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Abstract

Oxidative modification of LDL is known to elicit an array of pro-atherogenic responses, but it is generally
underappreciated that oxidized LDL (OxLDL) exists in multiple forms, characterized by different degrees of
oxidation and different mixtures of bioactive components. The variable effects of OxLDL reported in the liter-
ature can be attributed in large part to the heterogeneous nature of the preparations employed. In this review,
we first describe the various subclasses and molecular composition of OxLDL, including the variety of minimally
modified LDL preparations. We then describe multiple receptors that recognize various species of OxLDL and
discuss the mechanisms responsible for the recognition by specific receptors. Furthermore, we discuss the
contentious issues such as the nature of OxLDL in vivo and the physiological oxidizing agents, whether oxidation
of LDL is a prerequisite for atherogenesis, whether OxLDL is the major source of lipids in foam cells, whether in
some cases it actually induces cholesterol depletion, and finally the Janus-like nature of OxLDL in having both
pro- and anti-inflammatory effects. Lastly, we extend our review to discuss the role of LDL oxidation in diseases
other than atherosclerosis, including diabetes mellitus, and several autoimmune diseases, such as lupus
erythematosus, anti-phospholipid syndrome, and rheumatoid arthritis. Antioxid. Redox Signal. 13, 39–75.
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I. Introduction

There is overwhelming evidence that LDL is oxida-
tively modified in vivo, and that this modification re-

sults in an increase in its proinflammatory and proatherogenic
properties. However, despite extensive studies over the last 3
decades from numerous laboratories, the sites of LDL oxida-
tion in vivo, the nature of the physiological oxidizing agents,
the nature and composition of oxidized LDL in circulation,
and the pathophysiological relevance of LDL oxidation for
atherosclerosis and other diseases are all matters of contro-
versy. Because of the heterogeneity of the oxidized LDL
preparations, whether prepared in vitro or isolated from the
natural sources, there is no consensus on the exact definition
or composition of oxidized LDL. In this review, we will briefly
summarize the biochemistry and composition of the various
preparations of oxidized LDL described in the literature, and
discuss their pathophysiological properties and potential
therapeutic implications. Special attention will be paid to the
relationship between the extent of LDL modification and its
biological effects, the specific actions of the bioactive compo-
nents of oxidized LDL, and the controversial aspects of the
role of oxidatively modified LDL in cholesterol loading and
atherogenesis. The reader is referred to several excellent ar-
ticles on the historical aspects of LDL oxidation hypothesis
(269, 302, 303), mechanisms of oxidation, composition of ox-
idized LDL preparations, immunoassays for oxidized LDL
(38, 284), clinical trials of antioxidant drugs, and studies with
experimental models of atherosclerosis (33, 146, 164, 191, 240,
263, 280).

II. Definitions, Biochemistry, and Composition

The term ‘‘oxidized LDL’’ is used to describe a wide variety
of LDL preparations that have been oxidatively modified
ex vivo under defined conditions, or isolated from biological
sources. The major problem in comparing the results of oxi-
dized LDL studies from various laboratories is the heteroge-
neity of the preparations employed. There is no accepted ‘gold

standard’ for preparing oxidized LDL ex vivo, and the prep-
arations isolated from the tissues differ greatly from lab to lab,
both in the composition and biological effects. The oxidized
LDL preparations described in literature are broadly (and
somewhat arbitrarily) divided into two main categories:
‘‘minimally modified LDL’’ (MM-LDL) and ‘‘(fully or exten-
sively) oxidized’’ LDL (OxLDL). The major difference be-
tween the two groups is that the MM-LDL, while chemically
different from unmodified LDL, is still recognized by the LDL
receptor, but not by most of the known scavenger receptors.
On the other hand, the OxLDL preparations are all recognized
by a variety of scavenger receptors but not by the LDL re-
ceptor. Each of the two categories of oxidized LDL is com-
posed of an array of preparations that differ widely from each
other in composition and biological effects. As to be expected,
the type of oxidizing agent used and the conditions of oxi-
dation of LDL determine the chemical and biological prop-
erties of OxLDL. Unfortunately, most studies do not report
the detailed composition of OxLDL used, or even the exact
conditions of LDL oxidation, which complicates the compar-
ison of their biological effects. Even when identical conditions
are used to oxidize the LDL ex vivo, the products could differ
significantly, depending upon the fatty acid composition and
antioxidant status of the starting LDL preparation.

A. Minimally modified LDL

Minimally modified LDL (MM-LDL) is a general term used
to describe a variety of LDL preparations that are sufficiently
modified to be chemically distinguished from unmodified
LDL, but retain the ability to bind to LDL receptor, are not
recognized by most scavenger receptors, and have distinct
biological activity not shown by unmodified LDL, such as the
induction of chemotactic or pro-inflammatory proteins by
endothelial cells and macrophages. Since the MM-LDL have
been prepared by a wide range of methods, they also differ
significantly from each other in their chemical and biological
properties (Table 1). Furthermore, since LDL itself is com-
posed of several distinct subfractions that differ in density,

40 LEVITAN ET AL.



size, composition, and antioxidant levels, the oxidation of total
LDL gives rise to a mixture of OxLDL species even under
controlled conditions. The ‘average’ LDL particle has been
calculated to contain 600 molecules of free cholesterol, 1600
molecules of cholesteryl ester, 700 molecules of phospholipid
(64% PC, 1.5% PE, 26% SM, and 11% LPC), 180 molecules of
TG, and 1 molecule of ApoB (124). In addition, varying
amounts of antioxidants (a tocopherol, g tocopherol, ubiqui-
nol, lycopene, b carotene) are present in the LDL particles
(257). Although there are several oxidizable components in
LDL, the polyunsaturated fatty acids (mostly arachidonic acid
and linoleic acid) of LDL lipids are the major targets of oxi-
dizing agents. The first detectable product of lipid oxidation is
the hydroperoxy derivative of a phospholipid (Fig. 1). This
also results in the rearrangement of double bonds to form
conjugated dienes that are conveniently detected by an in-
crease in absorbance at 235 nm (A235). Further oxidation re-
sults in the truncation of sn-2 acyl chain, forming short-chain
aldehyde or carboxy derivatives. The aldehydes may form
adducts with the lysine residues of apo B, either before or after
hydrolysis from the phospholipids by phospholipase A2.
HNE (4-hydroxynonenal) is one of the most abundant alde-
hydes in oxidized LDL, which derivatizes thiols and free
amino groups of LDL Apo B and cellular proteins.
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FIG. 1. Structures of PAPC (16:0-20:4 PC) and selected
oxidation products. See text for abbreviations.
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Malondialdehyde (MDA), another prominent aldehyde
product of lipid peroxidation, as well as of eicosanoid
metabolism, can also form adducts with the lysine residues of
Apo B. MDA-modified LDL has also been isolated and char-
acterized from the plasma of patients with coronary heart
disease (105). The modification of the protein results in al-
teration of the electrophoretic mobility, as well as the bio-
logical properties of LDL. Apo B can also be oxidized directly
by the oxidizing agents such as HOCl generated by myelo-
peroxidase (96) without the need for the aldehydes produced
from lipid peroxidation. In this case, Apo B is predominantly
modified at the tyrosine residues. LDL can also be directly
modified by various enzymes such as phospholipases,
sphingomyelinase, and lipoxygenase to give rise to products
that are atherogenic. The various types of MM-LDL that may
be formed in vivo are shown in Figure 2.

B. Extensively oxidized LDL

When LDL is oxidatively modified to a level where it be-
comes unrecognizable by the LDL receptor, but instead
becomes a ligand for various scavenger receptors, it is cate-
gorized as maximally oxidized, fully oxidized, or extensively
oxidized LDL, and is referred to as OxLDL in this review.

While the MM-LDL contains typically 3–12 nmol of TBARS=
mg Apo B (Table 1), the extensively oxidized LDL may con-
tain over 30 nmol of TBARS= mg Apo B. The OxLDL prepa-
rations described in the literature also encompass a wide
range of particles that differ in the lipid composition, protein
modification, and degradation, and biological activities.
Therefore, in this review we tried to include the extent of LDL
oxidation, and the major bioactive molecules responsible for
each activity, where such information is available. It should be
pointed out that although the extent of LDL oxidation is most
often expressed as nmol of TBARS in the sample, the assay of
TBARS has many drawbacks (87), and one has to be cautious
in comparing the OxLDL samples from different laboratories
solely on the basis of TBARS values.

III. What Is the Nature of Oxidized LDL
That Occurs In Vivo?

Although there is compelling evidence that oxidation of
LDL takes place in vivo, the detailed characterization of nat-
urally occurring OxLDL is technically challenging, and lar-
gely remains elusive. Because of the possible artifactual
generation of OxLDL during the isolation from tissues or
plasma, the true nature of physiologically occurring OxLDL

FIG. 2. Potential pathways of MM-LDL formation in vivo. The physiological modification of LDL takes place by a variety
of reactions, both enzymatic and nonenzymatic. The products of all these reactions can be rightfully designated as MM-LDL,
although the oxidation may not be the primary event in many of these modifications. Lipid peroxidation is the primary
reaction only in the lipoxygenase and free radical mediated pathways. Hydrolysis of SM by secretory SMase C may occur in
acute phase response when the SMase level is increased in plasma (305) or by the putative SMase intrinsic to LDL (103). The
hydrolysis of LDL SM to ceramide increases the oxidative susceptibility of LDL (271), and also results in the formation of
aggregated LDL (249) that is superior to OxLDL in loading of macrophages with cholesterol. The action of sPLA2 on LDL
produces an LPC-enriched LDL that should have strong chemotactic and pro-inflammatory effects. PAF acetylhydrolase (Lp-
PLA2) may be responsible for the hydrolysis of oxidatively truncated PC in LDL, releasing the cytotoxic aldehydes in addition
to LPC. Desialylated LDL has been shown to be present in circulation (279), and is formed either by the action of sialidase or
by free radical mediated reactions. This LDL was shown to promote foam cell formation. Glycation of LDL, which is more
prevalent in diabetes (80), also increases foam cell formation, and increases the susceptibility of LDL to oxidation. The
myeloperoxidase (MPO)-mediated oxidation of LDL results primarily in the modification of tyrosine residues of Apo B (97).
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has been difficult to assess. There is convincing evidence that
OxLDL is present in the atherosclerotic lesions of both
humans and experimental animals (302, 310), although its role
in the initiation and development of the lesion is still a matter
of contention. It is generally accepted that the oxidation of
LDL occurs mostly in the subendothelial space of the arteries,
not in the circulation. It should be pointed out that the ex-
tensively oxidized LDL may have a very short half life in the
plasma because it is likely to be cleared rapidly from the cir-
culation by the reticuloendothelial system. However, small
but significant amounts of oxidized LDL (predominantly the
MM-LDL) are immunologically detectable in normal plasma,
and are increased significantly in several disease states, in-
cluding coronary heart disease, diabetes, and renal disease
(119, 284). The detection of oxidized LDL in the plasma has
been facilitated by the development of monoclonal antibodies
(mAbs) specific for the epitopes of oxidized Apo B or oxidized
lipids bound to Apo B. The three well-established mAbs used
for the immunoassays of oxidized LDL are: a) FOH1a=DLH3,
which was generated by immunizing mice against human
coronary atheroma, and which recognizes the phosphorylcho-
line moiety of oxidized PC, but not of normal, PC (120); b) 4E6,
which was generated by immunizing mice with Cu2þ-oxidized
LDL, and which recognizes the MDA-modified lysine epitopes
of Apo B (104); and c) E06, which was established from the B
cell clones of nonimmunized Apo E-deficient mice, and also
recognizes the phosphorylcholine moiety of oxidized but not
normal PC (213). Another line of evidence for the existence of
OxLDL in the plasma is the presence of autoantibodies for
oxidized LDL and their correlation with heart disease (181).

While the immunological methods are useful analytical
tools for screening large populations, and for distinguishing
between normal and disease states, they do not provide
structural and compositional information of the whole oxi-
dized LDL particles present in vivo. Although oxidized LDL
isolated from atherosclerotic lesions has been studied in sev-
eral laboratories, it may represent a more highly oxidized
form that has been further modified by other components of
the lesion, and is therefore not the oxidized LDL involved in
lesion formation. Ideally, one needs to isolate oxidized LDL
from the plasma under mild conditions that do not generate
artifacts, and characterize the particles by physicochemical
and biochemical methods and by proteomic analysis. An
electronegative LDL (also termed LDL- or L5) has been iso-
lated from the plasma by ion exchange chromatography and
ultracentrifugation by several laboratories, and appears to
have several features of oxidized LDL, including low vitamin
E content, reduced affinity to LDL receptor, binding to LOX-1,
and pro-inflammatory, pro-apoptotic, and cytotoxic effects on
cells (174, 245). This sub-fraction of LDL, which comprises
about 1% of total LDL in normal plasma, is significantly in-
creased in hyperlipidemia and diabetes. The negative charge
of this LDL fraction (L5) could be due to nonoxidative mod-
ifications, perhaps increased free fatty acid content (72), and
this preparation may represent a mixture of LDL species
modified by different pathways, rather than by oxidation
alone (245). Nevertheless, a recent study by Lu et al. (2009)
showed that both L5 and OxLDL (generated by Cu2þoxida-
xidation of LDL) induced LOX-1 in endothelial cells and
competed for uptake by this receptor (175). Holvoet et al. (105)
isolated and characterized a modified form of LDL from the
plasma of patients with acute myocardial infarction using gel

filtration and ion exchange chromatography. This form of
LDL (which was increased by 7-fold in the patients, compared
to controls) had a higher cholesterol=protein ratio, a 50% de-
crease in arachidonate content, and 192 blocked lysines
(compared to 7 in normal LDL). These characteristics, coupled
with its ability to generate foam cells in vitro, and its high
immunoreactivity with MDA-antibody suggest that it is
equivalent to the in vitro-generated MDA-LDL, although no
LPC was detected in the sample. Its possible overlap with the
electronegative LDL described above has not been investi-
gated.

IV. What Are the Physiological Oxidizing Agents In Vivo?

It is generally accepted that very little oxidation of LDL
takes place in the circulation because of the abundance of
antioxidants, such as tocopherol, ascorbate, urate, apolipo-
proteins, and serum albumin. Instead, the bulk of LDL oxi-
dation takes place in the subendothelial space of arterial wall,
where LDL may be sequestered by the proteoglycans, and
where the relative concentration of antioxidants is much
lower than in plasma. Wen and Leake (299) demonstrated that
LDL can also be oxidized intracellularly, most probably in the
lysosomal compartment of macrophages. LDL oxidation also
could take place at the sites of inflammation because of the
infiltration of neutrophils and monocytes=macrophages, and
because of the increased vascular permeability and conse-
quent increase in LDL concentration in the tissues at the sites
of inflammation. The arterial wall cells generate both free
radicals and nonradical oxidants through various enzymatic
mechanisms. The free radicals produced by the cells include
superoxide, hydroxyl radicals, carbon-center radicals, nitric
oxide, and thiyl and perthiyl radicals. Although free transition
metals are commonly used for the in vitro oxidation of LDL,
their role in the physiological oxidation of LDL is controver-
sial because significant amounts of free iron or copper are not
found in vivo. However, the iron-containing proteins (e.g.,
ferritin, transferrin, hemoglobin, myoglobin) and copper-
containing proteins (e.g., ceruloplasmin) have been shown to
oxidize LDL in vitro and therefore may be physiologically
relevant in the generation of OxLDL in vivo (64). Furthermore,
free iron can be released from ferritin following its reduction
to ferrous state by SOD (51) and one of the 7 copper atoms
bound to ceruloplasmin is exchangeable with chelators (64).
The free radicals oxidize preferentially the polyunsaturated
fatty acids, whose breakdown products would ultimately
derivatize Apo B and alter its receptor recognition. The non-
radical oxidants that tend to modify the proteins directly
(especially the cysteine, methionine and tyrosine) include
H2O2, hypochlorite, and peroxynitrite. The oxidants in the
vessel wall are generated by the actions of NADPH oxidase
(NOX), xanthine oxidase, NO synthase, myeloperoxidase,
and lipoxygenase, all of which have been shown to be present
in the atherosclerotic lesions (268). It should be pointed out
that the various oxidizing agents do not act in isolation, but in
fact a consecutive action of several agents and enzymes is
more likely to be involved in the generation of fully oxidized
LDL in vivo.

V. Bioactive Compounds in OxLDL

The biological activities of the MM-LDL and OxLDL
are due to the numerous new compounds generated by the
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oxidative modification of LDL. Some of the biological effects
of OxLDL can be attributed to individual components while
others are due to the combined effects of various compounds
of the OxLDL particle. The various constituents of OxLDL
known to exert biological effects are shown in Table 2.

