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Abstract

Thereisincreasing clinical evidence that phospholipid oxidation products (Ox-PL) play arolein
atherosclerosis. This review focuses on the mechanisms by which Ox-PL interact with endothelial
cells, monocyte/macrophages, platelets, smooth muscle cells and HDL to promote atherogenesis.
In the last few years major progress has been made in identifying these mechanisms. It has been
recognized that Ox-PL promote phenotypic changes in these cell types that have long term
consequences for the vessel wall. Individual Ox-PL responsible for specific cellular effects has
been identified. A model of the configuration of bioactive truncated Ox-PL within membranes has
been developed that demonstrates that the oxidized fatty acid moiety protrudes into the agueous
phase, rendering it accessible for receptor recognition. Receptors and signaling pathways for
individual Ox-PL species are now determined and receptor independent signaling pathways
identified. The effects of Ox-PL are mediated both by gene regulation and transcription
independent processes. It has now become apparent that Ox-PL affects multiple genes and
pathways some of which are pro-atherogenic and some are protective. However, at concentrations
that are likely present in the vessel wall in atherosclerotic lesions, the effects promote
atherogenesis. There have also been new insights on enzymes that metabolize Ox-PL and the
significance of these enzymes for atherosclerosis. With the knowledge we now have on the
regulation and effects of Ox-PL in different vascular cell types, it should be possible to design
experimentsto test the role of specific Ox-PL on the development of atherosclerosis.
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Evidence for a role of phospholipid oxidation products in atherosclerosis

Therole of phospholipid oxidation products (Ox-PL) in atherogenesis was first suggested by
the demonstration that pro-atherogenic activities of low-density lipoprotein (LDL) mildly
oxidized by iron, myel operoxidase or lipoxygenase were present in the fraction containing
oxidized phospholipids.! Subsequently, phospholipid oxidation products were shown to
accumulate in hyperlipidemic plasma?, atherosclerotic lesions? and in several diseases that
predispose to heart attack, including lupus and rheumatoid arthritis.3 Oxidized phospholipids
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are also present /n vivoin lipoprotein(a) [Lp(a)], in membranes of apoptotic cells, and cells
undergoing oxidative stress.

Evidence for the importance of these lipidsin heart disease and atherosclerosis comes from
several types of studies: 1) In anumber of studies, the largest of which was the EPIC
Norfolk study, levels of Ox-PL in plasma are associated with increased risk of coronary
artery disease (CAD).* It is however important to recognize that these studies employed E06
antibody which recognizes only a subset of Ox-PL. Ox-PL levelsin plasmawere also shown
to increase during regression.>’ In these papers they postulate that this increase represents a
release from the vessel wall and may aid lesion regression. However, studies with statin
have not yet shown arelationship between the Ox-PL increase in plasma by statins and the
volume of atherosclerotic lesions in the coronary arteries. It will be important to resolve the
issue of whether movement of lipids from the vessel wall istruly a measure of regression. 2)
Studies of hyperlipidemic plasma from mice and humans suggest arole for phospholipid
oxidation products in thrombosis. Hyperlipidemic animals had higher levels of Ox-PL in the
plasma, and treatment with Ox-PL increased platelet activation.8 Platelet activation was also
increased when using plasma from human donors with the highest levels of Ox-PL.8 3)
Studies in mice also suggest arole for Ox-PL in atherosclerosis. Overexpression of one of
the enzymes involved in formation of Ox-PL, myeloperoxidase (MPO), increases
atherosclerosis® and knockout of 12/15 lipoxygenase (12/15 LO), another enzyme shown to
produce Ox-PL, decreases atherosclerosis. 10 Plasmalevels of MPO and its products predict
anincreasein CAD risk in healthy humans.® 4) D4F, a high-density lipoprotein (HDL)
mimetic peptide, strongly protects against atherosclerosisin mice, and amajor function of
DA4F is binding to phospholipid and fatty acid oxidation products.1! While these studies are
highly supportive of arole for Ox-PL in atherosclerosis, they are not definitive. It will be
important to demonstrate that manipulation of the receptors, signaling pathways and
metabolism of Ox-PL affect atherosclerosis. Since two major reviews of Ox-PL were
published in 2009/10, this review focuses on papers published in the last three years that
address the role of Ox-PL in atherosclerosis.

Phospholipid Oxidation Products

There are alarge number of phospholipid oxidation products that are formed from avariety
of phospholipids containing polyunsaturated fatty acids. More than 30 different bioactive
oxidation products have been identified that accumulate in lesions. Representative Ox-PL
receiving the most study are shown in (Figure 1). Furthermore, the common and IUPAC
names of the sn-2position of these phospholipids, in addition to references for synthesis/
identification and characterization are given in (Table 1). Ox-PL contain saturated fatty
acids of different lengths at the s-1 position, either acyl or alky esters, and contain
phosphatidylcholine (PC), phosphatidylserine (PS) or phosphatidylethanolamine (PE) head
groups.t 2 /n vitro, Ox-PL have been produced by a variety of methods of oxidation, all of
which yield active products. The majority of studies of these molecules have been done on
oxidation products of phospholipids with arachidonate or linoleate in the s7-2position.
However, important studies have also examined effects of phospholipids containing
docosahexaenoic acid. Some Ox-PL contain fragmentation products of arachidonate or
linoleate whereas others contain derivatives of arachidonate and linoleate that have become
oxygenated. The structure of the lipid at the sn-2position plays a major role in receptor
recognition of Ox-PL. In general, differences in the sn-Ifatty acid group of Ox-PL and have
minor effects on action.2 Alkyl and acyl containing phospholipids bind with different
affinities to Ox-PL receptors. The head group can mediate a difference in activity, though
not all effects of Ox-PL are sensitive to head group changes. One exampleis that EO6
recognizes PC-containing but not PS- or PE-containing Ox-PL .12 Another example of head
group preference is the differences in ability of oxidized PC-containing phospholipids (Ox-
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PC) and oxidized PS-containing phospholipids (Ox-PS) to block the uptake of apoptotic
cells by macrophages.13. 14

Many Ox-PL are active electrophiles and can covalently bind to lysines, forming Schiff
bases, or to cysteine or histidine, forming Michael Adducts (Figure 2). These interactions
may result in covalent binding or reversible interactions. Some Ox-PL such as 1-

pal mitoyl-2-(5-hydroxy-8-oxooct-6-enoyl)- sr+glycero-3-phosphocholine (HOOA-PC), 1-

pal mitoyl-2-(4-hydroxy-7-oxohept-5-enoyl)- sr+glycero-3-phosphocholine (HOHA-PC) and
isolevuglandin-PC can interact with proteins and form pyrrole groups (e.g. 2 (w-
carboxyethyl)pyrrole (CEP)) which remain attached to the proteins (Figure 2).15 16 Some of
these covalently bound products act as ligands for receptor activation. The extent of covalent
binding varies for different Ox-PL and is strongest for isolevuglandin-PC. Covalent binding
can also activate cell surface proteins.1’

Summary of Vascular Cell and HDL Effects of Oxidized Phospholipids

Ox-PL have both atherogenic effects on cells and effects which have been shown to reduce
atherosclerosis or protect cells against apoptosis (Table 2), but the net effect of Ox-PL on
vascular wall cellsand on HDL function is pro-atherogenic. This review focuses on effects
of Ox-PL on endothelial cells, smooth muscle cells, platel ets and macrophages. Although
lymphocytes are important regulators of atherosclerosis'® we have not included lymphocytes
in this review since there are only afew studies on Ox-PL regulation in lymphocytes.
However, we have referred to the effects of antibodiesto Ox-PL as inhibitors of
atherosclerosis. The effects of these antibodies have recently been reviewed.1®

A. Endothelial cells

A number of papers over the last 12 years have documented the effects of Ox-PL on
endothelial cells.: 2 Taken together these studies suggest that PC-containing Ox-PL (e.g.
oxidized 1-palmitoyl-2-arachidonyl-s*glycero-3-phosphocholine (Ox-PAPC)) is a strong
regulator of endothelial cell function. More than 1000 genes are regul ated by treatment of
human aortic endothelial cells (HAEC) for 4 hours with 40pg/ml Ox-PAPC.20: 21 80% of
these genes were also regulated by one Ox-PAPC component, 1-palmitoyl-2-(5,6-
epoxyisoprostane E,)-g+glycero-3-phosphocholine (PEIPC) (1-5ug/ml).2! The major gene
ontology categories regulated by Ox-PAPC include sterol synthesis, unfolded protein
response (UPR), redox signaling, inflammation, angiogenesis, cell division, endocytosis,
filament formation, ecto-protease regulation and thrombosis. Some of these genes can
perform protective functions, whereas others are atherogenic. Most regulated genes werein
the “protective’ categories. Array analysis of endothelial cells from 150 different human
donors showed considerable differences between individuals in gene regulation by Ox-
PAPC. Longer treatment with Ox-PAPC was shown to induce angiogenesis?2 which leads to
plague instability23. Ox-PAPC and PEIPC also cause rapid effects on monolayer
permeability, independent of MRNA synthesis. At low concentrations of lipid there was a
protective effect on junctions whereas higher concentrations led to a decrease in the
endothelial barrier.2* 2> Overall, these studies suggest that at early times of Ox-PAPC
treatment the endothelium is subject to oxidative stress, and that this induces pathways to
protect against the stress, such as the UPR response, an increase in antioxidant genes and
decreased DNA replication. However, at the same time these cells up-regul ate genes
involved in inflammation, procoagulant activity and angiogenesis and also decrease
endothelial barrier function. Taken together these studies suggest that, over the long term,
endothelial cells survive Ox-PAPC injury and become inflammatory and angiogenic,
contributing to plaque instability. It will be important to compare gene regulation /n vitroto
that found in endothelial cells of human and mouse lesions. Ambient air pollution has been
associated with increased cardiovascular morbidity and mortality, and Ox-PAPC was shown
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by microarray analysis to synergize with fine particlesin air pollutants to activate pro-
atherogenic pathways in endothelial cells.26

B. Macrophages

Another cell type where multiple effects of Ox-PL have been observed is macrophages.
Early studies from the Witztum group demonstrated that uptake of Ox-LDL led to foam cell
formation, and they subsequently identified 1-pal mitoyl-2-(5-oxovaleroyl)-sn-glycero-3-
phosphocholine (POVPC) as one lipid responsible for foam cell formation.2” The E06
antibody, which binds to a number of short chain Ox-PL, could block foam cell formation
by macrophages. Podrez et al.28 demonstrated that at least eight Ox-PL that contain
fragmentation products of arachidonate and linoleate interacted with the CD36 receptor on
macrophages, resulting in rapid oxidized low-density lipoprotein (Ox-LDL) uptake and
foam cell formation. These lipids were enriched in human atherosclerotic lesions.2 Once
monocytes enter lesions, they differentiate to macrophages and can produce cytokines. Ox-
PAPC induces the production of macrophage cytokines.30 Platelet activating factor (PAF)
and PAF-like Ox-PL can also increase synthesis of monocyte chemotactic protein 1
(MCP-1) in several types of leukocytes.31

Ox-PL also have effects on the initiation of apoptosis in macrophages32 and the uptake of
apoptotic cells by macrophages.14 33 Macrophage apoptosis has been shown to play an
important role in atherosclerosis. Thereis evidence that if it occurs at early times,
atherogenesis may be inhibited; whereas if apoptosis occurs after foam cell formation, it
may increase the formation of the necrotic core and increase atherogenesis.

