one of the most abundant lipid

fragments formed in lipid peroxidation. It covalently reacts with amines including lysine,

PE, and PS to form N-propenal-, N-1,4-dihydropyridine-3,5-dicarbeldehyde- and N-

propenal-crosslinks (including protein-phospholipid crosslinks) as well as other

uncharacterized adducts (Fig 20) (Bhuyan et al., 1996; Borchman et al., 1989; Burcham and

Kuhan, 1996; Draper et al., 1988; Kikugawa et al., 1984; Uchida et al., 1997). More

recently, Guo et al analyzed the reaction of MDA with PE and confirmed the formation of

N-1,4-dihydropyridine-3,5-dicarbeldehyde-PE (N-DHP-PE) and N-propenal-PE, although

other products were also present (Guo et al., 2012).

5.1.5. Amide-linked PE (N-Acyl PE and N-Carboxyacyl PE)—Recently, an entire

family of oxidatively N-modified PE with amide linkages has been discovered. The initial

member of this family, N-hexanoyl-PE, was found byTsuji et al when they examined the

reaction of 13-HPODE with PE (Tsuji et al., 2003). Guo et al subsequently systematically

characterized the most abundant aldehyde-modified PE generated by the oxidation of

arachidonate in the presence of dipalmitoyl-PE. These included several N-acyl-PE with short

chains such as N-formyl-PE, N-acetyl-PE, N-hexanoyl-PE, and N-4-hydroxy-nanenoyl-PE

(Guo et al., 2012) (Fig 21). Even more interesting was the finding of a number of N-

carboxyacyl-PE (N-CA-PE) including N-C1:0CA-PE, N-C4:0CA-PE, N-C7:1CA-PE, and N-

C9:2CA-PE.

Currently no general mechanism for the formation of an amide bond from the reaction of

lipid aldehydes with primary amines has been described. However, t-butylhydroperoxide is

used in synthesis reactions to peroxidize imine bonds, which then lose water to form the

amides, so we speculate that similar reaction would occur with lipid peroxides. A similar

type of reaction from imine to amide has been proposed during the reaction of 4-

hydroperoxy-nonenal with lysine to form N-4-hydroxy-nanenoyl-lysine (Shimozu et al.,

2011). Thus the aldehydes formed during fragmentation such as hexanal and 8-oxo-

octaenoate-PC could react with PE to initially form an imine bond, and then peroxidation of

this bond by LOOH would rationalize the formation of N-hexanoyl-PE and N-C7:1CA-PE,

respectively (Fig 22). If this reaction mechanism is correct, then these products should arise

from the γ-ketoalkenals and alkenals species generated during formation of class II oxPL, so

that at least some of the ω-carboxyl groups will be esterified at the sn-2 group of a PC or PE

to form a phospholipid-phospholipid crosslink. Subsequent hydrolysis by PLA2 would then

release the cross-linked phospholipids to generate N-CA-PE and lysoPC.

5.1.6. PL modified by oxidized plasmalogen (N-alkyl-PL)—Oxidation of

plasmalogen produced long chain aldehydes (such as pentadecanal, heptadecanal and

heptadecenal) and α-hydroxy aldehydes (such as α-hydroxyhexadecanal and α-

hydroxyoctadecanal) (Stadelmann-Ingrand et al., 2001). These lipid aldehydes can also

covalently modify PE (Stadelmann-Ingrand et al., 2004), leading to formation of Schiff

bases detected as N-alkyl-PE after reduction (Fig 23).
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5.1.7. N-glycated PL—The open chain form of glucose is an aldehyde that can modify the

amine group of PE via Maillard reaction. Glycation of PE was detected in LC-MS as an

imine adduct that subsequently rearranges to form N-Amadori-PE (Fountain et al., 1999;

Ravandi et al., 1995) (Fig 24). Additional studies characterizing the structures of PE

modified by glucose found that a major product was N-(5-hydroxymethyl-1-H-pyrrole-2-

carbaldehyde)-PE and proposed that this product formed from N-Amadori-PE through a

series of dehydration and rearrangements steps (Lederer and Baumann, 2000).

Glycoxidation of PE may also be the origin of N-carboxymethyl-PE (Requena et al., 1997).

The imine adduct of N-glycated PS has also been identified in vitro by TLC and LC-MS,

although no such detection in vivo has been reported yet (Ravandi et al., 1995).

5.2. Formation of oxidatively N-modified PL in biological samples

Increased levels of protein/peptides modified by lipid aldehydes have been measured in

many disease conditions, but until recently very few studies had examined whether

corresponding changes in oxidatively N-modified PL also occur. We will therefore briefly

summarize these studies below.

Retinal levels of N-hydroxyalkenal-PE including N-HHE-PE, N-HNE-PE and N-HDDE-PE

increased after induction of diabetes in rats using streptozotocin (Bacot et al., 2007). The

species of N-hydroxyalkenal-PE produced by oxidation of platelets appears to be dependent

on the oxidative stress applied. For example, diamide-treated platelets produced moderate

increases in only N-HNE-PE, while aspirin and mercaptosuccinic acid treated platelets

produced both N-HNE-PE and N-HDDE-PE, but not N-HHE-PE (Bacot et al., 2007).

The hydroxylactam species of N-IsoLG-PE and the propenal species of N-MDA-PE increase

when HDL is incubated with myeloperoxidase or t-butylhydroperoxide (Guo et al., 2012).

Liver N-IsoLG-PE levels increase when mice chronically consume ethanol and plasma (Li et

al., 2009). N-IsoLG-PE levels also increase in subjects with age-related macular

degeneration (Li et al., 2009). N-MDA-PE has not yet been detected in vivo.