A. Phospholipid products

1. Lysophospholipid products. One of the first compo-
nents of OxLDL to be shown to have specific biological effects
on cells is lysophosphatidylcholine (LPC), which is also
present in normal LDL, but at a lower concentration. LPC is
generated by three different pathways in the plasma. Large
amounts (about 120 nmol=h=ml) of LPC are generated con-
tinuously in the plasma by the action of LCAT, the enzyme
responsible for esterification of cholesterol in plasma (74). This
LPC is mostly carried by serum albumin and is delivered to
liver and other tissues for further metabolism. A small but
significant percentage of it is, however, found in the LDL
fraction. The majority of LPC present in OxLDL, on the other
hand, is formed from the actions of Ca2þ-independent lipo-
protein-associated PLA2 (Lp-PLA2, also called the PAF acetyl
hydrolase), which efficiently hydrolyzes the oxidized acyl
groups from the sn-2 position of phospholipids, in addition to
PAF. Interestingly, the electronegative LDL fraction (LDL-)
described above is enriched with this enzyme, and may
be responsible for the generation of LPC in OxLDL in vivo.
Another source of LPC in the lipoproteins is the action of
Ca2þ-dependent group IIa sPLA2, which hydrolyzes long-
chain PCs. However, the activity of this enzyme in normal
plasma is very low, and its contribution to plasma LPC is
unknown. It has been shown, nevertheless, that transgenic
mice overexpressing sPLA2 IIa develop more atherosclerosis
(281), although the noncatalytic effects of the enzyme could be
involved in atherosclerosis. The sPLA2-treated LDL is also

more susceptible to oxidation by endothelial cells (158). It is
also possible that the enzyme hydrolyzes oxidized PC better
than normal PC. In addition to sPLA2 IIa, plasma and several
tissues contain group V and group X sPLA2, which are more
efficient in the hydrolysis of PC to LPC (73, 195, 261). LPC is a
chemotactic agent for monocytes, and therefore helps recruit
more circulating monocytes into the arterial wall (229). Other
pro-inflammatory effects of LPC include the stimulation of
superoxide generation, stimulation of inflammatory cyto-
kines including IL-1b and IL-8 by monocyte=macrophages,
inhibition of endothelium-dependent arterial relaxation, up-
regulation of adhesion molecule synthesis by endothelial
cells, upregulation of IL-2 and interferon g synthesis by the
lymphocytes, and stimulation of smooth muscle proliferation
(180). More recently, Hara et al. (91) showed that LPC upre-
gulates the OxLDL receptor LOX-1, chemokine receptors, and
several activation related transcription factors in human T-
lymphocyte cell lines. Thus LPC appears to affect all the cells
involved in inflammation and atherosclerosis, and contrib-
utes to all stages of atherosclerosis. Interestingly LPC has also
been reported to have some anti-atherogenic effects such as
promotion of cholesterol efflux and Apo E secretion from the
macrophage foam cells (90).

Another bioactive lysophospholipid that is present in
OxLDL is lysophosphatidic acid (LPA). This compound is
generated from LPC by the action lysophospholipase D (au-
totaxin) (290), and is a well-known mitogen that acts through
specific G-protein coupled receptors. Seiss et al. (257, 259)
demonstrated the accumulation of LPA during the oxidation
of LDL, as well as in atherosclerotic lesions, and identified it as
the factor responsible for platelet activation by OxLDL, al-
though the receptor responsible for this effect remains elusive.
The sn-1 alkyl analogs of LPA were shown to be more prev-
alent in the mildly oxidized LDL, and are 20 times more po-
tent than the acyl analogs in platelet activation (257). In

Table 2. Bioactive Components of OxLDL

Compound Biological effects References

Phospholipid products
sn-2 short chain PAPC products (POVPC, PGPC, Monocyte adhesion, induction of IL-8,

activation of SREBP CD-36 ligands
(309)

sn-2 epoxy products (PEIPC, PECPC) Monocyte binding, induction of MCP-1, IL-8 (228)
sn-2 acyl hydroxy and hydroperoxy products ?? (273, 297)
LPC Chemotactic to monocytes, upregulation

of cytokines, adhesion molecules
(180)

LPA Platelet activation, mitogenic effect, PPAR activation (258)
PAF-like (sn-1 ether) products Platelet aggregation, monocyte activation (136)

Sphingolipid products
Ceramide, sphingosine, sphingosine phosphate LDL aggregation (249)

Mitogenesis of SMC (11)
Free fatty acid products

HODE, HPODE, HETE, HPETE Isoprostanes PPAR activation; G2A ligands; monocytes
adhesion; Inhibition of superoxide
production (15 HETE)

(210, 301)

Free aldehydes MDA, HNE Induction of COX-2, MCP-1, TGFb1 (131, 160)
Oxysterols

7-keto, 7aOH, 24OH, 25OH, 27OH chol.
Cholesteryl ester hydroperoxides

Inhibition of sterol synthesis and sterol efflux (33)

Macrophage activation (93)
Apo B modification
Lysine adducts, tyrosine adducts, cysteine adducts Antigenicity, scavenger receptor recognition,

loss of LDL receptor recognition
(115)
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addition to promoting chemokine expression by endothelial
cells, LPA stimulates the uptake of OxLDL itself through
upregulation of scavenger receptor A in macrophages (41),
and increases monocytes migration at low concentrations (83).
It was also shown to stimulate SMC proliferation through the
activation of the transcription factor Egr-1 (48).

2. sn-2 short chain PCs. Several breakdown products of
16:0-20:4 PC and 16:0-18:2 PC with truncated sn-2 acyl chain
(POVPC, PGPC, PONPC, etc, see Fig. 1) have been identified
in OxLDL, and numerous biological activities have been at-
tributed to them (272). It should, however, be noted that be-
cause of the propensity of these compounds to react with the
functional groups of Apo B and the cellular proteins, some of
their effects could be indirect, through the loss or modification
of function of the corresponding protein. The ligand-binding
properties of OxLDL for scavenger receptors such as CD36
can be attributed largely to the truncated OxPC products,
with part of the effect due to their protein adducts, and the rest
due to the free compounds (94). The structure-function stud-
ies with synthetic phospholipids revealed that CD36 recog-
nition requires a phospholipid with a truncated sn-2 chain
that contains a terminal g-hydroxy, a,b-unsaturated carbonyl
(94) (also see Fig. 5). Some of the OxPC products also exhibit
anti-inflammatory activities. For example, KOdiAPC and
POVPC were shown to inhibit TLR-4 and TLR-2 binding of
LPS (296). Specific oxidation products of PAPC also inhibit the
SR-B1-mediated selective uptake of CE from HDL, and thus
inhibit the reverse cholesterol transport pathway (9).

3. PAF-like products. Phospholipids with sn-1 ether
linkage and a short chain acyl group at sn-2 position resemble
PAF structurally, and may act through the PAF receptor, or
conversely, compete with PAF for the receptor binding and
inhibit its action (179). Several PAF-like compounds are
formed during the oxidation of LDL, the predominant ones
having a 4:0 or 4:1 acyl group at sn-2 (179). They are about 10-
fold less potent than PAF in their cellular effects, but because
of their relatively high concentration in OxLDL, may con-
tribute significantly to the pro-inflammatory properties of
OxLDL. Another PAF analog found in OxLDL, namely the 1-
hexadecyl 2-azelaoyl PC (which contains a 9-carbon dicar-
boxylic acid at sn-2) is known to disrupt mitochondrial
function, and was recently shown to be a ligand for the PAF
receptor (212).

4. sn-2 epoxy PCs. Isoprostanes are commonly accepted
as one of the most reliable markers of oxidative stress in vivo.
Most of the isoprostanes in the plasma are, however, not in the
free form, but esterified to phospholipids. The phospholipids
containing the epoxyisoprostane groups have been shown to
exhibit several biological activities. Berliner and colleagues
(297) first identified a pro- inflammatory epoxyisoprostane
derivative of PAPC (sn-1-16:0-2 (5,6 epoxyisoprostane E2)
glycero3 phosphorylcholine or PEIPC) (Fig. 1) which stimu-
lated the adhesion of monocytes to endothelial cells. They also
later showed the presence of five PEIPC species and four
PECPC species in OxLDL, all of which induced synthesis of
IL-8 and MCP-1 by endothelial cells (273). Interestingly, the
epoxy isoprostane PCs were shown to be protective of en-
dothelial barrier function (through Rac and Cdc42 signaling),
whereas the truncated products of PAPC oxidation were

disruptive to the barrier function (301). PEIPC was also shown
to activate the prostaglandin receptor subtype EP2 (163),
which in turn could increase the cAMP levels in monocytes
and consequently downregulate TNFa expression.

B. Sphingolipid products

1. Ceramide. Although the presence of ceramide in
OxLDL has not been unequivocally demonstrated, oxidation
of LDL is correlated with plasma ceramide levels (115), and
the SM of OxLDL is more susceptible to hydrolysis by SMase
(81). Conversely, SMase treatment of LDL increases its sus-
ceptibility to oxidation (271), and increases the aggregation of
LDL and subsequent foam cell formation (249). The reported
presence of SMase C activity intrinsic to Apo B (138) is in-
triguing and could give rise to ceramide. However, this ac-
tivity appears to be inhibited by LDL oxidation and therefore
its role in the generation of ceramide in oxidized LDL is un-
clear. The ceramide in LDL has also been shown to induce
apoptosis in endothelial cells (31).

2. Sphingosine 1-phosphate. Sphingosine 1-phosphate
(S1P) is present in the plasma at low concentrations, but is
mainly associated with HDL, and its levels actually appear to
decrease in LDL during oxidation (212). However, Auge et al.
(11) have demonstrated that OxLDL induces the formation of
S1P in the cells through the combined activation of SMase C,
ceramidase, and sphingosine kinase. Similarly, Hammad et al.
(88) reported the extracellular generation of S1P in monocytes
incubated with OxLDL-immune complex (IC). Furthermore,
platelet activation, which is induced by OxLDL, also results in
the release of S1P. Thus OxLDL stimulates the formation of S1P
through several pathways, and this could be one mechanism
by which OxLDL stimulates smooth muscle cell proliferation.
In addition, S1P is known to increase platelet aggregation, and
expression of adhesion molecules. However, there is also some
evidence for the anti-atherogenic effects of S1P. For example, it
attenuates the TLR-2 signaling, specifically the NFkB-driven
pathways, resulting in an anti-inflammatory response (58).
It also appears to inhibit SMC migration, and stimulates NO
production in endothelial cells (212).

C. Free fatty acid products

Fatty acids from sn-2 position of OxPL are released by the
action of sPLA2, or Lp-PLA2 (PAF- AH). Furthermore, the
various lipoxygenases (LOs) oxidize the free fatty acids (ara-
chidonic and linoleic acids) as well as esterified fatty acids to
the hydroperoxy derivatives (69). At least three types of LO,
namely 12=15 LO, platelet 12-LO, and 5-LO are implicated
in LDL oxidation and vascular remodeling (151). These
modified free fatty acids have been shown to be ligands for
PPARa and PPARg. The isoprostane derivatives (free and
phospholipid-bound) are reliable markers of oxidative stress
in vivo (190). They were also reported to have biological
functions such as renal vasoconstrictor activity, through the
activation of prostanoid TP receptors (47, 194).

The hydroperoxy derivatives of 18:2 and 20:4 (13(S) HODE,
15(S) HETE) were shown to be 100 times more potent
than H2O2 in oxidizing PAPC and producing more pro-
inflammatory products (205). On the other hand, some oxi-
dized fatty acids have anti-inflammatory activities. For
example, 15 HPETE and 15-HETE inhibit TNFa-induced
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upregulation of ICAM-1, E-selectin, and VCAM-1 in endo-
thelial cells (109). In addition, 8-HETE stimulates PPARa,
while 15-HETE, 9-HODE, and 13-HODE activate PPARg
(199), (108), all of which would be potentially anti-inflam-
matory. Furthermore, 15-HETE has been shown to inhibit
superoxide production and migration of PMN across the en-
dothelium (301). In general, the products of 12=15 LO tend to
be pro-inflammatory, while the products of 15 LO exhibit
anti-inflammatory properties (301).

D. Oxysterols

The major oxysterols found OxLDL prepared in vitro are 7
keto-cholesterol, 7a-OH and 7b-OH cholesterols, and choles-
terol epoxides, while the side-chain oxidation products are
minor components (33). The oxysterols identified in the elec-
tronegative LDL (LDL-) isolated from plasma include 7a-OH,
7b-OH, 7-keto, and 5,6 epoxy cholesterols (251). On the other
hand, the oxysterols that accumulate in atherosclerotic lesions
are predominantly side-chain oxidized compounds (mostly
27- OH, generated from mitochondrial oxidation) (33). This
does not appear to support a role for oxysterols in the initia-
tion of atherosclerosis. However the oxysterols could exert
several biological activities in the arterial cells, including ap-
optosis, cytotoxicity, and regulation of gene expression (33,
170). Several oxysterols appear to upregulate the ROS levels
by stimulating the NOX pathway, and to upregulate the
synthesis of TGFb (160). Both 7b-OH cholesterol and 25-OH
cholesterol have recently been shown to induce interleukin-8
secretion through the activation of ERK ½ signaling pathway
in monocytes (159).

E. Cholesteryl ester products

The majority of the di- and polyunsaturated fatty acids in
LDL are present as cholesteryl esters, and therefore, quanti-
tatively most of the oxidized fatty acids in the fully oxidized
LDL are esterified to cholesterol, especially since unlike the
phospholipids, cholesteryl esters are not hydrolyzed in the
plasma. The hydroperoxides and hydroxides of cholesteryl
esters are the major lipid oxidation products found in human
atherosclerotic lesions (124) (see Fig. 7). Some of the biological
effects of MM-LDL and OxLDL have been attributed to the
cholesteryl ester hydroperoxides. These effects include upre-
gulation of CD36 through PPARa activation (122), monocyte
adhesion, and phosphorylation of ERK ½, and Akt (93, 110).
The core aldehyde, 9-oxononanoyl cholesterol was shown to
upregulate the expression of TGFb-1 and TGFb receptor, ap-
parently through the stimulation of ERK ½ (70). Although
cholesteryl esters are normally present in the interior of the
LDL particle, it is suggested that the oxygenation of the acyl
groups results in their appearance on the surface and thus
become accessible as ligands for cell surface receptors (93).
The covalent binding of the oxidized cholesteryl esters to Apo
B was also demonstrated to occur in vivo, and such adducts
were detected in atherosclerotic lesions (135).

F. Hydroxynonenal and malondialdehyde

There are several short-chain aldehydes formed from the
oxidative cleavage of unsaturated fatty acids, the most ex-
tensively studied ones being hydroxynonenal (HNE) and

malondialdehyde (MDA). HNE is formed from the degrada-
tion of n-6 fatty acids, while MDA is formed from the per-
oxidation of all unsaturated fatty acids containing two or
more methylene interrupted double bonds, and is also gen-
erated during thromboxane formation. The estimation of
MDA by the TBARS assay is the most widely used measure of
lipid peroxidation, and the extent of LDL oxidation is often
expressed as MDA equivalents per mg of Apo B. Both MDA
and HNE are highly reactive and form adducts with the thiol
and amino groups of Apo B and other proteins with which
they come in contact. The change in the electrophoretic mo-
bility of LDL following oxidation is due to this reaction, and
most of the biological activity of HNE can be attributed to its
high reactivity towards the functional groups (cysteine, ly-
sine, histidine) of the cellular proteins. For example, it reacts
with several tyrosine kinase receptors, such as EGFR and
PDGFR, and regulates their activities (206), and also generates
ROS intracellularly through the interruption of mitochondrial
function (157). It inhibits IkB kinase by derivatization and
thus inhibits the NFkB-mediated transcription of inflamma-
tory genes. Gene expression of several important proteins,
including TGFb1, PDGF, MCP-1 is regulated through the
modulation of nuclear binding of the transcription factor AP-1
(160). HNE also induces COX-2 expression through a CD36-
dependent pathway (131).

G. Products of Apo B modification

Apo B is modified by derivatization of various functional
groups of amino acids such as lysine, cysteine, histidine,
tryptophan, and tyrosine (118). In addition, the myeloperox-
idase oxidation of LDL results in the formation of chloro- and
nitro-tyrosine derivatives. Modification of about 16% of the
lysine residues of Apo B by MDA has been shown to result in
the loss of recognition by LDL receptor and the appearance of
epitopes for recognition by the scavenger receptors (86), as
described in more detail in the next section of the review. In
addition to the derivatization of side chains, some cleavage of
peptide chains, and cross-linking of polypeptides could occur
during LDL oxidation. Interestingly, the activation of a latent
SMase activity intrinsic to Apo B was reported to be due to a
conformational change that occurs during lipolysis (138). This
SMase activity could be responsible for the generation of
ceramide and aggregation of LDL that occurs following
LDL oxidation, although it was reported to be inhibited by
oxidation (138). Bancells et al. (17) recently reported that the
electronegative LDL (LDL-) isolated from the plasma is en-
riched in the SMase=lysophospholipase activity, while the
‘normal’ LDL (LDLþ) is not. It is unclear, however, whether
this lipolytic activity is intrinsic to Apo B or a separate protein
that associates preferentially with electronegative LDL.

In summary, oxidation of LDL leads to the generation of
several bioactive lipids, as well as modification of the func-
tional groups of the Apo B that lead to its recognition and
uptake by various scavenger receptors, as described in detail
in the next section.

VI. OxLDL–Cellular Interactions:
Patterns of OxLDL Recognition

Goldstein et al. were the first to demonstrate that the uptake
of modified LDL is mediated by a receptor distinct from the
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LDL receptor (75). Specifically, the uptake and lysosomal
degradation of 125I-acetyl-LDL (acLDL) by mouse peritoneal
macrophages was shown to be 20-fold higher than the uptake
of 125I-LDL, indicating that a high-affinity surface binding
site is responsible for the recognition of acLDL but not native
LDL. Since the macrophage binding site also recognized
malylated LDL and several other negatively charged ligands,
it was suggested that negative charges are important for
binding of acLDL to this site. A similar binding activity was
found in macrophages and monocytes but not in lymphocytes
or fibroblasts. Goldstein et al. (1979) suggested, therefore, that
this receptor may mediate the degradation of denatured LDL.
Indeed, Henriksen et al. (98, 99) have shown that when LDL
was pre-incubated with endothelial cells, its degradation by
macrophages was 3–5 times more rapid than degradation of
control LDL.