The differentiation of macrophages and dendritic cells has a so been shown to be affected by
Ox-PL. Kadl et al34 described a novel macrophage phenotype (named Mox) that developsin
response to treatment with Ox-PAPC. Treatment of MO, M1 or M2 macrophage subtypes
with Ox-PAPC resulted in the Mox phenotype.34 These Mox cells exhibited a lower
capacity for migration, phagocytosis, and production of inflammatory stimuli. They were
shown to contain high levels of antioxidant enzymes. These macrophages represent about
30% of CD11B+/F480+ cellsin mouse atherosclerotic lesions and may contribute to the
buildup of macrophagesin lesions.

Dendritic cellsin apoE null mice have a diminished ability to promote T-cell responses.3
Oxidized phospholipids were shown to dysregul ate the differentiation of dendritic cellsfrom
monocytes in culture.36: 37 Ox-PAPC addition to dendritic cell differentiation medium
caused the production of dendritic cells that did not express CD1a, CD1b or CD1c; however
other dendritic markers were still induced. Thus these Ox-PAPC-treated dendritic cells were
not able to present lipid antigens and thus could not mount an antibody response to these
antigens. These authors present evidence that Ox-PL inhibits the phosphorylation of Histone
H3, which has previously been shown to regulate differentiation of dendritic cells by CD40
ligand.36 Ox-PL also inhibited CD1 expression in dendritic cells treated with
mycobacteriad’, and CD1 was inhibited in lepromatous |esions which contain high levels of
Ox-PL as seen with E06 staining.

C. Smooth muscle cells (SMCs)

Ox-PAPC promotes phenotypic switching in smooth muscle cells, including suppression of
contractile SMC differentiation marker genes.38 POVPC and PEIPC, aswell as Ox-PAPC,
also increased expression of matrix protein type V111 collagen and fibronectin, which
increases SMC migration.39 POV PC changed the phosphorylation state of connexin 43,
which stimulates SMC replication.*0 All of these effects were observed /n vitroaswell as in
vivoand reflect a switch to an atherogenic phenotype. Ox-PAPC was a so shown to be
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involved in smooth muscle cell apoptosis.# In human lesions extensive SMC death is
observed.

D. Platelets and Thrombosis

Thrombotic processes are also induced by Ox-PL. As discussed above, hyperlipidemic
serum increases platelet reactivity.® Several individual Ox-PL, found in hyperlipidemic
plasma and which can bind to CD36, were shown to sensitize platel ets to adenosine
diphosphate (ADP)-induced aggregation. Another study demonstrated the importance of the
PAF receptor in the regulation of platelet activation by alkyl Ox-PL.#2 Thus more than one
receptor appears to contribute to the hyper-aggregation of platelets in hypercholesterolemia.
In addition, severa groups have shown that platelets actually form 12S-

hydroxyei cosatetraenoic acid (12-S-HETE)-containing oxidized phospholipids after
exposure to thrombin, ionophore or collagen.*3 Furthermore, liposomes containing these
phospholipids are able to enhance tissue factor-dependent coagulation.

In microarray studies, Ox-PAPC treatment of HAEC from 150 donors was shown to
regulate the levels of major thrombogenic molecules.2! Ox-PAPC significantly
downregulated thrombomodulin (TM) expression by 40% while upregulating tissue factor
and Serpin B2 by 70%. Taken together, these platel et and thrombotic changes could play a
major rolein CAD.

E. Ox-PAPC interactions with HDL

In addition to the pro-atherogenic effects of Ox-PL on cells, there is evidence that the
binding of Ox-PL to HDL can decrease HDL anti-inflammatory and cholesterol transport
functions.** HDL was shown to be a repository for lipid hydroperoxides.*> Hydroxynonenal
(HNE), an oxidized fatty acid, binds to apolipoproteinA | (apoA-I) and regulatesHDL's
cholesterol transport and inflammatory functions.** Since most polyunsaturated fatty acids
in living systems are complexed with phospholipids, it was important to examine the
binding of Ox-PL to apoA-I. Using a biotinylated-sulfoxide anal ogue of 1-palmitoyl-2-
linoleoyl-s+glycero-3-phosphocholine (PLPC), Szapacs et al. demonstrated binding of
several Ox-PL, derived from the biotinylated lipid, to apoA-I at important functiona sitesin
the molecule.*6 These included sites involved in lecithin-cholesterol acyl transferase
(LCAT) binding and activation. It will be important to also determine the effects of covalent
lipid binding on the anti-inflammatory effect of HDL. The importance of oxidized fatty
acids and Ox-PL in regulating HDL function is suggested by studies demonstrating that
D4F, which binds fatty acid oxidation products whether free or esterified to phospholipids,
protects against the pro-inflammatory effects of dysfunctional HDL.11 Overall, Ox-PL can
mediate pro-atherogenic changes of all the cell types examined and inhibits the protective
functions of HDL.

Identifying the receptors and signaling pathways regulated by Ox-PL

In order to develop strategies for inhibiting the effects of oxidized phospholipids, itis
important to identify the most active Ox-PL species and determine their mechanisms of
action. There are anumber of issues that need to be considered when analyzing effects of
Ox-PL. Many studies have been performed using mixtures of oxidized lipids such as mildly
oxidized LDL, Ox-PAPC and Ox-PLPC (oxidized 1-palmitoyl-2-linoleoyl-s*glycero-3-
phosphocholine). Others have used pure molecular species of Ox-PL. Lipid mixtures have
been useful in identifying major processes regulated by Ox-PL, and it is likely that Ox-PL
are presented to cells as mixtures. However, in order to identify particular Ox-PL causing a
given effect on cells, these lipids must be studied in isolation from other oxidized
phospholipids.
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Another issue when testing lipid mixtures or individual lipids is how much lipid should be
used. Thisisadifficult issue because, until recently, methods for determining absolute
levels of these lipids /n vivowere not sufficiently accurate or available. While methods for
measuring free Ox-PL have improved, it isimportant to recognize that many Ox-PL can
covalently bind to proteins and the levels of these bound lipids will not be measured by the
lipid extraction method. In spite of these problems, several papers give levelsthat can guide
studies of mechanism. In more recent studies the levels of individual Ox-PL in
atherosclerotic lesions have been reported to be approximately 1-3uM in human and mouse
lesions.#” The values of Ox-PL in lesions may be considerably higher than these values
because whol e aortic arches were employed in mice and carotid endarterectomy specimens
in humans. A large fraction of these tissues are often not actively engaged in atherogenesis.
In plasma, levels were approximately 10% of those in lesions.*” In another study the
combined values of Ox-PAPC, which bound to CD36 ranged from 5-51uM in plasma.8 In
selecting the appropriate concentration of an individual lipid to employ, one must consider
that in lesions there may be a number of atherogenic Ox-PL that have similar functions.
Therefore it may be necessary to employ higher levels of individual phospholipids to obtain
amaximal response. Also, when using mixtures of Ox-PL, such as Ox-PAPC, the
concentration to be used will be higher than for individual active Ox-PL because some lipids
in the mixture may have low activity.

Two other important issues, the time of treatment and cell type employed, are critical
considerations in deciding on an experimental design. While thisistruefor all cell
treatmentsin general, it is especially true for Ox-PL since they may have opposite effects at
different times after treatment and very different effectsin different cell types. For example
after 4 hours of treatment of endothelial cells with Ox-PL replication isinhibited. However,
after 24 hours angiogenesis is stimulated.?2 The number of genes regulated by Ox-PAPC
after a4 hour treatment of human aortic endothelial cellsis much higher than that seenin
human macrophages treated for the same time with the same concentration (Figure 3).
Whole gene ontology categories regulated by Ox-PL in endothelial cells are not regulated in
macrophages.

A. Ox-PL primary interactions: receptor and non-receptor mechanisms

A number of studies have addressed the question of the primary event regulating the
interaction of Ox-PL with cells. Ox-PL also interact with soluble receptors and this area has
been recently reviewed.19 Cell receptors binding specific Ox-PL or groups of Ox-PL have
been identified (CD363 28, scavenger receptor B1 (SRB1)48, TLR232 49, TLR450-52,
EP253). The PAF receptor, PAF binding, and the internalization receptor transmembrane
protein 30A (TMEM30a) have also been shown to play aprimary role in the action of Ox-
PL.>* %5 The relative roles of these receptorsin the activation of specific pathways may
differ. In addition, recent information suggests that non-receptor-mediated events may be
causal in theinitial response to selected Ox-PL. These include changes to the lipid
composition and fluidity of the plasma membrane subsequent to incorporation of Ox-
PL56-58 and covalent interaction of Ox-PL with cell surface proteins.1”: 32 | dentification of
the primary event in Ox-PL regulation of cells is an important therapeutic goal.

B. Configuration of the Ox-PL ligand

An important consideration in determining the mechanism by which Ox-PL interact with
their receptorsis the configuration of the Ox-PL ligand. Cells likely see phospholipid
oxidation products in membranes, for example the membranes of apoptotic cells or
membrane containing structures like LDL . Studies from the Hazen and Salomon labs® have
produced a model of the configuration of specific phospholipid oxidation productsin
membranes, referred to as the Lipid Whisker model. For these studies, they employed
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vesicles of unoxidized PL containing 5-20mol % of specific Ox-PL. They used NMR
employing nuclear overhauser effect (NOE) to define the configuration of the specific Ox-
PL in membranes. They showed that the addition of polar oxygen atomsto fragmentation
products of arachidonate and linoleate reorients the sn-2acyl chain. This increases the
hydrophilicity of this group causing it to protrude into the agueous phase where the head
group islocated. This contrasts with the sr7-2chain of the unoxidized parent phospholipid
(PAPC), which isburied in the lipid bilayer. The fact that the head group and sn-2fatty acid
oxidation products are both in the aqueous phase may account for the fact that, in some
situations, both are important for recognition. The presence of the fragmentation product in
the agueous phase, rather than buried in the lipid bilayer (as seen with PAPC or 1-
palmitoyl-2-(13(S)-hydroxy-(92,11E)-octadeca-9,11-dienoyl)- sr+glycero-3-phosphocholine
(13-HODE-PC)), enables contact between the receptor and the s7-2position of the ligand
(Figure 4). This same sn-2 configuration was seen with PC- and PE-containing Ox-PL. The
configuration of Ox-PL containing alky! fatty acid at the s7-1 position has not been
determined but the protrusion of the s7-2group into the agueous phase may a so be relevant
for these lipids.

C. Cell surface receptor activation by Ox-PL

There are multiple receptors regulating Ox-PAPC action. Some of these receptors appear to

act alone while others require the presence of receptor complexes. Most of theinitial studies
were done /n vitrobut the importance of some of these receptors in atherosclerosis has been

confirmed /n vivoin mice.

