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Abstract

The oxidation hypothesis of atherosclerosis proposes that oxidized LDL is a major causative factor

in the development of atherosclerosis. Although this hypothesis has received strong mechanistic
support and many animal studies demonstrated profound atheroprotective effects of antioxidants,
which reduce LDL oxidation, the results of human clinical trials with antioxidants were mainly
negative, except in selected groups of patients with clearly increased systemic oxidative stress. We
propose that even if reducing lipoprotein oxidation in humans might be difficult to achieve, deeper
understanding of mechanisms by which oxidized LDL promotes atherosclerosis and targeting
these specific mechanisms will offer novel approaches to treatment of cardiovascular disease. In
this review article, we focus on oxidized cholesteryl esters (OXCE), which are a major component
of minimally and extensively oxidized LDL and of human atherosclerotic lesions. OxCE and
OxCE-protein covalent adducts induce profound biological effects. Among these effects, OXCE
activate macrophages via toll-like receptor-4 (TLR4) and spleen tyrosine kinase and induce
macropinocytosis resulting in lipid accumulation, generation of reactive oxygen species and
secretion of inflammatory cytokines. Specific inhibition of OXCE-induced TLR4 activation, as
well as blocking other inflammatory effects of OxCE, may offer novel treatments of
atherosclerosis and cardiovascular disease.

Introduction

Low-density lipoprotein (LDL), which gradually accumulates in the vascular wall in humans
and in hypercholesterolemic animal models, is highly susceptible to oxidative damage due to
its complex lipid-protein composition and a large number of polyunsaturated fatty acyl
(PUFA) chains. Strong evidence for the presence of oxidized LDL (OxLDL) in human
atherosclerotic lesions provided a scientific rationale for the “oxidation hypothesis of
atherosclerosis,” stating that OXLDL is a major causative factor in the development of
atherosclerosis [1, 2]. This hypothesis generated widespread enthusiasm for antioxidants as a
therapeutic approach to delay the development of atherosclerosis and reduce the incidence of
cardiovascular events. Indeed, many animal studies demonstrated profound atheroprotective
effects of various antioxidants [2]. However, the results of human clinical trials with
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antioxidants were mainly negative, except in selected groups of patients with clearly
increased systemic oxidative stress, such as patients on hemodialysis or diabetics with
haptoglobin 2-2 genotypes associated with higher hemoglobin-mediated oxidative stress
[3-5].

If reducing lipoprotein oxidation in the vessel wall is difficult to achieve in the majority of
human populations, can deleterious effects of OXLDL be contained? In our opinion, deeper
understanding of the biological effects of OXLDL and its components may identify specific
targets for future therapy, offering better focused and, potentially, personalized treatment of
cardiovascular disease (CVD).

We and others focus on inflammatory responses to OXLDL because inflammation in
atherosclerotic lesions is believed to be a major contributor to plaque vulnerability to
rupture, which causes acute cardiovascular and cerebrovascular events. The concept of host-
derived, damage-associated molecular patterns (DAMPS) helps understand why OxLDL
becomes inflammatory [6]. It appears that DAMPs share structural motifs with microbial
pathogen-associated molecular patterns and activate pattern-recognition, innate immune
receptors. Ensuing inflammatory responses can be harmful if unconstrained and prolonged,
such as in atherosclerosis, a life-long, chronic inflammation of large arteries leading to
CVD. OxLDL epitopes detected in human vulnerable plaques by specific antibodies become
increasingly more prominent as lesions progress and rupture [7]. These epitopes are
particularly prominent in advanced coronary and carotid lesions in macrophage-rich areas,
lipid pools, the necrotic core and in ruptured plaques. The presence of OXLDL in clinically
relevant human lesions provides a strong rationale to use OXLDL epitopes as biomarkers in
plasma and as a molecular imaging target in atherosclerotic plaques for clinical applications.

Among OXLDL components, oxidized phospholipids (OxPL) and oxysterols were the major
focus of much research in the field, resulting in identification of molecular structures,
receptors and signaling pathways leading to inflammatory responses in vascular cells [8-13].
Less attention was given to oxidized cholesteryl esters (OxCE). In this article, we review
studies of OXCE, with the goal to describe remarkable features of CE oxidation and OxCE-
activated pathways and responses and to demonstrate the importance of containment of
OxCE-induced inflammation in atherosclerosis.