N-hexanoyl-PE has been found in several types of biological samples upon oxidation,

including oxidized erythrocyte ghosts and HDL, 13-HPODE-treated RBC ghost membrane,

and livers from rats injected with CCl4 (Guo et al., 2012; Hisaka et al., 2010; Tsuji et al.,

2003).

N-alkyl-PE formation was observed when brain homogenate was subjected to UV irradiation

or Fe2+/ascobate oxidation. The time course of this N-alkyl-PE formation correlated with

the release of α-hydroxy aldehydes from oxidized plasmalogens (Stadelmann-Ingrand et al.,

2004).

The presence of N-Amadori-PE has been reported in a variety of tissues, including rat

plasma (Bucala et al., 1993; Lertsiri et al., 1998; Oak et al., 2002; Pamplona et al., 1995;

Ravandi et al., 2000), liver from streptozotocin-induced diabetic rats (Bucala et al., 1993;

Lertsiri et al., 1998; Oak et al., 2002; Pamplona et al., 1995; Ravandi et al., 2000), LDL

from diabetic subjects (Bucala et al., 1993; Lertsiri et al., 1998; Oak et al., 2002; Pamplona

et al., 1995; Ravandi et al., 2000), human plasma/RBC (Bucala et al., 1993; Lertsiri et al.,
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1998; Oak et al., 2002; Pamplona et al., 1995; Ravandi et al., 2000), and atherosclerotic

tissue (Bucala et al., 1993; Lertsiri et al., 1998; Oak et al., 2002; Pamplona et al., 1995;

Ravandi et al., 2000).

5.3. Biological activities and signaling pathways of oxidatively N-modified PL

5.3.1. Stimulation of platelet prothrombinase activity—The observation that high

levels of thrombin are often found around the sites of atherosclerotic plaques, along with the

important roles oxidized LDL plays in the pathophysiology of atherosclerosis, prompted the

studies of physiological effects of oxidized LDL in the process of coagulation. Not

surprisingly, oxidized LDL was found to be a potent stimulant for platelet-dependent

thrombin formation. More importantly, such stimulation is attributed mainly to the actions

of diacyl-PE modified by oxidized unsaturated PC on platelet prothrombinase complexes

(Zieseniss et al., 2001). Treatment of platelets with synthetic N-HNE-PE or N-HNE-lysoPE

increased thrombin formation. Chemical reduction of these compounds inactivated their

prothrombinase activity suggesting that the imine adduct was the key bioactive species.

As discussed in the previous section on cyclized oxPL, very low concentrations of 15-E2-

IsoLG (1 nM) potentiate platelet activation and TxA2 synthesis induced by sub-threshold

concentrations of collagen (Bernoud-Hubac et al., 2009). While there are no published

studies indicating whether formation of N-IsoLG-PE is responsible for this effect, this

remains a distinct possibility. For instance, N-IsoLG-PE induces p38MAPK activation in

endothelial cells, and IsoLG treated platelets also have markedly elevated phosphorylation

of p38MAPK.

5.3.2. Induction of endothelial cell activation and leukocyte adhesion—The

proinflammatory activity of oxidatively N-modified PE has been most rigorously explored

with N-IsoLG-PE. N-IsoLG-PE induces surface expression of the adhesion molecules

ICAM-1, VCAM-1 and E-selectin in human umbilical vein endothelial cells, with 1 μM

being sufficient to induce near maximal expression (Guo et al., 2011). Similar

concentrations of N-IsoLG-PE induced expression of mRNA for IL-8 and MCP-1 and

binding of monocytes to the endothelial cells. N-IsoLG-PE was more potent than IsoLG

itself at inducing monocyte binding to endothelium. This finding, along with previous data

showing that IsoLG modifies PE to a greater extent than protein, suggests that formation of

N-IsoLG-PE is the primary mechanism whereby IsoLG induces its proinflammatory

response. Structure activity relationship studies found that the N-IsoLG-lysoPE and N-

IsoLG-ethanolamine (N-IsoLG-Etn) were about 5-fold and 10-fold less potent, respectively,

than N-IsoLG-PE at inducing monocyte binding to endothelium. N-4-oxo-pentanal modified

PE, which forms a pyrrole adduct similar to N-IsoLG-PE but without the sidechains, induces

adhesion nearly to the same extent as N-IsoLG-PE, suggesting that these sidechains are

dispensable for this activity.

N-HNE-PE and N-ONE-PE both activate endothelial cells so that they facilitate the binding

of monocytes (Guo et al., 2012). N-HNE-PE was somewhat more potent than N-ONE-PE,

being able to induce near maximal adhesion at 1 μM rather than 5 μM. This result suggests

that the Michael adduct form is somewhat more potent than the pyrrole form.
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The dihydropyridine (DHP) species of N-MDA-PE adduct was able to induce monocyte

binding to endothelial cells (Guo et al., 2012). In contrast, N-acrolein-PE was only a weak

partial agonist. One species of amide-linked oxidatively N-modified PE, N-C11:0CA-PE

was able to induce endothelial cell activation, while N-C4:0CA-PE and various N-acyl-PE

did not. This result suggests that both an ω-caboxylate group and an acyl chain of sufficient

length are required to induce endothelial cell activation.

Treatment of monocytes and dendritic cells with N-glycated PE also enhances their

expression of cytokines such as TNFα, MIP-1b, IL-6, IL-8 and IL-1. (Simoes et al., 2013).

Interestingly, oxidation of the sn-2 side chain of the N-glycated PE further enhanced

cytokine expression in some cases.