1) CD36—The most well studied receptor for Ox-PL is CD36. The Ox-PL involved in the
binding to CD36 contains fragmentation products of arachidonate and linoleate that contain
aterminal acid or aldehyde. This group of CD36-binding phospholipidsis referred to asa
group of Ox-PC binding to CD36 (Ox-PCcpss).28 Using model phospholipids Gao et a0
showed that a carboxylate tail at the terminal of the sn-2position is most important for
binding and that a.,p unsaturation also plays arole as did chain length and the charge at the
s1-3position.89 Several lysines in CD36 were shown to be required for the interaction with
Ox-PCcp3s. CD36 also binds to oxidation products of docosahexaenoic acid that contains a
terminal acid or aldehyde.61 Knockout of CD36 in mice modestly decreased the
atherosclerosis.%2

2) SRB1—Severad of the Ox-PCcpsg lipids were also shown to bind to SRB1. In general,
the binding to SRB1 showed comparable binding requirements to CD36 but SRB1 had a
lower binding affinity for Ox-PL. Furthermore SRB1 requires longer chains at the sn-2
position for optimal binding.60 The Ox-PCcpag binding site on SRB1 wasidentified and
shown to also be abinding site for HDL. For this reason, treatment of hepatocytes with Ox-
PCcpag blocked SRB1-mediated uptake of cholesteryl esters.%0

3) TLR2 and TLR4—Thereis evidence that TLR2 (Toll Receptor 2)30: 3249 gng
TLR450-52 may act as Ox-PL receptors. TLR2 was involved in the initiation of angiogenesis
by the interaction of carboxyethylpyrrole (CEP)-containing proteins with TLR2.4% CEP-
bound proteins and CEP itself were able to interact with and activate TLR2. In a separate
study arole for TLR2 in the macrophage inflammatory response to Ox-PAPC was
demonstrated.3° Treatment of mouse macrophages with Ox-PAPC caused an increase in
expression of the inflammatory cytokines, and this was not observed in TLR2 null mice.
This effect was stronger for Ox-PAPC lipids (like PEIPC) containing reducible groupsin the
sn-2position and was inhibited by reduction of the lipid with sodium borohydride (NaBHy).
Knockout of TLR2 in mice was shown to cause a general decrease in early atherosclerosis.
However, the major effect was not mediated by bone marrow derived cells.53 It is possible
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that both roles for bone marrow-derived and non-bone marrow-derived effects are important
at different stages of atherosclerosis. TLR4 has arolein Ox-PAPC activation of Hela cells2
and macrophages.®? 51 The binding of Ox-LDL to CD36 mediated increases in chemokines
GRO1, MIP-2 (macrophage inhibitor protein 2) and RANTES (regulated upon activation,
normal T-cell expressed, and secrete) in macrophages. This increase was inhibited when
TLR4 or TLR6 were absent from the macrophages.®! These authors determined that a
complex of CD36 with TLR4 and TLR6 was necessary for this activation and that Lyn
(tyrosine protein kinase Lyn) activation in the complex was also required. The role of Ox-PL
in the Ox-LDL activation was not determined. Dominant negative and antisense
oligonucleotides to TLR4 blocked the effect of Ox-PAPC and POV PC on activation of the
IL-8 promoter in Hela cells.52 Studies of the role of TLR4 have, however, been inconsistent
in human aortic endothelial cells and may depend on the presence of co-receptors. Knockout
of TLR4 in apoE null mice fed a chow diet caused a decrease in early atherosclerosis
without a change in cholesterol levels.5* Some human studies suggest that a TLR4
polymorphism may be associated with atherosclerosis. It may be important in human studies
to examine a combined risk of TLR4 and TLR6 polymorphisms.

4) EP2—The receptors described above all recognize multiple Ox-PL. A more specific
receptor that has been identified is EP2, a prostaglandin and isoprostane receptor. The role
of this receptor in Ox-PAPC action was examined because PEIPC contains an Ejisoprostane
group. Ox-PAPC and PEIPC were shown to bind to EP2 and thisinteraction regulates
monocyte binding to endothelial cells.>3 Prostaglandin E; (PGE,) has been shown to have
an effect on monocyte binding similar to PEIPC. However, EP2 was subseguently shown to
regulate only a small subset of the PEIPC effects on HAEC. These studies have been done
only /n vitroand arole for EP2 should be examined in mouse models.

5) PAF receptor (PAFR)—The most extensively studied Ox-PL are acyl phospholipids
that contain an ester-bonded fatty acid at the sn-1 position of the molecule. However, there
are acomparable number of alkyl oxidized PL with ether bonds at the s7-1 position. Though
the levels of these alkyl Ox-PL are much lower, they are highly potent activators of
leukocyte interaction with endothelia cells and regulators of platelet function. The effects of
these lipids have been shown to be regulated by the PAF receptor.>* There is also evidence
that acyl Ox-PL may bind to the PAF receptor since the effects of Ox-PAPC and POVPC
and several other acyl phospholipids can be inhibited by PAF receptor antagonists.®
Furthermore, WEB2086, a PAF receptor antagonist, decreases atherosclerosisin mice.%°
The fact that a PAF receptor antagonist inhibits the devel opment of atherosclerosis suggests
that alkyl-linked Ox-PL aswell as acyl-linked Ox-PL are important in the early stages of
atherosclerosis.

6) TMEM30a—Severa studies have suggested that phospholipid oxidation products can
cross the plasma membrane. Studies using tagged Ox-PAPC showed its presence in several
cell membrane compartments.56: 67 TMEM30a is a receptor that transports PC- and PE-
containing phospholipidsinto cells. It isfound in the plasma membrane and in membranes
of several cell organelles. /n vivo, PAF-AH (platelet activating factor acetyl hydrolase) was
shown to play only asmall rolein the clearance of PAF and PAF-like alkyl Ox-PL from the
blood, with transport into cells being more important in clearance. PAF and PAF-like lipids
were mainly taken up into cells by TMEM30a.58 K nockdown of TMEM30a reduced the
apoptotic effect of an endogenous alkyl phospholipid oxidation product. It remainsto be
determined if acyl Ox-PL can also be taken up by this receptor or by an alternate receptor. It
would be important to confirm arole for this receptor in atherosclerosisin mice.
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D. Non-Receptor Mechanism

E. Signaling

1) Covalent binding to cell surface proteins—The importance of covalent or strong
interactions with cell surface proteins as regulators of Ox-PL action has received increasing
attention over the last several years. The study discussed above concerning the interaction of
CEP with TLR2 provides evidence that such interactions occur /1 vivoand are important in
the action of Ox-PL.#9 In anumber of diseases, including atherosclerosis, pyrroles have
been shown to accumulate and may serve as disease markers.16

With respect to covalent binding of other Ox-PL to cell surface proteins, the binding of Ox-
PAPE-N biotin (oxidized 1-pal mitoyl-2-arachidonoyl- sr+glycero-3-phosphatidyl - (-
biotinylethanolamine), which has similar activities to Ox-PAPC) to approximately 20
proteins in endothelial cells was reported several years ago.56 Recent studies have shown
that Ox-PAPC can covalently interact with and activate two specific metalloproteinases, a
dysintegrin and metalloproteinase 10 (ADAM10) and a dysintegrin and metall oproteinase
with thrombospondin motifs 4 (ADAMTS4), which are present on the cell surface.l’ This
activation results in an increase in the transcription of pro-inflammatory genesincluding
IL-8 and MCP-1. It would be important to look for covalent binding to ADAM10 and
ADAMTSA /n vivo. A recent review has focused on protein modification by

a dehydophospholipids and its functional consequences.®9

2) Cholesterol depletion and membrane stiffening—Several groups have reported
changes in membrane characteristics when Ox-PL, Ox-LDL or oxysterols are incorporated
into the membrane.%%: 57 A major finding in pig aortic endothelial cellsis an increasein
membrane disorder, increase in cell stiffness and a decrease in the cholesterol content of
caveolar and non-caveolar lipid rafts after exposure of the cellsto Ox-LDL.%6 Although it is
counter intuitive, three pieces of evidence suggest that cholesterol depletion has occurred in
lipid rafts of these endothelial cells after treatment with Ox-LDL. First, the distribution of
raft markersis changed. Second, Ox-LDL exposure causes physical changesto the
membrane consistent with cholesterol loss. Third, the effects of Ox-LDL can be mimicked
by cholesterol depletion with methyl-B-cyclodextrin (MBCD).%6 One possible cause of this
effect on membrane structure is an insertion of oxysterolsinto the membrane. Another
mechanism may relate to the observation that incorporation of Ox-PL into lipid monolayers
results in monolayer expansion and subsequent loss of Ox-PL from the monolayer, thereby
changing monolayer characteristics.?” In HAEC, Ox-PAPC causes caveolar cholesterol
depletion and an increase in sterol regulatory element binding protein (SREBP) activation.?8
Exposing HAEC to cholesterol reversed the effect of Ox-PAPC on IL-8 induction. Thereis
also /n vivo evidence for a decrease in membrane cholesterol in atherogenic conditions.
First, in apoE null mice fed a high cholesterol diet, thereis a decrease in endothelial
caveolae on the cell surface.”? Second, SREBP is activated in areas of human atherosclerotic
lesions where inflanmatory cells are present.?8 Taken together, these studies suggest that
changes in cholesterol and in the fluidity of membranes where signaling molecules are
present may lead to an increase in gene expression and other changes to endothelial cell
function in response to Ox-PL. A study in human lesions examining the endothelial
expression of several genes controlling cholesterol levels would clarify the role of
cholesterol in regulating different stages of the disease.

A number of signaling pathways have been shown to be activated by Ox-PL. Changesin
second messenger occur as early as 2 minutes after treatment, and secondary signals may be
sustained for many days. For some signaling events the entire process from the receptor to
the downstream function has been identified. In other cases only part of the pathway has
been determined. Since various parts of the pathway are potential drug targets, we have
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presented both complete and incompl ete pathways. Some signaling studies have been done
with Ox-LDL and may or may not apply to effects of oxidized phospholipids since Ox-LDL
contains both sterol and phospholipid oxidation products. Therefore, we have only included
Ox-LDL studies where the receptor or signaling pathway is aso known to be activated by
oxidized phospholipids.

1) Macrophages
Foam cdll formation: CD36 is recognized to play amajor rolein foam cell formation.

Originally CD36 was thought to be a scavenger receptor and not a signaling receptor. It is
now recognized that CD36 activation by Ox-PCcp3g lipids has important signaling
functions that affect both foam cell formation and platelet activation. The ability of Ox-
PCcp3s to stimulate foam cell formation was shown to relate to a stimulation of endosomal
vesicle trafficking.”! This pathway involves the rapid activation of Lyn followed by the
activation of VAV family of guanine nucleotide exchange factor (VAV) proteins that are
known to be involved in receptor ligand endocytosisin other cell types. These VAV proteins
constitutively interact with dynamin2. Upon activation of CD36, dynamin is phosphorylated
and the dynamin/VVAV complex moves from the plasma membrane to the perinuclear area.
Thereisalso an increase in Ca2* entry into the cells that increases endocytosis and provides
positive feedback in the process.