Furthermore, degradation of endothelial cells-modified
LDL was inhibited by acLDL indicating that the two types of
LDL compete for the same pathway. Comparison of endo-
thelial-modified LDL and LDL oxidized by exposure to
Cu2þsuggested that all the changes associated with endothe-
lial-mediated modification of LDL can be attributed to oxi-
dation (267). Further studies have shown that acLDL
receptors are present not only in macrophages but also in
other cell types, including endothelial cells (222), smooth
muscle cells (221), and fibroblasts (221). It is important to note,
however, that numerous studies have shown that there are
significant differences in binding and internalization of acLDL
and OxLDL by different scavenger receptors, as well as in the
ability of the two types of lipoproteins to load cells with
cholesterol. Today, multiple receptors belonging to several
different classes have been identified to recognize OxLDL and
mediate OxLDL-cellular interactions (Fig. 3). The biochemis-
try, classification, and various biological functions of the
scavenger receptors, including their endocytotic activity,
signaling and the roles of host-defense mechanisms have been
described in several excellent reviews (191, 197, 224). The goal
of this part of our review is to discuss the differences in the
recognition patterns of the major OxLDL receptors to the
different forms of OxLDL.

A. Class A scavenger receptors:
Extensively oxidized LDL

The first scavenger receptors that to be identified on the
molecular level were class A type I and II (SR-AI and II), two
isoforms that are derived from alternative splicing of a single
gene product (66, 141, 236). The first receptor was identified as
a 220 kDa protein that exhibits acLDL binding activity but
does not bind native LDL and is highly expressed in liver,
spleen, adrenal gland, and in the lung, the latter presum-
ably because of resident alveolar macrophages (141). Both
scavenger receptors AI and AII were shown to be trimeric
membrane glycoproteins with the only difference in the
cysteine-rich C-terminal domain where a 110-amino acid
sequence in SR-AI is replaced by a 6-amino acid sequence in
SR-AII (140, 141, 236). In spite of the truncated C- terminus in
SR-AII receptor, the affinities of the two receptors to acLDL
are similar (236). Both subtypes of the class A receptors can be
endogenously expressed in the same cells (66, 200). SRAI=II
receptors are predominantly expressed in macrophages of
various organs and induced during monocyte–macrophage

differentiation with most prominent expression in macro-
phage-derived foam cells in fatty streaks and atherosclerotic
lesions (79, 102, 200). In addition to macrophages, SRA recep-
tors were also shown to be expressed in smooth muscle cells
(55, 79, 162) and sinusoidal endothelial cells in the liver (111).
A third splice variant of SRA receptors, SR-AIII, found in
human macrophages was shown to be nonfunctional, being
trapped in the endoplasmic reticulum (78). Expression of SR-
AIII, however, has a dominant negative effect on SR-AI and
ST-AII, suggesting that it may play a role in the regulation of
SR-AI=II function (78).

A major feature of the SR-AI=II receptors is their broad
specificity to a variety of ligands, such as different types of
modified lipoproteins, an array of negatively charged non-
lipoprotein ligands, as well as different types of bacteria (145,
223). Multiple studies have shown that SR-AI=II receptors
bind both acLDL and OxLDL, but there are significant dif-
ferences in the binding affinities of the two modified LDLs
and the mechanisms responsible for the binding appear to be
complex. Specifically, Freeman et al. (67) showed that the

FIG. 3. Mechanisms of OxLDL recognition by different
scavenger receptors. Multiple types of scavenger receptors
have been identified to recognize and interact with different
forms of OxLDL. The major scavenger receptors responsible
for OxLDL uptake by macrophages (MF) are: class A scav-
enger receptors SRAI=II and class B scavenger receptor
CD36. OxLDL immune complexes OxLDL are recognized
and metabolized via Fcg receptors. OxLDL, particularly MM-
LDL may also be recognized by TLR-4 receptors. Each of
these receptors recognizes a different component of the
OxLDL particle with SRAI=II receptors recognizing modifi-
cation of the Apo B protein, CD36 recognizing oxidized
phospholipids, and TLR-4 recognizing oxidized cholesteryl
esters. The major OxLDL uptake pathway in endothelial cells
(ECs) is LOX-1 receptor that also recognizes Apo B modifi-
cations. ECs also express CD36 and other types of scavenger
receptors. Scavenger receptors are also expressed in other cell
types, including smooth muscle cells and platelets. Receptor
structures represent the basic domain architecture of the
different receptors [receptor structures are adapted from
(224)].
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affinity of oxidized LDL was lower than that of acLDL for both
type I and type II scavenger receptors when the two pro-
teins were expressed in Chinese Hamster Ovary cells, which
normally have little scavenger receptor activity. Competition
studies showed that while acLDL is an efficient competitor for
OxLDL binding, OxLDL does not compete efficiently with
acLDL. It was proposed that OxLDL and acLDL bind to
nonidentical but partially interacting sites of the receptors.
Consistent with these studies, Dejager et al. (55) also showed
that acLDL is a more efficient competitor for OxLDL binding
than OxLDL for acLDL-binding both in smooth muscle cells
and in macrophages, further suggesting that not all of the
acLDL binding sites can bind OxLDL. In contrast to acLDL,
however, OxLDL did not result in massive lipid accumula-
tion in SRAI=II-expressing CHO cells. However, as described
below in more detail, the role of SRAI=II receptors in the
uptake and degradation of OxLDL was further confirmed by
demonstrating that targeted disruption of SRAI=II receptors
in mice results in *30%–50% decrease in the uptake and
degradation of Cu2þ-oxidated LDL by peritoneal macro-
phages (the uptake of acLDL was reduced by more than 80%)
(153, 171, 275). Furthermore, disruption of the SRAI=II re-
ceptors significantly inhibited the uptake and degradation of
circulating LDL fraction isolated from apo E -deficient (30%
inhibition) and LDL receptor-deficient mice (25% inhibition),
demonstrating that these receptors constitute major pathways
for the uptake of LDL modified in vivo (313).

In terms of the degree of LDL oxidation, SRA receptors are
generally considered to be most specific for extensively oxi-
dized LDL. The initial clue came from the ability of the SRA
receptors to recognize different modifications of LDL in-
cluding acetylation, acetoacetylation, succinylation, or mal-
ondialdehyde treatment, all of which modify the lysine
residues of the LDL protein (35). Furthermore, chemical
modifications that lead to the recognition of LDL by the SRA
receptors involve neutralization of the positively charged
residues and it was suggested that oxidation may have a
similar effect (35). More specifically, neutralization of at least

16% of the lysine residues of apo-B protein was required for
the receptor recognition, and progressive modifications re-
sulted in an increase of binding and degradation (85). Modi-
fications of >60% of the lysine residues either by acetylation
or by succinylation was required for the maximal uptake (85).
Figure 4 shows schematically the structural modifications that
result in lysine charge neutralization and recognition by the
SRA receptors (from Ref. 85). Indeed, LDL oxidation was also
shown to modify the lysine residues of the LDL protein with
32% of lysines being modified in extensively oxidized LDL (20
hours oxidation with 5mM Cu2þ(265). In contrast, methyla-
tion of the lysines, which does not alter the charge of these
residues (no significant change in the electrophoretic mobility
of LDL) was not sufficient to induce recognition of LDL by the
macrophage scavenger receptors (265). Moreover, methyla-
tion of LDL prior to oxidation prevented its recognition by the
receptors, suggesting that methylation protected lysine resi-
dues from oxidative changes, possibly by inhibiting the
binding of lipid peroxidation products to lysine residues (265,
311). Similar to the requirement for lysine modifications for
the recognition of acLDL, recognition of OxLDL was also in-
duced by the modification of 15%–20% of lysine residues with
further increase as the degree of lysine derivatization was
increased to over 30% (311). Consistent with the critical role of
the protein modifications, Parthasarathy et al. (216) showed
that delipidated apoproteins isolated from OxLDL are effec-
tively taken up by the macrophages and that the uptake of
OxLDL-derived apoprotein is competitively inhibited by
acLDL and by MDA-conjugated LDL (216). In a later study,
Terpstra et al. (278) showed that binding and uptake of
OxLDL by peritoneal macrophages can also be effectively
blocked by a lipid emulsion extracted from OxLDL (but not
from native LDL), indicating that OxLDL lipids are also rec-
ognized by the macrophage scavenger receptors. The inhibi-
tory effect depended on the degree of LDL oxidation:
microemulsions prepared from LDL oxidized for 2 hours
(with 10mM Cu2þ) corresponding to minimally-oxidized LDL
had no effect, but 6 hours oxidation which corresponds to

FIG. 4. Structural modification of Apo B lysine residues critical for OxLDL recognition by SRAI/II receptors [adapted
from (85)]. The major modifications of the Apo B protein leading to the recognition by the SRA receptors include oxidation by
lipid oxidation products, such as malondialdehyde, hydroxynoneanl, or trancated phospholipids, as well as acetylation and
succinylation. All the modifications occur on the lysine residues with 15%–60% of lysines being required to be modified for
the interaction with SRA receptors. The products of these modifications are malondialdehyde, acetic anhydride, and succinic
anhydride for oxidation, acetylation, and succinylation, respectively. All three modifications result in lysine charge change
with the net change per lysine being D¼�1 for oxidation and acetylation and D¼�2 for succinylation.
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moderately-oxidized LDL was sufficient to have the inhibi-
tory effect. Furthermore, uptake of OxLDL was also signifi-
cantly inhibited by oxidized phospholipids (1-palmitoyl-2-
arachidonoyl-PC), suggesting that oxidized phospholipids
play a significant role in OxLDL binding to macrophage
scavenger receptors (278). Consistent with these observations,
OxLDL uptake by macrophages was also inhibited by
monoclonal antibodies that show specific binding to oxidized
phospholipids (106). Interestingly, most of the autoantibodies
that were isolated from apo E-deficient mice on the basis of
their binding to OxLDL were shown to bind oxidized phos-
pholipids (106). These studies clearly show that lipid moieties
are also important for the recognition of OxLDL by macro-
phage scavenger receptors but in light of the later studies (e.g.,
Refs. 29, 225–228), it appears that these effects may be at-
tributed to CD36 receptors, a class B of scavenger receptors
described below, rather than to SRAI=II receptors.

The mode of oxidation also plays a major role in OxLDL
recognition by the SRA receptors. Babiy and Gebecki (14)
showed that, in contrast to Cu2þoxidation, oxidation of LDL
by ionizing radiation does not produce an OxLDL species that
is efficiently recognized by the macrophage receptors. Fur-
thermore, they showed that the major difference between
LDL oxidized by the two methods is the degree of LDL hy-
droperoxide decomposition: while Cu2þoxidation resulted in
significant hydroperoxide degradation, ionizing radiation did
not. The uptake and accumulation of cholesterol were highly
dependent on the degree of hydroperoxide degradation (14),
suggesting that OxLDL is not recognized by the macrophage
scavenger receptors unless the lipid hydroperoxide groups
are decomposed, which in turn derivatize LDL Apo B. Further
insights into the structural requirements of the recognition of
OxLDL by the SRA receptors were obtained by comparing
two chemical modifications of the lysine residues in the LDL
apolipoprotein: formation of a lysine pyrrole that neutralizes
lysine charges or formation of pyridinium ring that retains the
charges (227). Both forms of the modified LDL were taken up
by the macrophages, resulting in accumulation of cholesteryl
ester and foam formation; but ‘‘neutral’’ LDL was taken up
more efficiently than the ‘‘charged’’ LDL. However, only the
pyrrole modification of LDL that neutralizes the lysine charges
induced its recognition by the SRA receptors heterologously
expressed in CHO cells whereas the non-neutralizing form of
LDL was recognized by CD36 receptor, a class B scavenger
receptor described in detail below (227). Taken together, these
multiple lines of evidence indicate that oxidative modifica-
tions of the LDL protein, specifically the neutralization of
lysine residues are critical for the recognition of OxLDL by
macrophage class A scavenger receptors.

In addition to SRAI=II receptors, several other members
have been identified as class A scavenger receptors family:
MARCO, SCARA5, and SRCL (also known as CL-P1) but
these receptors have not been shown to constitute major
pathways for OxLDL uptake (191, 197, 224, 250). Macrophage
Receptor with a Collagenous Structure (MARCO) that has
been identified in a subset of macrophages residing in spleen
and medullary cord lymph nodes (59, 60) is well established to
bind Gram-negative and Gram-positive bacteria including E.
coli and S. aureus (59), but its role in binding and internaliza-
tion of OxLDL is somewhat controversial. Initially, Elomaa
et al. (59) showed that MARCO expressed in COS cells can
bind acLDL, as assayed by the uptake of DiI-acLDL, but a later

study of Elshourbagy et al. (60) showed that while MARCO
binds E. coli and S. aureus, it does not bind either acLDL or
OxLDL. They also showed that neither acLDL nor OxLDL
could compete with E. coli binding to MARCO. More recently,
another member of the SRA family, scavenger receptor with
C-type lectin (SRCL) or collectin placenta 1 (CL-P1), was
identified (202, 203, 211). Similarly to SRAI=II, CL-P1 recog-
nizes extensively oxidized LDL but in contrast to previously
identified members of the SRA family, CL-P1 receptor is not
expressed in monocyte-macrophage lineage cells and binds
OxLDL but not acLDL (211). CL-P1 also binds E. coli and
S. aureus, as well as yeast (203, 211). Finally, another member
of the SRA family of the scavenger receptors SCAPA5 was
recently identified in epithelial cells but this receptor does not
bind or internalize either acLDL or OxLDL (128).

B. Class B scavenger receptors:
Extensively and moderately oxidized LDL

The first member of the SRB family to be identified as a
receptor for OxLDL was CD36, an 88 kDa glycoprotein ex-
pressed in macrophages, platelets, and endothelial cells (61).
Similarly to SRA receptors, CD36 was shown to bind and
internalize OxLDL but not unmodified LDL, but in contrast to
the SRA receptors, OxLDL binding to CD36 was not inhibited
by acLDL (61). Consistent with these observations, a stable
expression of CD36 in NIH-3T3 fibroblasts resulted in OxLDL
but not LDL or acLDL binding (208). Other studies, however,
reported that CD36 can also bind acLDL (2, 63). More im-
portantly, multiple studies have shown that CD36 differs
from SRA receptors in its affinity to moderately-oxidized
LDL. Specifically, Endemann et al. (61) showed that 4 hours of
oxidation (with 5m M Cu2þ) was sufficient to induce uptake of
OxLDL by CD36, with the maximal uptake observed after 10
hours of oxidation. In contrast, no uptake by SRA receptors
was observed after 4 hours and more than 20 hours of oxi-
dation were required for the maximal uptake. The uptake of
extensively oxidized LDL, however, by CD36 and by SRA
receptors were similar.

In contrast to SRA receptors, binding of OxLDL to CD36
was abrogated by delipidation of the lipoprotein, indicating
that these receptors do not recognize LDL protein alone (208).
Consistent with these observations, OxLDL uptake by CD36
receptors is competitively inhibited by oleic and linoleic fatty
acids, suggesting that it is the lipid moiety that is critical for
binding of OxLDL to CD36 receptors (208). These receptors
were also shown to specifically bind anionic phospholipids,
phosphatidylserine (PS), and phosphatidylinositol (PI) with
both PS and PI liposomes competing with acLDL (232).
However, Boullier et al. (29) showed that CD36 receptors can
be inhibited both by Apo B and by OxLDL-derived lipid mi-
croemulsions. In addition, they showed that Apo B and the
lipids reciprocally compete with each other for CD36 binding,
suggesting that they compete for the same binding site. As
pointed out by the authors, it appears paradoxical that the
apoprotein and the lipid moieties would bind to the same site
of the receptor and they suggested that the most probable
explanation of these observations is that some fraction of ox-
idized phospholipids remains associated with the protein
during the extraction procedure. Thus, the discrepancy be-
tween this study and the studies of Nicholson et al. (208) de-
scribed above, might be due to the differences in the extraction
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protocols. Partial inhibition of OxLDL apoprotein binding to
CD36 by a monoclonal antibody that recognizes oxidized
phospholipids is also consistent with this conclusion (29, 106).
Further studies provided compelling evidence for the critical
role of oxidized phospholipids in OxLDL recognition by CD36
receptors. Specifically, in contrast to SRAI=II receptors that
require neutralization of the lysine residues to recognize
OxLDL, CD36 receptors recognize both the neutralizing and
the non-neutralizing modifications of OxLDL (227). Sig-
nificantly, CD36 receptors were also shown to recognize LDL
modified by a myeloperoxidase–hydrogen–peroxide–nitrite
(MPO–H2O2–NO-

2) system that is abundant in monocytes and
neutrophils (225). Exposure of LDL to the MPO system results
in nitration of Apo B tyrosyl residues and lipid peroxidation.
Only a brief exposure (2 hours) to MPO was sufficient to
convert LDL to NO2-LDL, a ligand for CD36 supporting the
notion that CD36 recognizes mildly-oxidized LDL. A signifi-
cantly longer exposure (>8 hours) was required for the rec-
ognition by SR-AI receptors and the latter correlated with an
increase in relative electrophoretic mobility, as expected from
the earlier studies. Most importantly, lipid extracts of NO2-
LDL were shown to be potent competitors for NO2-LDL
binding to CD36 receptors (225). More specifically, lipid oxi-
dation products of 1-palmitoyl-2-arachidonyl- glycero-3-
phosphocholine (PAPC) were identified as the lipid moieties
critical for the recognition of OxLDL by CD36 receptors (225).
Furthermore, systematic structural analysis revealed a group
of specific molecular species of choline glycerophospholipids
that are responsible for the recognition by CD36 receptors
(228). Figure 5 shows the key structures of oxidized PC that
have been identified to be responsible for the binding of
OxLDL to CD36 receptors (from 185). Modifications of the
LDL protein had no effect. Thus, conversion of LDL into a
ligand for CD36 appears to be a very early event during LDL
oxidation, occurring before substantial modification of ApoB,
as monitored by loss of free lysine residues and alteration in
relative electrophoretic mobility (225). To test further whether
modification of the LDL apoprotein and=or lipid–protein ad-
ducts are also important for the recognition of OxLDL by
CD36, Podrez et al. (226) measured CD36-mediated OxLDL
uptake when the particle was first methylated to protect the
lysine residues of the apoprotein and then oxidized by Cu2þ.
As was shown earlier (265, 311), methylation prevented

OxLDL uptake by SRA receptors but it had no effect on the
uptake by CD36 receptors, supporting the conclusion that
recognition of OxLDL by CD36 receptors critically depends on
the lipid modifications of the particle (226).