5.3.3. Induction of ER stress responses and cytotoxicity—Addition of exogenous

N-IsoLG-PE to endothelial cells leads to its rapid internalization into ER and perinuclear

membranes (Guo et al., 2011). Furthermore, N-IsoLG-PE markedly alters membrane

curvature. This raised the possibility that it induces ER stress response. Indeed, N-IsoLG-PE

induces expression of CHOP and BiP, along with phosphorylation of p38MARK.

Additionally, known inhibitors of the ER stress response, such as the chemical chaperone

(TUDCA) and the serine protease inhibitor AEBSF, significantly reduced inflammatory

effects of N-IsoLG-PE (Guo et al., 2011). Consistent with the relationship between

prolonged ER stress and cell death, prolonged exposures to N-IsoLG-PE induces cell death

(Sullivan et al., 2010). These results support the conclusion that N-IsoLG-PE exerts its

biological effects in part via ER stress. It is also important to note that N-IsoLG-PE is far

more potent than OV-PC and shares similar potency as EI-PC for induction of ER stress.

Given the potential reactivity of EI-PC, it may be important to determine to what extent PE

modification by EI-PC might also account for its ability to induce ER stress.

5.3.4. Macrophage uptake of LDL—Ravandi et al. showed that N-glycated PE induces

THP-1 macrophage uptake of LDL and accumulation of cholesteryl esters and

triacylglycerols (Ravandi et al., 1999). Specifically, they found that incubation of THP-1

macrophages with N-glycated PE enriched LDL promotes a more rapid increase in cell-

associated LDL than incubation with control PE-enriched LDL. Furthermore, the incubation

with N-glycated PE enriched LDL led to significantly greater levels of total cholesteryl

esters, total cholesterol, and triacylglycerols in the THP-1 macrophages, compared with

control PE enriched LDL. Of note, glycation of LDL results in accumulation of cholesteryl

esters and apolipoprotein B-100 protein in primary human monocyte-derived macrophages

(Brown et al., 2007). Because enrichment of LDL with N-glycated PE mimics these

biological effects of glycated LDL, it raises the possibility that modification of PE mediates

all or most of the effect of LDL glycation.

5.3.5. Angiogenesis—Increased angiogenesis plays an important role in diabetic

microangiopathy. Because N-glycated-PE including N-Amadori-PE are increased during

diabetes, the effect of N-Amadori-PE on endothelial cells has been examined. Exposure of

endothelial cells to N-Amadori-PE (1 to 5 μM) led to significant increases in the rate of their

proliferation (Oak et al., 2003). Furthermore, treatment with N-Amadori-PE increased
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migration and tube formation (Nakagawa et al., 2005; Oak et al., 2003). Interestingly,

treatment of N-Amadori-PE induced expression of matrix metalloproteinase-2 (MMP-2), but

not MMP-1, MMP-9, or vascular endothelial growth factor (VEGF).

5.3.6 Telomerase activity—In addition to its effects on angiogenesis, recent studies have

raised the possibility that N-Amadori-PE may contribute to development of cancer through

an effect on telomerase. For instance, in PANC-1 human pancreatic carcinoma cells,

exposure to N-Amadori-PE up-regulates hTERT mRNA expression though induction of c-

myc expression. (Eitsuka et al., 2012)

5.3.7 Promotion of lipid peroxidation—Glycation of PE increases membrane lipid

order and lipid hydration, suggesting that formation of N-glycated PE also leads to

formation of lipid fragments by oxidation (Obsil et al., 1999). Ravandi et al showed that that

increased levels of N-glycated PE in LDL correlated with increases in both hydroperoxides

and lipid aldehydes (Ravandi et al., 2000). Importantly, incorporation of N-glycated PE into

LDL induced a rapid oxidation of polyunsaturated cholesteryl esters. Moreover, incubation

of synthetic N-Amadori-PE with unsaturated fatty acids remarkably increased formation of

lipid fragments and lipid hydroperoxides (Breitling-Utzmann et al., 2001; Oak et al., 2000).

N-glycated PE appears to induce lipid peroxidation by formation of free radicals as this

effect can by blocked by superoxide dismutase, mannitol, catalase and metal chelator (Oak

et al., 2000).

5.3.8. Ca2+−-ATPase—Addition of N-glycated PE decreases the affinity of phospholipids

for plasma-membrane Ca2+-ATPase (PMCA), which triggers a structural rearrangement of

PMCA and decreases its thermal stability (Levi et al., 2008).

5.4. Metabolism

Very little is known about the metabolism of oxidatively N-modified PE and PS. Because of

the proinflammatory effects of these oxPL, reduced metabolism of these compounds might

promote development of inflammatory diseases including atherosclerosis. Despite the fact

that oxidatively N-modified PE have bulky headgroups, they are still substrates for many of

the promiscuous phospholipases used for in vitro chemical analysis. Thus N-IsoLG-PE can

be hydrolyzed by S. chromofuscus PLD and bee venom PLA2 (Li et al., 2009; Sullivan et

al., 2010), N-glycated-PE can be hydrolyzed by PLA2 from cobra venom, PLC from

Clostridium perfringens, and type III PLD from peanut (Lertsiri et al., 1998), N-hexanoyl-

PE can be hydrolyzed by S. chromofuscus PLD (Hisaka et al., 2010), and N-HNE-PE can be

hydrolyzed by the secreted PLA2 from pancreas, but not the PLD from cabbage

(Guichardant et al., 2002).