CD36

A secondary pathway regulated by C-Jun N-terminal kinase (INK) phosphorylation also
appears to be important since INK null mice have decreased foam cell formation /n vitroand
in vivo. 1t will now be important to examine the importance of this pathway in a mouse
model of atherosclerosis and determine if this pathway is activated in human lesions.

Increasein cytokine expression: TLR2 was found to be involved in the pro-inflammatory
Ox-PAPC response in macrophages, including induction of cyclooxygenase 2 (COX2),
IL-1B, MIP-2 and keratinocyte chemoattractant (K C).30 The response to high molecular
weight species of Ox-PAPC, such as PEIPC, was blunted in bone marrow derived
macrophage (BMDM ) from TLR27- mice as compared to wild type mice. P38 and JINK are
phosphorylated in wild type but not TLR2 knockout macrophages, suggesting that these
proteins are involved in the pro-inflammatory response. The induction of the pro-
inflammatory genes did not involve activation of NFxB (nuclear factor kappa-light-chain-
enhancer of activated B cells). Studies cited above®3 suggest that macrophage TLR2 is not
involved in atherosclerosis. However, there may be compensatory mechanismsin the TLR2
knockout mice. An examination of the pathways identified by Kadl et al. in macrophages
from TLR2 WT mice might help to resolve the question of whether macrophage TLR2 is an
important regulator of atherosclerosis.

Ox-PL activation of the PAF receptor with alkyl Ox-PL was shown to increase chemokine
synthesis in both monocyte and neutrophils. Treatment with Ox-PL increased the levels of
MIP-1 (macrophage inhibitor protein 1), MIP-2, and MCP-1. Levels of leukotriene B4
(LTB4), another monocyte chemotactic factor, were also increased.31 72 The induction of
MCP-1 synthesis was shown to require both NFxB activation and Ca2*/calcineurin signaling
pathways. A dose response study comparing the effects of alkyl and acyl Ox-PL on
chemokine synthesis by macrophages would suggest the relative roles of the PAF and TLR2
receptors.
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One of the most important chemotactic factors for monocytesin atherosclerosisis MCP-1.
MKP1 (mitogen activated protein kinase phosphatase 1) is highly and rapidly induced by
Ox-PAPC and plays an important role in Ox-PAPC induction of MCP-1 in endothelial cells
and macrophages.’3 The exact mechanism controlling this regulation is not known.
However, knockout of MKP1 in apoE null mice fed a chow diet for 24 weeks caused a
major reduction in levels of MCP-1 in plasma and also a decrease in the size of
atherosclerotic lesions.”3 A microarray study on the effect of MKP1 might aid in the
understanding of the regulatory effect on this molecule.

Apoptosis: Ox-PL stimulates macrophage apoptosis and play an important rolein the
uptake of apoptotic cells by macrophages. CD36 and TLR2 play important roles in the
ability of Ox-PAPC to facilitate apoptosis in connection with the unfolded protein response
(UPR).32 In cells with either CD36 or TLR2 knockout, the effect of Ox-PAPC on apoptosis
was strongly inhibited. A TLR2/TLR6 heterodimer was necessary for this response. Ox-
PAPC could be delivered either as free molecules or in combination with Lp(a), which
carries Ox-PAPC in plasma. Ox-PAPC was not the only lipid that accel erated apoptosis.
They observed that reactive oxygen species (ROS) were increased in Ox-PAPC-treated cells
activation of NADPH oxidase 2 (NOX?2) was necessary for ROS formation and the
apoptotic response. The response did not develop in cells from NOX2 null animals. ERK/
MAPK (extracellular-signal-regulated kinases/mitogen activated protein kinase) activation
was necessary for Ox-PAPC-induced increases in ROS and apoptosis.

OxPAPC — CD36/TLR2 — ERK/MAPK" — NOX2"+UPR — apoptosis

Macrophage apoptosisin advanced lesions of TLR2/TLR4 deficient mice was decreased.
The relevance of this pathway in human lesions should be examined by staining human
lesions for NOX2 and ERK activation in apoptotic macrophages. TLR4 was mainly
responsible for apoptosis of macrophages undergoing efferocytosis due to Ox-PAPC
treatment.”#In HL-60 cells (a pre-myelocytic cell line) treated with hexadecylazelaoyl PC
(HAz-PC) (an alkyl phospholipid as opposed to the acyl phospholipids used for the previous
study) apoptotic death was shown to be increased by affecting mitochondrial integrity.”®
This effect depended on uptake by TMEM30a. It will be important to determine whether
TMEM30ais expressed in human macrophages undergoing apoptosis.

The uptake of apoptotic cells by macrophages has also been shown to be regulated by Ox-
PL. Several groups have shown that during apoptosis macrophages produce Ox-PL .14 27. 76
This Ox-PL is present on the surface of the apoptotic cells and contributes to their uptake by
macrophages. PS-containing Ox-PL are more active than PC-containing phospholipids,
however both are reactive. CD36 is strongly involved in the binding and uptake of apoptotic
cells expressing Ox-PS/PCcpse. 13 14 The uptake of apoptotic cells by CD36 has the
potential to be anti-atherogenic, while the uptake of lipid into foam cellsis pro-atherogenic.
The combination of these two functions may explain why CD36 knockout does not have a
more robust effect in decreasing atherosclerosis. It would be interesting to use a CD36
inhibitory peptide to test effects of the receptor at different stages of atherosclerosis.

2) Platelet Activation and Thrombosis—Both the CD36 and PAF receptor were
shown to play arolein platelet hypersensitivity to agents causing platel et aggregation. CD36
interaction with Ox-PCcp3sg or Ox-LDL was shown to be involved in the hypersensitivity of
hyperlipidemia.l* The signaling pathway by which platelets are activated by Ox-LDL
interaction with CD36 has many similaritiesto the regulation of foam cell formation by Ox-
LDL.”7 CD36 engagement of Ox-LDL increased the activity of Fyn as shown by Fyn
phosphorylation. Thisled to interaction of Fyn with VAV 1 and phosphorylation of VAV 1.
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Mice with deletion of VAV 1 and VAV 3 did not show platelet hypersensitivity. The exact
mechanism by which VAV proteins affect platelets has not been identified. Previous studies
have also shown that INK activity is necessary for platelet hypersensitivity. Effects of a
platelet specific knockout of VAV 1 would clarify the issue of the direct involvement of
platelet VAV in hypersensitivity.

The PAF receptor also contributes to early stages of platelet hypersensitivity. Thereis
evidence that platelets can be activated by ether-containing oxidized phospholipids, one of
which is HAz-PC.#2 Treatment of platelets with HAz-PC leads to a priming of platelet
activation to a sub-threshold level of thrombin, collagen and ADP. This |leads to surface
expression of P-selectin and an increase in calcium flux, which leads to platelet aggregation.
Low levels of HAz-PC (10"’M) could induce this response, which was abolished at higher
concentration. The effects of HAz-PC were reversed by PAFR antagonist WEB2086. A
number of ether lipid oxidation products were effective and the effect did not correspond to
chain length. The authors of this study speculate that, as more ligands binding CD36
accumulate in the vessel wall, CD36 becomes the dominant receptor mediating
hypersensitivity.

Transcription of at least three proteins important in thrombosis is regulated by Ox-PAPC.
Thrombomodulin down-regulation was shown to be regulated by a decrease in transcription
mediated by decreased binding of retinoic acid receptor (RAR), retinoid X receptor (RXR),
specificity protein 1 (Spl) and specificity protein 3 (Sp3) to elementsin the TM promoter.’8
This decrease in binding was mostly due to decreased levels of these transcription factorsin
the nucleus. Ox-PAPC also strongly increases the levels of tissue factor mMRNA.7 This
occurs by activation of PKC, which then activates ERK within 10 minutes of Ox-PAPC
treatment. ERK was shown to activate the transcription factor EGR1, which then bindsto
the TF promoter. NGFI-A binding protein 2 (NAB2) overexpression, which inhibits EGR1
activation, inhibited the effect of Ox-PAPC on tissue factor mRNA. 1-palmitoyl-2-glutaryl-
srglycero-3-phosphocholine (PGPC) but not POV PC mimicked this effect. Vascular
endothelia growth factor receptor (VEGFR2) activation by Ox-PAPC aso mediates ERK
phosphorylation. Furthermore, SIRNA to VEGFR2 inhibited the induction of tissue factor by
Ox-PAPC.80 This suggests that VEGFR2 is the receptor mediating the pathway involved in
EGR1 (early grown factor response protein 1) regulation of tissue factor.

OxPAPC — VEGFR2* — PKC — ERK® — EGR1 — Tissue Factor

A second pathway of Ox-PAPC regulation of tissue factor also involved Ox-PAPC
activation of calcium entry into the cells, which then leads to nuclear factor of activated T
cells (NFAT) tranglocation and binding of NFAT to the TF promoter.”Cyclosporin, which
inhibits NFAT binding, decreased the effect of Ox-PAPC.

OXPAPC — Increased Calcium — NFATcyt — NFATnuc — Tissue factor

Immunohistochemical staining of human lesions for the activation of these pathways would
provide evidence for their potential role in human atherosclerosis.

Ox-PL containing aterminal 9 carbon aldehyde or carboxylic acid, but not those containing
a5 carbon aldehyde or those derived from Ox-PAPC, inhibit the activity of isolated TFPI
(tissue factor protein inhibitor, which inhibits the activity of tissue factor).8! The mechanism
inhibiting the activity was direct binding to the active TFPI domains. Thus, procoagul ant
activity is promoted by Ox-PL regulation of multiple cell-associated proteinsin the
coagulation pathway.
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3) Endothelial Cells—A large number of endothelial cell functions are regulated by a 4
hour treatment of HAEC with Ox-PAPC. Analysis of HAEC microarrays from 150 donors
demonstrated a significant regulation of more than 1000 genes with at least 600 regulated in
each individual donor. These genes can be divided into 11 major categories of endothelial
cell function.2 It is clear that multiple pathways are involved in Ox-PAPC regulation of
different groups of genes. In addition, Ox-PAPC affects important endothelial functions
independent of transcription. Ox-PAPC rapidly activates monocyte binding to the
endothelial cells and has arapid effect on endothelia barrier properties independent of gene
regulation. There is aso regulation of endothelia function by pyrroles formed by Ox-PL.
Thus, the endothelium is amajor target of Ox-PL.

Transcription Independent Regulation

a) Monocyte Binding: Two major monocyte binding molecules on EC have been identified:
vascular cell adhesion molecule-1 (VCAM-1) and the connecting segment 1 (CS-1) region
of fibronectin, both of which bind monocyte integrin a481. VCAM-1 binding plays an
important role in binding of monocytesto EC in mouse and rabbit atherosclerosis. However,
VCAM-1 does not appear to play amajor rolein monocyte entry in large vessel endothelial
cells of human lesions, although it isincreased in small vessels of the adventitiain human
lesions.82 In mice, a CS-1 blocking antibody inhibits monocyte endothelial interactions by
approximately 30%, while a blocking antibody to VCAM-1 inhibits binding by 70%.83 The
effect of Ox-PAPC on EC/monocyte interactions in HAEC involves increased deposition of
an aternate splice form of fibronectin, which includes the CS-1 peptide.8 Interaction of Ox-
PAPC and PEIPC with the EP2 receptor on endothelial cells has been shown to regulate
monocyte binding to HAEC. Thisinteraction causes an increase in cyclic adenosine mono-
phosphate (CAMP), which increases R-Ras activation in part by first increasing and then
strongly inhibiting H-Ras activation. The activation of R-Ras |eads to activation of
phosphoinositide 3 kinase (PI3K) which leads to activation of asf; integrin. Activation of
thisintegrin on the EC causes the deposition of the CS-1 peptide on the cell surface. The
CS-1 depositsin patchesin the areas of the cell where monocyte binding is observed.