Relative contributions of the CD36 and SRAI=II pathways
to OxLDL uptake by macrophages are comparable for the
extensively oxidized LDL, with CD36 playing a more major
role in the uptake of mildly oxidized and MPO-modified LDL.
First, Endemann et al. (61) showed that blocking CD36 with an
antibody decreases the uptake of extensively oxidized LDL by
50% in macrophage-like THP cells and platelets. Moreover,
targeted disruption of CD36 receptors in mice resulted in
*50–60% decrease in the uptake extensively oxidized LDL
(63, 153), as compared to *30%–50% decrease in SRAI=II
deficient mice (153, 171, 275). The uptake of mildly-oxidized
LDL (8 hours Cu2þoxidation) was decreased by *70% by
CD36 disruption and *40% by SRAI=II disruption (153). The
uptake of acLDL was decreased only by 13% by CD36 dis-
ruption (153) vs. 80% in SRAI=II knockout macrophages (275).
CD36 also appears to be the principal pathway for the inter-
nalization of LDL modified by a myeloperoxidase–hydrogen–
peroxide–nitrite system, a more physiological method of
oxidation described above (225) with 60%–77% inhibition of
MPO-modified LDL in CD36-deficient macrophages and 30%
inhibition in SRAI=II-deficient cells (63, 153). Importantly,
disruption of CD36 also significantly inhibited the uptake
of circulating LDL fraction isolated from apo E and LDL
receptor-deficient mice (50% and 25% inhibition, respectively).
Taken together, these studies demonstrate that CD36 consti-
tutes a major pathway for the uptake of modified LDL by
macrophages.

The second receptor in this class to be identified was SR-
BI=II (2, 298). Similar to CD36 receptor, SR-B1 binds both
OxLDL and acLDL, but in contrast to all other scavenger re-
ceptors identified earlier SR-B1 also recognizes native LDL (2).
Most importantly, SR-B1 was identified as the principal re-
ceptor for high-density lipoproteins (HDL)(1, 233, 283, 291)
that is highly expressed in liver and steroidogenic tissues, the
principal sites of selective uptake of CE in vivo (40, 155, 189)
and plays a major role in the reverse cholesterol transport and
cholesterol clearance (289, 312). Overexpression of SR-BI in
LDL receptor knockout mice resulted in a protective effect,
decreasing mean atherosclerotic lesion area by 80% (8) while
targeted disruption of SR-BI had a proatherogenic effect (114).
SR-B1 was also shown to internalize oxidized forms of HDL
(287), but this topic is beyond the scope of this review.

C. Class E scavenger receptors:
Mildly oxidized LDL

Lectin-like oxidized LDL receptor-1 (LOX-1, GenBank
designation OLR1) is a major receptor for OxLDL in endo-
thelial cells (224). It was first identified by expression cloning
of the cDNA library of bovine aortic endothelial cells (247).
Expression of LOX-1 in CHO cells resulted in binding and
degradation of OxLDL comparable to that in cells expres-
sing SRA receptors. The binding was effectively inhibited
by OxLDL but not by native LDL or acLDL (193, 247). The
human homolog isolated in the same study from human
lungs was shown to have similar properties. In vivo, LOX-1
receptor was shown to be most abundant in vascular-rich
organs, such as lungs, placenta, and brain (247). It was also

FIG. 5. The core structural motif of oxidized phos-
pholipids responsible for OxLDL recognition by CD36
receptors [from (228)]. The structural requirements for
OxPC-CD36 interaction were identified by OxLDL lipid ex-
traction, fractionation by reverse phase HPLC, and then
testing the ability of different lipids to inhibit the binding of
NO2-LDL to HEK293 cells transfected with CD36. Molecular
structures for the major biologically active constituents were
determined by tandem mass spectrometry [for more detail,
see (228)]. The figure shows the core structural motif con-
served among different various oxidized PC species that
support their binding to CD36.
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identified in thoracic and carotid arteries, including athero-
matous regions (247). Furthermore, while in early lesions
LOX-1 was found mainly in endothelial cells, in more ad-
vanced lesions it was also highly expressed in macrophages
and smooth muscle cells that accumulated in the intima (133).

Similarly to SRAI=II receptors, LOX-1 also binds the deli-
pidated form of OxLDL with the same efficiency as untreated
OxLDL, suggesting that LOX-1 recognizes the modified Apo B
(193). In terms of the degree of LDL oxidation, however, LOX-
1 was shown to have a higher affinity to mildly-oxidized form
(3–6 hours oxidation) rather than extensively-oxidized LDL
(12–24 hours oxidation), suggesting that LOX-1 may also rec-
ognize oxidized lipids (130). This pattern of OxLDL recogni-
tion is different from the patterns that were reported for both
SRAI=II and CD36 receptors. As described above, SRAI=II
receptors recognize mainly extensively-oxidized LDL with
maximal uptake observed after 20 hours of oxidation, which is
required for sufficient modification of lysine residues of the
apoprotein. Also, the fact that in contrast to SRAI=II receptors,
LOX-1 does not bind acLDL, indicates that the mechanisms by
which SRAI=II and LOX-1 recognize OxLDL are significantly
different. On the other hand, while LOX-1and CD36 are sim-
ilar in terms of their overall affinity to mildly=moderately
oxidized LDL, CD36 is sensitive only to oxidized phospho-
lipids, while LOX-1 is sensitive to the modifications of the
protein. One explanation to reconcile these observations is to
suggest that LOX-1 may recognize oxidized lipids that are
covalently bound to the apolipoprotein and are not removed
during the delipidation process. Alternatively, it is possible
that some modification of the protein occurs relatively early in
the oxidation process and that these modifications are recog-
nized by LOX-1 receptors. In addition, it was shown recently
that LOX-1 can also bind phosphadidylserine, one of the major
cellular phospholipids that flips from the inner to the outer
leaflet of the plasma membrane in apoptotic cells (196). It was
also shown that phosphatidylserine may be involved in LOX-1
recognition of platelets (129). Furthermore, since OxLDL can
compete with apoptotic cells for binding and internalization
by macrophages, it was suggested that oxidation of LDL may
lead to a structure that is in some way homologous to phos-
phatidylserine-rich domains on apoptotic cells (244). It is
possible, therefore, that phosphatidylserine may not only be
responsible for LOX-1 recognition of apoptotic cells but also
may be important for LOX-1 recognition of OxLDL (196). Most
importantly, Mehta et al. have shown recently that targeted
disruption of the LOX-1 gene resulted in a significant decrease
in OxLDL binding to aortic endothelium and preservation of
endothelial function in LDL-R deficient mice (186). The impact
of OxLDL on endothelial function is described further in a later
section of the review.

D. Fcg receptor: OxLDL immune complexes

High affinity OxLDL binding was also found for FcgRII-R2
(Fc receptor), a member of the family of receptors that mediate
the uptake of immune complexes via recognition of the Fc
region of IgG (231, 262). This receptor was initially identified
by the expression cloning of mouse peritoneal macrophages
and when expressed in a null cell line resulted in specific
internalization of OxLDL. The uptake of OxLDL by the
FcgRII-R2 receptor was blocked by a monoclonal antibody to
the receptor but not by native LDL or acLDL (262). Fcg re-

ceptors were also shown to uptake LDL antigen–antibody
complexes with LDL particles forming immune complexes
with autoantibodies, predominantly of the IgG isotype, sub-
classes IgG1 and IgG3 which react with MDA-modified and
myeloperoxidase-modified LDL (166, 241). Indeed, once LDL
is oxidized it becomes highly immunogenic. Multiple studies
have shown that humoral response to OxLDL is marked by
the presence of high titers of IgG and IgM antibodies against
oxidation-specific epitopes of OxLDL and immune complexes
with OxLDL in plasma and athersoclerotic lesions in ani-
mals and humans (22, 23). However, the exact epitopes are yet
to be identified. Interestingly, natural antibodies, a specific
type of autoantibodies produced by B1 cells that are consid-
ered to be innate-like part of the adaptive immune system
providing the first line of defense against viral and bacterial
pathogens, recognize similar epitopes on OxLDL, apoptotic
cells and some bacteria such as pneumococci and salmonella
(254). More specifically, these antibodies bind to oxidized
phosphorylcholine (PC)-containing phospholipids, such as
1-palmitoyl-2-(5-oxovaleroyl)-sn- glycero-3-phosphocholine
(POVPC), but not to native low density lipoprotein (LDL) and
nonoxidized phosphatidylcholine such as in 1-palmitoyl-2-
arachidonyl-sn-glyceroyl-3 phosphorylcholine (PAPC) (254).
These interactions of natural antibodies and oxidation epi-
topes from phospholipids link host responses in infection,
autoimmunity, and atherosclerosis (22, 23). Immunizing LDL
receptor knockout mice with pneumococci lead to formation
of high levels of OxLDL-specific IgM and a modest reduction
in atherosclerosis. However, pneumococcal vaccination in
humans failed to induce production of these atheroprotective
antibodies (209). However, the titers of OxLDL-specific anti-
bodies were also shown to correlate with the extent (23, 293)
or progression of atherosclerosis as well as constitute the risk
for development of myocardial infarction (243, 293). These
findings are still somewhat controversial and the discrep-
ancies could be due to differences in individual responses
(types of antibodies produced, levels of the antibodies, and
their avidity) (293) or OxLDL preparations (112). Addition-
ally, several groups have reported a significant correlation
between soluble LDL-IC and the presence of coronary artery
disease (CAD) (293).

Furthermore, expression of the FcgRII-R2 receptors is reg-
ulated by OxLDL exposure and the effect depends on the
degree of LDL oxidation (234). A recent study by Nagarajan
et al. (198) has shown that FcgRII-R2 receptors are involved in
the adhesion of circulating monocytes to endothelial cells and
that this effect depends on the formation of OxLDL immune
complexes. The authors propose that FcgRII-R2 expressed on
monocytes binds OxLDL immune complexes on the surface of
endothelial cells, which results in enhanced secretion of pro-
inflammatory chemokines. Thus, while Fcg receptors may not
play a major role in the uptake of OxLDL alone, these recep-
tors play a major role in the uptake of OxLDL immune
complexes, as well as contribute to the development of athero-
sclerosis by inducing an inflammatory response. The relation
between OxLDL and immune responses is discussed in the
later sections of this review.

E. Other scavenger receptors

Several other types of scavenger receptors were shown to
bind OxLDL and=or acLDL but their roles in OxLDL uptake
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are less clear. For example, DSR-CI, a class C scavenger re-
ceptor Drosophila melanogaster was shown to bind acLDL but
so far there are no known homologues in mammalian cells
(218). Another example is class D scavenger receptors, CD68
and macrosialin, that can bind OxLDL, but no OxLDL uptake
was observed when macrosialin was expressed in COS or
CHO cells (52). Downregulation of macrosialin expression in
macrophages also had no effect on OxLDL uptake (52). It was
also shown that CD68 is predominantly expressed intracel-
lular in late endosomes and lysosomes and it was suggested,
therefore, that while it is unlikely to play a major role in
OxLDL internalization, it may contribute to the processing of
OxLDL in lysosomes (191, 224). Finally, it is important to note
that in addition to lipoprotein uptake, scavenger receptors
play multiple roles in regulation of host defense, phagocyto-
sis, antigen presentation, and other functions, but discussion
of these functions are beyond the scope of this review. More
information about the properties and functions of different
scavenger receptors can be found in many excellent reviews
(3, 28, 42, 45, 152, 207, 223, 224, 266).

F. Alternative pathways for minimally-oxidized LDL

Multiple studies have shown that a very mildly oxidized
form of LDL that contains only early lipid peroxidized
products is not modified sufficiently to be recognized by the
scavenger receptors described above. However, this minimal
modification is still sufficient for inducing an array of pro-
atherogenic responses, including an increase in endothelial-
monocyte adhesion (20) and activation of macrophages (188).
Furthermore, while minimally-modified LDL (MM-LDL) that
was obtained by storage of LDL at 48C for 3–6 months was
indistinguishable from native LDL in terms of the recognition
by the LDL receptor, it was found to induce significant in-
flammatory response (20). The active component responsible
for the proatherogenic effects on endothelial cells was found
in the charged lipid phase, suggesting that it is the polar lipids
that are responsible for the pro-atherogenic activity (20). As
described in the beginning of this review, a more physiolog-

ical way to obtain minimal modification of LDL is exposure to
12=15 lipoxygenase (12=15-LO), an enzyme that is responsible
for oxygenation of fatty acids. Indeed, genetic disruption of
12=15-LO was shown to have an atheroprotective effect (49).
Miller et al. (188) were the first to show that MM-LDL modi-
fied by the exposure to 12=15LO over expressing fibroblasts
is specifically recognized by a Toll-Like Receptor-4 (TLR-
4,CD14), resulting in activation of TLR-4-dependent signaling
pathways, which in turn lead to actin polymerization and cell
spreading. The binding of MM-LDL to TLR-4 was specific and
distinct from the LPS binding. It is also important to note that
exposure of peritoneal macrophages to MM-LDL significantly
upregulated the uptake and degradation of extensively-
oxidized LDL, suggesting that MM-LDL upregulates the ex-
pression of the scavenger receptors. More recently, Harkewicz
et al. (93) have identified cholesteryl ester (CE) hydroperox-
ides as the active component of MM-LDL responsible for their
biological activity in macrophages (Fig. 6). Indeed, 12=15-LO
is known to oxidize arachidonic acid at positions 12 and=or 15
and it may oxidize the esterified fatty acids of phospholipids
and cholesteryl esters. Furthermore, MM-LDL-induced acti-
vation of TLR4 receptor results in initiation of macro-
pinocytosis, which in turn results in increased uptake of small
molecules present in the fluid phase including both native and
oxidized LDL (44). This pathway is also shown to induce
significant lipid accumulation both in vitro and in vivo (44).

In summary, the recognition of OxLDL by the different
receptors depends on specific components of the particle with
modifications of the protein being critical for SRAI=II and
LOX1 receptors and modifications of the lipids being critical
for CD36 and TLR receptors (Fig. 3). There is also a clear
preference of the different receptors to different stages of LDL
oxidation, although there is also a significant overlap (Fig. 7).
The specificity of the different receptors to different oxidation
states of OxLDL may underlie the variety of OxLDL-induced
biological responses. In the next section of the review, we will
describe the complex relationship between OxLDL and pro-
and anti-inflammatory responses, as well as discuss the sig-
naling pathways that may be responsible for these effects.

FIG. 6. Structures of chol-
esteryl ester hydroperoxides
responsible for OxLDL–
TLR-4 interaction [from (93)].
Cholesteryl ester hydroper-
oxides have been identified as
the biological components of
MM-LDL responsible for its
interaction with TLR-4 recep-
tors by comparing the lipid
profiles of MM-LDL with un-
modified LDL and then test-
ing the biological activities of
the different components. The
figure shows the structure of
cholesteryl arachidonate, one of
the most common cholesteryl
esters found in LDL and the
fatty acid portion of cholesteryl
arachidonate hydroperoxide (15-

HpETE) (R stands for cholesterol) that is responsible for the biological activity of MM-LDL. Similar observations were made
for cholesteryl linoleate, another common cholesteryl ester of LDL.

52 LEVITAN ET AL.

http://www.liebertonline.com/action/showImage?doi=10.1089/ars.2009.2733&iName=master.img-005.jpg&w=360&h=184


VII. OxLDL, the Janus-Faced Particle:
Pro- and Anti-Inflammatory Properties

OxLDL is composed of a complex mixture of several bio-
active compounds, each of which has independent and
sometimes opposing cellular effects. Therefore, it is not sur-
prising that OxLDL has been reported to have both pro- and
anti-inflammatory effects, as well as pro-and anti-apoptotic
effects, and pro-and anti-angiogenic effects. The mode and
extent of oxidation of LDL plays an important role in deter-
mining the overall pro- or anti-inflammatory result, as does
the cell system being studied, and the receptors being engaged.
In some cases the pro-inflammatory effects predominate at the
early stages of OxLDL exposure, while the anti-inflammatory
effects at a later stage (235). The pro-inflammatory effects are
primarily manifested through the transcription factors NFkB,
AP-1, STAT 1=3, NFAT, SP-1, and HF-1 in various cells (Table 3),
while the anti-inflammatory effects are expressed through the
activation of PPARs, Nrf2, and HO-1 (Table 4). The effect on
the pro-inflammatory NFkB, interestingly appears to be bi-
phasic, with a stimulatory effect at low concentration of
OxLDL, and an inhibitory effect at high concentration (235).
The individual components of OxLDL responsible for the pro-
and anti-inflammatory effects have been identified at least in a
few cases. For example LPC has been shown to be responsible
for the stimulation of the pro-inflammatory AP-1 (184) while
7-keto cholesterol stimulated the production of fibronectin
through ROS-dependent SP-1 activation (4). Cholesteryl ester
hydroperoxides stimulate ERK1 phosphorylation and cyto-
kine secretion (93), while HNE, the aldehyde degradation
product of linoleic acid, activates the receptor tyrosine kinases
(RTK) in the membranes by adduct formation and triggering
ROS generation (206). OxPAPC products have been shown to
be ligands for CD36 (245), and agents that directly bind CD36
may be anti-inflammatory because of the induction of IL-10
(215). Similarly the hydroxyl and hydroperoxy free fatty acids
are ligands for the PPARg, which is known to have anti-
inflammatory function because of its suppression of induction
of pro-inflammatory cytokines (276). Although the individual

lipids exert their cellular effects when added as pure com-
pounds, it is not clear whether in vivo they enter the cells
through (lipid) specific receptor-mediated pathways, or as
part of the whole OxLDL particles. Specific receptors for LPC
have been proposed, although not yet clearly identified as in
the case of PAF-receptor. Since OxPAPC and other OxPCs are
also found in the MM-LDL, which can enter the cells through
LDL receptor, the effects of these molecules may not require
the expression of specific scavenger receptors.