To characterize the metabolism of N-IsoLG-PE in cultured cells, Guo et al treated HEK293

cells with synthetic IsoLG to generate N-IsoLG-PE in their membranes and then followed

the degradation of this N-IsoLG-PE over time. Levels rapidly declined over six hours,

supporting the existence of phospholipases that catabolize N-modified PE (Guo et al., 2013).

Treatment of HEK293 cells with siRNA specific for N-acyl PE hydrolyzing phospholipase

D (NAPE-PLD) elevated levels of N-IsoLG-PE compared to cells treated with control
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siRNA, suggesting that NAPE-PLD is one of the principal enzymes that hydrolyzes N-

IsoLG-PE. The catalytic efficiency (Vmax/Km) of recombinant mouse NAPE-PLD for N-

IsoLG-PE is 3.85 mL min−1 mg−1, which is close to its catalytic efficiency for C16:0N-acyl-

PE of 12.9 mL min−1 mg−1. The product of NAPE-PLD hydrolysis of N-IsoLG-PE is N-

IsoLG-ethanolamine, which is ~10-fold less potent than N-IsoLG-PE (Guo et al., 2011), so

that loss of NAPE-PLD activity is likely to increase the potency of N-IsoLG-PE for inducing

inflammation. These studies also showed that N-IsoLG-ethanolamine is further degraded by

activities found in HEK293 lysates, which would presumably lead to further inactivation.

Whether NAPE-PLD participates in the hydrolysis of other oxidatively N-modified PL is

unknown, but seems likely.

6. Summary and the future of oxPL research

The past twenty years of research on oxPL have led to some remarkable discoveries. Not

only have a larger number of bioactive oxPL been characterized, but the basic outlines of

their participation in physiological and pathological processes have emerged. These new

discoveries have led to several paradigm shifts. The first paradigm shift came when the

notion that peroxidation of lipids was merely a marker of the collateral damage wrought by

the immune system’s war on microbial invaders was replaced with the notion that oxPL

directly contributed to the pathological inflammatory responses leading to atherosclerosis

and other diseases. A second paradigm shift has come as it has now become apparent that in

addition to contributing to pathophysiology, the formation of some oxPL is an important

part of physiological responses.

A major reason for these paradigm shifts has been our evolving understanding of the

pervasiveness of oxPL formation and of the complexity of the cellular responses to their

formation. The simplistic notion that oxPL invoke effects merely by acting as detergents in

the cell membrane is no longer tenable. Instead, it is clear that oxPL invoke precise signaling

mechanisms and can fine tune responses in a manner similar to that described for other well-

accepted lipid mediators like prostaglandins. For instance, the finding that resident

macrophages use 12/15-LOX mediated HETE-PE expression to sequester MFG-E8 and

thereby ensure that they and not inflammatory monocytes take up apoptotic cells strongly

suggest that mildly oxygenated oxPL are physiological lipid mediators, not merely

unintended byproducts. Similarly, the finding that several classes of oxPL modestly induce

inflammatory responses, but limit the inflammatory response to LPS by competing for co-

activators of TLR4 suggests that formation of oxPL may be useful feedback mechanism to

attenuate overly exuberant inflammatory responses to microbial invasion.

With this in mind, one of the major challenges for future studies will be to determine which

oxPL are indeed physiological mediators, with well-regulated biosynthesis, catabolism, and

signaling pathways. The previous characterization of the major oxPL species and the

development of mass spectrometric lipidomics approaches should facilitate these future

studies. While current shotgun lipidomics approaches are usually not sensitive enough for

measurement of oxPL, their general approach of measuring multiple lipid classes and

species at once, rather than only one or a few species at a time is a critical step forward.

Now is the time for studies quantifying changes in as many of the major species of oxPL as
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possible during well-defined physiological responses. It would be particularly helpful to

focus on cellular systems where activation of lipoxygenases and oxidases occurs as part of

physiological responses.

In parallel with studies defining the regulation of oxPL concentrations, similarly systematic

studies on the signaling pathways activated by physiological rather than pharmacological

concentrations of these oxPL need to be performed. One of the most helpful advances in the

past twenty years has been the identification of specific receptors such as the PAF receptor,

PPARs, various prostaglandin receptors, CD36, and SR-BI that mediate some of the

responses to oxPL. With the sequencing of the genome and the wholesale cloning of G-

protein coupled receptors, nuclear hormone receptors, and other orphan receptors, it should

now be possible to move from a somewhat haphazard candidate approach for identifying

oxPL receptors to a more rigorous, structure-activity relationship based analysis. At the

same time, the emergence of RNA-seq platforms should facilitate systematic

characterization of downstream cellular responses to each major species of oxPL. Thus

previous gene array studies performed for oxPAPC can and need to be expanded to specific

oxPL and to a wide range of additional cellular systems.

One of the major challenges that oxPL research faces is the flagging interest from

governmental agencies and pharmaceutical companies funding health research due to a

number of failed clinical trials for therapeutics aimed at oxPL. All too frequently,

therapeutics that have shown great promise in animal studies have shown no efficacy in

human clinical trials. Included in this list of apparent failures are dietary antioxidants like

vitamin C and E, PAF receptor antagonists, recombinant PAF acetylhydrolase, and ApoAI

mimetic peptides. These failures should remind us of the importance of systematic

investigations into the role of oxPL in physiological responses and especially how these

responses vary between species. For instance, one reason for the failure of vitamin E trials

may have been that the doses used in most trials, which were based on animal studies,

actually turn out to be too low to reduce formation of oxPL in humans (at least as measured

by F2-IsoP levels). In fact, a number of studies now indicate that lowering circulating F2-