PEIPC — EP2" — protein kinase A (PKA) — RRas*, HRas — PI3K* — a5} — CS1/Fn

Staining of carotid endarterectomy samples confirmed the presence of CS-1 on large vessel
endothelium in areas of monocyte entry and alack of an increasein VCAM-1 in these areas.

b) Monolayer Barrier Regulation: The monolayer barrier (involving EC/EC interaction) is
regulated by adherens and tight junctions. Low concentrations of Ox-PAPC (5-20p.g/ml)
increased the EC monolayer barrier function while higher concentrations (25-100.g/ml)
reversibly decreased barrier function.24 25 PEIPC (but not POV PC or PGPC) was able to
mimic the Ox-PAPC effect to increase barrier function (JB, KB — unpublished data);
whereas POV PC and PGPC exclusively decreased barrier function.2 Enhancement of barrier
function involved activation of Racl and Cdc42, which then caused peripheral redistribution
of focal adhesions, increased association of adherens junction complex containing VE-
cadherin, a/ply catenin, and stimulated paxillin — B-catenin interactions.?> Low dose Ox-
PAPC, via activation of Rap-1, enhances interactions between adherens junctions and tight
junction proteins.8® These Ox-PAPC-induced associations were mediated by the Rap1-
effector afadin, which promotes interactions between adherens junction protein p120-catenin
and tight junction protein zona occludens 1 (ZO-1).8% Low concentrations of Ox-PAPC also
induced Racl- and p120-catenin-dependent peripheral accumulation and activation of Rho
negative regulator, p190RhoGA P, which prevented endothelial monolayers from thrombin-
induced barrier compromise viainhibition of Rho activity?4 86 (Figure 5A). Thus the
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increase in barrier function seen with low dose Ox-PAPC can be attributed to changesin
several GTPase proteinsincluding Rac-1, Cdc42 and Rap-1.

Decreased barrier function in response to high dose Ox-PAPC also involves changes to both
adherens and tight junctions. At early times after treatment with high dose Ox-PAPC, VE-
cadherin, akey protein in maintaining barrier function, becomes highly phosphorylated in
response to Src tyrosine kinase activation.2> ROS also contribute to this phosphorylation.
VE-cadherin hyperphosphorylation leads to a dissociation of V E-cadherin interactions with
B-catenin and paxillin, VE-cadherin disappearance from cell-cell contacts and
internalization.2> These early changes could be reversed by ROS inhibitors. At later times,
after high dose treatment with Ox-PAPC, there was also an increase in Rho activation,
which isknown to decrease barrier function. Rho activation increases myosin light chain
(MLC) phosphorylation by inhibiting myosin phosphatase activity?* and induces F-actin
rearrangement from the cell periphery to stress fibers. These events trigger actomyosin
contraction and a formation of gaps between the cells. Although high Ox-PAPC doses did
not cause immediate Rho activation, increased Rho activity was observed after 30 min of
high Ox-PAPC treatment, via VEGFR2 activation.2* Activation of Rho signaling by
vascular endothelial growth factor (VEGF) has previously been shown to cause breakdown
of endothelial monolayer permeability.87 In addition to the weakening of adherens junctions,
high dose Ox-PAPC led to breakdown of tight junctions and decreased occludin expression
at mRNA and protein levels. High dose Ox-PAPC also increased occludin phosphorylation,
which is known to decrease tight junction interactions.88 These changes in occludin could be
reversed by inhibiting the formation of ROS induced by high dose Ox-PAPC (Figure 5B). A
phospho-proteomic study has identified a large number of filament associated proteins
phosphorylated in response to high dose Ox-PAPC.8°

These effects of high and low dose Ox-PAPC on endothelial barrier function have been
reported in the cultures of pulmonary and aortic EC?4 25, aswell asin /n vivomodels of
lung barrier dysfunction.30 9 These data strongly suggest that the pathways described here
may contribute to atherosclerotic changes in vascular endothelial barrier function and
accumulation of lipoproteins. It will be important to examine the presence of these pathways
in early human lesions and to correlate this with staining for oxidized lipids.

Transcription Dependent Regulation

a) Regulation of antioxidant enzymes by Ox-PAPC: Treatment of endothelial cellswith
Ox-PAPC rapidly leads to induction of alarge number of genes protecting against ROS,
including hemeoxygenase | (HO-1), genes regulating glutathione metabolism and
thioredoxins.2! NRF2 (nuclear factor (erythroid derived) like 2) activation appearsto play a
major rolein the Ox-PAPC regulation of a number of these genes and knockdown of NRF2
strongly decreases the effect of Ox-PAPC on these genes.2l 91 The mechanism of NRF2
activation by Ox-PAPC is not certain but thereis evidence that lipid electrophiles, like 15-
deoxy-21214_prostaglandin J, (15dPGJy), can directly modify Keapl leading to NRF2
activation.92 A number of Ox-PL contain electrophilic groups that have the potential to
modify Keapl. Another mechanism of NRF2 activation involves casein kinase 2 (CK 2).93
Once activated NRF2 then binds to the anti-oxidant response element (ARE) in the promoter
region of the target genes, increasing transcription. For hemeoxygenase 1(HO-1), the effect
of NRF2 knockdown is variable from 30-70% decrease. Several pathways of HO-1
regulation have been described. In HAEC amajor role for the plasma membrane electron
transport (PMET) system in HO-1 induction by Ox-PAPC was described.94 This system is
involved in moving electrons into and out of cells. Major proteinsin the PMET complex are
eNOX1 (ecto NADPH oxidase 1) and NQO1 (NAD(P)H dehydrogenase, quinone 1). With
Ox-PAPC treatment the PMET system is activated and thereis atransfer of electrons from

Circ Res. Author manuscript; availablein PMC 2013 August 31.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Leeetal.

Page 15

anintracellular source (e.g. NADPH) to an outside extracellular acceptor such as oxygen.
This electron loss from the cells decreases the overall levels of NADPH in the cell, leading
to anincrease in ROS, activation of NRF2, and an increase in HO-1. Knockdown of a
PMET protein, eNOX1, inhibited Ox-PAPC activation of NRF2 and HO-1 gene expression.

OxPAPC — PMET (e, — eour) — NADPH |— ROS — NRF2* — HO1

Another pathway of HO-1 activation by Ox-PAPC involved activation of CREB
downstream of protein kinases A and C, P38 and ERK.% There was binding of CREB to an
ARE element in the HO-1 promoter. Thus, induction of HO-1 and other redox proteins by
Ox-PAPC islikely regulated by multiple pathways, and different pathways may be
important in different cell types. Several studies have shown that the signal transduction
pathway upregulating anti-oxidant genesis distinct from those regulating inflammatory or
pro-coagulant molecules.! Overexpression of several of these anti-oxidant genes decreases
atherosclerosis in mice. Thus selective activation of the anti-oxidant pathways might provide
aprotective strategy in atherosclerosis.

b) UPR (Unfolded protein response): A prominent response to Ox-PAPC in HAEC isthe
activation of the UPR response.2%: 21 The UPR response has also been shown to be activated
in both endothelial cells and macrophages of atherosclerotic lesions.20 In endothelial cells
al three arms of the UPR are activated by a4 hour treatment of HAEC with Ox-PAPC.%
The mRNA levels of activating transcription factor 3 (ATF3) and activating transcription
factor 4 (ATF4) areincreased as early as 1 hour after treatment. The UPR response, while
protective at low levels can, at higher levels, lead to an increased inflammatory response and
cell death, accelerating atherosclerosis. The mechanism of UPR activation by Ox-PAPC and
HNE in endothelial cells has been the subject of several studies but a consensus has not yet
emerged. In particular, the role of redox regulation of UPR is still unresolved. In human
umbilical vein endothelial cells (HUV EC) the Ox-PAPC-dependent increasein ATF4 was
dependent on NRF2 binding to an ARE in the ATF4 promoter.22 However, in HAEC the
ability of Ox-PAPC to induce transcription of ATF4 was not affected by inhibiting NADPH
oxidase 4 (NOX4), the major generator of ROS in response to Ox-PAPC.%7 HNE induction
of UPR also involves depletion of glutathione. However, glutathione depletion did not cause
UPR activation, measured as X-box binding protein 1(XBP-1) activation.®® These authors
suggested that direct binding of HNE to UPR proteins was likely responsible. One candidate
for Ox-PAPC regulation of UPR came from studies of 150 endothelial donors, examining
both untreated and treated HAEC.%° These studies revealed a genetic hotspot controlling the
transcription of seven UPR-associated genesin treated cells and 33 genesinvolved directly
or indirectly in the UPR response in untreated cells. The nearest gene to this hot spot was
USP16 (ubiquitin specific peptidase 16). Knockdown of USP16 blocked the increase in
these genes. Though previously unrecognized as a UPR regulator, this gene may be an
important contributor to the UPR response in human patients. More studies will be
necessary to resolve the important question of the mechanism of UPR regulation by Ox-PL.

c) Sterol Regulation: Asdescribed above Ox-PL induce lipid raft cholesterol depletion and
SREBP activation.?8: 58 This effect is not observed until approximately 1 hour after
treatment but is sustained for at least 18 hours, and it likely playsarolein long term IL-8
induction. There is evidence that cholesterol depletion is mediated by ROS formation, both
in response to VEGFR? activation8? and in response to uncoupling of endothelial nitric
oxide synthase (eNOS) that occurs upon eNOS rel ease from caveolae. 1% The eNOS
uncoupling is a feed-forward mechanism that likely results in sustained SREBP activation.
Studies on Ox-LDL suggest that cholesterol depletion can also result directly from
incorporation of oxysterols into membranes.56Using other cell types and inducers, it was
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observed that activation of the UPR caused activation of SREBP.191 However, in HAEC,
inhibition of several branches of the UPR did not affect the Ox-PAPC-induced increase in
LDLR or the decrease in ABCA1.96 |t will beimportant to determine the stages at which
cholesterol depletion plays arolein altered endothelia function in atherosclerosis and
whether at some stages there is actually an increase in endothelia cell cholesterol.

d) Regulation of inflammatory cytokines: One of the earliest gene responses to Ox-PAPC is
an increase in cytokine synthesis. In contrast to inflammatory mediators lipopolysaccharide
(LPS) and tumor necrosis factor (TNF), induction of cytokine synthesisis sustained for at
least 12 hoursin response to Ox-PAPC. Furthermore, induction of cytokines by Ox-PAPC
does not involve activation of NFxB. Different pathways likely control the early and late
cytokine responses to Ox-PAPC in endothelia cells.