In addition to stimulating the expression of the transcrip-
tion factors shown in Table 4, the components of OxLDL exert
anti-inflammatory effects at various levels. For example, ex-
tracellularly, oxidized phospholipids competitively inhibit
the binding of bacterial LPS to TLR-4, thus inhibiting the LPS-
mediated inflammatory reactions. Oxidized fatty acids inhibit
the TNFa-induced upregulation of adhesion molecules and
activate PPARs (245). In the nucleus, oxidized lipids have
been shown to inhibit DNA binding and transactivation of
NFkB. Oxidized PC in MM-LDL was shown to induce heme
oxygenase-1 (HO-1) in EC and SMC (117). HO-1 has both
antioxidant and anti-inflammatory properties (27). The oxi-
dized phospholipids in MM-LDL were also shown to elevate
cAMP levels in endothelial cells, which is known to be anti-
inflammatory because of its inhibition of adhesion molecule
synthesis and secretion of inflammatory cytokines, possibly
through an inhibition of the NFkB pathway (27). In another
example of the Janus-like nature of oxidized LDL, Boullier
et al. (30) reported that while OxLDL is pro-apoptotic to mac-
rophages, MM-LDL (prepared by the lipoxygenase method)
showed anti-apoptotic effects, and in fact counteracted the
effects of OxLDL by activating the pro-survival PI3K=Akt
signaling pathway. In contrast, the effects on SMC appear
exactly opposite to those on macrophages because Loidl et al.
(165) reported that MM-LDL stimulated ceramide generation
in these cells through the activation of acid SMase, and thus
promoted apoptosis. It should, however, be noted that the
‘‘MM-LDL’’ in the latter study was prepared by dialysis of
LDL against 5 m M FeSO4 for 48 h, and that this preparation
contained 30–60 nmol of MDA=mg Apo B. By way of com-
parison, Auge et al. (10) oxidized LDL by UV irradiation (re-
sulting in the formation of only 4 nmol of TBARS=mg Apo B,
and no loss of amino groups), and found that this prepara-
tion activated SMC proliferation through the generation of
S1P and activation of EGFR=PI3kinase=Akt pathways. The
degree of oxidation obviously affects the composition of the
active components of OxLDL, and the balance of pro- and
anti-inflammatory or apoptotic effects. As mentioned previ-
ously, the long-chain oxygenated forms of PAPC (PEIPC,
PECPC) exhibit protective effects on endothelial barrier, while

Table 3. Pro-Inflammatory Transcription Factors Induced by OxLDL

Transcription Factor Active Component of OxLDL Target Genes and Cellular Effects (Selected)

NFkB LPC, 13-HODE Inflammatory cytokines, Immune receptors
Adhesion molecules Impaired Glut4 function

AP-1 LPC Oxidized PC TNFa, Osteopontin Endothelin-1, ABCA1 TGFb, MMP-9
STAT 1=3 ?? Cytokines Apoptotic pathway sPLA2, cPLA2

NFAT Oxidized PC ROS Cytokines Angiogenesis Tumorigenicity
Sp-1 7-keto cholesterol VCAM1, ICAM1, TGFb PDGFb, Osteopontin Tissue factor
(HF-1) ?? VEGF-1, PAI-1 COX-2, VCAM1, IL1b

FIG. 7. Summary for the relationship between different
scavenger receptors and degree of LDL oxidation.
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their degradation products (POVPC, PGPC, LPC) show ex-
actly the opposite effects (301). The conflicting results ob-
tained from different studies not only illustrate the
multipotential nature of oxidized LDL, but also the pitfalls
associated with comparing the data obtained with different
MM-LDL preparations.

VIII. Reactive Oxygen Species
and OXLDL Effects

Although reactive oxygen species (ROS) are involved in the
formation of OxLDL, many of the biological effects of OxLDL
appear to require the generation of more ROS intracellularly.
In fact, the activation of various transcription factors as well as
the calcium mobilization that occurs following OxLDL treat-

ment can be inhibited by cell permeable free radical scaven-
gers and antioxidants, indicating the importance of ROS as a
proximal event in its cellular effects. Intracellular ROS are
generated by several pathways, the most important being the
NADPH oxidase (NOX) system. ROS are also generated by
the lipoxygenase= cyclooxygenase system, and by the mito-
chondrial dysfunction caused by OxLDL. Once formed, the
ROS induce a multitude of cellular effects, depending upon
the cellular systems (Fig. 8). At least two of the known OxLDL
receptors (LOX-1 and TLR-4) have been linked to the gener-
ation of superoxide and H2O2 through the NOX pathway.
Cominacini et al. (46) first reported that the formation of su-
peroxide and the consequent inactivation of intracellular NO
occurs in endothelial cells within 1 min of the engagement of
LOX-1 receptor by OxLDL. The NFkB activation by OxLDL in

FIG. 8. Importance of intracellular reactive oxygen species (ROS) in the effects of oxidized LDL. Evidence indicates that
a common cellular event following the binding of OxLDL to various membrane receptors is the generation of intracellular
ROS. The stimulation of pro-inflammatory genes, apoptotic events, and calcium mobilization in the cells are all preceded by
ROS generation through the various mechanisms shown. It should, however, be pointed out that not all reactions shown here
take place in every cell type. An important consequence of ROS generation is the ‘feed forward’ effect of further oxidation of
LDL by the ROS secreted from the cells. The active molecules in OxLDL responsible for the individual pathways have been
identified at least in some cases. (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article at www.liebertonline.com=ars).

Table 4. Anti-inflammatory Transcription Factors Induced by OxLDL

Transcription Factor Active Component of OxLDL Target Genes and Cellular Effects

PPARa 9-HODE, 13-HODE HETE, Free fatty acids :Lipolysis, :Fatty acid oxidation ;NFkB
activity ;VCAM-1, ;Tissue factor

PPARg Prostaglandin PGJ2 9-HODE, 13-HODE,
Arachidonate PAF-like products

SR-B1, CD-36, LPL, : Insulin sensitivity
Adipocyte differentiation

Nuclear factor erythroid-
related factor2 (Nrf2)

4-HNE Lipid hydroperoxides ;VCAM-1, :Heme oxygenase-1

Smad3 ?? PAI-1
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endothelial cells also involves ROS generation through the
LOX-1-mediated pathway (161). The involvement of TLR-4 in
the generation of ROS was reported by Bae et al. (15) who
showed that the interaction of MM-LDL with TLR-4 in the
macrophages activated the spleen tyrosine kinase (SyK),
which phosphorylates PLCg1, and sequentially leads to the
activation of protein kinase C, and activation of NOX-2, and
production of superoxide (Fig. 8). A CD36-dependent ROS
generation was also recently proposed by Park et al (214) in
macrophages. Although the intermediate steps between
CD36 and NOX activation have not been determined, the
generation of ROS was found to be essential for the mod-
ulation of macrophage spreading and migration. The in-
volvement of lipoxygenase reaction as well as mitochondrial
dysfunction in the generation of ROS and consequent apo-
ptosis of smooth muscle cells (SMC) was suggested by the
results of Hsieh et al. (107). While the OxLDL receptor in-
volved in this process has not been investigated, the likely
candidate is CD36, since it was shown to be implicated in the
role of lipoxygenase-mediated ROS generation that down
regulates insulin-like growth factor receptor-1 in SMC in re-
sponse to OxLDL (101). POVPC, the oxidation product of
PAPC was shown to mimic the effect of MM-LDL in activat-
ing lactosylceramide production, leading to ROS generation
(245). Since MM-LDL can enter the cells through the LDL
receptor pathway, the effects of POVPC may not require the
signaling through the scavenger receptor pathway. Another
pathway for ROS generation is the mitochondrial damage
induced directly by HNE (157), which appears to be inde-
pendent of OxLDL receptors. In summary, the intracellular
generation of ROS may represent a key common event in the
action of OxLDL taken up by different pathways. Therefore,
therapeutic strategies for the treatment of inflammatory dis-
eases and atherosclerosis should not only include extracellu-
lar antioxidants that prevent the oxidation of LDL, but also
membrane-permeable antioxidants that could inhibit ROS
generation inside the cells. Part of the failure of the antioxi-
dants in the clinical trials reported so far could be due to their
inability to influence the intracellular generation of ROS in
response to OxLDL. The hydroperoxy fatty acids produced by
the intracellular lipoxygenases have been shown to regulate
the expression of several redox-sensitive genes by augment-
ing the cellular oxidizing potential (151).

Since it is well recognized today that chronic inflamma-
tion underlies the development of atherosclerosis, the pro-
inflammatory signaling pathways described in this section
may constitute the basis for the initiation of lesion formation.
In the next section, we will discuss the role of OxLDL in the
lipid accumulation and foam cell formation, a hallmark of the
pronounced atherosclerosis.

IX. OxLDL Uptake in Foam Cell Formation
and Lesion Development

The hallmark of atherosclerosis is accumulation of choles-
terol-laden macrophages (foam cells) in the vascular wall, as
described in many previous reviews (147, 164, 240, 263). The
goal of this part of our review is to discuss the evidence for
OxLDL as a critical factor in cholesterol accumulation by
macrophages, foam cell formation, and lesion development.
In general, once taken up by the cell, LDL particles enter the
lysosomal compartment where it is expected to be degraded

by an array of hydrolytic acid lipases and proteases, leading to
the degradation of a lipoprotein particle to its components
including cholesterol (35, 36). The resulting excess of free
cholesterol is then transported to the endoplasmic reticulum
where it is esterified by the enzyme, acyl-CoA:cholesterol
acyltransferase (ACAT), resulting in formation of cholesteryl
ester that is stored in cytoplasmic inclusions. However, since
multiple studies demonstrated that exposure of cultured
macrophages to native LDL is not sufficient to result in sig-
nificant cholesterol accumulation, it was proposed that
modification of native LDL, particularly its oxidation, is a
prerequisite for cholesterol accumulation in macrophages and
foam cell formation (12, 264, 303). Two general lines of evi-
dence support this hypothesis: (1) ability of macrophages to
internalize and degrade modified LDL resulting in cholesterol
accumulation and (2) inhibition of foam cell formation by the
downregulation of the scavenger receptors. However, while
numerous studies have shown that exposure to acetylated
LDL indeed induces massive accumulation of cholesterol in
macrophages, as was first demonstrated by Goldstein et al.
(75), the ability of oxidized LDL to load cells with cholesterol is
more controversial. In this review, we will discuss how dif-
ferent forms of OxLDL and different OxLDL uptake path-
ways affect macrophage cholesterol accumulation and foam
cell formation.

A. OxLDL-induced cholesterol loading
of macrophages in vitro

Extensively oxidized LDL. Several studies have shown that
exposing different types of macrophages to extensively oxi-
dized LDL results in significant accumulation of free cellular
cholesterol but only a small increase in cholesteryl ester.
Specifically, Roma et al. (238) showed that incubation of J774
macrophage cell line with extensively oxidized LDL (24 hours
oxidation by 20 m M Cu2þ) resulted in a significant (2.4 fold)
accumulation of total cellular cholesterol with the bulk of
accumulated cholesterol (85%) being in the form of free cho-
lesterol and only a small increase in cellular cholesteryl ester.
Furthermore, there was only a small increase in synthesis of
cholesteryl oleate, indicating further that the uptake of
OxLDL failed to induce ACAT activation. In contrast, expo-
sure to acLDL in the same series of experiments resulted in
significant accumulation of both free cellular cholesterol and
cholesteryl ester (237, 238). A lack of cholesterol esterification
could not be attributed to OxLDL-induced cytotoxicity or to
direct inhibition of ACAT (237), an effect that was previously
reported in endothelial cells (127). To verify whether Cu2þ-
oxidized LDL used in this study is a relevant model for
biologically oxidized LDL, cholesterol accumulation was
compared in J774 macrophages exposed to Cu2þ-oxidized
LDL (24 hours) or to LDL oxidized by the incubation with
endothelial-like EAhy-926 cells (237). The two effects were
very similar: in both cases, there was a significant increase in
free cholesterol but little increase of esterified cholesterol, the
latter not exceeding 21% of total cholesterol (237).

Consistent with the studies of Roma et al. (92), Brown et al.
(32, 34) showed that incubation of mouse peritoneal macro-
phages with extensively oxidized LDL (24 hours oxidation
with 20mM Cu2þ) also resulted in strong (5-fold) increase in
total cellular cholesterol with free cholesterol constituting
*40%–50%, and cholesteryl ester about 5%–10%. Oxysterols,
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predominantly 7-ketocholesterol, were reported to comprise
up to 50% of total sterol content of OxLDL-loaded cells (32,
34). Furthermore, macrophages accumulated free and esteri-
fied sterols in very similar proportions to those found in
OxLDL itself and the pools were not significantly affected by
the ACAT inhibition suggesting that the esters of sterols
found in the cells are not generated by the ACAT activity but
instead derive directly from the donor OxLDL (32). Macro-
phages derived from human peripheral blood monocytes
appear to be even more resistant to OxLDL-induced accu-
mulation of cellular cholesterol (288). In this case, accumula-
tion of cellular cholesterol (*30% increase) was observed
only after a prolonged exposure (7 days) with no effect after
shorter periods of time. At the same time, incubation with
acLDL resulted in significant cholesterol accumulation with
more than 3.5-fold increase after 7 days. Consistent with these
observations, only acLDL-treated cells were stained strongly
with Oil Red O stain, indicating significant accumulation of
cellular lipids whereas cells incubated with strongly-oxidized
LDL showed only mild staining (288).

To explain the lack of cholesterol esterification, it was
proposed that deficient degradation of OxLDL which results
in trapping of the LDL particle in lysosomes prevents the
delivery of free cholesterol to ACAT-sensitive pool. Indeed,
several studies have shown that oxidized LDL is resistant to
acid proteolysis and is not efficiently degraded (126, 172, 237).
Specifically, Lougheed et al. (172) showed that in contrast to
acLDL that is degraded by more than 90%, OxLDL is resistant
to cathepsins, the enzymes responsible for the lysosomal
degradation of LDL and only *50% of OxLDL is efficiently
degraded. The same effect was observed for mildly oxidized
and extensively oxidized LDL (172). Similarly, Jessup et al.
(126) showed that OxLDL is more resistant to proteolysis by
lysosomal enzymes than native LDL while acLDL is more
sensitive to degradation. It was also shown that defective
hydrolysis is accompanied by the accumulation of OxLDL in
the lysosomal compartment (176, 237). Thus, resistance of
OxLDL to cathepsins and retention in the lysosomal com-
partment may explain the poor cholesterol esterification in the
cytoplasm by ACAT and depositions of OxLDL components
in the lysosomes (178), which by itself may have significant
pathological consequences, as reviewed by Jerome (123).
However, Brown et al. (34) found that there was no selective
retention of free cholesterol in the lysosomes (34). Instead, it
was shown that a limited supply of fatty acid co-substrates
may be responsible for the poor esterification rate (34). Other
studies, however, showed that exposure to extensively oxi-
dized LDL does lead to a significant increase in cholesteryl
ester [e.g., (44)]. Taken together, these studies suggest that it is
still controversial whether exposure of macrophages to ex-
tensively oxidized LDL in vitro may fully simulate cholesterol
accumulation in foam cells in vivo. Furthermore, it was pro-
posed that extensively oxidized LDL may be ineffective in
loading cells with cholesterol because heavy oxidation results
in the formation of an array of oxysterols and oxidized cho-
lesteryl esters while depleting the LDL particle of unoxidized
cholesterol and cholesteryl ester (32, 82). Further studies,
therefore, focused on mildly oxidized LDL.

Mildly oxidized LDL was shown to be significantly more
efficient in loading macrophages with both free cholesterol
and cholesteryl ester, however this effect was strongly species
dependent (308). In mouse peritoneal macrophages, exposure

to mildly oxidized (2 hours oxidation) resulted in significant
accumulation of free cholesterol within the first 24 hours of the
exposure, after which most of free cholesterol (*75%) was
esterified and the excess was stored as cytoplasmic cholesteryl
ester droplets (308), as is observed in foam cells. However, in
human THP1-derived macrophages, while exposure to
OxLDL also resulted in a significant increase in both free
cholesterol and cholesteryl ester, the lipids accumulated in the
lysosomal compartment. Moreover, while inhibition of ACAT
activity resulted in a significant decrease in cholesteryl ester in
mouse macrophages, there was only little effect on the level of
cholesteryl ester in human macrophages. The latter observa-
tions suggest that the major source of cholesteryl ester in
OxLDL-loaded human macrophages is not esterification of
cholesterol by ACAT but direct uptake from the OxLDL
particle. In this respect, the pattern of degradation of mildly
oxidized LDL observed in this study was similar to that de-
scribed for extensively oxidized LDL described above. How-
ever, the type of esters accumulated in the lysosomes appear
to depend on the degree of LDL oxidation. For extensively
oxidized LDL, ester accumulation is mainly comprised of ox-
idized esters derived from OxLDL, whereas for mildly oxi-
dized LDL, the majority of cholesteryl esters accumulating in
the lysosomes are degradable unoxidized esters (125, 308). In
this case, accumulation of the esters in the lysosomal com-
partment was proposed to be due to the inactivation of lyso-
somal hydrolases (125). Importantly, LDL modified by the
myeloperoxidase–peroxinitrite system (NO2-LDL), which is
considered to be closer to the physiological form of OxLDL,
also appears to be more efficient than Cu2þ-oxidized LDL in
promoting cholesterol accumulation and esterification in vitro
(225). More specifically, exposure of mouse macrophages to
NO2-LDL resulted in significant increase in cholesteryl ester
synthesis and accumulation of the lipid in the cytosol in the
CD36-dependent way (225). However, in contrast to these
studies, no cholesterol accumulation was observed in human
macrophages derived from human peripheral blood mono-
cytes exposed to mildly oxidized LDL (288). Thus, while the
preponderance of evidence suggests that mildly oxidized
forms of OxLDL are more efficient than extensively-oxidized
LDL in loading macrophages with both free cholesterol and
cholesteryl esters, there are still significant discrepancies be-
tween different studies. These discrepancies may arise from
the differences between human and mouse macrophages,
suggesting that more studies are needed to determine the
ability of different types of OxLDL to induce cholesterol
loading in human macrophages.