IsoP levels in humans is difficult. The reasons for this resistance are unknown, but probably

worth serious investigation. Thus, the failure of a few promising therapeutics, while

certainly disappointing to patients, scientists, and investors alike, should not be allowed to

invalidate a long line of evidence supporting the potential role of oxPL in physiological and

pathophysiological processes. Instead, the failure of these first-line therapeutics must serve

as a catalyst for more systematic investigations that can unravel the complex biology

surrounding oxPL.
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ApoE apolipoprotein E

AKR aldo-keto reductases

arachidonyl-PAF 1-O-alkyl-2-arachidonoyl-sn-glycero-3-phosphocholine

arachidonyl-PC 1-acyl-2-arachidonoyl-sn-glycero-3-phosphocholine

ATF activating transcription factor

AZ-PAF 1-O-alkyl-2-azeaolyl-sn-glycero-3-phosphocholine

AZ-PC 1-acyl-2-azeaolyl- sn-glycero-3-phosphocholine

BAL bronchoalveolar lavage

BiP/Grp78 binding immunoglobin protein/glucose-regulated protein 78

butanoyl-PAF 1-O-alkyl-2- butanoyl -sn-glycero-3-phosphocholine

butanoyl-PC 1-acyl-2- butanoyl -sn-glycero-3-phosphocholine

CD14 Cluster of Differentiation 14

CD36 Cluster of Differentiation 36, fatty acid translocase

CHO Chinese Hamster Ovary cells

CoA coenzyme A

COX cyclooxygenase

Cx43 connexin 43

CYP cytochrome P450

diHETE dihydroxyeicosatetraenoate

DP prostanoid receptor for prostaglandin D2

EET epoxyeicosatetraenoate

EET-PC 1-acyl-2-epoxyeicosatetraenoate-sn-glycero-3-phosphocholine

EET-PE 1-acyl-2-epoxyeicosatetraenoate-sn-glycero-3-phosphoethanolamine

EET-PS 1-acyl-2-epoxyeicosatetraenoate-sn-glycero-3-phosphoserine

EI-PC 1-acyl-2-(5,6-epoxy-E2-isoprostane)-sn-glycero-3-phosphocholine

EP prostanoid receptor for prostaglandin E2

ER endoplasmic recticulum

ERK extracellular-signal regulated kinase

Etn ethanolamine

GalT-2 UDP-galactose-glucosylceramide galactosyltransferase

glutaryl-PC 1-acyl-2-glutaryl-sn-glycero-3-phosphocholine

HDdiA-PC 1-acyl-2-(9-hydroxy-10-dodecendioate)-sn-glycero-3-phosphocholine
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HDAC5 histone deacetylase 5

HDL high density lipoprotein

HETE hydroxyeicosatetraenoate

HETE-PC 1-acyl-2-hydroeicosatetraenoate-sn-glycero-3-phosphocholine

HETE-PE 1-acyl-2-hydroeicosatetraenoate-sn-glycero-3-phosphoethanolamine

HNE 4-hydroxynonenal

HOOA-PC 1-acyl-2-(5-hydroxy-8-oxo-oct-6-enoate)-sn-glycero-3-

phosphocholine

HODE hydroxyoctadecaenoate

HODE-PE 1-acyl-2-hydroxyeicosatetraenoate-sn-glycero-3-

phosphoethanolamine

HPETE hydroperoxyeicosatetraenoate

HPETE-PC 1-acyl-2-hydroperoxyeicosatetraenoate-sn-glycero-3-phosphocholine

HPETE-PL hydroperoxyeicosatetraenoate containing phospholipid

HPLC high performance liquid chromatography

HV-PC 1-acyl-2-(5-hydroxyvaleroyl)-sn-glycero-3-phosphocholine

IL-8 interleukin 8

IL-13 interleukin 13

IRE1 inositol-requiring enzyme-1

IsoF isofuran

IsoLG isolevuglandin, isoketal

IsoLG-PC 1-acyl-2-isolevuglandin-sn-glycero-3-phospocholine

IsoLG-PE 1-acyl-2-isolevuglandin-sn-glycero-3-phospoethanolamine

IsoP isoprostane

IsoP-PC 1-acyl-2-isoprostanyl-sn-glycero-3-phospoethanolamine

IsoP-PL phospholipid containing isoprostane

JNK c-Jun N-terminal kinase

KDdiA-PC 1-acyl-2-(9-keto-10-dodecendioate)-sn-glycero-3-phosphocholine

KETE ketoeicosatetraenoate

KETE-PL ketoeicosatetraenoate containing phospholipid

KLF4 Kruppel-like transcription factor 4

KODA-PC 1-acyl-2-(9-keto-12-oxo-10-dodecenoate)-sn-glycero-3-

phosphocholine
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KOdiA-PC 1-acyl-2-(5-keto-6-octendioate)-sn-glycero-3-phosphocholine