EGFR (epidermal growth factor receptor): One pathway regulating the early induction of
cytokines involves the ability of Ox-PAPC to activate specific metalloproteinases causing
the release of active receptor tyrosine kinase ligands. Activation of the metalloproteinases
ADAM10 and ADAMTS4 was shown to lead to an increasein IL-8 synthesisin response to
Ox-PAPC.17 Metalloproteinase activation leads to release of active HBEGF (heparin
binding epidermal growth factor), which then binds, with the EGFR to induce IL-8
synthesis. A pathway downstream of the EGFR, involving Src, Jak and Stat activation of
MCP-1 transcription has been previously identified.192 This same pathway was involved in
Ox-PAPC induced IL-8 transcription.193 Thus the following pathway is proposed.

OxPAPC - ADAM"* — HBEGF* — EGFR" — JAK2" — STAT3" — IL8

Using microarray analysis ADAM 10 knockdown inhibits regulation of 30% of the Ox-
PAPC response genes.1” One mechanism of this metalloproteinase activation may involve
binding of Ox-PAPC to freethiols of cysteine residues. Free thiolsplay an important role in
activation of some metalloproteinases. PEIPC, a bioactive component of Ox-PAPC, contains
an electrophilic a,p unsaturated enone group fatty acid that readily forms Michael adducts
with free thiols.104

VEGFR2: Animportant role for VEGFR2 activation in regulating several important
pathways of Ox-PAPC action in HAEC was reported.8 Inhibition of VEGFR2 activation
decreased induction of inflammatory, sterol synthesis and thrombotic genes by Ox-PAPC.

VEGFR2 activation requires Src activation, which may be a primary event or a necessary
component of the activation complex. Downstream of VEGFR2, Racl is activated, and
ultimately a NOX4 complex is formed that produces ROS.97 Inhibition of NOX4 prevents
induction of cytokines and genes of sterol regulation.

UPR regulation of cytokine synthesis: It isimportant to recognize that some of the Ox-
PAPC effects considered protective can also be pro-inflammatory. For example, specific
UPR proteins stimulate the inflammatory response.% Knockdown of UPR proteins strongly
decreased basal expression and Ox-PAPC induction of interleukin 8 (IL-8), interleukin 6
(1L-6) and MCP-1.96 Knockdown of XBP-1 was most effective, causing a 90% decrease in
both basal and Ox-PAPC induction of cytokines. Thus UPR knockdown does not target
cytokine induction by Ox-PAPC specifically but would have an overall negative effect on
cytokine levels. The mechanism of this regulation is still not certain. In another study, the
UPR pathway was shown to regulate IL-8 induction by HNE.% In this case inhibition of the
UPR with overexpression of ATF6 decreased HNE induction of 1L-8 but not basal levels.
These studies suggest a general relationship between UPR and cytokines, but the signal
transduction pathway controlling this regulation has not been identified.
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Sterol Regulation of IL-8 induction: As described above, Ox-PAPC leads to activation of
SREBP.58 SREBP activation was shown to lead to an increase in IL-8 synthesis. An SRE
(sterol regulatory element) was identified in the IL-8 promoter. When this element was
deleted, Ox-PAPC-induced IL-8 synthesis was strongly decreased. MBCD, which causes
cholesterol depletion, induces IL-8, while cholesterol loading inhibits Ox-PAPC induction
of IL-8.

In addition to the pathways discussed above, we obtained evidence that Ox-PAPC and
PEIPC caused activation of PPAR alpha and Wy14643 (a PPAR alpha activator) increased
IL-8 and MCP-1.105. 106 However, in HAEC, knockdown of PPAR alpha only marginally
decreased |L-8 induction. Taken together, these studies suggest a number of pathways
regulate the early and sustained induction of cytokines by Ox-PAPC in HAEC. The current
data suggest that at early times receptor tyrosine kinases may play an important role. At later
times UPR and SREBP may be most important. In order to effectively inhibit Ox-PAPC
induction of cytokine expression in endothelial cells, it will likely be necessary to inhibit
several pathways of cytokine regulation.

€) Angiogenesis. Angiogenesisis arelatively late effect of Ox-PAPC and is regulated by
several pathways. A recent study has shown that pyrroles, such as CEP, are recognized by a
Toll-like receptor 2/Toll-like receptor 1 (TLR2/TLR1) complex and can lead to
angiogenesis.*? Many proteins containing CEP and CEP itself can activate TLR2/TLRL.
Knockout of TLR2 but not CD36 or SRB1 inhibited the effect of CEP on angiogenesis. This
pathway requires the presence of MY D88 (myeloid differentiation primary response gene
(88)) and activation of NFxB. NFxB activation mediates Rac activation, followed by
activation of integrin interactions with fibronectin. A similar pathway of angiogenesis
occurs during development.107

CEP — TLR2/TLR1 — MyD88" — NF«B* — Rac* — Integrin/FN — angiogenesis.

A number of studies demonstrated that Ox-PAPC inhibits NFxB activation in response to
bacterial products and does not activate NFxB.1: 2 However, CEP which is a product derived
from Ox-PAPC stimulates NFxB activation, demonstrating the ability of specific lipid
products to mediate opposite effects on TLR signaling pathways. A separate pathway of
angiogenesis was described involving NRF2.22 In this study a4 hour treatment of
endothelial cellswith Ox-PAPC increased the levels of vascular endothelial growth factor A
(VEGFA), and overnight exposure led to an increase in angiogenesis. Thisincreasein
VEGFA was shown to be regulated by NRF2 activation of ATF4. An NRF2 binding element
was identified in the ATF4 promoter, and an ATF4 binding site was observed in the VEGFA
promoter.

OxPAPC — NRF2* — ATF4 message+protein — VEGFA.

Taken together, these two studies suggest a complex regulation of angiogenesis by several
pathways. It would be valuable to examine levels of VEGFA vs. activated NFxB in
angiogenic vessels of human lesions.

4) Smooth Muscle Cells

Phenotypic Switching and Smooth Muscle Replication: Lesswork has been done
documenting the effects of Ox-PAPC on smooth muscle cells. However, there are major
pro-atherogenic effects on the smooth muscle phenotype. These changes include loss of
smooth muscle markers, an increase in matrix synthesis and an increase in replication. In
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atherosclerotic lesions, SMC in the intimalose marker proteins myosin heavy chain (MHC)
and a.-actin3® and increase matrix synthesis.3? Treatment of SMC with Ox-PAPC or POVPC
caused a strong suppression of the synthesis of mMRNA for major SMC proteins a-actin,
MHC and myocardin. This suppression was shown to be regulated by activation of
ELK-1108 and increased synthesis of KLF4 (transcription that requires SP-1).3° These two
proteins formed a complex on the promoter that led to recruitment of HDACs inhibiting
transcription.

POVPC>ERK1*>ELK1* — aactin promoter>HDACS binding.
POVPC/PEIPC (SP1) KLF4.

Ox-PAPC, and two of its constituents, POV PC and PEIPC, also caused an increase in the
synthesis of collagen V111, fibronectin, laminin and versican. KLF4 transcript levels were
strongly increased by Ox-PAPC, and knockdown of KLF4 strongly inhibited matrix
synthesis in response to Ox-PAPC. Furthermore, increased binding of KLF4 to the promoter
region of the collagen 8 gene was demonstrated by CHIP assay. Evidence was also
presented that Sp1, a known regulator of KLF4, played arolein Ox-PAPC regulation of
matrix proteins since knockdown of Spl inhibited KLF4-mediated mRNA increasesin
matrix proteins. KLF4 isamolecule previously shown to regulate phenotypic switching in
smooth muscle cells and levels were increased in SMC of atherosclerotic lesions. In
response to Ox-PAPC, there was also an an increase in the gene expression of MCP-1 and
monocyte chemotactic protein 3 (MCP-3) in these SMC. Severa pathways have been
demonstrated to increase SMC proliferation in response to Ox-PAPC and its components.
POV PC was demonstrated to activate galactosyl transferase-2 (GALT2) to produce
lactoxylceramide (LacCer) 109, LacCer then activates Nox increasing superoxide and
causing activation of P21 Ras which leads to an increase in c-fos and proliferating cell
nuclear antigen (PCNA).

POVPC/OXxPAPC — GALT2" —1 LacCer — Nox™ — P21Ras” — Mapk™ —7 cFos —71 PCNA.

SMC phosphorylation of cnx43 has also been shown to increase SMC replication, and Ox-
PAPC was shown to increase this phosphorylation.#: 110 Thus Ox-PL have a profound pro-
atherogenic effect on SMC, causing phenotypic switching, cell replication, and increased
production of inflammatory molecules.

Apoptosis. In human smooth muscle cells 10uM POV PC was shown to cause apoptosis as
measured after 10 hours of treatment.#! This apoptotic effect was initiated by activation of
acid sphinomyelinase, resulting in the conversion of sphingomyelin to ceramide. Ceramide
activates the phosphorylation of INK and P38 MAPKSs, which have been shown to activate
caspase 3 and apoptosis. SMC apoptosis is an important characteristic of human lesions. A
better understanding of the pathways of apoptosis could be important in stabilizing the
vessel wall.

Metabolism of Ox-PL

Thereis considerable evidence that formation of oxidized phospholipids in atherosclerotic
lesions can be initiated enzymatically. This likely occursin tissues rather than in the blood,
since levels of Ox-PL in tissues are significantly higher than levels found in plasma.l: 2
Several enzymes have been shown to generate Ox-PL, including 12/15 LO and
myeloperoxidase. Incubation of macrophages overexpressing 12/15 L O increased the
formation of Ox-PL, and knockout of 12/15 LO in mice caused a 50% reduction in
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atherosclerosis. 10 The importance of hematopoetic cells as the source of 12/15 LO was
shown in bone marrow transplantion studies.111 An important role for myeloperoxidasein
generating bioactive Ox-PL was shown by using isolated enzyme and comparing
macrophages from normal and MPO-deficient patients.® Furthermore MPO transgenic mice
had increased atherosclerosis.112 The levels of MPO were increased in human lesions and
levels of MPO in plasma were shown to predict the presence of CAD.? While MPO-
generated Ox-PL likely play an important role in the regulation of atherosclerosis, other
products of MPO activity are likely also important.® Clinical trials of MPO or 12/15 LO
inhibitors should be considered. It would be useful to know which type of macrophages are
producing MPO in atherosclerosis since it might be possible to specifically target these and
avoid problems with infections that would come from targeting macrophages in general.