B. OxLDL-induced cholesterol loading in vivo

The evidence for the critical role of OxLDL in cholesterol
loading and formation of foam cells in vivo comes primarily
from the studies of targeted disruption of different scavenger
receptors. As described above, macrophages isolated from
mice that lack SRAI=II or CD36 receptors are significantly
impaired in their ability to internalize OxLDL in vitro (153,
171, 275). It is also well established that disruption of SRAI=II
and CD36 scavenger receptors result in a significant decrease
in the appearance of foam cells and lipid depositions in vivo
[e.g. (13, 192, 242, 275)]. Furthermore, analysis of free cho-
lesterol and cholesteryl ester levels in macrophages isolated
from male SRAI=II and CD36 knockout mice reveals that
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disruption of each of the pathways results in 40%–60% de-
crease reduction in free cellular cholesterol with a corre-
sponding decrease of 70%–80% in cholesteryl ester (192). The
impacts of disruption of the SRAI=II and CD36 pathways
were comparable. Surprisingly, while both pathways were
efficient in male mice, neither pathway had a significant im-
pact on cholesterol accumulation in macrophages isolated
from female SRAI=II and CD36 knockout mice (192). The
gender specificity of this effect is not clear. In any case, there is
an important difference between OxLDL-induced cholesterol
accumulation in vitro and an apparent OxLDL-induced cho-
lesterol accumulation in vivo, as determined from the dis-
ruption of the major OxLDL uptake pathways. As described
above, incubation of macrophages with OxLDL, particularly
when it is extensively oxidized in vitro, results in accumula-
tion of free cholesterol but not of cholesteryl ester. In contrast,
a significant reduction in the level of cholesteryl ester in
macrophages lacking SRAI=II or CD36 receptors reported in
the study of Moore et al. (192) suggests that OxLDL contrib-
utes significantly to the accumulation of cholesteryl ester. It is
also important to note that disruption of SRAI=II receptors
which recognize extensively oxidized LDL rather than mildly-
oxidized LDL had an even stronger negative effect on the
accumulation of cholesteryl ester than disruption of the CD36
pathway (192).

What are the possible explanations for these discrepancies?
One possibility that has been proposed in the literature is that
OxLDL–immune complexes may be significantly more effi-
cient in inducing macrophage activation and foam cell for-
mation than OxLDL alone (89). The predominant OxLDL
antibody isotype is IgG (293) that, as described above, is
recognized by Fcg receptors (FcgR), which is well known to
induce macrophage activation and therefore are pro-inflam-
matory. Specifically, anti-OxLDL IgG antibodies, subclasses 1
and 3, can activate the complement system by the classical
pathway and interact with FcgR in phagocytic cells (293).
Furthermore, OxLDL induces overexpression of FcgR on
monocytes as they differentiate to macrophages further in-
creasing the inflammatory response (234). Cross-linking of
FcgR by OxLDL-IC activate macrophages and may trigger
signal transductions pathways that are not induced when
OxLDL uptake is mediated by scavenger receptors (89). They
also have higher levels of cholesteryl esters and increased
release of cytokines when compared to the ones exposed to
OxLDL only. Finally, foam cells generated by IC uptake have
prolonged survival compared to the ones induced by OxLDL
alone (89).

However, in addition to the IgG antibodies, OxLDL may
also induce IgM antibodies, which may have a protective role.
IgM antibodies do not interact with FcgR of phagocytic cells
(293). Moreover, interaction with FcgR does not induce the
inflammatory response. In contrast, OxLDL IgM antibodies
may be atheroprotective because they inhibit the uptake of
OxLDL by macrophages. However, while anti-OxLDL IgM
are predominant antibodies in different mouse models of
atherosclerosis, their role in humans is debatable. While some
studies showed a negative correlation between IgM MDA–
LDL antibody levels and carotid intima media thickness
(IMT) (132) and found that IgM anti-OxLDL antibodies cor-
related with the reduction in the development of carotid
atherosclerosis in hypertensive patients (270). Other studies
showed that these antibodies actually correlate with a more

rapid progression of carotid disease based on IMT measure-
ment (293).

It is also possible that MM-LDL may induce LDL and
OxLDL uptake via macropinocytosis (44) and since both MM-
LDL and OxLDL are likely to co-exist in the environment of an
atherosclerotic lesion in vivo, it is possible that it is the si-
multaneous exposure to different types of OxLDL that is im-
portant for lipid accumulation.

C. Disruption of OxLDL uptake pathways
in lesion formation

Multiple studies investigated the impact of targeted dis-
ruption of the major OxLDL uptake pathways on the extent
of lesion formation in different models of atherosclerosis-
susceptible mice. Most but not all of the studies have found
that deletion of both SRAI=II and CD36 receptors results in
marked decrease in the areas of atherosclerotic lesions (Fig. 9).
More specifically, in the earlier studies, Suzuki et al. (275) have
shown that disruption of SRAI=II receptors resulted in more
than 50% decrease in the area of atherosclerotic plaques in the
double SRA=apoE knockout mice fed a high cholesterol diet.
Furthermore, a decrease in the area of the plaques was ob-
served in spite of an increase in plasma cholesterol in the
double knockout mice, as compared with apoE knockout,
suggesting that modification of LDL within the arterial wall
and their uptake by macrophages is more critical for the
plaque formation than the plasma cholesterol level. Surpris-
ingly, however, no significant differences were observed in
the levels of the plasma cholesterol and triglycerides between
SRA-deficient and normal mice, and the clearance rate of
acLDL injected into the circulation was also not affected.
Consistent with these studies, targeted disruption of SRA

FIG. 9. Decrease in the area of atherosclerotic lesions in
SRAI/II/Apo E and CD36/Apo E double KO mice. Targeted
disruption of SRAI=II receptors in ApoE KO mice was shown
to decrease the area of atherosclerotic lesions in some but not
in all studies. Similar observations were made on the other
pro-atherogenic genetic backgrounds. Disruption of CD36 on
the Apo E-deficient background resulted in the decrease in
atherosclerotic lesions in the majority but also not in all
studies. Several factors, such as severity of the disease, du-
ration of the diet, and the specific site of the vascular tree that
was analyzed in these studies were suggested to be re-
sponsible for the variability in the responses. Numbers in
parenthesis are references.
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receptors also resulted in a significant decrease in athero-
sclerotic lesions in LDL receptor-deficient mice, with the ef-
fects ranging between 30% to more than 90% depending on
the duration of the diet with a stronger effect observed after a
more prolonged period (13, 242).

Similarly, targeted disruption of CD36 in apoE knockout
mice resulted in 45%–75% decrease in lesion formation (63).
Furthermore, a lack of CD36 in macrophages alone was suf-
ficient to dramatically decrease the area of atherosclerotic le-
sions (88%), whereas re-introduction of macrophage CD36
resulted in a significant increase in lesion area (62). In more
advanced atherosclerosis, the effect was more modest with
25%–35% decrease in CD36=apoE double knockout mice (84).
There was also significant variation in lesions at different ar-
eas of the vascular tree. In case of CD36 deficiency, the effect
was observed mainly in the areas that are less prone to the
development of atherosclerosis. Specifically, there was no
decrease in lesion formation in sinus and arch of the aortas,
the regions that are most prone to the development of ath-
erosclerosis, and it was suggested that these regions may ac-
cumulate mostly extensively oxidized LDL that can be taken
up more efficiently by the SRA receptors (63). Deletion of
LOX-1 also resulted in a significant (*50%) decrease in the
area of atherosclerotic lesions and intima thickness in aortas of
LDL-receptor deficient mice (186).

However, SRA deficiency on the background of ApoE3-
Leiden mice with dysfunctional Apo E variant had no bene-
ficial effect on atherosclerosis development, instead leading to
more complex lesions without any decrease in the lesion area
(53). More surprisingly, Moore et al. (192) found no decrease in
atherosclerosis in apoE knockout mice lacking either SRAI=II
or CD36 receptors. Quite to the opposite, in spite of a decrease
in foam cell formation, histological analysis revealed that the
cross-sectional lesion areas in aortic sinus region were 20%–
40% percent greater both in mice lacking SRAI=II receptors
and mice lacking CD36 receptors. An increase in lesion for-
mation correlated with an increase in serum cholesterol,
which was also observed in the earlier studies (275). The au-
thors pointed out that while elimination of SRAI=II and CD36
pathways decreases lipid accumulation leading to decreased
lesion areas as detected by en face measurements, this decrease
is not reflected in the intimal area measurements. Moore et al.
(192) also found that some of the lesions in CD36=apoE double
knockout mice contain large acellular regions characteristic of
a necrotic core and it was suggested that the loss of OxLDL
uptake may lead to increased extracellular accumulation of
the lipids which may contribute to the development of the
disease. Moore et al. (192) proposed, therefore, that in contrast
to previous studies that supported a pro-atherogenic role of
the macrophage scavenger receptors, these pathways may be
anti-atherogenic, providing a protective effect. This hypoth-
esis was further addressed in a recent study of Kuchibhotla et
al. (150) by comparing both the en face and the histological
analysis of the lesion in Apo E knockout mice lacking SRAI=II
and CD36 receptors. In this study, deletion of CD36 pathway
resulted in a strong protective effect, decreasing lesion areas
by 60%–70%, but no additional decrease in lesion formation
was observed after deletion of both CD36 and SRAI=II re-
ceptors. Deletion of SRAI=II alone had no effect on lesion area
in male mice and a modest effect in female mice. Thus, while
the effect of SRAI=II was somewhat comparable with the re-
sults of Moore et al. (192), effect of CD36 deletion was dra-

matically different. One of the proposed explanations was a
difference in the duration of the diet, with the earlier study
looking at early lesions and the later study looking at more
advanced lesions (150, 192). Variability between the different
areas of the vascular tree may also contribute to the conflicting
results. Clearly, it is necessary to understand in detail the
signaling pathways that are activated by OxLDL uptake via
different receptors and how these signaling pathways may
lead to the development of the inflammatory process that
underlies atherosclerosis development.

X. OXLDL in Endothelial Cells:
Cholesterol, Caveolae, and Lesion Formation

Numerous studies have shown that endothelial dysfunc-
tion develops in the early stages of cardiovascular disease
(CVD) and is a strong predictor of CVD development [re-
viewed by (77, 240, 256)]. It is also well known that exposure
to OxLDL induces an array of endothelial responses, includ-
ing inhibition of endothelial-induced release of nitric oxide, a
vasorelaxation factor that also has anti-inflammatory and
antithrombotic properties, regulation of endothelial perme-
ability and inflammation, and altered angiogenesis [reviewed
by (24, 100, 253)]. However, it is also being increasingly rec-
ognized that the impact of OxLDL on endothelial cholesterol
may be complex. The goal of this part of our review is to
analyze the studies addressing this issue.

A. OxLDL-induced impact on endothelial
cholesterol in vitro: Loading or depletion?

In spite of the fact that endothelial cells express multiple
scavenger receptors that bind and internalize OxLDL (3), ex-
posure of endothelial cells to OxLDL in vitro was reported to
result in cholesterol depletion rather than cholesterol loading.
Specifically, Jialal et al. (127) reported that while OxLDL was
efficiently degraded by human endothelial cells isolated from
umbilical vein, there was no significant increase either in free
or esterified forms of cholesterol after 24 hours of exposure.
Furthermore, exposure to OxLDL resulted in significant in-
hibition of ACAT activity, resulting in more than 30% de-
crease in cholesterol esterification rate. Surprisingly, Blair et al.
(25) showed that a short (30 min) exposure to OxLDL not only
does not induce cholesterol accumulation in endothelial cells
but actually results in dramatic depletion of cholesterol from
the caveolae, a specific membrane domain that constitutes a
scaffold for multiple signaling events and is cholesterol rich.
As expected, cholesterol depletion of caveolae was accom-
panied with the loss of caveolin from the membrane. More-
over, since caveolae cover only a relatively minor part of the
whole surface of the plasma membrane (less than 10%) there is
no real contradiction between cholesterol depletion of ca-
veolae observed by Blair et al. (25) and a lack of any effect on
endothelial cholesterol level observed in the earlier study
(127). While it is definitely counterintuitive that exposure to
OxLDL may result in cholesterol depletion, this surprising
effect has been supported by both direct and indirect obser-
vations by several other studies. First, a later study by the
same group (285) reported that exposing the cells to HDL that
serves as cholesterol donor reverses OxLDL-induced choles-
terol depletion of endothelial caveolae. In terms of the
mechanism, Uittenbogaard et al. (285) demonstrated that
OxLDL-induced internalization of endothelial nitric oxide
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synthase (eNOS) that accompanied cholesterol depletion was
blocked by CD36-blocking antibodies, implicating CD36 re-
ceptors in OxLDL- induced cholesterol depletion. Moreover,
consistent with these observations, Yeh et al. (309) showed
that cholesterol depletion can also be induced by exposing the
cells to oxidized phospholipid oxPAPC, an active component
of oxidized LDL that is a ligand for CD36 receptors. In this
study, however, there was only a moderate (*30%) decrease
in cholesterol level of caveolin-rich membrane fractions,
suggesting that activation of CD36 by oxPAPC is not suffi-
cient to induce the full effect of OxLDL. Alternatively, it is also
possible that caveolin-rich fractions isolated in the two studies
contained different subpopulations of lipid rafts.

Consistent with these studies, we have also shown that a
short exposure of endothelial cells to OxLDL induces inter-
nalization of another lipid raft marker GM1 (39). Furthermore,
we have shown that depletion of endothelial cholesterol with
a cholesterol acceptor methyl-b-cyclodextrin had a similar
effect. However, in contrast to the study of Blair et al but
similarly to the earlier study of Jialal et al. (127), we did not
detect any OxLDL-induced changes in the level of cholesterol
either in caveolin-rich or in caveolin-poor domains. It is most
likely that the reason for this discrepancy was the nature of
caveolin-rich fractions isolated in the two studies. In our
study, caveolin-rich fractions contained *75% of total mem-
brane cholesterol, while in the study of Blair et al., caveolin-
rich fractions were isolated by a different procedure contained
only *4% cellular cholesterol, indicating that it contains only
a subpopulation of lipid rafts. These observations suggest that
OxLDL may specifically affect a subpopulation of caveolin-
rich membrane domains. Importantly, in spite of the dis-
crepancy in detecting OxLDL-induced decrease in the level of
endothelial cholesterol, our studies provide several lines of
evidence supporting the notion that exposure to OxLDL re-
sults in cholesterol depletion rather than cholesterol enrich-
ment of endothelial cells. First, we have shown that exposure
to OxLDL induces an increase in endothelial stiffness, force
generation and the ability of the cells to form endothelial
networks and that all of these effects could be simulated by
cholesterol depletion (39). More recently, we have shown that
OxLDL facilitates the ability of endothelial cells to realign in
the direction of the flow and that this effect was also simulated
by cholesterol depletion and rescued by loading the cells with
cholesterol (144). Taken together, these studies demonstrate
that acute exposure of endothelial cells to OxLDL disrupts
cholesterol-rich membrane domains. The key question, how-
ever, is whether acute short exposure to OxLDL has the same
effect as OxLDL in vivo.

B. Dyslipidemia-induced disruption of endothelial
caveolae in vivo

Two lines of evidence suggest that dyslipidemia in vivo is
also associated with the disruption of caveolae in vascular
tissues. First, Darblade et al. (50) have shown that endothelial
cells covering fatty streaks in the vessels of cholesterol-fed
rabbits have fewer caveolae than endothelial cells in control
tissues, as estimated by electron microscopy. Treating endo-
thelial cells in culture with methyl-b-cyclodextrin that de-
pletes cellular cholesterol had a very similar effect on the
abundance of endothelial caveolae as dyslipidemic conditions
in vivo. Furthermore, a decrease in endothelial caveolae both

in vitro and in vivo was associated with impairment of endo-
thelial NO production. Consistent with these observations,
Kincer et al. (137) showed that cholesterol content of caveolae
isolated from vascular tissues of apoE-deficient mice is sig-
nificantly lower than cholesterol content of caveolae in control
mice. It is also important to note that since endothelial cells
constitute only a single layer on the inner surface of the blood
vessels, the majority of the vascular tissue is contributed by
smooth muscle cells. Therefore, cholesterol depletion of ca-
veolae in the vascular tissues of apoE-deficient mice indicates
that this effect occurs also in smooth muscle cells. Our ob-
servations showing that endothelial cells isolated from aortas
of hypercholesterolemic pigs are stiffer than cells isolated
from control animals, an effect that we observed in OxLDL-
treated and cholesterol depleted but not in cholesterol en-
riched cells (39) are also consistent with the notion that plasma
dyslipidemia results in disruption of endothelial caveolae.
The question is whether cholesterol depletion from caveolae is
pro- or anti-atherogenic. On one hand, a loss of caveolin-1
(Cav-1) in apoE-=- mice results in a decreased lesion formation,
suggesting that disruption of membrane rafts may be anti-
atherogenic (65). This observation is also consistent with en-
hanced activation of eNOS in Cav-1-deficient mice, an effect
attributed to the loss of inhibitory Cav-1=eNOS interaction
(37, 57). However, exposure of ECs to OxLDL inhibits NO
release, an effect attributed to cholesterol depletion of caveo-
lae (25). These observations suggest that OxLDL-induced
cholesterol depletion and internalization of caveolae have
pro-atherogenic rather than anti-atherogenic effect. Taken
together, these studies suggest that it is the disruption of ca-
veolae rather than cholesterol loading that may be responsible
for OxLDL-induced impairment of endothelial function.