KOOA-PC 1-acyl-2-(5-keto-8-oxo-oct-6-enoate)-sn-glycero-3-phosphocholine

linoleoyl-PAF 1-O-alkyl-2-linoleoyl-sn-glycero-3-phosphocholine

LOX lipoxygenase

LBP lipopolysaccharide binding protein

LPS lipopolysaccharide

MCP-1 monocyte chemotactic protein-1

MD-2 myb-regulated gene clone MD-1 family member-2

MDA malondialdehyde

MFG-E8 milk fat globule-EGF factor 8 protein

MMP-2 matrix metalloproteinase-2

MUC5AC mucin protein type 5AC

NAPE-PLD N-acyl-phosphatidylethanolamine hydrolyzing phospholipase D

N-Amadori-PE phosphatidylethanolamine N-modified with Amadori group

N-acrolein-PE phosphatidylethanolamine N-modified by reaction with acrolein

N-(Cx:y)CA-PE phosphatidylethanolamine N-modified with carboxylacyl group with

x carbons and y double bonds

N-DHP-PE phosphatidylethanolamine N-modified with1,4-dihydropyridine-3,5-

dicarbeldehyde group

N-glycated-PE phosphatidylethanolamine N-modified by reaction with glucose

N-HDDE-PE phosphatidylethanolamine N-modified by reaction with 4-

hydroxydodecadienal

N-hexanoyl-PE phosphatidylethanolamine N-modified with hexanoyl group

N-HHE-PE phosphatidylethanolamine N-modified by reaction with 4-

hydroxyhexanal

N-HNE-PE phosphatidylethanolamine N-modified by reaction with 4-

hydroxynonenal

N-FDP-PE phosphatidylethanolamine N-modified with 3-formyl-3,4-

dehydropiperidine group

N-IsoLG-PE phosphatidylethanolamine N-modified by reaction with

isolevuglandin

N-propenal-PE phosphatidylethanolamine N-modified with propenal group

N-MDA-PE phosphatidylethanolamine N-modified by reaction with

malondialdehyde
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N-MP-PE phosphatidylethanolamine N-modified with 3-methylpyridinium

group

N-ONE-PE phosphatidylethanolamine N-modified by reaction with 4-oxo-

nonenal

octanoyl-PAF 1-O-alkyl-2-octanoyl-sn-glycero-3-phosphocholine

ONE 4-oxo-nonenal

ON-PC 1-acyl-2-(9-oxo-nonanoyl)- sn-glycero-3-phosphocholine

OV-PC 1-palmitoyl-2-(5-oxovaleroyl)-sn-glycero-3-phosphocholine

OV-PAF 1-O-alkyl-2-(5-oxovaleroyl)-sn-glycero-3-phosphocholine

oxLDL oxidized low density lipoprotein

oxPAPC oxidized 1-palmitoyl-2-arachidonyl-sn-glycero-3-phosphocholine

oxPL Oxidatively modified phospholipids

PAF Platelet-activating factor; 1-O-alkyl-2-acetyl-sn-glycero-

phosphocholine

PAF-AH platelet-activating factor acetylhydrolase

PAPC 1-palmitoyl-2-arachidonyl-sn-glycero-3-phosphocholine

PAPE 1-palmitoyl-2-arachidonyl-sn-glycero-3-phosphoethanolamine

PC phosphatidylcholine

PE phosphatidylethanolamine

PEBP1 phosphatidylethanolamine binding protein 1

PERK protein kinase R-like endoplasmic recticulum kinase

PGE2 prostaglandin E2

PI phosphatidylinositol

PL phospholipid

PLA2 phospholipase A2

PLD phospholipase D

PL-OH hydroxylated phospholipid

PL-OOH phospholipid hydroperoxides

PMN polymorphonuclear leukocytes, neutrophils

PON paraoxonase

PPAR peroxisomal proliferator activated receptor

pPE plasmalogen; alkenylacyl phosphatidylethanolamine

PS phosphatidylserine
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PUFA polyunsaturated fatty acids

RNAi RNA interference

siRNA small interfering RNA

SMC smooth muscle cells

SR-BI scavenger receptor-BI

TLR Toll-like receptor

TMEM30a Transmembrane protein 30a

TNF tumor necrosis factor

TP prostanoid receptor for prostaglandin H2/thromboxane A2

TRPC transient receptor potential cation channel

TRPM transient receptor potential cation channel, subfamily M

TxA2 thromboxane A2

VEGF vascular endothelial growth factor

VCAM-1 vascular cell adhesion molecule-1

WHHL Watanable heritable hyperlipidemic rabbit
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Highlights

• Oxidatively modified phospholipids can be grouped into four broad categories

base on their structures.

• Elevated levels found in a variety of physiological and pathophysiological

conditions.

• Identified molecular targets include G-protein coupled receptors, scavenger

receptors, and nuclear hormone receptors.

• Biological effects include platelet activation, modulation of immune cell

function, cell migration, and cytotoxicity.

• Identified catabolizing enzymes include platelet-activating factor hydrolase,

aldo-keto reductases, and paraoxonase.
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Figure 1.
Peroxidation of arachidonyl-PC forms six phospholipid hydroperoxide regioisomers.

Hydrogen abstraction is the first step of lipid peroxidation and this readily occurs at bis-

allylic hydrogens of 1,4-pentadiene groups because the resulting radical is in resonance

across all five carbons of the pentadiene group. There are three pairs of bis-allylic hydrogens

in arachidonyl-PC (labeled a, b, c) and the regioisomer of hydroperoxy-eicosatetraenoyl-PC

(HPETE-PC) formed depends on the position of the initial hydrogen abstraction. Molecular

oxygen, which is a diradical, reacts with the lipid radical to form a phospholipid peroxyl

radical. In the absence of local environmental factors, addition of oxygen is equally favored

at either the 1 or 5 positions of the pentadiene group so that yields of the two regioisomers

are similar. Subsequent hydrogen abstraction (often from an adjacent PUFA) gives the PL-