There are a number of enzymes that can degrade Ox-PL and have the potential to impact
atherosclerosis. There are at |east three enzymes in plasmathat can hydrolyze the s#2
position of Ox-PL: PAF-AH, certain subtypes of phospholipase A, (PLA5) and LCAT.2In
cell culture hydrolysis of Ox-PAPC decreases transcriptional regulation of several genes.113
However, the enzyme used for some of these studies was different from hydrolases found in
mouse or human plasma. These studies should be repeated with more appropriate enzymes
and unesterified lipid oxidation products should be synthesized and tested. In spite of the
ability of PAF-AH to hydrolyze Ox-PL there is evidence that thisis not a major mechanism
for the regulation of PAF or PAF-like Ox-PL levelsin plasma, since clearance of PAF from
plasma was unchanged in PAF-AH null mice and Ox-PL could competitively block this
clearance.11* A major mechanism of removal of ether-containing Ox-PL from plasmais
uptake by the phospholipid transfer protein TMEM 30a discussed above.%8: 114 Nonethel ess,
thereis clear evidence that levels of PAF-AH can predict the development of CAD in
humans. However, to date, PAF-AH inhibitor has not had a consistent positive effect on
CAD in humans. While the major effect of LCAT istrans-esterification of cholesteral, it can
also hydrolyze Ox-PL. The /n vivoeffects of LCAT on Ox-PL are controversial, with some
studies demonstrating increased levels of Ox-PL in the absence of LCAT and others
demonstrating an inhibition of oxidation by L CAT.2 Secretory phospholipase A (SPLA)) V,
one of the most active phospholipases in the hydrolysis of lipoprotein phospholipids,
promotes the inflammatory response in mice, probably by remodeling LDL to aform more
rapidly taken up by scavenger receptors. The studies on PLA, have recently been
reviewed.11® In summary some of the PLA, may serve as markers of CAD, but to date an
increase in the activity of these molecules in humans has not been shown to negatively
impact in CAD. Thus, more specific inhibitors are needed in order to make firm conclusions
about the effects of SPLA,. A better understanding of the relative effects of PLA, on effects
of Ox-PL /n vitroand on mouse atherosclerosis will help to clarify which of these molecules
should be targeted in human trials.

In addition to hydrolysis of Ox-PL as a potential protective mechanism, oxidized fatty acids
containing aldehydes and epoxides such as PEIPC and POV PC can be metabolized by
adose reductase (AR)116; while Ox-PL containing hydroperoxide groups such as 9-
hydroperoxy eicosatetraenoic acid (9-HPETE) can be metabolized by glutathione
peroxidases.117-119 Somewhat surprisingly, in cultured macrophages the metabolic product
of AR (1-palmitoyl-2-(5)-hydroval eryl-sr+glycero-3-phosphorylcholine (PHVPC)) was
shown to increase the inflammatory response 10-100 fold as compared to only a 2-3 fold
response to POV PC.120 However, atherosclerosis was higher in AR null/apoE null mice than
in mice null for apoE alone.12! These authors carefully examined the relationship between
levels of PAF-AH and levels of AR in regulating the macrophage response to POV PC.120
They determined that inhibitors of AR were more effective than inhibitors of PAF-AH in
blocking the inflammatory response in macrophages. Thus, they conclude that /n7 vivothe
relative levels of PAF-AH and AR may be important in determining the effects of inhibitors
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of these two molecules on atherosclerosis. Taken together these studies point out important
considerations in targeting enzymes that metabolize Ox-PL. Two other mgjor enzymes
involved in the metabolism of Ox-PL have glutathione peroxidase activity and are able to
reduce phospholipid hydroperoxides to hydroxides: glutathione peroxidase 4 (GPX4) and
peroxiredoxin 6 (PR6). PR6 has a PLA, aswell as a peroxidase activity.117 The ability of
both of these enzymes to use Ox-PL as substrates has been verified.11® Overexpression of
GPX4 in apoE null mice was shown to reduce lesion formation and to decrease the
complexity of more advanced lesions.}19 The ability of PR6 to reduce the size of
atherosclerotic lesions has also been reported, however, the effect is very dependent on the
strain tested. Overall, because of their effects on atherosclerosisin mice, the molecules that
metabolize Ox-PL have promise as therapeutic targets.

Conclusions

The preponderance of studies demonstrates that Ox-PL is present in human and mouse
atherosclerotic lesions and contribute to lesion formation. The amount of Ox-PL in lesionsis
sufficient to cause pro-atherogenic effects on cellsin culture, and some of the pathways
identified /n vitro as regulated by Ox-PL are also activated in human or mouse lesions and
effect atherosclerosis. Levels of Ox-PL and of MPO in blood of patients predict
development of CAD. Furthermore injection of F(ab) fragments of antibodies to Ox-PL
inhibit the development of atherosclerosisin mice.122 These studies suggest that Ox-PL can
be both a marker and therapeutic target for CAD. Thus, the studies discussed hereand in
earlier reviews, identify a number of novel therapeutic targets (receptors and enzymes),
signaling pathways, and Ox-PL-lowering approaches to confront the atherogenic effects of
Ox-PL. They are briefly summarized below.

Based on studies in mice, one of the most effective strategies might be to ater levels of Ox-
PL with antibodies to these lipids. These results suggest that Ox-PL vaccination would
potentially protect against atherosclerosis. HDL has been shown to be able to bind Ox-PL
but its cholesterol transport function is compromised. Another strategy is employing
synthetic molecules that retain the Ox-PL binding function of HDL without altering the
protective effects of HDL. D4F, an HDL mimetic peptide, is an example of this approach.
Another possibility isto alter synthesis and/ or degradation of Ox-PL. Studiesin miceand in
humans suggest that inhibitors of MPO and 12/15 L O, both of which increase Ox-PL levels,
may have atherapeutic potential. Another strategy is to increase enzymes that degrade Ox-
PL. However, recent studies suggest that it will be important to determine the activity of the
lipids after treatment with various PL A, enzymes and reductases. In addition the relative
importance of theindividual enzymesin lowering levels of active Ox-PL and atherosclerosis
need to be clarified.

Invitroand /in vivo studies over the last 5 years have identified receptors and signaling
pathways that could be targets to inhibit the pro-atherogenic effects of Ox-PL (Fig 6). These
studies have made it clear that multiple receptors and signaling pathways can regulate one
response such as angiogenesis. Therefore it may be necessary to target more than one
receptor or signaling pathway. A striking finding of the recent studies is the importance of
receptor complexesin many of the actions of Ox-PL. Several of these complexes contain
TLRsand CD36. Studies in mice demonstrate that targeting of TLR2 and 4 reduces some
aspects of atherosclerosis but some effects are limited to early stages. Because TLRs aso
protect against bacterial infection, it will be important to target inhibitors to atherosclerotic
lesions. The importance of covaent binding of Ox-PL to proteins has emerged as an
important aspect of their mechanism of action. It may be possible to inhibit covalent binding
with compounds such as n-acetyl cysteine which can covalently bind Ox-PL and reduce
many pro-atherogenic effects /n vitro. In addition it is apparent that Ox-PL alter the lipid raft

Circ Res. Author manuscript; availablein PMC 2013 August 31.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Leeetal.

Page 21

fraction and these changesin lipid rafts may contribute to the mechanisms of Ox-PL action.
A better understanding of the mechanisms by which Ox-PL alter membrane composition
will define important targets in this pathway. In general, in choosing receptors and pathways
to target, it will be important to gain more understanding of the stages of atherosclerosis
regulated by these receptors and pathways. Studiesin mice at both early and late stages and
studies of signaling pathways in human lesions will be very helpful in this process.

In employing inhibitors to target the pro-atherogenic effects of Ox-PL it isimportant to
recognize that Ox-PL can also have protective effects. For example, PEIPC at low
concentrations protects endothelial barrier function. Ox-PAPC increases the levels of anti-
oxidant enzymes, binds to complement factor H to inhibit inflammation and can under some
circumstances promotes cell survival by inducing UPR and related pathways. However,
some aspects of the UPR, such as effects on inflammation and apoptosis, can be pro-
atherogenic making it important to gain a better understanding of the regulation of the major
UPR responses in atherosclerosis. In general, at least some of the protective effects of Ox-
PL are mediated by different signaling pathways from the atherogenic effects. It will be
important to determine which Ox-PL lipid, which receptors and which signaling pathways
promote atherogenesis and which are protective. With knowledge of the protective and the
pro-atherogenic effects of Ox-PL in different vascular cell types, it should be possible to
design experiments to test the effect of inhibition of specific pathwaysin specific cell types
on the development of atherosclerosisin mice.

It also may be possible to identify individuals most likely to benefit from Ox-PL inhibition.
Using endothelial cells from 150 heart transplant donors we have determined that there are
major differences in the effects of Ox-PAPC in different individuals.?1- % We have
identified several genes that control aspects of this sensitivity. We a so have data suggesting
differencesin sensitivity in macrophages from different individuals (AJL, unpublished
observation). From these studies it may be possible to identify polymorphisms that effect
susceptibility to Ox-PL and would indicate individuals who might most benefit from
reduction in Ox-PL levels or signaling.
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Abbreviations

12/15LO 12/15-lipoxygenase

12S-HETE 12S hydroxyeicosatetraenoic acid

13-HODE-PC 1-palmitoyl-2-(13(S)-hydroxy-(9Z,11E)-octadeca-9,11-dienoyl)-
srrglycero-3-phosphocholine

15dPGJ; 15-deoxy-21214_prostaglandin J,

9-HPETE 9-hydroperoxy eicosatetraenoic acid

GPX4 glutathione peroxidase 4

ADAM10 adysintegrin and metalloproteinase 10

ADAMTHA adysintegrin and metall oprotei nase with thrombospondin motifs 4

ADP adenosine diphosphate

AlF apoptosis inducing factor

Apo-Al apolipoprotein Al

AR aldose reductase

ARE antioxidant response element

ATF3, ATF4 activating transcription factor 3, -4

BMDM bone marrow derived macrophage

CAD coronary artery disease

cAMP cyclic adenosine mono-phosphate

CD11B cluster of differentitation 11b antigen
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CD1a, CD1b, CD1C cluster of differentiation 1 antigens
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CD36 cluster determinant 36

CEP 2 (w-carboxyethyl)pyrrole

CK2 casein kinase 2

COX-2 cyclooxygenase 2

CRP C-reactive protein

Cs1 connecting segment 1

EGFR epidermal growth factor receptor

EGR1 early grown factor response protein 1

eNOS endothelial nitric oxide synthase

EP2 E-type prostaglandin receptor

Erk/MAPK extracellular-signal -regulated kinases/mitogen activated protein
kinase

GRO1 GROL1 oncogene

HAEC human aortic endothelial cells

HAz-PC Hexadecylazelaoyl PC

HBEGF heparin binding epidermal growth factor

HDL high-density lipoprotein

HNE hydroxynonenal

HO-1 hemeoxygenase 1

HOHA-PC 1-palmitoyl-2-(4-hydroxy-7-oxohept-5-enoyl)- s+glycero-3-
phosphocholine

HOOA-PC 1-palmitoyl-2-(5-hydroxy-8-oxooct-6-enoyl)-s+glycero-3-
phosphocholine

HUVEC human umbilical vein endothelial cells

IL-1B Interleukin 1 beta

IL-6 interleukin 6

IL-8 interleukin 8

JNK C-Jun N-terminal kinase

KC keratinocyte chemoattractant

KLF4 Krueppel-like factor 4

KOdiA-PC 1-palmitoyl-2-(7-carboxy-5-oxo-hept-6E-enoyl)- sr+glycero-3-
phosphocholine

LCAT lecithin-cholesterol acyl transferase

LDL low-density lipoprotein

LP(a) lipoprotein(a)