Cholesteryl ester oxidation and its prevalence in atherosclerotic plaque

Cholesterol esterified with a fatty acyl chain is the form in which cholesterol is transported
within LDL from liver to the periphery and stored in lipid droplets inside the cell. Even
though CE reside in the hydrophobic core of LDL, CE with PUFA chains are readily
oxidized, via enzymatic and free radical mechanisms. Inducers and mechanisms of LDL
oxidation have been extensively investigated and reviewed elsewhere [14]. These include
reactions catalyzed by 12/15-lipoxygenase (12/15-LO), myeloperoxidase, nitric oxide
synthases and NADPH oxidases, as well as those mediated by transition metals, heme and
hemoglobin [15]. Several studies suggest that CE is a preferential substrate for 12/15-LO
[16, 17]. In an in vitro reaction of LDL oxidation by rabbit 15-LO, a close homolog of
human 15-LO and mouse 12/15-L0O, even when the LDL particle was loaded with free
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linoleic acid, cholesteryl linoleate constituted the major 15-LO substrate [16]. Remarkably,
intracellular OXCE hydrolysis and subsequent incorporation of an oxidized fatty acyl chain
into PL often is the source of OXPL in the cell [17]. The authors used wild type and 12/15-
LO-deficient murine peritoneal macrophages and radioisotope labeled cholesteryl linoleate
and cholesteryl arachidonate to demonstrate that both intracellular CE and the CE in LDL
are effectively oxidized by macrophage 12/15L0 and that the oxidized fatty acyls originated
in OXCE can then be found as part of OxPL molecules.

Specific 12/15-LO products of CE oxidation can be further oxidized in free radical-mediated
reactions, forming numerous and complex isoprostane OXCE products, with up to 6 oxygen
atoms inserted in the molecule of cholesteryl arachidonate [18, 19]. Only the PUFA chain of
the CE undergoes oxidation, whereas the sterol remains unmodified. Prominent among these
polyoxygenated CE products were molecules with a bicyclic endoperoxide group [18, 19],
such as cholesteryl (9,11)-epidioxy-15-hydroperoxy-(5.2,13 £)-prostadienoate shown in Fig.
1 (abbreviated as BEP-CE for the presence of bicyclic endoperoxide and hydroperoxide

groups).

Importantly, specific OXCE molecules first identified in test-tube oxidation reactions were
also found in cellular systems, in vascular lesions of experimental animals and in plasma and
atherosclerotic plagues isolated from human CVD patients. Cholesteryl
hydroperoxyoctadecadienoate (HPODE) was a major oxidized lipid in LDL incubated with
activated human monocytes [20]. Cholesteryl HPODE can further decompose to form
cholesteryl 9-oxononanoate (9-ON), a core aldehyde, which was found in human
atherosclerotic lesions and can react with e-aminogroup of lysines and form covalent
adducts with proteins [21], particularly in small, dense LDL under oxidative conditions [22].

Earlier studies estimated that 2% of total CE and 30% of cholesteryl linoleate are oxidized in
human plaques [23, 24]. A recent study employing advanced mass spectrometry techniques
identified many OXCE species in human atherosclerotic lesions and quantified that, on
average, 23% of cholesteryl linoleate, 16% of cholesteryl arachidonate and 12% of
cholesteryl docosahexaenoate were oxidized [25]. In another mass spectrometry study,
OXCE comprised from 11% to as much as 92% of the CE-PUFA pool in human plaques
[26]. Among cholesteryl arachidonate oxidation products, BEP-CE was detected in human
plasma from CVD patients and in human atherosclerotic lesions [27], as well as in
experimental studies with hypercholesterolemic mice and zebrafish [6, 28]. Admittedly, it is
difficult to establish if OXCE in human atherosclerotic plaque are mainly associated with
lipoproteins retained in the extracellular matrix or reside intracellularly. Human
atherosclerotic lesions contain OXCE not only in a free lipid form, but also as covalent
adducts to proteins, including apoB-100, as detected with a monoclonal antibody raised
against proteins modified with cholesteryl 9-ON [29].

effects of OxCE

It was noticed that OXLDL inactivates PDGF, and cholesteryl HPODE, likely forming
covalent adducts with PDGF, was identified as a lipid in OXLDL responsible for this effect
[30]. Hydrogen peroxide and short fatty acid hydroperoxides did not inactivate PDGF.
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Cholesteryl HPODE also inactivated bFGF and TFG-f but not EGF [30]. Both cholesteryl
HPODE and cholesteryl 9-ON activated PKC and ERK1/2 in endothelial cells and resulted
in expression of connecting segment-1 and enhanced adhesion of monocytes to endothelial
cells [31]. Cholesteryl 9-ON induced expression of both TFG-p and TGF-p receptor type |
in human U937 promonocytic cells, the effect mediated by ERK1/2 and potentially involved
in sustaining vascular remodeling in atherosclerosis [32]. Cholesteryl HPODE was the active
component of moderately oxidized LDL that activated PPARa-dependent expression of
CD36 in human monocyte-derived macrophages, whereas PL-esterified HPODE and 7-
ketocholesterol did not produce this effect [33].