OOH and propagates the radical reaction to neighboring phospholipids.
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Figure 2.
Peroxidation of linoleoyl-PC. Linoleoyl-PC has only one pair of bis-allylic hydrogens so

that hydrogen abstraction at this position (labeled a) yields two regioisomers of phospholipid

hydroperoxides.
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Figure 3.
Peroxidation of membrane phospholipids generate four classes of oxidatively modified

phospholipids (oxPL). Representative examples from peroxidation of 1-palmitoyl-2-

arachidonyl-sn-glycero-3-phosphocholine (PAPC) and 1-palmitoyl-2-arachidonyl-sn-

glycero-3-phosphoethanolamine (PAPE) are shown. Class I oxPL include all mildly

oxygenated phospholipids such as 15-HETE-PE and 14,15-EET-PC. Class II oxPL include

all truncated oxPL such as OV-PC and KOdiA-PC. Class III oxPL include cyclized oxPL

such as 15-F2-IsoP-PE and EI-PC. Class IV include oxidatively N-modified PL such as N-

IsoLG-PE and N-C4:0CA-
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Figure 4.
Mildly oxygenated phospholipids can form by three general mechanisms: direct enzymatic

oxygenation of the phospholipid (center mechanism), indirect enzymatic oxygenation of

PUFA with subsequent re-esterification (left panel), or non-enzymatic peroxidation via free

radicals (right panel). Direct enzymatic peroxidation of phospholipid (PE is shown in this

example) can be performed by lipoxygenases such as 15-lipoxygenase to generate HPETE-

PL which are subsequent reduced by glutathione peroxidase to HETE-PL. The HETE-PL

can then be converted to KETE-PL by 15-prostaglandin dehydrogenase. Alternatively, 15-

lipoxygenase can act on unesterified fatty acid to generate HPETE, which is then reduced by

glutathione peroxidase to its HETE, and this is subsequently esterified into phospholipid by

currently unknown oxidized fatty acid synthetase and acyltransferase. These same reactions

can take place non-enzymatically, with hydroxyl radicals generated as byproducts of oxidase

being particularly good at peroxidation of phospholipids.
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Figure 5.
Formation of epoxyeicosanoid (EET) esterified phospholipids by the action of cytochrome

P450s.
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Figure 6.
Oxidative fragmentation of PUFA esterified phospholipids generates two complementary

fragments. The first fragment is a lipid aldehyde (or its oxidized or reduced analog), that is

no longer attached to the phospholipid and is therefore free to diffuse into cytoplasm or

extracellular space. The remaining fragment is a phospholipid now carrying a highly

truncated sn-2 chain.
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Figure 7.
The most abundant oxidatively truncated oxPL are predicted by position of first double bond

(marked by asterisk). Major products have O-acyl chains one carbon shorter than the

position of this first double bond or O-acyl chain with one of three terminal ω-oxygen

moieties on the carbon of this first double bond. The major products for arachidonyl-PC and

linoleoyl-PC are listed, as they represent the most abundant products.

Davies and Guo Page 68

Chem Phys Lipids. Author manuscript; available in PMC 2015 July 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 8.
Beta-scission generates volatile alkanes and oxPL with very short O-acyl chains lacking ω-

oxygens. Lipid peroxyl radicals form lipid alkoxyl radicals in the presence of iron. Reaction

of the alkoxyl radical with the neighboring carbon-carbon bond fragments the acyl chain,

leaving an alkyl radical and a lipid aldehyde. Abstraction of hydrogen from a nearby PUFA

or other H donor by the alkyl radical generates an alkane. The major beta-scission products

for each of the major PL-OOH are listed.
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Figure 9.
Hock rearrangement of PL-OOH fragments PUFA into two complimentary lipid aldehydes.

Alkyl chain migration to the beta oxygen of the peroxide and subsequent addition of water

to the resulting cation forms a hemiacetal which readily hydrolyzes to two aldehydic

fragments. The predicted products for each HPETE-PC and HPODE-PC are listed. It is

worth noting that for the two internal double bonds of arachidonyl-PC, the hydroperoxide

located on either of the two original carbons in the double bond will generate the same two

products (e.g. 8-HPETE-PC and 9-HPETE-PC give the same two products). Additionally

some products such as hexanal and nonenal can form from peroxidation of either

arachidonyl-PC or linoleoyl-PC.
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Figure 10.
Predicted secondary peroxidation of Hock rearrangement products to generate γ-

ketoalkenoates and γ-hydroxyalkenoates. Hock rearrangement products with double bonds

at γ-position relative to aldehyde (e.g. 8-oxo-oct-6-enoyl-PC) are predicted to be susceptible

to H abstraction at the beta position. Addition of molecular oxygen to this lipid radical at the

γ-position generates a peroxyl radical (e.g. 5-peroxy-8-oxo-oct-6-enoate-PC) that can

subsequently react to form either γ-keto or γ-hydroxy moieties. Oxidation of the aldehyde

generates the final γ-keto-or γ-hydroxy-alkenoate moieties (e.g. KOdiA-PC and HOdiA-

PC).
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Figure 11.
Alternative mechanism proposed for formation of γ-keto- or γ-hydroxy-alkenoate moieties

via diepoxy carbinyl intermediate (Gu and Salomon, 2012). Formation of alkoxyl radical

leads to monoepoxy carbinyl, which adds molecular oxygen to form epoxyperoxide.