LPS lipopolysaccharide
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LTB4

Lyn

M1, M2and MO
MBCD

MCP-1, MCP-3
MHC

MIP-1, MIP-2
MKP-1

MLC

MPO

MYD88

NaBH4

NFAT

NfxB

NOX2, NOX4
NQO1

NRF2

Ox-LDL
Ox-PAPC
OxPAPE-N-biotin

Ox-PC
Ox-PCcp3s
Ox-PL
Ox-PLPC
Ox-PS
PAF
PAF-AH
PAPC

PC

PGPC

PE
PEIPC

PGE,
PHVPC
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leukotriene B4

tyrosine protein kinase Lyn

M1, M2 and MO macrophages

methyl-B-cyclodextrin

monocyte chemotactic protein 1, -3

Myosin heavy chain

macrophage inhibitor protein 1, -2

MAP kinase phosphatase 1

myosin light chain

myeloperoxidase

myeloid differentiation primary response gene (88)

sodium borohydride

nuclear factor of activated T cells

nuclear factor kappa-light-chain-enhancer of activated B cells
NADPH oxidase 2, -4

NAD(P)H dehydrogenase, quinone 1

nuclear factor (erythroid derived) like 2

oxidized low-density lipoprotein

oxidized 1-pamitoyl-2-arachidonyl-s*glycero-3-phosphocholine

oxidized 1-palmitoyl-2-arachidonoy!- sr+glycero-3-phosphatidyl-
(N-biotinylethanolamine)

oxidized PC-containing phospholipids

agroup of Ox-PC binding to CD36

oxidized phospholipids

oxidized 1-palmitoyl-2-linoleoyl- sr+glycero-3-phosphocholine
oxidized PS-containing phospholipids

platelet activating factor

platelet activating factor acetyl hydrolase
1-palmitoyl-2-arachidonyl- s+glycero-3-phosphocholine
phosphatidylcholine

1-palmitoyl-2-glutaryl- sr+glycero-3-phosphocholine
phosphatidylethanolamine

1-palmitoyl-2-(5,6-epoxyisoprostane E,)-s+glycero-3-
phosphocholine

prostaglandin E,
1-palmitoyl-2-(5)-hydroval eryl- sr+glycero-3-phosphorylcholine
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PLA,
PLPC
POVPC
PR6

PS
RANTES
RAR
ROS
RXR
SMC
Spl

Sp3
sPLA,
SRB1
SRE
SREBP
TFPI
TLR2, 4
™
TMEM30a
TNF
UPR
Vav
VCAM-1
VEGFA
VEGFR2
XBP-1
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phospholipase A,

1-palmitoyl-2-linol eoyl- sr+glycero-3-phosphocholine
1-palmitoyl-2-(5-oxoval eroyl)-sn-glycero-3-phosphocholine
peroxyredoxin 6

phosphatidylserine

regulated upon activation, normal T-cell expressed, and secreted
retinoic acid receptor

reactive oxygen species

retinoid X receptor

smooth muscle cells

specificity protein 1

specificity protein 3

secretory phospholipase A,

scavenger receptor B1

sterol regulatory element

sterol regulatory element binding protein

tissue factor protein inhibitor

Toll-like receptor 2 or Toll-like receptor 4
thrombomodulin

transmembrane protein 30A

tumor necrosis factor

unfolded protein response

Vav family of guanine nucleotide exchange factor
vascular cell adhesion molecule-1

vascular endothelial growth factor A

vascular endothelial growth factor receptor

X-box binding protein 1
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Ox-PL lipids. PC = 1-acyl-2-lyso-s#glycero-3-phosphatidylcholine. Only the sn7-2position
composition is shown for al Ox-PL except those forming an ether bond at the s7-1 position.
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Figure2.
Interaction of Ox-PL lipids with proteins. Examples of three different types of interactions
are shown. Only the composition of the sr7-2position is shown.
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Gene EC_Ox50 Mac_0x50
HAECs Macrophage symbol (fold) (fold)
1 DUSPL 19.1 3.7
2 SQSTM1 8.7 15
3 IL8 9 3.1
4 HMOX1 8.7 4
804 5 OKL38 86 2.2
6 oxcL3 55 21
7 HSPALA 54 16
g FOSL2 4.9 2.2
354 312 9 PMAIPL 4.9 12
10 GCLM a8 34
11 TRIM16 43 2.1
P SLC7ALL 41 34
3 TNIP3 3.9 4.2
14 DDIT4 37 26
15 CREM 36 L9
16 AKR1CZ 35 8.3
17 AKRICL 34 3.7
18 HSPALB 34 2.4
19 DSCR1 33 16
20 ZNF323 32 38

Figure 3.

Comparison of the effect of Ox-PAPC treatment (50.g/ml for 4 hours) on gene regulation in
human endothelial cells and human macrophages. A list of the top 20 genesin the overlap

category is shown.
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PA-PC KOdiA-PC OvV-PC 13-HODE-PC
H
y G

Figure4.

Lipid Whisker Model of the conformation of PAPC, 1-palmitoyl-2-(7-carboxy-5-oxo-
hept-6E-enoyl)- sr+glycero-3-phosphocholine (KOdiA-PC), POV PC and 13-HODE-PC
within membranes. An arrow points to the s7-3and head group positions of KOdiA-PC.
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A. Barrier-protecitve mechanisms stimulated by low doses of OxPAPC
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B. Barrier-disruptive mechanisms stimulated by high doses of OXPAPC

Signal transduction pathways leading to Ox-PAPC regulation of endothelial monolayer
barrier function. (A) Effects of low concentrations that strengthen the barrier.(B) Effects of
higher but non- toxic concentrations that breakdown the barrier.
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Part 1

Part 2

Figure6.
Model of Ox-PL regulation of atherosclerosis:
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(A) Early Lesions

(1) LDL entersthe vessel wall and is oxidized by MPO and 12/15 L O to form oxidation
products including Ox-PAPC. Low doses of Ox-PAPC decrease the permeability of the EC
monolayer by forming adherens junctions. Higher levels of Ox-PAPC cause a strong
increase in monolayer permeability due to junction breakdown and stress fiber formation,
resulting in increased entry of LDL into the vessel wall. (4) Ox-PAPC binds to the E-type
prostaglandin receptor (EP2) receptor, causing deposition of CS-1 Fibronectin on the apical
surface which binds monocytes. (5) Ox-PAPC activates specific a dysintegrin and
metalloproteinases (ADAMS) to cause release of active HBEGF and activation of epidermal
growth factor receptor (EGFR), leading to IL-8 and MCP-1 synthesis. (6) Ox-PAPC also
activates VEGFR?2, leading to IL-8 and MCP-1 synthesis. (7) These chemokines facilitate
entry of monocytes into the vessel wall. (8) Ox-PL acting on TLR2, TLR4/6/CD36 and
PAFR cause some monocytes to differentiate into M1 macrophages producing chemokines.
(9) Ox-PAPC causes differentiation of some macrophages into Mox, which have high levels
of anti-oxidant enzymes and lower chemokine synthesis. (10) Ox-PAPC causes
differentiation of some monocytes into dendritic cells with impaired presentation of lipid
antigens. (11) Macrophages further oxidize LDL to form Ox-LDL. Ox-PC¢cpsg acting on
CD36 in the presence of Ox-LDL causes foam cell formation.

(B) Advanced Lesions.

(2) Inthe presence of Ox-PAPC and PAF-like lipids, macrophages make: Interleukin 1 beta
(IL-1B) and RANTES. These chemokines and a direct effect of Ox-PAPC on SMC cause
migration and proliferation and matrix production of SMC. These SMC cover the foam cells
that accumulate under the endothelium. The interaction of Ox-PAPC with CD36/TLR2 and
with UPR activators and the interaction of PAF-like lipids with TMEM 30a cause
macrophage apoptosis. (4) Ox-PS/PCcpsg in the apopotic cell membrane bind to CD36 in
macrophages, leading to macrophage uptake of the apoptotic cells. (5) Some apoptotic
fragments stimulate EC to make IL-8, an angiogenic cytokine. (6) CEP activation of TLR2/
TLR1 causing integrin activation and Ox-PAPC acting to increase VEGFA cause
angiogenesis of adventitial vesselsinto the mediaand intima. (7) C-reactive protein (CRP)
and Ox-PAPC interacting with CD36 stimulates macrophage production of
metalloproteinase. This weakens the plague and can lead to plague rupture. (8) Ox-PAPC
activation of VEGFR2 increases tissue factor synthesis in the endothelium. Ox-PAPC aso
causes and increases in Serpin B2 and a decrease in thrombomodulin. Ox-PCcp3sg acting on
CD36 and PAF-like lipids acting on PAFR cause increased aggregability of platelets.
(Hlustration Credit: Ben Smith).
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Ox-PL sn-2position common and [UPAC names, references for identification/synthesis and characterization

Sn-2 Common Name

Sn-2 lUPAC Name

Identified / Synthesized

NMR / M S characterization

ov 5-oxovaleroyl 123 123,124
G glutaryl 123 123
HOOA 5-hydroxy-8-oxooct-6-enoyl 125, 126 125
HOHA 4-hydroxy-7-oxohept-5-enoyl 127,128 127
KOdiA 7-carboxy-5-0xo-hept-6E-enoyl 129 129
12-HETE 12(S)-hydroxyei cosatetraenoyl 43, 130, 131 130, 131
13-HODE 13(S)-hydroxy-(92,11E)-octadeca-9,11-dienoyl | 132, 133 124, 133
El 5,6-epoxyisoprostane E, 134-136 134
LGE, levuglandin E; 137 137
8-isoPGE, 8-isoprostaglandin E, 138 138
Az O-(9-carboxyoctanoyl) 139 139
9-HPETE 9-hydroperoxyei cosatetraenoyl| 140 140
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Table 2

Pro- and anti-atherogenic properties of oxidized phospholipids (Ox-PL)

Pro-ather ogenic:

Cell Type Protein Regulated Function Reference
HAEC IL-8, MCP-1, Gro a&p Inflammation 21
Mouse macrophage IL-18, MIP-1, MIP-2, LTB4, RANTES | Inflammation 30,31
Rat aorta SMC MCP-3, MCP-1, VEGF Inflammation 38

HAEC CS-1 fibronectin Inflammation 84
HAEC, HPAEC Rho, VE-Cadherin EC Barrier function 24,25
HAEC TF, TM, Serpin2 Thrombosis 21,78, 79
Mouse/human platelets | Hyperreactivity Thrombosis 8,42

Rat SMC KLF4, collagen, FN SMC replication/fibrosis | 38, 39
Mouse macrophage VAV, dynamin Foam Cell formation 71

Mouse macrophage UPR potentiation Apoptosis 32

HL60 Mit integrity Apoptosis 75
HUVEC NfxB/integrin Angiogenesis 49
HUVEC VEGFA Angiogenesis 22
Anti-ather ogenic or Mixed Effects:

Cell Type Protein Regulated Function Reference
HAEC Junction proteins Barrier function 85, 86
HAEC HO-1, NQO1, GCLM Anti-Oxidant 2,21
Human macrophage HO-1, GCLM Anti-Oxidant 2,21
HAEC UPR activation Can be anti-apoptotic 20,21
HAEC Inhibitors of DNA replication Anti-apoptotic 1,21
Mouse macrophage Uptake of apoptotic cells Inhibit inflammation 14, 27,76
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