There is a mechanism to detoxify OXCE in circulation, which involves CETP-mediated
exchange of OXCE between LDL and HDL [34] and selective uptake of HDL-associated
OXCE by liver via an SR-Bl-mediated mechanism [35]. The selective uptake of OXCE was
2-3 fold higher compared with selective uptake of non-oxidized CE, and high-cholesterol
feeding of rats significantly decreased OXCE uptake by liver parenchymal cells but
dramatically increased OXCE uptake by Kupffer cells [35].

OxCE activation of TLR4/MD-2

Work from our laboratory demonstrated that minimally oxidized LDL (mmLDL), produced
by LDL oxidation with 15-LO-expressing cells, induced profound cytoskeleton changes in
macrophages, including actin polymerization, cell spreading, membrane ruffling and
macropinocytosis [36, 37] (Fig. 2). Macropinocytosis resulted in robust uptake of OxLDL,
mmLDL and native LDL by macrophages and foam cell formation. Moreover, mmLDL
induced PLCy, PKC and NOX2 dependent ROS production, which regulated expression of
RANTES (CCL5), IL-1B and IL-6 [38]. Expression of MCP-1 (CCL2), TNFa, MIP-2
(CXCL2) and MIP-1a (CCL3) was induced by mmLDL in a NOX2-independent manner
[38]. The mmLDL-induced expression of cytokines was also mediated by ERK1/2 and JNK
phosphorylation of FOS and JUN, and synergized with NF-xB activation induced by low-
dose LPS [39, 40].

OxCE was identified as an active component in mmLDL responsible for the majority of
mmLDL effects [27, 28, 37], and 15-LO-oxidized cholesteryl arachidonate reproduced many
of mmLDL effects [28]. mmLDL also bound to CD14 [36], a receptor that binds bacterial
lipopolysaccharide (LPS) and presents it to TLR4/MD-2. The mmLDL binding to CD14
implied the involvement of TLR4/MD-2 in mmLDL effects. Indeed, 7/r4 mutant and 7/r47~
primary macrophages failed to respond to mmLDL or OxCE [27, 36, 37]. OxCE induced
MD-2 recruitment to TLR4 and TLR4 dimerization [27]. Interestingly, MyD88, a TLR4
adaptor which mediates the majority of LPS effects, minimally contributed to macrophage
responses to mmLDL. Instead, spleen tyrosine kinase (SYK) was identified as a kinase,
which was recruited to TLR4 and mediated the majority of mmLDL- and OxCE-induced
effects in macrophages [37, 38, 40] (Fig. 2). This dichotomy between LPS- and OxCE-
mediated TLR4 responses attests, in addition to the pattern-recognition character of TLR4,
to the TLR4 biased agonism, or functional selectivity. This emerging concept in the field of
G-protein-coupled receptors (GPCR), explaining the instances when different ligands of the
same receptor preferentially activate one signaling pathway over another, integrates new
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discoveries showing multidimensionality of GPCR signaling rather than the linear spectrum
of GPCR responses [41, 42]. More work is needed to understand mechanisms responsible
for biased agonism in TLR4 signaling and its implications for the development of chronic
inflammatory diseases.

In the TLR4/MD-2 receptor complex, MD-2 is an LPS-binding receptor, which provides a
hydrophobic pocket for five of the six saturated fatty acyl chains of LPS. The sixth fatty acyl
forms a hydrophobic interaction with the phenylalanines of TLR4 of a different TLR4/MD-2
pair, and phosphate groups of LPS contribute to receptor multimerization by forming ionic
interactions with a cluster of positively charged residues in TLR4 and MD-2 [43]. In this
LPS-induced receptor complex, the intracellular TIR domains of two molecules of TLR4
dimerize and recruit adaptor molecules, which initiate signaling cascades, resulting in robust
inflammatory responses [43].

MD-2 has a B-cup fold structure composed of two antiparallel B sheets forming a
hydrophobic pocket, with positively charged residues located near the opening rim of the
pocket [43, 44]. The hydrophobic pocket accommaodates fatty acyl chains of LPS, and
positively charged residues at its opening bind negatively charged phosphate groups of LPS.
In the molecule of cholesterol, a hydrocarbon chain together with the steroid form an
elongated hydrophobic structure, which may dock in the hydrophobic pocket of MD-2, and a
hydroxyl group linked to the other side of the steroid may stabilize cholesterol at the
positively charged entrance to the pocket. Indeed, we found that MD-2 binds cholesterol
[45]. MD-2 exists in cell-surface-expressed and soluble forms, and soluble MD-2 is found in
human blood plasma. Upon LPS binding, soluble MD-2 associates with cell surface-
expressed TLR4 and activates it [46]. We demonstrated the presence of cholesterol
associated with soluble MD-2 in human plasma and in mouse atherosclerotic lesions [45]. It
is unlikely that unesterified cholesterol binding to MD-2 activates TLR4. However, both
LPS and, importantly, OxCE-modified BSA compete with cholesterol for MD-2 binding
[45]. Future structural studies will test the hypothesis that the polyoxygenated fatty acyl
chain in BEP-CE and/or components of OxCE-protein conjugates provide additional
interaction surfaces, which, in combination with cholesterol anchoring in the MD-2
hydrophobic pocket, provide sufficient interfaces for OxCE-induced TLR4 dimerization,
which was observed experimentally [27].