Subsequent scission of peroxide to form epoxy alkoxyl radical allows formation of diepoxy

carbinyl radical which can undergo fragmentation at either epoxide. Fragmentation of one

epoxide leads to formation of hydroxyl or keto groups by the other epoxide.
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Figure 12.
Another alternative mechanism for formation of γ-keto- or γ-hydroxy-alkenals and –

alkenoates. Peroxidation of arachidonyl-PC can generate peroxide trimers. When these

peroxides are on adjacent carbons, they readily fragment to form aldehydes, which would

lead to the formation of γ-hydroxyalkenals.
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Figure 13.
Oxidatively truncated oxPL compete with LPS for binding to MD-2, CD14, and LBP and

thereby inhibit LPS signaling. MD-2 bound to LPS promotes formation of highly active

TLR4 dimer that activates TIRAP and MyD88 and therefore NFkB. Truncated oxPL like

OV-PC or KOdiA-PC also bind to MD-2, CD14, or LBP but only weakly activate TLR4

signaling, so that their net effect is to inhibit LPS induced signaling via TLR4. Adapted in

part from (Kawai and Akira, 2011) and (Park et al., 2009).
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Figure 14.
Products of lipid 1,2-dioxoanyl radical include bicyclic endoperoxides, diepoxyalcohols,

isofurans, and serial cyclic endoperoxides. 5-exo-cyclization of initial peroxyl radical

generates 1,2-dioxolanyl radical. If the radical reacts with double bond on opposite side of

the endoperoxide, a bicyclic endoperoxide is formed that can then go on to form various

prostaglandin-like moieties. Alternatively, 1,2-dioxoanyl the radical can react with the

endoperoxide to form a diepoxy radical that with the addition of another molecule of oxygen

leads to the generation of diepoxyalcohol. This diepoxyalcohol has been postulated to be a

precursor for the isofurans. Finally, the 1,2-dioxoanyl radical can react with a molecule of

oxygen and then, if another double bond is appropriately positioned, undergo another round

of 5-exo-cyclization to form a serial cyclic endoperoxide.
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Figure 15.
Formation of a large family of prostaglandin like molecules (isoprostanes, IsoP) by

peroxidation of arachidonyl-PC. Initial peroxidation forms four regioisomers of bicyclic

endoperoxides (H2-IsoP), designated by the position of their hydroxyl group. Each of these

regio-isomers can then form PC esterified with F2-IsoP, A2-isothromboxane (A2-IsoTx),

D2-IsoP, E2-IsoP, epoxy IsoP (potentially including epoxy E2, D2, F2, A2, and J2-IsoP),

and the acyclic isolevuglandin (IsoLG). Only F2-IsoP is chemically stable, with the

remaining products undergoing further chemical reactions to form secondary products. In

particular, IsoLG reacts with any nearby amines to form pyrrole adducts.
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Figure 16.
Reaction of lipid aldehydes with amines generates imine or Michael adducts. Targeted

amines include the lysyl residues of proteins, PE, PS, nucleic acids, and small molecular

cytosolic amines such as spermidines. Recent studies suggest that some aldehydes like

IsoLG modify PE to a greater extent than other targets.
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Figure 17.
Characterized products of HNE reaction with PE and PS. Reaction of PE with HNE

generated primarily the N-HNE-PE Michael adduct, but also the N-HNE-PE pyrrole adducts.

Reaction of HNE with PS generated only very low yield of N-HNE-PS Michael adduct

(Guichardant et al., 1998).
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Figure 18.
Proposed products of PE reaction with acrolein. Based on the reaction of acrolein with

lysine, it was expected that the reaction of acrolein with PE would generate both N-(3-

methylpyridinium)-PE (N-MP-PE) and N-(3-formyl-3,4-dehydropiperidino)-PE (N-FDP-PE)

(Furuhata et al., 2003; Uchida et al., 1998). However, only formation N-FDP-PE has been

detected in vitro (Zemski Berry and Murphy, 2007).
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Figure 19.
Characterized products of IsoLG reaction with PE. Reaction of IsoLG with PE initially

forms hemiaminal, which then either forms the highly irreversible imine adduct (minor

product) or the highly stable N-IsoLG-PE pyrrole adduct (major product). Under oxidizing

conditions, the pyrrole adduct generally rapidly evolves to form the N-IsoLG-PE

hydroxylactam adduct (Bernoud-Hubac et al., 2004; Li et al., 2009; Sullivan et al., 2010).
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Figure 20.
Characterized products of malondialdehyde (MDA) reaction with PE. Reaction of MDA

with PE initially forms imine adduct, which undergoes double bond rearrangement to form

the more stable N-propenal-PE. This can then undergo further reaction to yield crosslinked

products (either with PE or proteins) or undergo reaction with two additional MDA to form

N-1,4-dihydropyridine-3,5-dicarbeldehyde-PE (N-DHP-PE) (Guo et al., 2012).
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Figure 21.
Major species of oxidatively N-modified PE with amide linkage found during in vitro

peroxidation of arachidonyl-PC in presence of PE (Guo et al., 2012).
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Figure 22.
Proposed mechanisms for formation of N-modified PE with amide linkage. Lipid aldehydes

formed by Hock rearrangement (e.g. hexanal or 8-oxo-oct-6-enoyl-PC) react with PE to give

imine adducts. Neighboring lipid peroxides transfer their peroxides to the imine adducts to

yield peroxyheminals that then lose water to form the highly stable amide bond (e.g. N-

hexanoyl-PE and N-C7:1CA-PE).
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Figure 23.
Formation of long-chained aldehydes from oxidation of plasmalogen with subsequent

formation of N-alkyl-PE (Felde and Spiteller, 1995; Jira and Spiteller, 1996; Morand et al.,

1988; Stadelmann-Ingrand et al., 2004).
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Figure 24.
Characterized products of glucose reaction with PE. The open form of glucose reacts with

PE to form an imine adduct which rearranges to form the stable N-Amadori-PE. A series of

dehydration and rearrangement steps has been proposed to lead from this N-Amadori-PE to

N-(5-hydroxmethyl-1-pyrrole-2 –carbaldehyde)-PE. N-Amadori-PE also likely decomposes

to form N-carboxymethyl-PE.
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