XI. Is Oxidation of LDL Necessary
for the Development of Atherosclerosis?

The OxLDL hypothesis of atherosclerosis was first pro-
posed by Steinberg and colleagues (264) based on the fact that
normal LDL uptake does not cause foam cell formation,
whereas the modification of LDL, such as acetylation, results
in massive uptake of LDL by the scavenger receptors and
foam cell formation. The essentials of this hypothesis are as
follows. The polyunsaturated fatty acids in the LDL are oxi-
dized by enzymatic and nonenzymatic pathways in the
arterial tissue, specifically by the endothelial cells and mac-
rophages. The lipid degradation products derivatize func-
tional groups on Apo B, rendering the latter unrecognizable
by the normal LDL receptor, but making it a ligand for the
various scavenger receptors on the macrophages that take up
OxLDL in unregulated manner and become foam cells. The
OxLDL also contains factors that have chemotactic effects on
monocytes, cytotoxic effects on endothelial cells, and growth
promoting effects on smooth muscle cells, further promoting
atherosclerosis.

A. Evidence supporting the hypothesis

Ever since the original hypothesis proposed by Steinberg
and colleagues (264), supporting evidence for the role of oxi-
dized LDL in atherogenesis has come from several laborato-
ries, through the study of experimental models as well as from
clinical studies. The most compelling arguments for the role of
LDL oxidation can be summarized as follows: 1). OxLDL has
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been shown to be present in atherosclerotic lesions, but not in
normal artery (239). 2). Autoantibodies generated against
epitopes of OxLDL are present in the circulation, and, more-
over, the titers of these antibodies correlate positively with the
severity of the atherosclerosis and are predictive of the disease
(119, 284, 292). 3). Studies with various animal models (rabbit,
mouse, hamster, guinea pig, and monkey) and with numer-
ous types of antioxidants (including vitamin E, probucol,
analogues of probucol, and coenzyme Q) have all demon-
strated a protective effect of the antioxidants against athero-
sclerosis (302), although the clinical trials in humans with
vitamin E were not positive. 4). Genetic ablation of various
scavenger receptors in mice results in a significant reduction
in atherosclerosis (54, 150, 177, 186), showing the importance
of these receptors, as well as their ligands (OxLDL) in the
development of the lesions. 5). Deletion of 12=15 lipox-
ygenase, which is a physiological oxidizing agent for LDL,
similarly ameliorates atherosclerosis (113), whereas its over-
expression accelerates atherosclerosis (92), supporting the
importance of oxidative modification of LDL. 6). Recent
studies of Kato et al.(134) in Apo E-deficient mice show that
the increase in plasma levels of OxLDL occurs before the de-
velopment of the lesions. 7). Specific reduction of plasma
OxLDL by overexpression of hepatic LOX-1 receptor was
shown to prevent progression of atherosclerotic lesions in
Apo E-deficient mice, even in the presence of severe hyper-
cholesterolemia (116). 8). The negative results with the anti-
oxidant trials in humans may have been due to the use of
wrong type of antioxidant at wrong doses and for too short a
period of time (302). Furthermore, vitamin E does not prevent
the peroxidase-mediated oxidation, and in fact, addition of
vitamin E, as well as some other antioxidants, paradoxically
increased the rate of LDL oxidation (217, 246). These obser-
vations led to the hypothesis that small amounts of antioxi-
dants may actually enhance peroxidase- mediated LDL
oxidation (246) (217). It was also proposed, however, that the
presence of high concentrations of antioxidants may block
the propagation of oxidation (217, 246). In addition, part of the
reason for the lack of the protective effect of antioxidants
appears to be the inability of a-tocopherol to prevent de-
composition of preformed lipid peroxides (230).

B. Evidence inconsistent with the hypothesis

Although there is a general consensus that the oxidative
modification of LDL results in its increased uptake by mac-
rophages, resulting in the formation of foam cells in vitro,
there are several observations that suggest that OxLDL gen-
eration may not be a prerequisite for the lesion formation
in vivo. The evidence for this view may be summarized as
follows: 1). Foam cell formation can occur in the presence of
native LDL, when the macrophages are activated by PMA
(148). It is also well known that the selective modification of
Apo B by acetylation or cationization can result in massive
accumulation of lipids in macrophages, in the absence of
significant oxidation of LDL lipids (19, 75). Treatment of LDL
with physiologically relevant enzymes such as sPLA2, SMase
C, and phospholipase C increases its retention by proteogly-
cans in the arterial tissue, leading to internalization by the
nonscavenger receptor pathways (148). Therefore, it is not
essential for the LDL lipids to be oxidized for the unregulated
uptake of LDL and generation of foam cells. 2). While there is

strong evidence that OxLDL is present in the arteries, it has
not been conclusively shown that the lipids present in foam
cells are indeed derived from OxLDL, as opposed to from the
native, aggregated, or nonoxidatively modified LDL. As dis-
cussed above, the accumulation of cholesteryl esters in the
cells after incubation with OxLDL is much lower than ob-
served with other forms of modified LDL. The time course
of accumulation of lipids in human atherosclerotic lesions
showed that the accumulation of oxidized lipids occurred later
than the accumulation of unoxidized lipids (286), suggesting
that the initiation of the lesion formation occurred before the
oxidation of LDL lipids. 3). Advanced human lesions contain
significant concentrations of antioxidants such as vitamin E
and vitamin C, which is inconsistent with the fact that the
oxidation of LDL requires a complete depletion of these anti-
oxidants before lipid oxidation can occur (286). Furthermore,
the anti-atherosclerotic effects of probucol and its analogs do
not correlate with their antioxidant effects, but with their
ability to induce hemoxygenase-1, an anti-inflammatory en-
zyme (306) . 4). Perhaps the most troubling findings against
the OxLDL hypothesis are the clinical trials with antioxidants
such as vitamin E. The majority of the randomized clinical
trials on the effect of vitamin E supplementation on cardio-
vascular disease showed no protective effect in large popula-
tion studies (95, 302), casting doubts on the hypothesis that
prevention of LDL oxidation would be protective against
atherosclerosis. It has been pointed out, however, that the
design of these studies may be flawed, and that they do not
necessarily disprove the hypothesis (217, 302). Compounds
that promote the reduction of hydroperoxides to hydroxides
have been suggested to be more effective in treating athero-
sclerosis than vitamin E, which is more effective in preventing
the initiation of lipid peroxidation and lesion formation (230).

In summary, while all of the above arguments cast some
doubt on the absolute requirement of LDL oxidation for the
initiation of atherosclerosis, there is no doubt that OxLDL
promotes the lesion development in many ways. Further-
more, it is also increasingly recognized that OxLDL may not
only be important for the development of atherosclerosis but
also contribute to other diseases, particularly to diabetes
mellitus, which is a major risk factor for cardiovascular dis-
ease. There is also emerging evidence that OxLDL may play
important role in several autoimmune diseases independently
of atherosclerosis. These studies are described in the next two
sections of the review.

XII. OxLDL in Diabetes Mellitus

Diabetes mellitus (DM) is a chronic disease characterized
by pathologic glucose metabolism and is associated with
significant morbidity and mortality. Multiple studies have
demonstrated that there is a clear connection between oxi-
dative stress and development of type 2 diabetes mellitus
(T2DM) that is related to insulin resistance. First, several re-
ports showed increased plasma OxLDL levels in the meta-
bolic syndrome as well as in T2DM and obesity (248). It is also
known that hyperglycemia induces nonenzymatic oxidation
of a variety of lipids and proteins. Furthermore, several
studies have shown that increased levels of ROS in peripheral
blood contribute to the development of insulin resistance in
muscle and adipose tissues with worsening beta-cell insu-
lin secretion. One of the mechanisms proposed to be involved
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in this process is OxLDL-induced impairment of glucose
transporter 4 (GLUT4) (248). This transporter is stored in in-
tracellular vesicles in insulin-sensitive cells like adipocytes
and myocytes and translocates to the plasma membrane upon
stimulation by insulin. Exposure of adipocytes to OxLDL was
shown to induce a marked insulin-desensitization character-
ized by a decrease in glucose uptake that was due to the im-
pairment of GLUT4 translocation.

Another mechanism by which OxLDL may contribute to
the development of diabetes is vascular damage that is due to
the generation of glucose-oxidized LDL (g-OxLDL). Indeed, it
is well known that hyperglycemia induces glycation of pro-
teins and lipids, resulting in formation of advanced glycation
end products (AGEs) (274). Accumulation of AGEs in the
vessel wall has been shown to promote vascular disease in
DM. The receptor for AGE (RAGE) is expressed on the surface
of vascular endothelial cells, smooth muscle cells, and mac-
rophages, and is involved in endothelial activation in diabetic
patients. There is an enhanced expression of RAGE and its
ligands in the atherosclerotic lesion in diabetes. Since OxLDL
contains AGE epitopes, it can bind RAGE in macrophages,
especially in hyperlipidemic state and enhance macrophage
proliferation and oxidative stress (274).

OxLDL may also be involved in the development of renal
disease in DM, since it participates in the development of
glomerulosclerosis and interstitial fibrosis in patients with
chronic kidney diseases (156). LDL trapped in the mesangial
matrix or tubulointerstitium, may be oxidized due to deple-
tion of antioxidants found in plasma and extracellular fluid.
The inflamed glomeruli or interstitium are infiltrated by
neutrophils and monocyte=macrophages making condition
for LDL oxidation highly favorable, which is confirmed by
demonstration of OxLDL in renal biopsies. OxLDL induces
foam cell formation in glomeruli and further increases pro-
duction of inflammatory cytokines, chemokines, and growth
factors. This induces injury and death to surrounding cells,
resulting in renal fibrosis (156). More specifically, it appears
that glomerulosclerosis and interstitial fibrosis are mediated
by activation of TGFb. Nakhjavani et al. showed that ox-LDL
and TGF-ß are significantly elevated in diabetic patients (204).
Ox-LDL correlated with serum TGF-ß in T2DM patients and
remained significant after adjustment for age, sex, and BMI
(204).

Ox-LDL stimulates the expression of TGFb-1 in cultured
mesangial and glomerular epithelial cell and TGFb1 protein
itself can induce ROS generation in mesangial cells. TGF-
b=Smad signaling in mesangial cells affects TGF-b-inducible
promoters in nucleus including a2(I) collagen, TGF-b1, and
PAI-1 genes whose products are responsible for the fibrotic
effect (156). OxLDL also induces Ras=ERK activation, leading
again to Smad activation. This was also noted to be the
pathway by which OxLDL activation of AngII=R leads to
Smad activation. TGF-b, angiotensin II (Ang II), and ischemia
can upregulate tubulointerstitial LOX-1 expression, further
enhancing deleterious effects of OxLDL on tubulointerstitum
ultimately leading to fibrosis (307).

Importantly, LDL like any plasma protein, is susceptible to
AGE modification and when glycated it becomes more prone
to oxidation and more atherogenic (294). It was also shown
that glucose-oxidized LDL (g-OxLDL) enhances the prolifer-
ative response of SMC to insulin-like growth factor I and since
migration and proliferation of SMC are important for the

formation of atherosclerotic lesions, g-OxLDL-induced SMC
proliferation contributes to lesion formation in DM (5). Also,
AGE-modified proteins are immunogenic and may induce
inflammation. The AGE-LDL autoantibodies isolated from
the sera of patients with diabetes mellitus are mostly IgG1 and
IgG3 subtypes, the very same subsets of IgG to OxLDL that
are known to promote atherosclerosis (294).

However, interestingly, Garrido–Sanchez et al. found that
there is an inverse correlation between the levels of anti-
OxLDL antibodies and development of carbohydrate disor-
der: Surprisingly, patients that initially had no carbohydrate
disorder and presented with low levels of antioxidized LDL
antibodies (below 50th percentile) had a 1.5-fold greater rela-
tive risk of developing some carbohydrate metabolism dis-
order after 6 years than patients with high levels of the
antibodies (above 50th percentile) (71). Furthermore, patients
with some form of carbohydrate metabolism disorder and
low antibodies had even higher risk (9.79-fold) of developing
T2DM than those whose antibody levels were high. This as-
sociation was independent of the presence of other variables
that have a known risk for T2DM. It is possible that anti-
OxLDL antibodies are actually protective because the OxLDL
immune complexes may be blocking the pathological effect of
OxLDL on glucose metabolism (71).

Thus, multiple lines of evidence suggest that OxLDL is
involved in DM disease development, particularly in DM-
associated kidney disease, as well as in DM-associated cardio-
vascular disease. It is also important to note that OxLDL may
be an important factor in other kidney diseases that lead to
glomerulosclerosis (156), but this topic is beyond the scope of
the current review. In the next part of the review, we will
discuss the role of OxLDL in several autoimmune diseases.
Indeed, as described above, OxLDL immune complexes were
shown to play important roles in both atherosclerosis and
diabetes. However, it may be of even greater importance in
autoimmune diseases that are characterized by increased
production of autoantibodies.

XIII. OxLDL in Autoimmune Diseases

It is well known that OxLDL induces a variety of autoim-
mune responses through both adaptive and innate mecha-
nisms.

A. Systemic lupus erythematosus
and antiphospholipid syndrome

Systemic lupus erythematosus (SLE) is a chronic inflam-
matory disease of unknown cause which can affect many
organs and is characterized by the production of a number of
antinuclear and other autoantibodies and immune complex
(IC) formation. Antiphospholipid syndrome (APS) is an auto-
immune disease characterized by the presence of a hetero-
geneous group of antiphospholipid antibodies (aPL), that
clinically presents with thromboembolic complications, an-
d=or pregnancy morbidity. APS can exist independently of
lupus (primary APS) but is often found in lupus patients
(secondary APS), suggesting that the two diseases are asso-
ciated. There is emerging evidence that OxLDL may contrib-
ute to clinical manifestations of both diseases.

Several lines of evidence suggest that SLE is associated
with increased oxidative stress. One, it is well known
that increased oxidative damage is present in SLE patients
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compared to normal controls (181). Two, oxidative modifi-
cation of 60 kD Ro ribonucleoprotein was shown to be path-
ogenic. Specifically, antibodies to this ribonucleoprotein are
one of the markers of lupus, and oxidative modifications of
this antigen were shown to induce lupus-like disease when
introduced to rabbits (154). However, only few studies fo-
cused on evaluation of significance of OxLDL or oxidation in
general with the disease activity and the results are mostly
conflicting. One study found that 30% of the patients with SLE
have marked changes in titers of anti-OxLDL antibodies over
time, which correlated significantly with disease activity
markers, particularly with complement levels (76). However,
it is difficult to exclude the possibility that the correlation
between OxLDL levels and SLE severity could be attributed to
SLE-associated increase in atherosclerosis and decrease in
complement levels. Another study showed that renal mani-
festations of lupus were associated with OxLDL=E06 and also
with anti-OxLDL of the IgM subclass (68). Lastly, circulating
complexes of OxLDL with b2 glycoprotein (b2GPI) were as-
sociated with renal involvement in SLE but not with disease
activity (18, 182). It is important to note that appearance of
antibodies to b2 glycoprotein is associated with both lupus
and APS. However, no association between anti-OxLDL an-
tibodies (either IgG or IgM) with nephritis, hemolytic anemia,
or thrombocytopenia was found in another study that focused
predominantly on Hispanic lupus population who often
present with more severe disease (282).

In APS, an increase in OxLDL is associated with the disease
activity (168). As described above, one of the major criteria for
APS is the presence of aPL antibodies. These antibodies ac-
tually recognize phospholipid-binding plasma proteins, such
as b2GPI in the complex with negatively charged phospho-
lipids or OxLDL(168). b2GPI, a 50 kDa single-chain poly-
peptide, by itself is an anticoagulant. Hence, anti-OxLDL=
b2GPI antibodies promote thrombosis. IgG and IgM anti-
bodies to OxLDL=B2GP complexes in APS patients were
found to have strong correlation with arterial and venous
thrombosis but not with pregnancy morbidity (139, 168). The
positive predictive value of IgG anti-OxLDL=b2GPI anti-
bodies for arterial and venous thrombosis in patients with
secondary APS was 92%, for arterial thrombosis was 88.9%,
and for venous thrombosis was not statistically significant
(167). However, Pengo et al. failed to prove correlation of these
antibodies with arterial and venous thrombosis in patients
with primary and secondary APS (219). Thus, whereas there
are still conflicting reports, the preponderance of evidence
suggests a significant correlation.