Conclusions

Compared with OxPL, little is known about inflammatory and atherogenic effects of OXCE.
Yet, OXCE are a major component of OxLDL and atherosclerotic lesions. Oxidation of CE,
particularly by 12/15-LO, may contribute to the formation of OxPL. Atherogenic and
inflammatory responses to OXCE include monocyte adhesion to endothelial cells, CD36
expression, production of ROS, expression of inflammatory cytokines, and macrophage lipid
accumulation. Cholesterol binds to MD-2 and this likely explains that OXCE activates
macrophages via TLR4/MD-2. Better understanding of mechanisms by which specific
OxCE moieties induce inflammatory responses in vascular cells may pave the way to new
therapies to reduce atherosclerosis burden and treat CVD. Additional studies are required to
demonstrate whether, similar to the wide use of OxPL in biomarker and molecular imaging
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applications [47], detection of OXCE in blood and atherosclerotic plaques will be effective
as diagnostic and prognostic tool.
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12/15-LO  12/15-lipoxygenase

9-ON 9-oxononanoate
CE cholesteryl esters
CVvD cardiovascular disease

DAMPs damage-associated molecular patterns
HPODE hydroperoxyoctadecadienoate

LDL low-density lipoprotein

MD-2 myeloid differentiation-2

mmLDL  minimally oxidized LDL

OxCE oxidized CE

OxLDL oxidized LDL

OxPL oxidized phospholipid
PUFA polyunsaturated fatty acid or acyl
TLR4 toll-like receptor-4
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Highlights

. Oxidized cholesteryl esters (OXCE) are a major component of atherosclerotic
lesions

. OXCE and OxCE-protein adducts induce profound biological effects

. OXCE induce atherogenic, TLR4- and SYK-dependent macrophages
responses

. Blocking inflammatory effects of OXCE may suggest novel atherosclerosis
therapy

Biochim Biophys Acta. Author manuscript; available in PMC 2018 April 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Choi et al.

Page 11

cholesteryl
arachidonate

(o]
<

12/15-LO | free radicals

BEP-CE

Figure 1. Oxidized cholesteryl esters
Cholesteryl arachidonate has 4 unsaturated bonds in the fatty acyl chain, which makes it

susceptible to oxidation in general and a preferable substrate for 12/15-lipoxygenase (12/15-
LO). Initial 12/15-LO enzymatic oxygenation of cholesteryl arachidonate is often followed
by free radical oxidation, resulting in a variety of polyoxygenated CE molecules. The
example shown is a product with bicyclic endoperoxide and hydroperoxide groups (BEP-
CE, or cholesteryl (9,11)-epidioxy-15-hydroperoxy-(5.2,13 £)-prostadienoate), which has
specific biological activity as illustrated in Fig. 2.
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Figure 2. Biological activity of OXCE
Minimally oxidized LDL (mmLDL) contains many OXCE moieties, one of them BEP-CE

shown in Fig. 1. Both mmLDL and isolated BEP-CE induce dimerization of TLR4,
presumably, via cholesterol binding to MD-2. While MyD88 plays a minimal role, SYK
mediates the majority of mmLDL and BEP-CE effects downstream from TLR4. SYK binds
to TLR4, becomes phosphorylated and activates ERK1/2, JNK and PLC-y. ERK1/2, via
Paxillin, CDC42 and RAC, induces cytoskeleton reorganization and membrane ruffling in
macrophages, leading to macropinocytosis. Macropinocytosis is a robust mechanism of
macrophage lipid accumulation and foam cell formation in which all lipoproteins, native and
oxidized, are internalized. PLCy-activated PKC and ERK1/2-activated RAC contribute to
activation of NOX2, a major NADPH oxidase in macrophages. Resulting reactive oxygen
species regulate cytoskeletal changes and contribute to cytokine expression. MIP-2
(CXCL2) is a major cytokine induced by BEP-CE in macrophages via TLR4 and SYK. Its
expression depends on ERK1/2-mediated phosphorylation of FOS and JNK-mediated
phosphorylation of JUN. Together these two transcription factors form an AP-1 complex,
which regulates expression of CXCL2.
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