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The oxidation hypothesis of atherosclerosis proposes that oxidized LDL is amajor causative factor in the develop-
ment 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 trialswith antioxidants weremainly negative, except in selected groups of patientswith 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 specificmechanismswill offer novel approaches to treatment of cardiovascular disease. In this re-
view article, we focus on oxidized cholesteryl esters (OxCE), which are a major component of minimally and ex-
tensively 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 cardio-
vascular disease. This article is part of a Special Issue entitled: Lipidmodification and lipid peroxidation products
in innate immunity and inflammation edited by Christoph J. Binder.

© 2016 Elsevier B.V. All rights reserved.
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1. 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 anti-
oxidants were mainly negative, except in selected groups of patients
with clearly increased systemic oxidative stress, such as patients on he-
modialysis 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 bi-
ological effects of OxLDL and its components may identify specific tar-
gets 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 con-
tributor to plaque vulnerability to rupture, which causes acute cardio-
vascular 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 pat-
terns and activate pattern-recognition, innate immune receptors. Ensu-
ing 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 vul-
nerable plaques by specific antibodies become increasinglymore prom-
inent as lesions progress and rupture [7]. These epitopes are particularly
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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 useOxLDL epitopes as biomarkers in plasma and as amolec-
ular 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 path-
ways leading to inflammatory responses in vascular cells [8–13]. Less at-
tention was given to oxidized cholesteryl esters (OxCE). In this article,
we review studies of OxCE, with the goal to describe remarkable fea-
tures of CE oxidation and OxCE-activated pathways and responses and
to demonstrate the importance of containment of OxCE-induced in-
flammation in atherosclerosis.

2. 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 hy-
drophobic core of LDL, CE with PUFA chains are readily oxidized, via en-
zymatic 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-LO, even when the
LDL particle was loadedwith free linoleic acid, cholesteryl linoleate con-
stituted 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-deficientmurine peritonealmacrophages and radio-
isotope labeled cholesteryl linoleate and cholesteryl arachidonate to
demonstrate that both intracellular CE and the CE in LDL are effectively
oxidized by macrophage 12/15LO and that the oxidized fatty acyls orig-
inated in OxCE can then be found as part of OxPL molecules.

Specific 12/15-LOproducts 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-(5Z,13E)-prostadienoate shown in Fig. 1 (ab-
breviated as BEP-CE for the presence of bicyclic endoperoxide and hy-
droperoxide groups).

Importantly, specific OxCE molecules first identified in test-tube oxi-
dation reactions were also found in cellular systems, in vascular lesions
of experimental animals and in plasma and atherosclerotic plaques isolat-
ed 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 ε-
aminogroup of lysines and form covalent adducts with proteins [21], par-
ticularly 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 docosahexaenoatewere 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 plas-
ma 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 extracellularmatrix or reside intracellularly. Human ath-
erosclerotic lesions contain OxCEnot 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].

3. Biological 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. Cholesteryl HPODE
also inactivated bFGF and TFG-β 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 in-
duced expression of both TFG-β and TGF-β receptor type I in human
U937 promonocytic cells, the effectmediated 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 PPARα-dependent expression of CD36 in human
monocyte-derived macrophages, whereas PL-esterified HPODE and 7-
ketocholesterol did not produce this effect [33].

There is amechanism to detoxify OxCE in circulation,which involves
CETP-mediated exchange of OxCE between LDL andHDL [34] and selec-
tive uptake of HDL-associated OxCE by liver via an SR-BI-mediated
mechanism [35]. The selective uptake of OxCEwas 2–3 fold higher com-
pared with selective uptake of non-oxidized CE, and high-cholesterol
feeding of rats significantly decreased OxCE uptake by liver parenchy-
mal cells but dramatically increased OxCE uptake by Kupffer cells [35].

4. 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, in-
duced profound cytoskeleton changes in macrophages, including actin
polymerization, cell spreading, membrane ruffling and macropinocytosis

Fig. 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-
(5Z,13E)-prostadienoate), which has specific biological activity as illustrated in Fig. 2.
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