Importantly, it is well known that lupus is associated with
increased atherosclerosis. There is also emerging evidence
suggesting that atherosclerosis is also exaggerated in APS
patients. Here, we will discuss the evidence suggesting that
OxLDL is an important factor in the acceleration of athero-
sclerosis in lupus and APS patients. The reason that it may be
an accelerating factor is that while OxLDL is quickly removed
from the circulation, OxLDL=b2GPI immune complexes that
form in these diseases due to the increased production of the
antibodies persist for prolonged period of time, significantly
increasing macrophage activation and foam cell formation
(169). As described above, IgG anti-b2GPI antibodies are
considered to act as proatherogenic factors by increasing the
macrophage uptake of OxLDL=b2GPI complexes by binding
to Fcg receptors (139, 181). Indeed, immunostaining studies

showed co-localization of OxLDL and b2GPI in atherosclerotic
lesions (169, 183), supporting the notion that these complexes
are deposited in the lesions and are atherogenic. Furthermore,
circulating OxLDL=b2GPI immune complexes and corre-
sponding antibodies are found in sera of patients with sys-
temic autoimmune diseases, such as SLE and APS (154). More
specifically, several studies have shown that IgG anti-
OxLDL=b2GPI antibody levels are higher in SLE patients (18,
182) than in healthy controls, and even higher in SLE patients
with APS (139), as compared to the ones without APS. Their
correlation with atherosclerotic disease in patients with auto-
immune diseases is still under investigation. One group
showed that IgG anti-b2GPI-OxLDL independently predicted
intima–media thickness of carotid artery and was inversely
related to decrease in paraoxonase (PON) activity, in patients
with primary APS (6) However, Bassi et al. did not find any
correlation between IgG or IGM antibodies specific to these
complexes and subclinical atherosclerosis in SLE patients (18)

Another connection between the autoimmune diseases and
atherosclerosis is increased levels of C-reactive protein (CRP).
CRP is an acute-phase protein produced mainly in liver, as
well as by endothelial cells, macrophages, and smooth muscle
cells in atherosclerotic lesions (181). It is also well known to be
increased in autoimmune diseases, particularly during the
exacerbation periods. Several studies have shown that high
sensitivity CRP is a significant predictor of future cardiac
events, and a reduction in its serum levels by statins correlates
with a reduction in cardiovascular morbidity and mortality
(142). CRP binds to OxLDL but not to native LDL via oxidized
phosphatidylcholines and enhances binding of OxLDL to
macrophages via FcgR (181). . The generation of CRP=OxLDL=
b2GPI complexes seems to be associated with arterial in-
flammation, hyperglycemia, and hypercholesterolemia (277).
Immunohistochemistry staining co-localized OxLDL, b2GPI,
and CRP in carotid artery plaques (277). CRP can also directly
interact with LOX-1, and the binding mechanism appears to
be distinct from that for OxLDL (255). The treatment of human
endothelial cells with CRP resulted in the induction of LOX-1
and its downstream genes IL-8, ICAM-1, and VCAM-1. CRP
can induce endothelial LOX-1 expression through the FcgR,
resulting in the induction of endothelial cell–monocyte adhe-
sion and increased OxLDL uptake (255). CRP most likely in-
duces LOX-1 expression through the activation of FcgR early
in the inflammatory process, but once LOX-1 is expressed, it
may function synergistically with the FcgR and lead to endo-
thelial dysfunction and inflammation. These data imply that
CRP may not be just a marker of atherosclerosis, but may be
involved in lesion formation. Similarly, autoimmune diseases
may cause exacerbation of atherosclerosis via an increase in
another inflammatory marker serum amyloid A (SAA) that
also complexes with LDL. SAA–LDL complex is produced at
the sites of vascular injury from oxidatively denaturated LDL,
and several reports have shown that SAA-LDL may be a
marker of arterial plaque activity in patients with stable cor-
onary artery disease (143). Thus, an increase in CRP and=or
SAA levels in autoimmune diseases may have a significant
impact on atherosclerosis development.

B. Rheumatoid arthritis

Rheumatoid arthritis (RA) is an autoimmune disease char-
acterized by chronic inflammation and joint destruction.
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Several studies have shown occurrence of oxidative damage
in the joints in inflammatory arthritis. Two decades ago, Blake
et al. (26) proposed that exercise-induced hypoxic-reperfusion
injury in the joint is mediated by an increase in ROS genera-
tion. Hypoxic-reperfusion injury in the joint develops because
during the exercise, intra-articular pressure (the pressure
within the joint fluid) in the inflamed joints rises above sy-
novial capillary perfusion pressure (pressure within the blood
vessels of the joint tissue), disrupting the blood flow and in-
ducing intra-articular hypoxia. Then, once exercise seized, the
intra-articular pressure drops, resulting in an increased blood
flow and reperfusion injury. This is not present in nonin-
flamed joints where there is only small reduction of capillary
perfusion. Blake et al. (26) found that hypoxic-reperfusion
injury during the exercise induced a small but significant in-
crease in lipid peroxidation products in the synovial fluid
(fluid within the joint). Similar peroxidation products were
found in the synovial fluid and in sera, as estimated by fluo-
rescent IgG in these patients. The IgG antibodies and their
subclasses have a high reactivity with ROS, which results in
free radical alteration of IgG, rendering them immunogenic
and reactive with rheumatoid factor (RF). The immune com-
plexes of these antibodies and the rheumatoid factor are de-
posited in the joint tissue causing further tissue damage.
These findings have been confirmed by other studies (187).

Overall, oxygen free radicals have been identified in sy-
novial fluid of 90% of patients with RA (154). It was also found
that ROS correlate with the levels of TNFa in the blood, which
is a major marker of RA activity. Oxidative stress is also as-
sociated with sequential oxidation processes that generate
advanced glycation end (AGE) products that are damaging to
proteins. The circulating IgM anti-IgG AGE products have
been identified in RA patients (mainly in RF-positive pa-
tients). Pentosidine, an AGE modification product, was ele-
vated in 50% of patients with RA and its levels correlated with
clinical disease. RA treatment decreased concentrations of
MDA and induced statistically significant increase in the
concentrations of antioxidants. It was suggested, therefore,
that therapeutic co-administration of antioxidants may be
beneficial in RA (154).

The first description of the OxLDL in the synovium (joint
tissue) came from Winyard’s group who detected both in-
tracellular and extracellular OxLDL in the rheumatoid syno-
vium using polyclonal rabbit antibody specific for human
OxLDL (300). Intracellular staining was largely confined to
foamy macrophages, which were found in the vessel prox-
imity, and it was hypothesized that macrophages engulfed
OxLDL shortly after diapedesis. These foamy cells were ar-
ranged linearly similar to the ‘fatty streak’ of atherosclerotic
lesions. Consistent with this study, James et al. in 1998 found
that LDL in inflamed synovial fluid was slightly more elec-
tronegative than LDL from matched plasma samples (121).
They concluded that LDL in synovial fluid is mildly oxidized.
It is known that synovium and synovial fluid in inflammatory
joint disease have cellular content similar to that in atheroma,
namely macrophages, lymphocytes, leukocytes, endothelial
and SMC (121). Most of these cells can potentially oxidatively
modify LDL.

Furthermore, generation of OxLDL in the inflamed joints
may initiate the vicious cycle of further inflammation by in-
ducing expression of LOX1 on endothelial cells (201), which
increases OxLDL-induced endothelial damage, disrupting the

endothelial barrier and increasing vascular permeability
within the synovial vessels. The accumulated LDL and
OxLDL in joint fluid might further permeate joint cartilage
and induce further inflammation. Moreover, Nakagawa et al.
showed that in zymosan-induced arthritis, one of the RA
animal models, the expression of LOX-1 was not restricted to
blood vessels, but was also detectable in other cell types
within the joint, such as chondrocytes and synoviocytes, and
was accompanied by the accumulation of OxLDL. Im-
portantly, blocking LOX-1 with specific antibodies resulted in
a decrease in joint swelling, cartilage degradation and serum
TNFa levels, indicating that LOX-1 plays a major role in ar-
ticular inflammation (201).

In the previous section, it was discussed that anti-OxLDL
antibodies generated in SLE and APS may contribute to the
disease activity. Similarly, Lourida et al. found higher anti-
body titers against mildly OxLDL in patients with early RA
and it was independently associated with early disease de-
velopment, providing evidence that mildly OxLDL may be
implicated in the pathophysiology of RA (173). RA-specific
treatment for one year resulted in a significant decrease of
autoantibody titers against OxLDL, suggesting that treatment
of the baseline disease may be also beneficial for decreasing
the incidence of atherosclerosis.

Also, similarly to SLE, RA is strongly associated with in-
creased cardiovascular morbidity and mortality (149). The
majority of cardiovascular deaths in active RA occur due to
accelerated atheroscleorsis. IgG OxLDL antibodies were as-
sociated with carotid atherosclerosis in patients with RA
based on IMT measurements, and were independent of tra-
ditional risk factors for atherosclerotic diseases (295). In ad-
dition, OxLDL antibodies in RA are strongly related with the
degree of inflammation, and their presence is positively cor-
related with CRP and negatively with HDL (220). In contrast
to SLE, while RA patients showed higher anti-OxLDL=b2GPI
antibody levels than the controls, this difference was not
statistically significant (181). However, OxLDL, b2GPI, and
CRP were found to co-localize in carotid lesions of RA pa-
tients, suggesting that these immune complexes may con-
tribute to the development of atherosclerosis (277).

The question is, as with other inflammatory diseases,
whether the treatment of the disease will decrease the devel-
opment of the atherosclerosis and cardiovascular events. The
results so far are conflicting. It was noted that RA patients
treated with methotrexate, one of the most efficient anti-
inflammatory drugs at present, had a 70% reduced car-
diovascular mortality compared to those treated with other
traditional antirheumatic drugs after adjusting for potential
confounders (43). However, TNFa blockade, a newer anti-RA
treatment strategy that is at least as efficient as methotrexate
in treating inflammation appears not to be as beneficial as
methotrexate for cardiovascular mortality. It is still too early
though to reach firm conclusions about the efficacy of this
therapy for atheroslerosis. Some studies showed transient
improvement in lipid profile; others showed improvement
in flow-mediated dilation or aortic pulse-wave velocity,
while others found no change in the augmentation index
(a composite measure of systemic arterial stiffness and wave-
reflection amplitude or intensity) (56). Currently there are no
available data regarding RA treatment-induced changes in
the OxLDL level or titers of different antibodies to OxLDL and
its complexes and their effect in atherosclerosis.
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In summary, since inflammation induces lipid oxidation,
any chronic infection or inflammatory disease such as RA,
SLE, Sjogren’s syndrome, vasculitidies (Behcet’s disease or
giant cell arthritis) may induce OxLDL production. Indeed,
OxLDL and its antibodies to OxLDL or its complexes were
found in several immune diseases. OxLDL is also found in the
diseases where ischemia or hypoxia play major roles in initi-
ation and disease manifestation, such as in obstructive sleep
apnea. Yet, the role of this oxidized lipoprotein in pathogen-
esis of these diseases is still very much unknown or contro-
versial.

XIV. Concluding Remarks

Oxidized LDL represents not only a heterogeneous mixture
of LDL particles of varying degrees of oxidation, but each
particle contains scores of bioactive compounds, including
oxidized phospholipids, lysophospholipids, oxysterols, oxi-
dized fatty acids, and variably modified Apo B. The com-
plexity of the OxLDL studies is reflected in the plethora of
cellular events and pathologies attributed to it and its com-
ponents. In this review, we have explored the relationship
between the mode of LDL oxidation and its biological effects,
including recognition by various scavenger receptors, acti-
vation of different signaling pathways and cholesterol accu-
mulation, the primary mechanisms of OxLDL-induced
vascular injury. It is clear that there is a significant degree of
specificity to different forms of OxLDL in terms of their rec-
ognition by the scavenger receptors and subsequent signal-
ing. It is less clear, however, which of these forms is
predominant in vivo and has the most pronounced effect on
the development of atherosclerotic lesions and other patho-
physiological consequences. Considerable progress has been
made in recent years in identifying the bioactive products of
phospholipids, especially those derived from PAPC and
PLPC, as well as in the identification of the major cellular
receptors for OxLDL uptake. However, there are still unre-
solved issues, including the identity of the physiological oxi-
dizing agents, the characteristics of naturally occurring
OxLDL species, and the importance of lipid oxidation for the
formation of foam cells and atherogenesis. Furthermore, the
use of poorly defined OxLDL preparations in various studies
led to irreproducible, and at times conflicting data on the bio-
logical activities and proposed mechanisms. There is thus a
need for the standardization of OxLDL preparations and de-
velopment of criteria to define and classify the various prep-
arations based on a more robust analytical methodology than
TBARS assay, which is fraught with numerous pitfalls. Some
of the potential candidates include the analysis of one or more
oxidized PAPC products by LC=MS, measuring the epitopes
of modified Apo B by specific monoclonal antibodies, and the
quantitation of modified lysine residues of Apo B.

The role of OxLDL in nonatherosclerotic diseases has been
attracting more attention recently, especially the immuno-
logical diseases such as lupus, APS, and RA, as well as dia-
betes and renal disease. Although OxLDL has been primarily
assumed to be a pro-inflammatory and pro-atherogenic par-
ticle, recent evidence clearly indicates the anti-inflammatory
properties of some of the OxLDL components, and the in-
vestigation of the mechanisms involved may provide novel
therapeutic opportunities in the prevention and treatment
of atherosclerosis and other inflammatory diseases. The ap-

parently critical role of intracellular ROS in mediating the
multiple effects of OxLDL provides another therapeutic op-
portunity to target the intracellular ROS generation rather
than focusing on the inhibition of OxLDL generation with
traditional antioxidants that act extracellularly, and had dis-
appointing outcomes to date in large-scale clinical trials.
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Abbreviations Used

ACAT¼ acyl CoA:cholesterol acyltransferase
acLDL¼ acetylated LDL

AGE¼ advanced glycation end products
Ang¼ angiotensin

AP-1¼ activator protein-1
aPL¼ antiphospholipid antibodies
Apo¼ apolipoprotein
APS¼ antiphospholipid syndrome

b2GPI¼ b2 glycoprotein
CAD¼ coronary artery disease
Cav¼ caveolin
CD¼ cluster differentiation
CE¼ cholesteryl ester

CHD¼ coronary heart disease
CHO¼Chinese hamster ovary

CL-P1¼ collectin placenta 1
COX-2¼ cyclooxygenase 2
cPLA2¼ cytosolic phospholipase A2

CRP¼C-reactive protein
DSR-C¼Drosophila scavenger receptor class C

EC¼ endothelial cell
EGR¼ early growth response factor

eNOS¼ endothelial nitric oxide synthase
ERK¼ extracellular signal regulated kinase

FcgR:¼ Fcg receptor
FcmR:¼ Fcm receptor

GLUT¼ glucose transporter
g-OxLDL¼ glucose-OxLDL

HDL¼high density lipoprotein
HETE¼hydroxyl-eicosatetraenoic acid
HF-1¼hypoxia inducible factor
HNE¼ 4-hydroxy-2-nonenal
HO-1¼hemeoxygenase-1

HODE¼hydroxy-octadecadienoic acid
HPETE¼hydroperoxy-eicosatetraenoic acid

HPODE¼hydroperoxy-octadecadienoic acid
IC¼ immune complex

ICAM¼ intercellular adhesion molecule
Ig¼ immunoglobulins
IL¼ interleukin

IMT¼ intima media thickness
KOdiAPC¼ keto-hydroxy dicarboxylic acid PC

LCAT¼ lecithin:cholesterol acyltransferase
LDL¼ low density lipoprotein

LO¼ lipoxygenase
LOX-1¼ leptin-like OxLDL receptor-1

LPA¼ lysophosphatidic acid
LPC¼ lysophosphatidylcholine
LPS¼ lipopolysaccharide

MARCO¼Macrophage Receptor with a
Collagenous Structure

MCP-1¼monocyte chemotactic protein-1

MM-LDL¼minimally modified LDL
MPO¼myeloperoxidase

NFAT¼nuclear factor of activated T-cells
NFkB¼nuclear factor kB

NO¼nitric oxide
NOX¼NADPH-oxidase

OxLDL¼ (Fully or extensively) oxidized LDL
OxPC¼ oxidized phosphatidylcholine

PAF¼platelet activating factor
PAI-1¼plasminogen activator inhibitor-1
PAPC¼ 1-palmitoyl 2-arachidonoyl PC

PC¼phosphatidyl choline
PC PGPC¼ 1-palmitoyl 2-glutaroyl PC
PC PMA¼phorbol 12-myristate 13-acetate

PDGF¼platelet derived growth factor
PE¼phosphatidyl ethanolamine

PEIPC¼ 1-palmitoyl 2-(5.6)-epoxy
isoprostane E2

PI3K¼phosphoinositide 3 kinase
PKC¼protein kinase C
PLC¼phospholipase C

PLPC¼ 1-palmitoyl 2-linoleoyl
PONPC¼ 1-palmitoyl 2-(9-oxononanoyl) PC
POVPC¼ 1-palmitoyl 2-(5-oxovaleroyl) PC

PPAR¼peroxisome proliferator
activated receptor

RAGE¼ receptor for AGE
RF¼ rhematoid factor

ROS¼ reactive oxygen species
RTK¼ receptor tyrosine kinase
SAA¼ serum amyloid A

SCARA-5¼ scavenger receptor class A-5
SLE¼ systemic lupus erythematosus
SM¼ sphingomyelin

Smad3¼mothers against decapentaplegic
homolog 3

SMase¼ sphingomyelinase
SMC¼ smooth muscle cell
SOD¼ superoxide dismutase
SP-1¼ specific protein-1

sPLA2¼ secretory phospholipase A2
SR-A¼ scavenger receptor-class A

SR-B1¼ scavenger receptor-class B1
SRCL¼ scavenger receptor with C-type lectin
STAT¼ signal transducer and activator

of transcription
T2DM¼ type 2 diabetes milletus

TBARS¼ thiobarbituric acid reactive substances
TG¼ triacylglycerol

TGF b¼ transforming growth factor b
TLR¼Toll-like receptor
TNF¼ tumor necrosis factor

VCAM¼vascular cell adhesion molecule
VEGF¼vascular endothelial growth factor
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